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PREFACE 

High temperature solid oxide fuel cells (SOFCs) are the most efficient devices for 
the electrochemical conversion of chemical energy of hydrocarbon fuels into 
electricity, and have been gaining increasing attention in recent years for clean 
and efficient distributed power generation. The technical feasibility and 
reliability of these cells, in tubular configuration, has been demonstrated by 
the very successful operation of a 100 ItW combined heat and power system 
without any performance degradation for over two years. The primary goal now 
is the reduction of the capital cost of the SOFC-based power systems to effectively 
compete with other power generation technologies. Toward this end, several 
different ceIl designs are being investigated and many new colIaborative 
programs are being initiated in the United States, Europe, and Japan: noteworthy 
among these are the Solid State Energy Conversion AlIiance (SECA) program in 
the United States, the Framework 6 programs in the European Union, and the 
New Energy and Industrial Technology Development Organization (NEDO) 
programs in Japan. The funding for SOFC development worldwide has 
risen dramatically and this trend is expected to continue for at least the next 
decade. In addition to cost reduction, these development programs are also 
investigating wider applications of SOFCs in residential, transportation and 
military sectors, made possible primarily because of the fuel flexibility of 
these cells. Their application in auxiliary power units utilizing gasoline or diesel 
as fuel promises to bring SOFCs into the ‘consumer product’ automotive and 
recreational vehicle market. 

This book provides comprehensive, up-to-date information on operating 
principle, cell component materials, cell and stack designs and fabrication 
processes, cell and stack performance, and applications of SOFCs. Individual 
chapters are written by internationalIy renowned authors in their respective 
fields, and the text is supplemented by a large number of references for further 
information. The book is primarily intended for use by researchers, engineers, 
and other technical people working in the field of SOFCs. Even though the 
technology is advancing at a very rapid pace, the information contained in most 
of the chapters is fundamental enough for the book to be useful even as a text for 
SOFC technology at the graduate level. 
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As in any book written by multiple authors, there may be some duplication 
of information or even minor contradiction in interpretation of various 
electrochemical phenomena and results from chapter to chapter. However, 
this has been kept to a minimum by the editors. Also, in the interest of making 
the book available in a reasonable time, it has not been possible to provide 
uniformity in the nomenclature and symbols from chapter to chapter: we 
apologise for that. 

Many of our colleagues in the SOFC community provided useful comments and 
reviews on some ofthe chapters and we are thankful to them. The encouragement 
and financial support of the United States Department of Energy-Fossil Energy 
(through Dr. Mark Williams, National Energy Technology Laboratory) to one of 
the editors (SCS) is deeply appreciated. We are also grateful to Ms. Jane Carlson, 
Pacific Northwest National Laboratory, for her administrative support during 
the editing of the chapters. 

Subhash C. Singhal 
Richland, Washington, USA 

Kevin Kendall 
Birmingham, UK 

September 2003 



Chapter 1 

Introduction to SOFCs 

Subhash C. Singhal and Kevin Kendall 

1.1 Background 

Solid oxide fuel cells (SOFCs) are the most efficient devices yet invented for 
conversion of chemical fuels directly into electrical power. Originally the basic 
ideas and materials were proposed by Nernst and his colleagues [l-31 in 
Gottingen at the end of the nineteenth century, as described in Chapter 2 ,  
but considerable advances in theory and experiment are still being made over 
100 years later. 

Figure 1.1 shows an SOFC scheme. It contains a solid oxide electrolyte made 
from a ceramic such as yttria-stabilised zirconia (YSZ) which acts as a conductor 
of oxide ions at temperatures from 600 to 1000°C. This ceramic material allows 
oxygen atoms to be reduced on its porous cathode surface by electrons, thus 
being converted into oxide ions, which are then transported through the ceramic 
body to a fuel-rich porous anode zone where the oxide ions can react, say with 
hydrogen, giving up electrons to an external circuit as shown in Figure 1.1. Only 
five components are needed to put such a cell together: electrolyte, anode, 
cathode and two interconnect wires. 

Oxygen Fuel (e g hydrogen) 
Solid oxide 
electrolyte 

Porous anode \ 
A 

fuel oxidation 
HI + 0.- - 2 e+H10 

/Porous cathode 
Oxysen reduction 
0 + 2 e  + 0.- 

Electrons to external circuit Electrons from external circuit 

Figure 1.1 Schematicofsolidoxide fuel cell (SOFC) .  
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This is almost magical in its elegance and simplicity, and it is astonishing that 
this process has not yet been commercialised to supplant the inefficient and 
polluting combustion heat engines which currently dominate our civilization. 
Largely, this failure has stemmed from a lack of materials knowledge and the 
absence of chemical engineering skills necessary to develop electrochemical 
technology. Our belief is that this knowledge and expertise is now emerging 
rapidly. The purpose of this book is to present this up-to-date knowledge in order 
to facilitate the inventions, designs and developments necessary for commercial 
applications of solid oxide fuel cells. 

An essential aspect of SOFC design and application is the heat produced by the 
electrochemical reaction, not shown in Fig. 1.1. As Chapter 3 shows, heat is 
inevitably generated in the SOFC by ohmic losses, electrode overpotentials etc. 
These losses are present in all designs and cannot be eliminated but must be 
integrated into a heat management system. Indeed, the heat is necessary to 
maintain the operating temperature of the cells. The benefit of the SOFC over 
competing fuel cells is the higher temperature of the exhaust heat which makes 
its control and utilization simple and economic. 

Because both electricity and heat are desirable and useful products of SOFC 
operation, the best applications are those which use both, for example residential 
combined heat and power, auxiliary power supplies on vehicles, and stationary 
power generation from coal which needs heat for gasification. A residential SOFC 
system can use this heat to produce hot water, as currently achieved with simple 
heat exchangers. In a vehicle the heat can be used to keep the driver warm. A 
stationary power system can use the hot gas output from the SOFC to gasify coal, 
or to drive a heat engine such as a Stirling engine or a gas turbine motor. 

These ideas, from fundamentals of SOFCs through to applications, are 
expanded in the sections below to outline this book’s contents. 

1.2 Historical Summary 

The development of the ideas mentioned above has taken place over more than a 
century. In 1890, it was not yet clear what electrical conduction was. The 
electron had not quite been defined. Metals were known to conduct electricity in 
accord with Ohm’s law, and aqueous ionic solutions were known to conduct 
larger entities called ions. Nernst then made the breakthrough of observing 
various types of conduction in stabilised zirconia, that is zirconium oxide doped 
with several mole per cent of calcia, magnesia, yttria, etc. Nernst found that 
stabilised zirconia was an insulator at room temperature, conducted ions in red 
hot conditions, from 600 to 1000°C and then became an electronic and ionic 
conductor at white heat, around 1500°C.  He patented an incandescent electric 
light made from a zirconia filament and sold this invention which he had been 
using to illuminate his home [l-31. He praised the simultaneous invention of the 
telephone because it enabled him to call his wife to switch on the light device 
while he travelled back from the university. The heat-up time was a problem 
even then [4]. 
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The zirconia lighting filament was not successful in competing with tungsten 
lamps and Nernst's invention languished until the late 1930s when a fuel cell 
concept based on zirconium oxide was demonstrated at the laboratory scale by 
Baur and Preis [SI. They used a tubular crucible made from zirconia stabilised 
with 15  wt% yttria as the electrolyte. Iron or carbon was used as the anode and 
magnetite (Fe304) as the cathode. Hydrogen or carbon monoxide was the fuel on 
the inside of the tube and air was the oxidant on the outside. Eight cells were 
connected in series to make the first SOFC stack. They obtained power from the 
device and speculated that this solid oxide fuel cell could compete with batteries. 
But several improvements were necessary before this would be possible. For 
example, the electrolyte manufacturing process was too crude and needed 
optimising, especially to make the electrolyte thinner to reduce the cell 
resistance from around 2 Q. In addition, the electrodes were inadequate, 
especially the cathode Fe304 which readily oxidised. Also, the power density was 
small with the stacking arrangement used, the connections between many cells 
had to be developed, and the understanding of fuel reactions and system 
operation needed much attention. 

It was not until the 19  50s that experiments began on pressed or tape-cast discs 
of stabilised zirconia when a straightforward design of test system was developed 
which is still in use today. The essentials of the apparatus are shown in Figure 
1.2a. A flat disc of stabilised zirconia, with anode and cathode on its two sides, 
was sealed to a ceramic tube and inserted in a furnace held at  red heat [6]. A 
smaller diameter tube was inserted into the ceramic tube to bring fuel to the 
anode, and another tube brought oxidant gas to the cathode side. Current 
collector wires and voltage measurement probes were brought out from the 
electrode surfaces. Once a flat plate of electrolyte had been used, it was easy to see 
how the flat plate voltaic stack could be built up with interconnecting separator 
plates to build a realistic electrochemical reactor, as shown in Figure 1.2b. The 
interconnect plate is essentially made from the anode current collector and the 

Zirconia + electrodes Furnace 

Fuel 
4 

r' 
Oxidant 

Anode Cathode leads 

a 

Interconnects V 
b 

Figure 1.2 (a)  Flatplate test cell; (b)planarstackofcellsandinterconnects. 
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cathode current collector joined together into one sheet, thus combining the two 
components. Additionally, the interconnector can contain gas channels which 
supply fuel to the anode and oxidant t.o the cathode as well as electrically 
connecting the anode of one cell to the cathode of the next. 

It turned out that there were several problems with flat plate stacks as they 
were made larger to generate increased power, including sealing around the 
edges and thermal expansion mismatch which caused cracking. Consequently, 
tubular designs have had greater success in recent years. However, the 
configuration of Figure 1.2 has been prominent in zirconia sensors, discussed in 
the next section, which are now manufactured in large numbers. 

1.3 Zirconia Sensors for Oxygen Measurement 

An SOFC in reality already exists on every automobile: it is the oxygen sensor 
device which sits in the exhaust manifold in order to control the oxygen content 
of the effluent mixture entering the exhaust catalyst. The composition of the 
effluent mixture must be controlled to near stoichiometric if the catalyst is to 
operate at its optimum performance. Yttria-stabilised zirconia (YSZ) is generally 
used as the electrolyte because this uniquely detects oxygen, and platinum 
is normally painted on its surface using proprietary inks to provide the electrodes. 

In the original design, which was used from the 1970s the configuration was 
similar to that of Baur and Preis [5]. A thimble of YSZ, containing typically 8 wt% 
yttria, was pressed from powder and fired to 1500°C to densify it. Platinum 
electrodes were applied and the unit then fixed in a steel plug which could be 
screwed into the car exhaust manifold, so that the YSZ +anode was protruding 
into the hot gases. Air was used as the oxygen reference on the cathode side. A 
wire connection supplied the voltage from the inner electrode to the engine 
management system, while the other electrode was grounded to the chassis. 

Once the exhaust warmed up, above 600"C, the voltage from the sensor 
reflected the oxygen concentration in the exhaust gas stream. This voltage 
varied with the logarithm of oxygen level, giving the characteristic 1-shaped 
curve of voltage versus oxygen concentration, hence the name 'lambda sensor'. 
The control system then used the oxygen sensor signal to manage the engine so 
that the exhaust composition was optimised for the catalyst. Various 
improvements have been made to this basic system over the years; for example, a 
heating element can be built within the thimble, in order to obtain a rapid 
heating sensor. 

The major improvement introduced by Robert Bosch GmbH in 1997 was to 
redesign the zirconia sensor and to manufacture it by a different method. Instead 
of pressing a thimble from dry powder, a wet mix of zirconia powder with 
polymer additives was coated and dried like a paint film on a moving belt in a 
tape-casting machine. The film dried to a thickness of around 100 pm and could 
be screen printed with the platinum metallisation before pressing three or four 
sheets together to form a planar sensor array which was fired and then sectioned 
to size before inserting in the metal boss which screwed into the engine manifold. 
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This process was rather like the ceramic capacitor process developed for the 
electronic ceramics industry. 

There were several benefits of this new device: 

0 

0 

0 

There was much less zirconia in it, about 2 .8  g; 
The thinner ceramic electrolyte gave much faster response: 
Heaters and other circuits could readily be printed onto the flat sheets. 

An immediate bonus of this technology was the possibility of producing linear 
response sensors as opposed to the logarithmic response of the thimble type, so as 
to match the electronic control system more easily. This was achieved by setting 
the oxygen reference by using one of the sheets as an oxygen pump which could 
then leak from the cathode compartment through a standard orifice. 

Oxygen sensors are now widely used in food storage, in metal processing 
and in flame controIIers, but the main market is automobiles. Zirconia 
technology for sensors has been very successful in the marketplace, and it has 
pushed forward the development of solid oxide fuel cell materials. The main 
difference is that the power output of sensors is low so that partially stabilised 
zirconia can be used. At higher power, fully stabilised zirconia must be used if 
the electrolyte is to remain stable for long periods. The supply of this electrolyte 
material is discussed next. 

1.4 Zirconia Availability and Production 

The main electrolyte material used in SOFCs at present is YSZ, as described more 
fully in Chapter 4. Although many other oxide materials conduct oxide ions, 
some rather better than zirconia, this material has a number of significant 
attributes which make it ideal for this application, including abundance, 
chemical stability, non-toxicity and economics. Against these one can mention 
several drawbacks, including the high thermal expansion coefficient, and the 
problems of joining and sealing the material. 

Low-grade stabilised zirconia already commands a large market, especially in 
refractories, pigment coatings and colours for pottery, but it is only recently that 
technical-grade zirconias have been produced for applications such as thermal 
barrier coatings on gas turbine components, hip joint implants and cutting 
tools. Much of this technology has stemmed from the study of pure zirconia and 
the effects of small amounts of dopants on the crystal structure and properties. 
Large effects were seen in the early 197Os, pointing the w a y  to substantial 
applications of this material [7]. 

Figure 1.3 shows the trend in worldwide production levels of ionic conductor- 
grade yttria-stabilised zirconia over time. It is evident that in 1970 there was 
very small production at a rather high price. However, the introduction of the 
zirconia lambda sensor to control the emissions of automobiles in the 1970s had 
a large effect on the production rate, and price has dropped steadily since that 
time. The price in 2000 was about $50 per kg in 50 kg lots but this is expected to 
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Figure 1.3 Trend in theproduction ofionic conducting yttrin-stabilisedzirconinpowder. 

fall steadily with time towards $13 per kg in 2020 as production rises to many 
thousands of tons per year. In 2000, the sensor application of YSZ was dominant 
with an estimated world production of 500 metric tons, but it is expected that 
fuel cell power systems will rapidly rise to overtake sensors in demanding YSZ by 
about 2 0 10, 

There is little doubt that large quantities of zirconia will be needed for SOFC 
applications in the years to come, with annual requirements rising to more than 
1 Mte per year, rather as titania expanded in the last century for pigment 
applications. Fortunately, zirconia is one of the most common materials in the 
earth’s crust, being much more available than copper or zinc, for example. Large 
deposits exist in Australia, Africa, Asia and America, usually as the silicate, 
zircon (ZrSi04). In terms of cost, the greatest difficulty is purifying this raw 
material, especially to remove SiOz which tends to block the ionic and electron 
paths in fuel cell systems. A typical zirconia powder for electrolyte application 
should contain less than 0.1% by weight of silica, and the highest quality YSZ 
electrolytes contain only 0.005% by weight. Other impurities, like alumina and 
titania, can be useful in gettering the damaging silica, so that levels of 0.1% by 
weight are normal. The main impurity, hafnia, is usually present at several wt% 
but causes no problem because it is an ionic conductor itself. Often, zirconia 
contains small amounts of radioactive a emitter impurities, and this could pose a 
potential health problem during processing, but otherwise there are no 
significant toxic hazards known. 

Yttria is the principal stabiliser used at present, though both the more expensive 
scandia and ytterbia give better ionic conductivity. Typically, yttria is added at 
13-16% by weight (8-10.5 mol%) to give a fully stabilised cubic material. 
Details of these materials are given in Chapter 4. Supply of scarce dopants such 
as scandia could be a problem in future. However, a more significant issue is the 
processing of the electrolyte material into a functional device. 
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1.5. High-Quality Electrolyte Fabrication Processes 

One of the main issues in slowing down the advances in SOFCs has been the 
difficulty of making good cells. The electrolyte has to meet several criteria 
for success: 

0 

0 

0 

0 

0 

0 

It must be dense and leak-tight. 
It has to have the correct composition to give good ionic conduction at the 
operating temperatures. 
It must be thin to reduce the ionic resistance. 
It must be extended in area to maximise the current capacity. 
It should resist thermal shocks. 
It must be economically processable. 

These requirements are not easily reconciled. Industrial ceramic processing 
has traditionally focused on the pressing of dry powders in metal dies or in rubber 
moulds to make spark plugs, for example. Although zirconia sensors have been 
made by this technique, and although much academic research has used this 
method, it is difficult to make thin-walled parts of large area in this way. A 
stacked tubular design made by powder pressing had been demonstrated in 
the 1960s but this proved to be expensive because of diamond grinding and of 
high resistance due to the 500 pm thick electrolyte [SI. It was far better to 
move towards the advanced ceramic processes such as chemical vapour 
deposition, tape casting and extrusion (see Figure 1.4) to make the required thin 
films of electrolyte. 

In the late 1970s, electrochemical vapour deposition began to be used to 
make tubular cells at Westinghouse [9,10]. A porous tubular substrate, around 
15-20 mm in diameter, made originally from calcia-stabilised zirconia but 
later from the cathode material, doped lanthanum manganite, was placed in a 
low-pressure furnace chamber, and zirconium chloride plus yttrium chloride 

\-b Zirconium chloride vapor 

Moving polymer trlm 

a) 
\ Support tube 

extruded plastic paste 

Barrel 

Figure 1.4 
tapecasting: ( c )  extrusion. 

Schematic of three electrolytefabrication processes: ( a )  electrochemical vapour deposition: ( b )  
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vapour was passed along the outside of the tube, while water vapour passed 
down the inside. This deposited a layer of yttria-doped zirconia which first 
blocked the pores at the surface of the substrate tube and then subsequently grew 
to about 40 pm in thickness to form the electrolyte layer [lo]. The interconnect 
strip could also be formed from magnesia-doped lanthanum chromite by the same 
principle [ 111. Although tubular SOFCs give good electrochemical performance, 
the process is lengthy and expensive when compared with tape casting. Also, 
the heavy tubes cannot be heated rapidly and require a 4-6 hour start-up time. 

Tape casting was originally used to make thin tape materials for electronic 
applications 11121 especially using organic solvents. A slurry of the YSZ powder, 
with solvent and dispersing agent, for example methyl ethyl ketone/ethanol 
mixture with KD1 (Uniqema), was ball milled for 24 hours to finely grind the 
particles and remove agglomerates [13]. Then a polymer and plasticiser mixture 
was prepared by milling polyethylene oxide and dibutylphthalate with the 
solvent, mixed with the particle dispersion, and followed by further ball milling. 
After filtering and vacuum deairing, the slurry was tape cast on a polymer film 
and dried for 3 hours before firing at 1300°C. 

Water-based tape casting is much more desirable than the organic solvent 
system for environmental reasons, and this has been developed by Viking 
Chemicals who prepared their own pure zirconia by solvent extraction 
techniques [14]. The calcined zirconia powder was bead milled in water with 
ammonium polyacrylate solution (Darvan 82 1 A, Vanderbilt) to give a very 
stable dispersion. To this suspension, a solution of purified ethyl cellulose was 
added, followed by filtering and deairing. This was tape cast onto polymer film, 
then dried and fired at 1450°C. Similar dispersions have been screen printed onto 
tape cast anode tapes made by a similar casting procedure to give co-fired 
supported electrolyte films of reduced thickness which gave enhanced current 
capacity [ls] .  Such results were originally reported by Minh and Horne [16] 
who used the tape calendering method which is similar to tape casting but with a 
plastic composition [17]. They also corrugated the plates and made monolithic 
designs by sticking corrugated pieces together in a stacked structure. Of course, 
the problem with flat plate designs is the thermal shock which prevents rapid 
heating or cooling. This was a particular problem for monolithic structures 
which cracked very easily when made more than a few centimetres in length. 

To prevent the thermal shock problem, smaller diameter tubes have been 
produced by extrusion as described in Chapter 8 [18]. Again, these 
compositions were prepared by mixing zirconia powder with water and 
polymer, for example polyvinyl alcohol. Extrusion through a die gave tubes 
which could be as little as 2 mm in diameter and 100-200 pm in wall thickness, 
sinterable at 1450°C. 

1.6 Electrode Materials and Reactions 
Having produced the YSZ electrolyte membrane, it is then necessary to apply 
electrodes to the fuel contact surface (anode) and the oxidant side (cathode). 
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These electrodes are usually made from particulate materials which are partially 
sintered to form porous conducting layers. Often, several layers are laid down 
because this allows a gradient of properties ranging from nearly pure YSZ at the 
electrolyte surface to almost pure electrode composition at the interconnect 
contact, as illustrated in Figure 1.5 for a typical anode structure. In addition the 
expansion coefficients can then be better matched across the layers. 

YSZ 

Nickel Three layer anode 

Figure I .  5 Three-layer anode made by printing three inks ofdifferent composition onto Y S Z [ I Z ] .  

Nickel is the main anode material used in SOFC anodes since 1964, largely 
because of its known performance and economics. Unfortunately, nickel metal 
does not adhere strongly to YSZ and flakes off unless it is mixed with zirconia. 
This flaking is driven by the large difference in expansion coefficient between 
metal and ceramic: YSZ expands at around 11 x 10P6 /K whereas nickel expands 
much more a t  13.3 x 10Ph /K.  By powder mixing 30 vol% nickel oxide with YSZ, 
followed by firing at  1300°C to give a porous anode layer by reduction in 
hydrogen, this mismatch can be reduced. The expansion coefficient of this ‘nickel 
cermet’ anode is about 12.5 x 10P6/K,  allowing much better adhesion to the 
electrolyte. Sandwiching this anode cermet between two slightly different 
compositions, one nearest the zirconia with less nickel, the other near the gas 
stream with more nickel, can give excellent anode properties, both from the 
catalytic and the electronic conduction points of view. The two main 
requirements of the anode are to allow rapid, clean reactions with the fuel and to 
provide good conduction to the interconnect. 

The main problem with the nickel-based anodes is their propensity to coke, 
that is to become coated with a carbon layer on reacting with hydrocarbon fuel. 
This carbon layer has two deleterious effects: it can disrupt the anode by pushing 
the nickel particles apart: and it can form a barrier a t  the nickel surface, 
preventing gas reactions. Typically, if a hydrocarbon such as methane is fed 
directly into an SOFC anode, then it may not remain functional after as little as 
30 minutes as the coking proceeds. Additives to the Ni+YSZ cermet such as 5% 
ceria or 1% molybdena can inhibit this process [19]. Alternatively, metals other 
than nickel can be employed [20]. 

Cathodes present the main electrode issues in designing and operating SOFCs, 
as described in Chapter 5. Since these operate in a highly oxidising environment, 
it is not possible to use base metals and the use of noble metals is cost prohibitive. 
Consequently, semiconducting oxides have been the most prominent candidates 
since 1966 when doped lanthanum cobaltites began to be used, followed in 
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19 73 by lanthanum manganites. Typically, Lao.sSro.2Mn03 (LSM) gives a good 
combination of electronic conductivity and expansion coefficient matching, and 
is now available commercially for SOFC applications. Higher conductivity can be 
obtained at higher dopant levels, but the expansion coefficient then becomes too 
high. Lanthanum cobaltite is a much better material from the catalytic and 
conduction standpoints but is too reactive with zirconia and also expands too 
much. Even the manganite reacts with zirconia above 1400°C and produces an 
insulating layer of lanthanum zirconate which increases the resistance 
enormously. Therefore, firing of the cathode materials on YSZ tends to be kept 
below 1 300"C, and a minor excess of manganese is used to inhibit the reaction. 
The manganese can be seen diffusing into the YSZ at high temperatures, a 
blackened region gradually penetrating the normally white electrolyte. 

In order to minimise the resistance at the LSM cathode, especially as the 
operating temperature of the SOFC is reduced below lOOO"C, it has become 
normal practice to mix the LSM powder with YSZ powder, roughly in 50/50 
proportion, to form the first layer of cathode material at the electrolyte surface. 
This allows a larger 'three-phase boundary' (the line where the gas phase meets 
both electrolyte and electrode phases) to exist between the oxygen molecules in 
the gas phase, the LSM particle and the YSZ electrolyte as shown in Figure 1.6. 
By this means, the cathode contribution to cell resistance can be brought down 
to about 0.1 C2 for 1 cm2 of electrode [21]. Alternatively, various doping layers 
such as ceria can be applied to the YSZ electrolyte before printing on the 
electrode composition. 

. 

LSM cathode 
3 phase boundary oxygen 

Figurr 1 .h Concrpt ofrrtrndrd thrrr-phase houndnry at cnthodelelectrolgte interJace. 

The electrode layers have been applied using numerous methods, ranging 
from vapour deposition and solution coating to plasma spraying and colloidal 
ink methods such as screen printing and paint spraying, which is perhaps the 
most economic method. This process is widely used in the traditional ceramic 
industry to lay down glaze layers from particulate inks to give electrode 
thicknesses of 50-100 pm. It is advantageous to reduce the number of 
fabrication steps by adopting composite processes whereby several layers are 
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produced at one time. One such technique was developed by Minh to tape 
calender the two electrodes and the electrolyte together as one sheet [22]. 
Another method, that of co-extrusion, was developed to make the anode and 
electrolyte in one step [2 31. 

- 

- 

- 

1.7 interconnection for Electrically Connecting the Cells 

The interconnection requires two interconnect wires but these are often 
combined into a single material which makes contact with the anode on one side 
and the cathode on the other. 

Ideally an inert and impervious conducting material is needed to withstand 
both the oxidising potential on the air electrode and the reducing condition at 
the fuel side as described in Chapter 7. In the SOFC, since 1974, lanthanum 
chromite has been used to carry out this function for the systems operating near 
1000°C. This material has almost exactly the same thermal expansion coefficient 
as YSZ, depending on doping. Typically strontium dopant has been used at 20 
mol% to give an expansion coefficient of about 11 x 1 W 6 / K .  For systems 
operating at lower temperatures, 700-8 50°C, it is conceivable that metallic 
alloys like ferritic stainless steel could be used. Other chromium-based alloys 
have also been tested [24]. 

Magnesium-doped lanthanum chromite has been the material most used by 
Westinghouse (now Siemens Westinghouse) to produce single cells and stacks 
of their tubular design [ l l ] .  The material was initially deposited by an 
electrochemical vapour deposition process to form a strip along the lanthanum 
manganite tube and is now deposited by plasma spraying. This made contact 
with the anode of the neighbouring cell to give series connection along a stack as 
shown in Chapter 8. This material has worked very well and has provided single 
cell lifetimes of up to 70,000 h in hydrogen. 

The problem is that the lanthanum chromite is not quite inert. It expands in 
hydrogen as shown by the resuIts of Figure 1.7 [ 2 5 ] .  In particular, strontium 
doped material can expand by 0.3% in length, sufficient to cause large distortion 
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and cracking in 100 mm x 100 mm plates. This has caused difficulties as larger 
planar stacks have been constructed with thick interconnect plates. 

Such large lanthanum chromite interconnect plates have generally been 
made by powder processing methods. A fine powder of the desired composition 
is prepared by mixing lanthanum, strontium and chromium nitrates, then 
reacted with glycine at a high temperature [ 2 6 ] .  The reaction mixture fluffs up 
into a fine powder which can be readily compacted to form interconnect 
plates, or extruded to make tube structures [27]. For example, calcia-doped 
lanthanum chromite was co-extruded with YSZ to make an electrolyte tube 
containing an interconnect strip along its length. This was co-fired to give a 
dense composite. 

A major difficulty with such interconnects is the difficulty of sintering to full 
density. Lanthanum chromite powders do not sinter easily, especially in 
oxidising atmospheres. Strontium-doped materials require a low partial pressure 
of oxygen during sintering to become leak-tight, e.g. bar at a temperature 
of 1720°C. Calcia-doped materials are better and can sinter in air at 1600°C. In 
this case, especially with chromium deficiency, liquid phases appear during the 
process and these help to pull the particles together. The downside is that these 
liquids can soak away into surrounding porous materials, as Minh found when 
co-firing his monolithic tape calendered composites [2 81. 

To avoid these problems, Sulzer has used metal interconnects in their small- 
scale residential SOFC heat and power unit [29]. The alloy is largely chromium, 
with 5 wt% iron and 1 wt% yttria to give dispersion strengthening, made by 
Plansee AG in Austria. This alloy has almost the same expansion coefficient as 
YSZ and has the benefit of improved strength and toughness when compared 
with lanthanum chromite. But it requires coating to prevent chromium 
migration and is also expensive at the present time. 

Another approach is to adopt a design similar to the lead acid battery and to 
use wires brought out from the electrodes and connected externally. This is the 
approach adopted by Adelan in their microtubular design. Clearly, the design of 
the cells and how they fit into the overall stack is vitally important in deciding 
such issues. 

1.8 Cell and Stack Designs 
A solid oxide fuel cell is a straightforward five-component entity as described in 
Figure 1 .l. The main problem, which has been exercising engineers for the past 
30 years, is that of designing cells which can be stacked to produce significant 
power output. This power output is directly proportional to the cell area, so the 
maximum area of YSZ membrane must be packed into the SOFC stack. This is 
similar to a heat exchanger design exercise. Two plausible solutions are obvious: 
a stack of flat plates or an array of parallel tubes. Typical heat exchanger 
problems of joining, cracking and leakage are evident in the SOFC stacks because 
of the complex materials and the high expansion coefficient. Of course the 
difficulties are greater because of the temperature of operation. Additional 
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difficulties arise because of the low toughness of the ceramic components and the 
necessity of making eIectrical connections between all the cells. 

Planar cells have the advantage that they can be readily electroded by screen 
printing, they can be stacked together with narrow channels to achieve high 
power densities and they can provide short current pathways through the 
interconnect. If p is the power in Watts per square cm of membrane and g is 
the gap in cm between planar electrolyte sheets, then the stack volumetric 
power density is p/g kW/litre, typically 1 kW/litre for a Sulzer planar stack 
where p is 0.5 W/cm2 [29]. In a tubular stack packed in a square array, as in 
the Westinghouse design, the power density depends on the diameter D of 
cells and the gap g between them according to nDp/(D + g)2 which gives 
0.6 BW/litre for Westinghouse tubes 2 cm in diameter with a 0.2 cm gap. This 
is lower than the planar stack because of the relatively large diameter of the 
tubes. Obviously, high power density depends on having small diameters and 
less gaps. The micro-tubular design gives 6 times better power density at 
0.15 cm diameter of electrolyte tube with 0.1 cm spacing as shown in Figure 1.8. 
All these figures exclude the volume of thermal insulation and other 
ancillary parts. 
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Figure 1.8 Power density ofthree tiifleerent stackinggeometries. 
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Many companies, including General Electric Power Systems (formerly 
Honeywell), McDermott Technologies/SOFCo, Ceramic Fuel Cells Ltd, Delphi/ 
Battelle and Sulzer are currently developing planar SOFCs because of the known 
merits of that design, as explained in Chapter 8. However, two problems are still 
significant: one of heat-up and the other of sealing. The slow heat-up of existing 
planar designs is a consequence of the high thermal expansion coefficient and 
brittleness of YSZ. If the planar stack is heated to 800°C too rapidly, then it may 
crack, causing catastrophic failure. Any large YSZ structure will suffer the same 
problem as thermal gradients are set up through the ceramic. The large 
Westinghouse tubular cells require up to several hours to heat up safely. Thus it 
is important to use smaller plates or tubes to resist thermal shock. The downside 
of this is the greater assembly problem for large numbers of small cells. 

Large planar cells display two other problems which cause concern. The first is 
the difficulty of making and handling large areas of delicate sheets; the maximum 
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size that has been successfully fabricated is about 30 by 30 cm, far smaller than 
that possible with polymer membranes. The second problem is the gas sealing 
around the edges of the planar cells: this can be achieved with metal or glass seals 
but the required tolerance of around 10 pm in the membrane dimensions causes 
high cost. Sulzer avoided this issue by having discs without seals at the outer 
circumference. Of course, any rigid bonding together of a large ceramic structure 
also exacerbates the thermal shock issue. Monolithic designs have not been 
successful for that reason. 

The Westinghouse tubular design is ingenious because 1.5-2 m long cells 
could be manufactured and handled as a result of the inherent strength of the 
tube structure. A 100 kWe generator could then be built from 1152 such cells. 
Moreover, the sealing problem was eliminated by inserting an air feeder tube 
down the cell tube. Although the Westinghouse tubular design is large and 
expensive, it did demonstrate several important features which have lent 
credence to the SOFC technology: 

0 

0 

0 

0 

0 Emissions are low 

The cells can run for long periods without much deterioration 
The efficiency can be impressive, around 50% 
Methane can be used as fuel after desulphurising and pre-reforming 
The SOFC exhaust can drive a gas turbine 

In order to understand and predict the performance of such complex stack 
structures, various mathematical models have been developed, as described in 
Chapter 11. The most fundamental model starts from the reaction diffusion 
equations, assuming constant temperature conditions, and calculates the 
gradient of reactants, products and potentials along a tube or plate of electrolyte 
[30]. This gives a very sharp reaction front under normal operating conditions 
if the tube or plate is open ended. The chemical gradient along the SOFC can also 
be predicted as oxide ions permeate through the electrolyte [31]. Another 
important model sets out to calculate temperature and current distributions in a 
stack of cells [32]. Many such models for different geometries including planar 
and tubular have been published. 

1.9 SOFC Power Generation Systems 
Typically 2 5% of the volume of a fuel cell system is made up of the cell stack. The 
rest of the reactor is the balance of plant (BOP) which includes thermal 
insulation, pipework, pumps, heat exchangers, heat utilisation plant, fuel 
processors, control system, start-up heater and power conditioning, as described 
in Chapter 13. Arguably, this BOP is the dominant part of the system and should 
be treated with some concern. One of the major problems of the original 
Westinghouse design for a 100 kWe cogenerator was its large 16 m2 footprint 
and huge weight of 9.3 te [33]. This was not competitive with a standard diesel 
engine combined heat and power unit. 
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Originally, SOFCs were designed to compete with large power generation units 
like central power stations, ships and locomotives, especially to run on coal gas 
or heavy fuels. During the last 10 years, the realisation has steadily dawned that 
SOFCs can work well in small, portable, residential and auxiliary power systems, 
particularly running on natural gas, propane or biogas [34]. Typical examples of 
such developments are those of Sulzer [29], AdePan, Delphi, General Electric and 
Siemens Westinghouse. 

A typical schematic for a small SOFC system is given in Figure 1.9. The 
electrical power output for a mobile power application could be 100 We for 
communications up to 5 kWe to power a house or to supply air conditioning and 
auxiliary power in a vehicle. The heat output is less important for such devices 
because electrical efficiency is not the main performance criterion. 

Start-up system p z i q  
t i  

Heat utiliser P 

Figure 1.9 Flow sheet showingthe BOPsurrounding theSOFCstack. 

The main moving part in this plant is the air blower, together with a fuel pump 
il pressurised fuel is not supplied. All the other parts except valves are solid state 
and should give the system low maintenance cost and high reliability over a life 
of many thousands of hours. In a small system, the reliability is the key 
competitive feature which gives advantage over internal combustion engines. 
Such heat engines are dominated by moving parts which require oil changes, 
new spark plugs, rebores, etc. Below 50 kWe, combustion engines are not 
usually economic because of maintenance costs, so SOFCs have a ready market. 

Fuel Considerations 
One of the great benefits of the SOFC is that it can utilise a wide range of fuels, as 
described in Chapter 12. The fastest reaction at the nickel anode is that of 
hydrogen. But other fuels can also react directly on the anode, depending on 
catalyst composition. For example, carbon monoxide can react on Ni/YSZ, but 
has a higher overpotential than hydrogen [ 3 5 ] .  Also, methane can react on the 
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anode but requires ceria or other catalysts to provide suitable sites for direct 
oxidation [ 3 61. 

Fuel reforming can also take place on nickel at the anode. This occurs when 
steam is added to the hydrocarbon fuel, typicalIy at a ratio of 3 parts steam to 
1 part of fuel. The reaction of methane is then given by 

CH4 + HzO +. CO + 3H2 

The hydrogen and carbon monoxide released by this reaction can then react 
individually with oxide ions emerging from the electrolyte. Usually the CO 
conversion is sluggish so the shift reaction also occurs on the anode to produce 
more hydrogen: 

CO+HzO + COz +H2 

It was demonstrated in the 1960s that hydrocarbons could be injected directly 
into SOFCs if steam was supplied [ 3 7 ] .  The steam can beneficially be obtained 
from the spent fuel stream. The main problem with direct use of hydrocarbons is 
that coke can form to block up and contaminate the anode. There are two 
damaging reactions which can occur on the nickel: 

2co +. coz + c 
CH4 + 2H2 + C 

When carbon formation was investigated in detail, by temperature- 
programmed reaction, three different types of material were discovered on the 
nickel, as indicated by the temperature required for oxidation [38]. The most 
stable carbon could not be removed beIow 1100 I< and tended to form when 
current was flowing through the cell. 

The other damaging mechanism of SOFC failure stems from fuel impurities. 
Sulphur is the most prevalent impurity and can be present up to l?h level in 
marine diesel fuel. SOFCs cannot operate with this amount of sulphur. More 
typically, natural gas often has ‘odorant’ sulphur compounds added to make 
leaks more easily detectable. Even the lower levels of such additions, about 
10 ppm, are damaging for SOFCnickel anodes, and the upper limits around 100 ppm 
could cause failure in about 1 h of operation. There are two approaches to 
solving this problem: adding a sulphur absorber to the fuel processing unit: and 
using anode metals which are less affected by sulphur. Fortunately, the levels of 
sulphur in gasoline and diesel fuel are now being reduced for environmental 
reasons, with the best formulations containing less than 10 ppm. 

The second difficulty is the number of additives in conventional fuels which 
have been formulated for other technologies. For example, regular gasoline 
contains more than 100 different molecules, some added as lubricants or 
surfactants. Moreover, the mixture can change with time and place because the 
standard is dictated by octane number and not composition. Consequently, it is 
unlikely that SOFCs will be able to run directly on gasoline, although this has 
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been attempted. An objective of current research is to formulate a fuel which can 
operate in an SOFC and a vehicle engine simultaneously [39,40]. 

1.11 Competition and Combination with Heat Engines 

If the SOFC is to be successful commercially, then it must compete with existing 
heat engines that are currently used to produce electricity from hydrocarbon 
combustion. Such engines operate by burning fuel to heat a volume of gas, 
followed by expansion of the hot gas in a piston or turbine device driving a 
dynamo. These are inefficient and polluting when compared with fuel cells but 
can be surprisingly economic as a result of a century’s development, 
optimisation and mass production. Ostwald got it famously wrong in 1892 when 
he said that ‘the next century will be one of electrochemical combustion’. Fuel 
cells are still significantly more costly than conventional engines which can be 
manufactured for less than $50 per kWe. The SOFC advantages of efficiency, 
modularity, siting and low emissions count for little if they cost $10,000 per 
kWe. These arguments are considered more fully in Chapter 13. 

In the 1980s, it was envisaged that SOFCs could compete commercially 
with other power generation systems, including large centralised power 
stations and smaller cogeneration units [41]. This has not yet happened 
because costs have remained high despite large injections of government 
funding for SOFCs development in the USA, Japan and Europe. It has been 
estimated that costs of $400 per kWe could be achieved with mass production 
using powder methods [42]. Such costs would be competitive with present large 
power station costs. 

One of the most promising applications of SOFCs for the future is in 
combination with a gas turbine as indicated in Chapter 3. The flow scheme is 
shown in Figure 1.10. The SOFC stack forms the combustor unit in a gas turbine 
system. Compressed air is fed into the SOFC stack where fuel is injected and 
electrical power drawn off. Operating near 50% conversion of fuel to electrical 
power, this SOFC then provides pressurised hot gas to a turbine operating at 35% 
efficiency. The overall electrical conversion efficiency of this system can approach 
75%, and this could be further improved by adding a steam turbine [43]. 

Fuel 

Power converter 

Figure 1.20 CombinationofSOFC withagns turbinegenerator. 



18 High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

Westinghouse carried out a paper study in 1995 and tested this concept in a 
200 kWe class hybrid system in 2001-2002. The SOFC stack was operated in 
a pressure chamber at 3.5 bar abs. A 50 kW microturbine was used to utilise the 
hot gas exiting the SOFC stack. The overall efficiency of this first-of-a-kind, proof- 
of-concept prototype was measured at 5 7% [44]. This is the highest conversion 
efficiency device for fuel to power yet devised. Efficiencies up to 75% are expected 
in larger hybrid systems when fully developed. 

1.12 Application Areas and Relation to Polymer Electrolyte Fuel 
Cells 

There are many possible applications for SOFCs as described in Chapter 13. The 
stationary power market has been most investigated up to this point, since there 
is a great need for clean and quiet distributed power generation units, e.g. in 
hospitals, hotels and sports facilities located in cities. Traditionally, such 
demands have been served by 200 kWe diesel engine or gas turbine packages, 
with the heat supplied to the building for hot water or steam. Other fuel cell 
systems based on phosphoric acid, molten carbonate and solid polymer 
electrolytes have also been developed to fill this niche. Heat engine generators 
are cheaper at the moment and fuel cell devices will generally not be preferred 
unless regulations for low emissions are imposed. 

The other application which has been much studied is that of integration of 
SOFCs with coal gasification. An SOPC is eminently suited to integration with a 
coal gasifier plant in large power stations and should result in highest overaIl 
conversion compared to other fuel cell types. Unfortunately, the investment 
required to build such plants is large. 

Therefore other smaller applications have emerged in recent years, especially 
to compete with polymer electrolyte fuel cells (PEFCs) which have been rapidly 
evolving to satisfy the zero emission electric vehicle market. A typical PEFC for a 
vehicle is 30 kWe, runs on pure hydrogen, requires significant quantities of 
platinum, and is still significantly more costly than an internal combustion 
engine. It does have rapid heat-up and can deliver significant power on a cold- 
start but this advantage is destroyed if pure hydrogen has to be obtained through 
hot reforming of methanol or gasoline, which introduces delay and sluggishness 
into the system. The SOFC can be useful in vehicles, not to replace the engine, but 
to supply auxiliary power to supplement or replace the existing battery system. 
Typically, 1-5 kWe is required, mainly to drive air conditioning. The benefits of 
SOFCs for this application are: 

0 

0 

0 

0 

0 it has low emissions. 

it can run on the same hydrocarbon fuel as the internal combustion engine 
(e.g. gasoline, diesel); 
it can provide useful heat: 
it can run when the engine is switched off 
it is much more efficient than the existing electrical system: and 
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Similar arguments apply to truck cabs which have to be heated. 
Smaller, portable SOFC power units which can replace batteries are also being 

considered. These can deliver power in the range from 20 We to 10 kWe and can 
run directly on a wide range of fuels from natural gas, to propane, methanol and 
isooctane. If the cells are small to avoid thermal shock, then the start-up can be 
quick [45]. The other application for such units is in residential cogeneration 
using pipeline gas. Installing SOFCs in every home will cut residential carbon 
dioxide emissions by up to 50%. 

1 .I 3 SQFC-Related Publications 
SOFC technology has been advancing at a rapid rate over the past years since 
Minh and Takahashi published their excellent monograph [46]. Large numbers 
of new developments have occurred and many more scientists and engineers are 
working in this field. Bringing all the research and development information 
together in this one volume should help to unify the subject and produce further 
breakthroughs. 

Several conference proceedings are published each year containing material 
on SOFCs but these tend to be collections of individual research papers at a 
particular time rather than a complete compendium of the technology. These 
include The Electrochemical Society Proceedings series on SOFCs which has 
been edited by Singhal et a1 [47-541, and the Proceedings of the European SOFC 
Forums [55-591. 

It is believed that the publication of this volume will provide detailed up-to- 
date information for the researchers who are about to make SOFCs commercial 
in the near future. 
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Chapter 2 

History 

Hans-Heinrich Mobius 

2.1 The Path to the First Solid Electrolyte Cas Cells 
Starting in 1800, Davy carried out many investigations into the electrolysis of 
water and aqueous solutions. Experiments using more and more concentrated 
solutions of alkali hydroxides led to melting flux electrolysis and in 1807 to the 
discovery of alkali metals [l]. Davy observed that dry solid alkali compounds 
were non-conductors but became electrically conducting through just a little 
moisture. For Faraday it seemed important that many electrically conducting 
liquids lost their conductivity during solidification [ 2 ] .  In his continuing 
investigations, Faraday introduced the basic terminology of electrochemistry, 
and with the aid of many results concerning the concept ‘electrolyte’ in 1834 he 
classified substances into first and second types of conductors, metallic and 
electrolytic [ 3 ] :  the first type now recognised as electronic and the second type as 
ionic conductors. 

Faraday encountered problems with the classification of silver sulphide, which 
exhibited conductivities comparable to metals in the high-temperature range, 
but, in contrast to metals, lost its conductivity upon cooling [2]. Hittorf (185i) 
devoted himself to this special problem and proved that AgzS is electrolytically 
decomposable [4]. The generation of a counter voltage (polarisation by chemical 
precipitation) during the passage of a current was recognised as a characteristic 
feature of electrolytic conductivity of solids [4,5], and this led to the discovery of 
an increasing number of solid conductors of the second type (ionic). 

As early as 1774, Cavendish [6] had observed an increase in the conductivity 
of glass on heating. The electrolytic nature of this conduction was discovered by 
Beetz [7] and Buff [8] in 18.54. Using mercury, zinc amalgam, various solid 
metals, carbon, and pyrolusite (MnOz) as electrodes, Buff demonstrated galvanic 
cells and batteries free of water ‘in which glass takes over the role of the moist 
conductor’, and he investigated the associated voltage and polarisabilfty. 

A short period before, Gaugain [9] and Bequerel [ lo] had published 
experiments on the thermoelectricity between metal contacts on glass and 
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porcelain. Buff [8] reproduced the results, which turned out very differently 
depending on the position of the contacts in oxidising or reducing regions of 
flames, and he interpreted the voltages as a mixture of thermoelectric forces and 
voltages which he had previously observed between bare platinum wires in 
flames [ll]. However, Gaugain investigated his experiment, which at first was 
constructed of two tubes of glass, platinum wires, air and alcohol vapour, in 
more detail [12]. He observed the delivery of current, the polarity of the 
electrodes and their behaviour when the electrode metals or the gas supply were 
changed. He also noted the large voltage alteration when different gases 
were mixed with oxygen beyond a certain proportion (known today as the jump 
at the stoichiometric point), and phenomena associated with an iron/air cell 
which convinced him of the decisive role of oxygen in the electrode reaction. 
Although restricted by the lack of sensitivity of the available measuring device 
(a leaf electroscope) so that small voltage differences could not be detected, 
Gaugain nevertheless found that ‘the new source of electricity possesses a11 the 
characteristic features of an aqueous-electric cell’, and thus he discovered in 
18 53 galvanic solid electrolyte gas cells. 

Towards the end of the nineteenth century the term ‘solid electrolyte’ was in use, 
and many facts were known about the behaviour of these materials. The Science of 
Electricity by Wiedemann (1893-98) includes the chapters ‘Conductivity of 
Solid Salts’ and ‘Determination of the Electromotive Force -Two Metals and Solid 
Electrolytes’ and ‘Electrolysis of Solid Electrolytes’ [ 131. However, in Ostwald’s 
textbook on general chemistry, solid electrolytes are not mentioned [14]. 

Technological interest in solid ion conductors first arose in connection with 
the development of electric lighting devices. Early carbon filament lamps 
manufactured since about 1880 could not compete with the existing gas 
incandescent light. In 1897, Nernst suggested in a patent [15] that a solid 
electrolyte in the form of a thin rod could be made electrically conducting by 
means of an auxiliary heating appliance and then kept glowing by the passage of 
an electric current. At first Nernst mentioned only ‘lime, magnesia, and those 
sorts of substances’ as appropriate conductors. Later investigations stimulated 
by experiences with gas mantles led to his observation ‘that the conductivity of 
pure oxides rises very slowly with temperature and remains relatively low, 
whereas mixtures possess an enormously much greater conductivity, a result in 
complete agreement with the known behaviour of liquid electrolytes’ [16]. He 
pointed out that, for example, the conductivity of pure water and pure common 
salt is low but that of an aqueous salt solution is high. In a short time many of 
the mixed oxides which exhibit high conductivity at elevated temperatures, 
including the particularly favourable composition 85% zirconia and 15% 
yttria [17], the so-called Nernst mass [18,19], were identified. The thesis of 
Reynolds [20], inspired by Nernst and presented in 1902, expanded this field by 
measuring the conductivity in the range 800-1400°C of numerous binary and 
ternary systems, among others, formed by ZrOz with the oxides of the elements 
La, Ce, Nd, Sm, Ho, Er, Yb, Y, Sc, Mg, Ca, Th and U, including investigations on 
the role of composition, concentration, direction of temperature alteration 
(hysteresis) and other phenomena. 
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Figure 2.1 shows one of the many designs of the Nernst lamp [Zl]. When the 
lamp was switched on, the voltage was applied to the Nernst rod, h, and to 
the parallel heating resistor, i. Both these components were incorporated in a 
glass envelope containing air. After sufficient preheating, the current started 
flowing through the Nernst rod h and through the winding k of an electromagnet b. 
At a specified electric current the magnet switched off the heater by opening the 
contacts between w1 and I and then the Nernst rod carried all the current and 
emitted light due to resistive heat generation. 

Figure2.l ArrangementofaNernstglowerinalamp(DRP114241,filed 9April1899). 

The light efficiency of the Nernst lamp exceeded that of the carbon filament 
lamp by nearly 80%. However, there were problems. It was difficult to fabricate 
reliable contacts to the glower, and the platinum leads and heater made the lamp 
expensive. The glowers had to be prevented from melting with the aid of special 
series resistors. It was necessary to wait in darkness for half a minute after 
switching on the lamp until the light appeared. In view of these and other 
disadvantages, interest in the Nernst lamp, although considerable for a few 
years, soon disappeared with the introduction of the first tungsten filament 
lamps, which were much simpler and permitted a substantial increase in the 
light efficiency by raising the filament temperature. 

The Nernst zirconia rods were similar to metallic conductors in that 
decomposition did not occur with the passage of direct current. Nevertheless, 
Nernst was convinced that his filaments were ionic conductors, and he assumed 
that, e.g. in yttria-stabilised zirconia (YSZ), the yttria provided the necessary 
charge carriers [ 161. He observed evidence of oxygen transport, but believed that 
metal cations were also deposited by the direct current, later oxidising and 
diffusing back into the filament. 

It was not until 1943 that Wagner [22] (in memory of WaIther Nernst who 
died on 18 November 194 1) recognised the existence of vacancies in the anion 
sublattice of mixed oxide solid solutions and thus explained the conduction 
mechanism of the Nernst glowers. We now know that Nernst lamp filaments 
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were oxide ion conductors and the platinum contacts behaved as air electrodes. 
It follows that Nernst lamps were the first commercially produced solid 
electrolyte gas cells. 

2.2 From Solid Electrolyte Gas Cells to Solid Oxide Fuel Cells 

Electrochemistry was given an important impetus when its connection with 
thermodynamics was explained by Helmholtz in 1882 [23]. Then, in 1894 
Ostwald demonstrated that energy from coal could be produced much more 
efficiently with a galvanic cell than with a steam engine [24]. 

The agreement between the voltages measured with galvanic solid electrolyte 
gas cells and calculated thermodynamically was verified by Haber and 
co-workers in 1905. From 3 30 to 5 70°C they used glass and from 800 to 1100°C 
porcelain as the electrolyte, and partly platinum, partly gold as the material for 
the electrodes in cells, first with C, CO, C02 and O2 [25], then in oxyhydrogen 
cells, and in hydrogen and oxygen concentration cells [26,27]. Typical 
phenomena such as the dependence of the voltage on the gas flux, deviations 
from zero (‘asymmetry voltages’), and sluggishness in the establishment of 
constant voltages at low temperatures were observed. Parallel to the publication 
of the results, Haber filed the first patent on fuel cells with a solid electrolyte [28] 
(Figure 2.2). To compensate for alterations in the composition of the glass 
electrolyte by the migration ofions caused by current, he proposed to exchange the 
gases in the electrode chambers as soon as disturbing alterations were noticed. 

The decomposition equilibria of metal oxides were investigated in 1916 by 
Treadwell in the region of 1000°C with quartz and porcelain as solid electrolytes 
and with a silver/oxygen electrode as the reference system [29]. After these 
investigations, Baur and Treadwell filed a patent on fuel cells with metal oxide 
electrodes and a molten salt, held in a porous ceramic, electrolyte [30]. Only after 
many fruitless experiments with liquid electrolytes of different types, Baur in 
1937 came to the conclusion that fuel cells have to be made completely solid 
[31]. But the extensive empirical search by Baur [18,32,33] and other authors 

2: 
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Figure2.2 First diagram (Haber, 1905) of a fuel cell with solid electrolytes. Generatorgaspassedfrom 1 to 
2 through chamber A (440°C) withparalleiglass tubes g covered on both sides with thin layers ofnoble metal 

andsweptinsidebyair. 
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up to the 1950s for suitable solid electrolytes, covering glasses, porcelains, clays 
and a great variety of oxide mixtures, was unsuccessful. 

The empirical phase of the development of solid electrolyte fuel ceIls was 
overcome only after many general advances in research on solids. These included 
development of X-ray structure analysis, new knowledge on the ion conduction of 
solids from the measurements of transport numbers by Tubandt (first detection 
of unipolar conduction by anions), the establishment of the theory of disorder 
in sotids by Frenltel, Schottky, Wagner and Jost, and the development of isotope 
methods for the investigation of diffusion processes in solids. 

Starting from the observation of effects caused by small excesses of 
components in salts and oxides, Schottky investigated problems of fuel cells with 
solid electrolytes in 1935 [34] and suggested that a comprehensive patent 
should be applied for by Siemens and Halske [35] (Figure 2.3).  He pointed out the 
advantages of solid over liquid electrolytes such as the feasibility of small layer 
thicknesses, less disturbance by ambipolar and neutral diffusion processes, and 
small absolute concentrations for the realisation of chemical potential 
differences in solids. He considered, among other things, porous metallic 
electrodes and electronic semiconductors forming intermediate or main 
electrodes (with the requirement that no continuous rows of mixed crystals with 
the electrolyte material should be formed), and he discussed cyclic processes 
for the continuous supply of the electrode chambers, self-regulation of the 
temperature, and repeated temporary chemical alternation of the polarity of 

t 
Figure 2.3 Solid electrolgte fuel cell specijed in apatent by Siemens and Halske (inventor Schottkg, 2 935) .  
W walls ofa closed electrically isolating casing, E solid electrolyte discs with a thickness in the order o f m m ,  0 
chambers with O2 or air, R chambers with gas mixtures containing CO and CO2, o and r gas lines to the 

chambers 0 and R. 
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the cells by changing the gas supply. Concerning the electrolytes, for which 
Schottky required a conductivity near 0.3 S/cm, halides, sulphates, carbonates 
and phosphates were considered but no oxides. An electrochemical exploitation 
of the combustion of coal seemed to be less feasible than that of the formation of 
hydrogen chloride. 

Zirconia ceramics were first used in fuel cells in 193 7 by Baur and Preis [18]. 
They wrote on the Degussa tube crucibles used (16 mm x 12 mm x 190 mm): 
‘Unsurpassed is the Nernst mass. But even this mixture is not satisfactory 
because the current enhances resistance considerably by electrolytic shift 
(migration away of the cations).’ The problems were possibly caused by the 
material used for the cathode (Fe304, Figure 2.4), which oxidises at 1000°C in 
air to form poorly conducting Fez03 [29]. So the wrong conclusion was drawn: 
‘One has to look for an improvement of the Nernst mass or to put alongside it 
solid conductors of higher value.’ 

Figure 2.4 Fuel cell arrangement of Baurand Preis (I 937): (a)  Investigated cells with Nernst mass as solid 
electrolyte ( F ) ;  ( b )  Proposalfor the realisation of stacks of such fuelcells. 

Baur preferred other ceramics containing tungsten oxide and cerium dioxide 
over the Nernst mass [18,32,33], and these were also used repeatedly by other 
investigators. However, as shown for tungstates of Ce, Ca and Zn [36], in 
oxidising and reducing conditions, electronic transport through such ceramics is 
so high that their application in fuel cells cannot be useful. 

When Wagner had recognised the mechanism of conduction in the Nernst 
glower, he pointed out in 1943: ‘For fuel cells with solid electrolytes anion 
conductors are to be considered exclusively. From this point of view a systematic 
investigation of the mixed crystal systems of the type of the Nernst mass with 
roentgenographic and electrical methods seems to be desirable’ [22 ] .  This was 
the start of concentrated work on solid oxide fuel cells (SOPCs). 
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2.3 First Detailed Investigations of Solid Oxide Fuel Cells 

In 19 5 1 Hund confirmed, with X-ray crystallographic and pycnometric 
investigations, the existence of oxide ion vacancies in the Nernst mass [3 71. 
Hauffe. having worked from 1936 to 1940 in Darmstadt with Wagner [38], 
followed his suggestions and left to Peters (in 1951 in Greifswald) the 
investigation of the lattice structure and the electrical conductivity of some 
mixed oxides of the type of the Nernst mass (Zr02-Y203, Tho2 and Ce02 
with Yz03 and La203). After Hauffe had left for Berlin, Peters finished his 
thesis in Rostoclc in 1953 [39] and in 1954 gave Mobius the task of furthering 
the subject by investigation of galvanic cells using mixed-oxide phases. 

The investigations [40], using model fueI cells (Figure 2.5a), were started with 
iron oxides, magnesium ferrite (following Biefeld [41]) and composites of iron 
and alumina as electrodes and were continued mainly with thin porous layers of 
platinum, nickel and iron. Very soon it was seen that completely gastight solid 
electrolyte discs of highly pure substances had to be produced if the 

Figure 2.5 ( a )  Cross-section of gahanic cells w i th  oxides as solid electrolyte investigated bg Peters and 
Mobius. ( b )  Design of an SOFCpIant asa  basis for calculntions ( 1  958).  
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measurements were to lead to useful results. Compounds of thorium and cerium 
were effectively purified as ammonium double nitrates by crystallisation from 
hot concentrated nitric acid. Pure lanthanum oxide was prepared by fractional 
precipitation of hydroxides. Bearing in mind experience of oxide ceramics [42], 
powders of mixed oxides were pressed to produce gastight discs, 25 mm in 
diameter and 1-2 mm thick, which were sintered at temperatures up to 1920°C 
in a stream of oxygen on a support stack of A1203/MgA1204/Th02 in alumina 
tubes using a Tammann carbon tube furnace. Zr02 for this investigation was 
available at that time only in the form of a mixture with Y2O3 as a residue from 
the investigations of Peters because an embargo and the development of the 
nuclear industry made it difficult to obtain. 

There were additional reasons for concentrating in Rostock on solid electrolytes 
based on Tho2. In 1948, Ryschkewitsch [42] pointed out that a large-scale 
technical application of Tho2 was still lacking. During the 1950s, it seemed that 
more zirconium than thorium was needed for the development of nuclear 
energy. Furthermore the mixed oxides with Tho2 are crystallographically simpler 
than those with Zr02. Some stocks of Tho2 existed for the fabrication of mantles 
for gaslight. 

In the investigations, carried out from 1955 to 1957, for cells with different 
composition of the solid electrolyte, the electrode voltages were measured in the 
temperature range between 300 and 1350°C and compared with 
thermodynamically calculated values. 

Schottky had shown that the efficiency of solid electrolyte fuel cells with 
increasing load resistance decreases to zero if a noticeable part of the 
conductivity of the electrolyte is of electronic nature [34]. Therefore the efforts 
for purification and especially for separation of the polyvalent praseodymium 
cations from the solid electrolyte material were made. In the case of Th-La mixed 
oxides, with only 1 mol% La01.5 the ion transport number 1 was reached, 
admittedly only with reducing gas on both electrodes (in CO,CO2 concentration 
cells); in the oxygen/air cell even at 10 mol% LaOl.s this number was only near 
0.8. A perfect disc of Ceo.9Lao.101.95 broke into pieces in CO,CO2/O2 between 
700 and 840°C reaching the mean ionic transport number 0.8. For the 
available Zr02 solid electrolyte (with 50 mol% Y01.5) in the oxygen/air cell, 
the ion transport number was above 0.93. 

On the basis of these results, the Boudouard equilibrium was investigated with 
Tho.gLao.101.9s as solid electrolyte in the cell C0,C,Fe/Pe0,C0,C02, using only 
the reactive carbon precipitated out of CO; iron in metallic or oxide form in the 
electrodes supported the establishment of the electrode potential catalytically. 
And with the Zr02 solid electrolyte in a C0,C02,Fe304/Pt,02 cell, the C02 
dissociation equilibrium was investigated [43]. 

The good agreement between measured and thermodynamically calculated 
data in these cases led to the most important by-product of SOFC development: if 
solid electrolyte cells, charged with gases of known concentrations, deliver the 
theoretically expected cell voltages, it also must be possible to calculate 
unknown gas concentrations backwards from the cell voltages, measured 
between the cell terminals in gas phases, which can be oxidising or reducing. 
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Accordingly the potentiometric determination of gas concentrations with solid 
electrolyte cells and the first designs of probes for the in situ analysis of hot gases 
(reference electrode e.g. Ni,NiO or a gas with known oxygen partial pressure) 
were patented in 19 5 8 [44]. The first calculations of oxygen partial pressures in 
purified nitrogen, using the measured cell voltages of solid oxide cells, were 
performed in 19 5 5. 

In 195 7 Kiukkola and Wagner reported thermodynamic investigations on 
metal/metal oxide systems, for the first time using CaO-stabilised ZrOz (especially 
2ro.s jCao.1 j O 1 . 8 5 )  as solid electrolyte [45]. But they could not realise the 
intended measurements by using a gas reference electrode because their solid 
electrolytes (sintered at 1400-1450°C) were porous [46]. The investigations of 
Peters and Mann on metal/ metal oxide systems with gastight Tho.9Lao.101.95 
solid electrolyte were performed using reference electrodes with CQ,CQ2 
mixtures [47]. 

The electronic part of conduction of Thoz electrolytes could be observed 
increasing with the oxygen partial pressure (oxidation semiconduction) even 
with pure white mixed oxides (purified from polyvalent cations). During the 
establishment of the electrode potentials there were signs of solubility of oxygen 
in the lattice. These facts led to the conclusion that the electronic conduction 
arose in the anion sublattice and that generally, in mixed oxides with oxide ion 
vacancies, holes can exist in the form of monovalent negative oxide ions. 

For understanding the oxide ion conduction in mixed oxides, there was the 
problem, already seen by Wagner [22], that the radius of the oxide ions is larger 
than that of all cations in the crystals. Along with the concentration, it is always 
the mobility of the charge carriers which determines the conductivity of 
homogeneous bodies. By space-geometrical considerations it could be shown 
[40,48] that the fluorite lattice in particular offers better possibilities for the 
motion of the larger anions than it does for the smaller cations (Figure 2.6). 
Furthermore, from geometrical calculations it was clear that with decreasing 
radius of the cations down to a lower limit the possibilities for the motion of 
cations decrease and those of the anions increase. 

The fact that the cations are firmly held in their places in the oxide ion 
conductors has much importance for the long-term stability of fuel cells. The 
comprehension of the low cation mobility supported the suggestion of 
incorporating polyvalent cations in mixed oxides with fluorite structure for 
obtaining electronic conducting layers and producing stable electrodes at the 
oxide ion conductors by sintering [49] (aiming at a continuous row of mixed 
crystals with the electrolyte material, contrary to the recommendation of 
Schottky [34]). The layers of mixed conductors should ensure ideal conditions 
for the conduction of oxide ions and electrons and also for the transfer reactions 
in the electrodes. After these ideas had been presented in the Class of Chemistry 
of the Academy of Sciences in Berlin in 1958 [50], there were substantial 
doubts in the discussion; a statistical mixing of all the different cations in a 
homogeneous solid phase at high temperatures was considered to be very 
probable. In this and other cases, important questions remained. For example, 
the cause of the relatively stable cell voltages, which were repeatedly observed 
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Figure 2.6 Cross-section through the ion ball model of the fluorite lattice (at the lower existence 
limit) which clearly demonstrate that the anions can, very much more easily than the cations, leave their 

places (1958). 

below 600°C at the oxygen/air cell [40] and which sometimes far exceeded the 
expected thermodynamic values, remained totally unresolved. 

Nevertheless, following promising results on the model fuel cells, the 
possibilities for SOFC applications in producing power from coal or fuel gases, for 
the electrolysis of water vapour and carbon dioxide, and for the separation of 
oxygen from air were considered in 1958 [40,51]. It became apparent that the 
attainment of high SOFC performance in these applications, discussed already by 
Schottky [34] and Baur [18], required high gas flows, which resulted in a large 
temperature difference, around 340 K, between the inlet and exit gases (Figure 
2.5b) [5 11. Considering the experience with ceramic bodies, such requirements 
could obviously only be met with tubular cells. In the proposed design of such 
cells, no series connection was intended. Current was to be taken from tubular 
cells, 1 m long with powdery electronic conducting material poured into and 
between the cells. This concept, corresponding to that of Baur (Figure 2.4), was 
not satisfactory because the conductivity of available electronic conductors was 
much too low, and the pressure drop across the conducting powder too high. 

2.4 Progress in the 1960s 

The paper of Kiuklrola and Wagner [45] stimulated many activities in various 
parts of the world in the field of solid-state electrochemistry. In this development, 
zirconia-based solid electrolytes dominated immediately: e.g. Zro.8 sCao.l 
was used by Weissbart and Ruka in the first device for the measurement of 
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oxygen concentration in a gas phase using a high-temperature galvanic cell [52]. 
After 1960, a rapidly increasing number of applications for patents and of papers 
concerning SOFCs appeared in several countries. Some early contributions are 
described below. 

In the USA, during a short period in 1961-62, four companies applied for 
patents on solid oxide fuel cells, partly with series connection [53-571. The first 
publication in English about this subject, ‘A Solid Electrolyte Fuel Cell’ by 
Weissbart and Ruka came out in 1962 [58]. From February 1962 to April 1963 
in Westinghouse Electric Corporation. a team of 16 people under the leadership 
of Archer developed solid oxide fuel cell stacks; parallel flat-plate and tubular 
cells with platinum electrodes were produced and connected in series, using a 
gold/nickel solder [59]. Flat discs did not lead to satisfactory success; they 
resulted in bulky stacks and had difficulties with sealing, in contrast to the 
tubular cells using bell-and-spigot joints (Figure 2.7). The main problem was at 
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Figzire 2.7 Cross-section of two solid electrolyte fuel cells of the bell-and-spigot type with shunt current 
paths in the seal region developedat Vlestinghouse (I 963) 
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the platinum anodes, which did not withstand long-term current loading; they 
tended to peel off from the electrolyte, probably due to the water vapour formed 
between the electrolyte and the anode layer. 

In Europe, in 19 5 8 Palguyev and Volchenkova published conductivity 
measurements on 3Zr022Ce02 + 10 wt% CaO and other systems [60]. From 
1960 onwards, results of a broadly based research programme on cells with solid 
oxide electrolytes appeared from the Ural branch of the Academy of Sciences 
of the USSR [61] under the leadership of Karpachov. Tannenberger et a]., 
starting in 19 5 9 at the Battelle Institute in Geneva, presented a thin film fuel cell 
concept in a 1962 patent, where a porous ceramic support tube was used as a 
structural member [62]. From the Battelle Institute in Frankfurt, Sandstede gave 
in September 1962 the first report on the use of hydrocarbons as a fuel in solid 
oxide cells, applying a converter containing Ni gauze as catalyst upstream of the 
cells (discs of Zro.ssCao.1501.85, diameter 22 mm, with porous Pt layers), and 
compared measurements with theoretical calculations [63]. At about the same 
time, fuel cell work was started in France by Kleitz [64], and in Britain, a patent 
was filed in August 1963 [65] to form fuel cells by depositing layers on a porous 
metallic carrier. 

In Japan, Takahashi, after investigations with alkali carbonate electrolytes, 
published in 1964 his first results obtained on fuel cells with solid oxide 
electrolytes [66]. 

Surveys of these activities were presented at the international fuel cell 
meetings in 1965, 1967 and 1969 in Brussels. In 1965, results on solid oxide 
fuel cells were published by General Electric [67], by the Battelle Institute in 
Geneva [68,69] and by the universities of Grenoble [70], Nagoya [71] and 
Greifswald [ 5 11. Most developments began with conductivity measurements 
for optimising the solid electrolytes. Even very expensive rare earths, such 
as ytterbium oxide, were used [72] to achieve highest conductivities, and 
ternary systems were investigated to reduce costs (Zr02-Y203-Yb203 [ 731, 
Zr02-Y203-Mg0 [74]). As a rule, A1203 was added to achieve gastight, dense 
sintering products [ 72-75]. This provoked investigations of the effect of grain 
boundary conductivity in electrolyte materials [ 761. 

The mobility of the oxide ions in Zro.s5Ca~.lsOl.ss was determined using 
the l 8 0 / l 6 O  isotope exchange between solid and gas phase by IGngery ef aI. in 
1959 [77] and more precisely by Simpson and Carter in 1965 [78]. In 1962, 
Schmalzried showed by X-ray intensity measurements that the Zr and Ca cations 
occupy random sites in the cation sublattice of Zro.ssCao.1501.85 [79]. In 1963, 
decrease in conductivity with time was seen as a sign of aging of the oxide ion 
conductors, caused by disorder-order transitions, in which the random 
distribution ofthe cations and oxide ions in the lattice changed to an ordered state 
[80,8 I]. Alterations of the composition influenced the effect substantially [82]. 

Several measurements confirmed the influence of the cation size on the 
conductivity of mixed oxides with fluorite structure [68,83-851. These results 
and also the determination of the ion mobilities in Na2S, which possesses 
antifluorite structure and reaches the highest known sodium ion conductivity 
[ 8 61, supported the space-geometrical considerations [48] corresponding to 



History 35 

the ‘excluded volume model’ [8 71. Doubts concerning the rapid intermixing 
of the different cations of oxide electrolytes and oxide electrode layers were 
resolved by in~~estigations with radionuclides [88-901, which confirmed the low 
mobility of the cations in mixed oxides with fluorite structure. (In CaO-stabilised 
zirconia the ratio of the self-diffusion coefficients of the anions to that of the 
cations is larger than lo6 even at 1700°C). 

At high oxygen pressures, oxide phases show defect electron (hole) conduction 
(oxidation semiconduction) and at low oxygen pressures excess electron 
conduction (reduction semiconduction). The transport number of excess 
electrons in Zro.s$ao.lsOl.s3 as a function of the oxygen partial pressure could 
be determined by measurements with a Ca,CaO/air cell [79]. The hole 
conduction of zirconia-based solid electrolytes was noticed for the first time when 
cells with Ni,NiO reference electrodes for gas potentiometry [44,91 J were 
tested in air. The harmful oxygen permeability was measured potentiometrically 
in 1965 1921. 

Also in 1965, the fundamentals of gas potentiometry were presented, 
including the range of free oxygen and of oxygen in equilibria, and the ‘neutral’ 
transition range [93]. Calculations and measurements in the case of 
potentiometric titrations of different gases were in good agreement in all three 
ranges [94]. (The sudden change of the cell voltage of a hydrogen/air cell zt the 
equivalence point when oxygen was fed to the hydrogen had already been 
shown graphically by Archer et al. [59].) Thus the investigations started for 
SOFCs led to the development of oxygen sensors (lambda probes) now widely 
used in automobiles. (A zirconia cell working potentiometrically was first 
proposed by Loos in 1969 as a sensor for O2 and CO for the regulation of the air/ 
fuel ratio in cars [ 9 51 .) 

Another less well-known by-product of SOFC development was the 
electrochemical thermometry: i.e. the determination of elevated temperatures on 
thethermodynamicscalewithC0,C02,H2,H20 11961 orOz concentrationcells [97]. 

The first investigations of polarisation phenomena in solid oxide fuel cells were 
conducted by the research groups in Sverdlovsk [61,98], Frankfurt [63], Geneva 
11691, GrenobIe [70] and Nagoya [71]. In the detailed investigations of fuel cells 
with cerium-lanthanum mixed oxides by Takahashi et  al. [71] the polarisations 
observed were much smaller at the anode than at the cathode because by partial 
reduction of the solid electrolyte, a mixed conductor (solid solution of Ce203 in 
CeOz) was formed at the anode giving a depolarising interlayer. Detailed 
investigations of the polarisation of solid electrolyte cells by determining the 
complex admittance were first conducted by Bauerle in 19 69 [99]. 

The high conductivity of cerium-lanthanum mixed oxides and the favourable 
polarisability of electrodes on such solid electrolytes was already stimulating 
application ideas in the 1960s. But electronic conductivity of these electrolytes 
above 600°C was seen as a weighty problem [71]. The influence of electronic 
conductivity on the cell performance was investigated first by means of an 
equivalent circuit [40,100]. The results, shown in Figure 2.8, led to the 
conclusion that the ion transport number has to be greater than 0.9 if a solid 
electrolyte was to be successful in a SOFC [loo]. 
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The focal point of work on solid oxide fuel cells during this period was the 
development of electrode materials. An early problem was poor adhesion of 
the anode layers, which became obvious in 1963 [59]. Spacil as early as 1964 
found the now well-known solution of using layers of nickel closely mixed with 
solid electrolyte material [ lol l .  

It was considerably more difficult to find a suitable cathode material. It turned 
out to be a misconception to think that small concentrations of polyvalent 
cations in mixed oxides with fluorite structure produce a high electronic 
conductivity. Layers with a high concentration of praseodymium at the cathode 
and high concentration of cerium at the anode had to be realised in order to 
achieve anything near the desired conductivities [102]. Only mixed oxides with 
uranium proved to be a good material for stable layers with eIectronic and ionic 
conductivity, spreading the electrode reactions across the three phase 
boundaries of electrode/electrolyte/gas. This idea was confirmed by the result 
that thin mixed conducting interlayers between the pure electrolyte and the 
metallic conductor considerably reduced polarisation phenomena [lo31 and 
led to high current densities [104]. An optimised material with polyvalent 
uranium ions in mixed oxides with fluorite structure suitable for sintering on 
sohid oxide electrolytes without phase boundaries was developed by 
Tannenberger in 1967 [lO5, 1061; it proved to be a favourable interlayer in 
cathodes and anodes [ 10 7 , l O  81. 

Indium oxide with different additives was proposed as a cathode material in 
1966 [lo91 and frequently used (e.g. [110, 107, 1081). However, electronically 
conducting perovskites soon began to dominate the developments for both 
cathode and interconnect. The use of Lal-xSrxCo03 for the air electrode of solid 
oxide fuel celIs marked the beginning [ l l l ] ,  followed in 1967 by 
recommendations of PrCoOs [112] and of mixtures of the oxides of Pr, Cr, Ni and 
Co [ 11 31. Strontium-doped lanthanum chromite, even now the most important 
ceramic interconnection material, was proposed by Meadowcroft in 1969 [114]. 
For cathodes, the situation in 1969 was summarised [ 11 51 as: 'It is apparent that 
a fully satisfactory air electrode for high temperature zirconia electrolyte fuel 
cells is still lacking.' 

The SOFC stacks developed in 1963 were not safe enough for power 
generation aboard spacecrafts. SOFCs for electrolysis of the atmosphere in 
manned spacecrafts (recovery of oxygen from COz and H2O in stacks of bell-and- 
spigot cells, carbon deposition, and hydrogen separation [116]) were also 
investigated. For this application, electrolyte discs (6.3 cm diameter, 1.4-1.6 
mrn thick) and for the first time mixed oxides of Zr and Sc [117] were used. 
Flat-plate designs of SOFCs had been proposed earlier (Figure 2.9 [118,119]). 

Terrestrial applications aimed at an economic SOFC system for the production 
of electrical power from coal and air at an overall efficiency of 60% or greater. 
With a conceptual 100 kW coal-burning fuel cell power system (Figure 2.10 
[ l 2 0 ] ) ,  coal could be gasified using the heat and combustion products emerging 
from the fuel cell stacks. 

In 1968 General Electric took up the idea of electrochemical dissociation 
of water vapour in solid oxide cells [121-1231. They hoped to produce cheap, 
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pure hydrogen by using anodes, depolarised by another reducing cheap gas 
and described the idea of gas production by internally short-circuited solid oxide 
cells [ 12 41. 

Activities in associated SOFC technologies helped in testing new materials, 
designs and fabrication methods. An example was plasma spraying of complete 
cells on an aluminium mandrel which was removed by leaching in a KOH 
solution before high-temperature sintering [ 1231. For applications in fuel 
cells, electrolysers, gas separators and chemical reactors, many proposals 
for series connection of tubular solid oxide cells were also made at this time 
(Figure2.11 [125]). 

Figure2.11 Proposals forconnectingself-supporting tubularsolidelectrolytecellsin series (I 974). 

2.5 On the Path to Practical Solid Oxide Fuel Cells 
By 19 70 the results of investigations on properties and applications of solid oxide 
electrolytes were so numerous as to make them very difficult to survey. A 
comprehensive review by Etsell and Flengas included 6 74 references [ 12 61. But 
commercial activity was confined to potentiometric oxygen sensors . In the USA, 
the programme for development of SOFCs ran out in 19 70. The greatest obstacles 
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to construction of a working SOFC were the cathode material and the 
electronically conducting interconnection material, together with the problems 
of suitable fabrication techniques for producing gastight thin films of electrolyte 
and interconnection, especially in their overlap regions [12 71. 

These issues were intensively studied in the research laboratories of Brown 
Boveri, where under the leadership of Rohr from 1964, solid electrolyte fuel cells 
and oxygen sensors were investigated. Between 1969 and 1973 more than 
100 oxide substances were synthesised and tested as electrode materials 
for SOFCs (Figure 2.12 [128, 1291). LaNi03 doped with Bi203 and LaR/ln03 
doped with SrO proved to be particularly suitable, and from 1973 onwards, 
Lao.s4Sro.16Mn03 was used exclusively. With that, today’s most commonly used 
cathode material was found. Special investigations were also devoted to the 
interconnection material [I 301. Despite good results (successful tests of single 
cells at 1000°C over a period of more than 3 years: construction and tests of 
modules with 2 5 series-connected cells), the development was not continued 
after 19 75 because the cost for the necessary manufacturing processes did not 
seem to be sufficiently economic [ 13 11. 
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Figure 2.22 High-temperaturefuelcelIsystenzfor the conversion ofmethane by Brown, Boveri (I 972). 
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A significant step forward was made by Isenberg in 1970 with the 
development of the electrochemical vapour deposition (EVD) method [12 71. 
Then in 19 78, Westinghouse started a new programme, in which EVD method 
was used for the perfect closing of the pores in the electrolyte and the 
interconnecting layers. A new cell design was instrumental in the breakthrough; 
long tubular cells (inside air, outside fuel), electrically interconnected by oxide 
materials and ductile metallic conductors, were combined together in tube 
bundles (Figure 2.13 [132]). This design led to the first 5 IrW SOFC generator 
containing 324 cells (in 1986) [133] and to the 1152-cell 100 kW SOFC 
power system which began operation near Arnhem in the Netherlands in 
January 1998 [134]. 

Tubular cells are more stable against mechanical and thermal stresses than 
planar cells. But modern technologies (tape casting, screen printing, vapour 
deposition. plasma spraying, wet spraying and others) promise lower cost for the 
fabrication of planar cells. Therefore in the 1980s and 199Os, an increasing 
number of SOFC developments focused on planar designs [13 51. In 1983 co-fired 
monolithic stacks of flat cells were fabricated and investigated at the Argonne 
National Laboratory [ 13 61. Soon many possibilities were seen for the fabrication 
and arrangement of planar cells (Figure 2.14). In 2000, a 25 kW system with 
3840 planar electrolyte-supported cells (11 x 9 cm2) and with internal 
reforming anodes was fabricated for operation on natural gas by Ceramic Fuel 
Cells Ltd in Australia [137]. Many current developments are concentrated on 
anode-supported planar SOFCs. 
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Figure 2.13 Cross-sections of Westinghouse multi-cell module concept, showing the components of the cells 
as wellas series and parallelconnection ( 1  982). 
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All SOFC concepts would benefit if the cell stacks could be operated at 
intermediate temperatures of around 700-8 50°C, especially by using better 
oxide conductors. At first the highly conductive mixed oxides with cerium were 
totally excluded because of their electronic conductivity and mechanical 
instability between oxidising and reducing gases [40]. After the results of 
Takahashi in the 1960s, progress was made by theoretical treatment of the 
transport processes of ions and electrons in mixed conductors with the result 
that the electronic current decreases faster with decreasing load voltage than 
predicted by the equivalent circuit, and doped ceria remains a viable solid 
electrolyte, particularly for lower operation temperatures [138, 1391. Coatings 
of doped zirconia on the surface of doped ceria and dispersions of ceria and 
zirconia electrolyte particles were investigated. Recently, 500°C has been 
proposed as the optimum operation temperature of cells with Ceo.9Gdo.101.95 
(25 pm) electrolyte [140,141]. 

In 1994, new solid electrolytes with high conductivity at low temperatures 
were found in the form of doped lanthanum gallates [142]. Since the self- 
diffusion coefficients of cations are apparently fundamentally larger in the 
perovskite-type oxides than in fluorite oxides, lanthanum gallate electrolyte and 
associated electrode materials tend to react too easily at the temperatures of 
fabrication and operation of cells. 

At low operation temperatures, polarisation losses and the importance of 
catalysis of the electrode reactions increase. At the cathode, mixed potentials can 
arise when traces of combustible substances determine the electrode potential in 
competition with oxygen, an effect, mentioned near the end of Section 2.3, 
whose cause was recognised by Hartung in 1981 [143], today the basis of the 
development of hydrocarbon sensors. For the anodes growing interest is directed 
to materials which accelerate the electrochemical oxidation of CO and 
hydrocarbons and is stable against fuel impurities. 

Many new cell and system ideas are currently being pursued. These 
include internal or in situ reforming of natural gas at the SOFC anode 
(1991); the HEXIS concept with stacks of circular cells arranged between 
plates of chromium alloys and without tight seals: a combination of 
electricity production, heat exchange and afterburning (1 9 9 1): microtubular 
cells with high thermal shock resistance suitabIe for rapid start-up (1994); 
and high-efficiency hybrid SOFC/gas turbine power plants (1995) with SOFC 
operating under pressure. Many of these ideas are discussed elsewhere in 
this book. 
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Chapter 3 

Thermodynamics 

Wolfgang Winkler 

3.1 Introduction 
A solid oxide fuel cell (SOFC) is an electrochemical device that converts chemical 
energy of a fuel and an oxidant gas (air) directly into electricity without 
irreversible oxidation. It can be treated thermodynamically in terms of the free 
enthalpy of the reaction of the fuel with oxidant. Hydrogen and oxygen are used 
to illustrate the simplest case in the early part (Section 3 .2 )  of this chapter. This 
treatment allows the calculation of the reversible work at equilibrium for the 
reversible reaction. Heat must also be transferred reversibly to the surrounding 
environment in this instance. 

During operation of a SOFC, described in Section 3 .3 ,  two effects intervene to 
reduce the electrical power available from an ideal cell; the first is ohmic 
resistance which generates heat; the second is the irreversible mixing of gases 
which causes the voltage to fall as progressively more fuel is used in the reaction. 
Essentially, this means that a SOFC cannot realistically use all the fuel. Some 
fuel, typically about lo%, must be left in the spent fuel stream which exits from 
the cell. 

The losses in SOFC appear as heat, so it is necessary to consider a 
SOFC system as a heat generator as well as an electricity source. In effect, 
the whole SOFC system can be treated as a power generating burner, as in 
Section 3.4. 

In a real engineering device, heat is exchanged within the SOFC in several 
ways including fuel processing, air preheating, flue gas cooling, etc. Excess air is 
normally required to prevent overheating, while the conversion of hydrocarbons 
into hydrogen and carbon monoxide often absorbs heat. The complex heat 
pathways are described in Section 3 , s .  

Ultimately, the heat output from the SOFC can be used to drive a heat engine 
such as a piston engine or gas turbine. These combined SOFC/heat engine cycles 
are analysed in Section 3.6.  

First it is essential to list the symbols and concepts used in this chapter. 
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List of terms 
Symbols 
C P  
e 
et 
F 
A'G 
H 

A'H 
h* 
I 
K 
LHV 
rh 
NA 
n* 
ne[ 

ir 

temperature-dependent heat capacity 
elementary charge 
specific exergy of the component i 
Faraday constant 
Gibbs enthalpy or free enthalpy of the reaction 
enthalpy 
enthalpy flow 
reaction enthalpy 
specific enthalpy related to the standard state 
electrical current 
equilibrium constant 
lower heating value 
mass flow 
Avogadro constant 
constant molar flow at the fuel cells anode 
quantity of released electrons related on the 
utilised fuel 
molar flow of electrons 
molar quantity of the supplied fuel 
molar flow 
molar quantity 
total pressure 
standard pressure 
electrical power 
specific electrical power 
partial pressure of the component i 
power loss 
reversible electrical power 
heat 
specific heat 
electric or ohmic resistance 
universal gas constant 
specific entropy related to the standard state 
total entropy 
reaction entropy 
entropy production 
absolute temperature 
fuel utilisation 
voltage or potential 
Nernst voltage 
voltage loss 
specific volume 
technical work 



Thermodynamics 5 5 

specific technical work 
molar concentration 
efficiency 
Celsius temperature 
excess air value 
fuel-related specific mass 
fuel-related quantity 
exergetic efficiency 

Indices and abbreviations 
0 
A 
aB 
AH 
AFC 
An 
Ca 
cc 
CHP 
ECO 
EXCO 
F 
FC 
FFC 
FGC 
FH 
G 
GT 
H2,HzO 
HEG 
HEX 
HP 
HPA 
HPF 
I 
i. j 
INEX 
irr 
LP 
0 
0 2  

PH 
re€ 
rev 
RG 
RH 

stoichiometric value 
air 
after burner outlet 
air heater 
air at thermodynamic state of the fuel cell 
anode 
cathode 
Carnot cycle 
combined heat and power generation 
economiser 
external cooling 
fuel 
fuel cell 
fuel at thermodynamic state of the fuel cell 
flue gas cooler 
fuel heater 
flue gas 
gas turbine 
hydrogen, water 
reversible heat engine (flue gas) 
heat exchangers 
high pressure 
heat pump (air) 
heat pump (fuel) 
inlet 
components 
intermediate expansion 
irreversible 
low pressure 
outlet 
oxygen 
product heater 
reformer 
reversible 
reaction product gas 
reheater 
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SH superheater 
ST st.eam turbine 
syst system 

3.2 The Ideal Reversible SOFC 
The use of the first and the second laws of thermodynamics allows a simple 
description of a reversible fuel cell. The fuel and the air enter the fuel cell as 
non-mixed flows of the different components and the flue gas leaves the fuel cell 
as a non-mixed flow as well if we assume a reversible operating fuel cell. The 
non-mixed reactants deliver the total enthalpy CniHi to the fuel cell and the total 
enthalpy CnjHj leaves the cell with the non-mixed products. Furthermore the 
heat QFcre,, must be extracted reversibly from the fuel cell and transported 
reversibly to the environment. This can be done, for example, if the fuel cell and 
the environment have the same thermodynamic state. QFCrev is defined as a 
positive number if it is transported to the fuel cell. The reversible work - WtFCrev 
is delivered by the fuel cell. An idealised description of this model is given in 
Figure 3,l. 

I 
Q, 

process environment T, p 

Figure 3.2 The reversible fuelcell, its energy balanceanditssystem boundary. 

Usually specific mass or mol related figures are used and the fuel quantity is the 
reference. The first law of the thermodynamics gives, with Figure 3.1 

qFCrev + WtFCrev = (1) 

The reaction enthalpy A'H of the oxidation covers the production of the 
reversible work and heat. The second law of thermodynamics gives 

as = 0. f 
The reaction entropy ArS is a result of the reaction itself and must be 

compensated by the transport of the reversible heat qFCrev  to the environment 
and Eq. (2) gives 
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qFCrev - A'S - - - 0. 
T F C  

( 3 )  

Equations (1) and ( 3 )  give the reversible work wtFCrrv 

The reversible work wtFCrrv of the reaction is equal to the free or Gibbs enthalpy 
ArG of the reaction 

The reversible efficiency qFCrev of the fuel cell is the ratio of the Gibbs enthalpy 
A'G and the reaction enthalpy A'H at the thermodynamic state of the fuel cell 
and Eq. (5) gives 

The process environment of a SOFC cannot exist near the ambient state and it 
is thus an artificial model only. A general reversible SOFC system operation is 
only possible within a system connecting reversibly the process environment 
with the ambient state. This is the approach in Section 3 . 5 .  

An SOFC can also be described as an  electrical device where the electrical 
effects are explained by thermodynamics. Figure 3 .2  shows the transport 
processes within a SOFC connecting the thermodynamic and the electrical effects 
using the example of hydrogen oxidation. 

H2 + 1/2 0 2  + H2O 

Figure 3.2 Transportprocesses within a SOFC 
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The oxidation of hydrogen follows the equation 

1 
2 H2 + - 0 2  + H20. 

This equation is independent of the process itself. The reaction path in a SOFC 
depends on the anode and the cathode reactions. Hydrogen is adsorbed at the 
anode, ionised and the electrons are removed by the connection to the electrical 
load where the electrical work is used. Oxygen is adsorbed at the cathode 
connected with the load and ionised by the arriving electrons. The oxide ion is 
conducted by the electrolyte to the anode. The hydrogen ions (protons) and the 
oxide ion form a molecule of water. The first reactionQon the anode is 

H2 + 2H+ + 2e-. (8) 

The reaction @ on the cathode is 

1 
2 
-02 + 2e- --+ 02-. (9) 

The oxide ion 02- is conducted through the electrolyte and arrives at the 
anode. At the anode, water forms @ according to the reaction 

2H+ + 02- + H20.  (10) 

As Figure 3.2 shows, the product H20 is mixed with the anode gas and its 
concentration increases with increasing fuel utilisation U? The fuel utilisation Uf 
is the ratio of the spent fuel flow and the inlet fuel flow and is defined by 

~ F A , O  Uf=l--.  
mFI 

where kFIis the fuel mass flow at the cell’s inlet and l j lFAnO is the fuel mass flow at 
the outlet of the anode. A similar definition can be made with the molar flow. 
Because these mixing effects are irreversible processes they produce entropy and 
a reversible SOFC operation is only possible as the limiting process of the real 
process with Uf --f 0. Equation (8) shows that the molar flow of the electrons is 
twice that of the molar flow of hydrogen, thus 

The electric current Iis a linear function of the molar flow riel of the electrons or 
the molar flow of the spent fuel - in this example the molar flow of hH2 the spent 
hydrogen 

(13) I = riel. ( -e )  . NA = - F = -2n~2 . E.  



Therrnodynnrnics 59 

In Eq. (13) we introduced the elementary charge e 

e = (1,60217733 & 0,00000049).  lO-I9C. (14) 

and the Faraday constant F 

F = e .  NA = (96485,309 & O,029)C/moI (15) 

as the product of the elementary charge and the Avogadro constant NA.  Equations 
(1 3) and (1 5) show that the electric current Iis a measure of the fuel spent. Thus 
a current measurement is a very simple method to measure the fuel spent. The 
matching between thermodynamic and electrical quantities can be done by the 
power but not by the work. The reversible power can be written as a product of 
the reversible voltage VFcrP,, and the current I as well as a product of the molar 
flow of the fuel hH2 and the free enthalpy A'G of the oxidation reaction 

PFCrel, = V F C r e v  * I = hH2 * M'tFCrev = nH2 * A'G. (16) 

The reversible voltage Vpcrev results from Eqs. (1 3) and (1 6) 

- & 2 .  ArG 
k1.F . V F C r e v  = 

Equation (12) shows the ratio between the molar flow of the electrons and the 
spent hydrogen as 2. This can be generalised and net is the number of the 
electrons that are released during the ionisation process of one utilised fuel 
molecule, related on the molar flows we get with Eq. (1 1) 

and finally for the reversible voltage VFcrev of the oxidation of any fuel gas 

-A'G 
V F C r e v  = - ne2 . F . 

It has already been mentioned that the mixing effects during fuel utilisation 
within a SOFC do not allow a reversible SOFC operation. These effects and the 
voltage reduction can be calculated by considering the fuel utilisation connected 
with a change of the partial pressures of the components within the system [2 ] .  
We can write Eq. (4) more precisely as 

ArG(T,p) ArH(T,p) - T-A'S(T,p). (20)  

ArG(T. p )  = ArH(T) - 7'. ArS(T, p) (21) 

Using the common assumption of the ideal gas we get 

and we can write, with dS = (dH - v.dp)/T , for the entropy S, of any component j 
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where C ,  is the temperature dependent heat capacity of the component j .  
The pressure dependence of Cpj  can be neglected in this common assumption, 
Eq. (21). Using Eq. ( 2 2 ) ,  we can write for the reaction entropy A'S(T,p) 

A'S@, p )  = A'S(T) - R, . ln(K) (23) 

with the equilibrium constant K(see, e.g., [l]) 

vi is the fuel-related quantity of the component j in the equation of the oxidation 
reaction andpo is the standard pressure (1 bar): 

po = lbar. (25) 

Using Eqs. (21)-(24) weget 

A'G(T,p) = ArG(T)+T.Rm. ln (K) .  

This use of the assumption of an ideal gas allows one to express the Nernst 
potentialor theNernstvoltage VNbyusingEqs. (18), (19) and(26) as 

-ArG(T) R, . T ln(K) 
(2 7 )  - v, = ne! . F ne! . F 

The following reversible oxidation of hydrogen (Hl), of carbon monoxide CO 
and of methane (CH4) can be analysed as examples by using Eq. (2 7): 

1 
2 

1 
2 

H2 f - 0 2  -+ H20. 

co + - 0 2  -+ c02. 

CH4 + 202 4 2H20 + c02. (29) 

The equations (7), (28), and (29) determine the reaction enthalpy, the 
reaction entropy and thus the free enthalpy and the voltage of the reversible 
oxidation as formulated in Eqs. (5) and (19) with the thermodynamic data of the 
reactions at the standard conditions 0 (25"C, 1 bar) as collected in e.g. [1,4]. A 
variation of the thermodynamic state of the environment of the reversible cell 
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provides a first idea of the behaviour of real cells under changing operation 
conditions. It can be assumed that the reaction enthalpy and the reaction 
entropy depend only slightly on the temperature as a first assumption. Thus the 
free enthalpy of the reaction at a higher temperature can be approximated with 
the values of the reaction enthalpy and the reaction entropy at standard 
conditions and it depends on the temperature linearly and yields the reversible 
cell voltage, Eqs. (26) and (27). The values of the reversible cell voltage are 
calculated for the standard state 0, at lOOO"C/l bar and for 25°C and 1000°C at  
0.1 and 10 bar. These linearised values of the free enthalpy and the reversible 
cell voltage at  different thermodynamic states are written as A'G* and V*. The 
water is always assumed to be in the gaseous phase because a SOFC operates at 
high temperatures. The values can be found in Table 3.1 and Figure 3.3. 

Equations (7) and (28) indicate that the volumes of the products of 
the oxidation reactions of hydrogen and carbon monoxide are smaller than the 

Table 3.1 The reversible oxidation of hydrogen, carbon monoxide and methane 

Fuel H2 co CH4 

A ' P  in kJ/mol 
A'S" in J/(mol K) 
ArGOin kJ/mol 
A'G* at lOOO"C, 1 bar in kJ/mol 
ne' 
V )  in V 
V* at 1000°C. 1 bar in V 
In(K) at 0.1 bar 
In(K) at 10 bar 
Vat25"C.O.l barinV 
V at 1000°C. 0.1 bar in V 
Vat25"C. 10barinV 
V at 1000°C. 10 bar in V 

-241.82 
-44.37 

-228.59 
-185.33 

2 
1.185 
0.960 
1.1513 

-1.1513 
1.170 
0.897 
1.199 
1.024 

- 2 8 2.9 9 
-86.41 

-257.23 
-172.98 

2 
1.333 
0.896 
1.1513 

1.318 
0.833 
1.348 
0.960 

-1.1513 

-802.31 
-5.13 

-800.68 
-795.68 

8 
1.037 
1.031 
0 
0 
1.037 
1.03 1 
1.037 
1.031 

1.4 , 

...... p = 10 bar 1 3  

1 2  
- p =  1 bar 

> 
c 1,1 

% I  
.- 

m +- 

H, CH, (all pressures) T5 0 3  > 
0.8 

0,7 

0,6 7 
300 600 900 1200 1500 

Cell temperature in K 

Figure 3.3  The reversiblecell voltageofdiferentfuels at diferent states (p.T) ofthe environment (linearised 
model andassumption ofidealgas). 
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cumulative volume of the reactants. But the cumulative volume of the reactants 
and of the products of the oxidation reaction of methane is the same. This is also 
apparent by the values of the activity K (In( 1) = 0). Thus there is theoretically no 
change of the entropy in the last case and the real change of the measured values 
at the standard state 0 is very limited as indicated in Table 3.1. This is the reason 
for the very small dependence on temperature of the free enthalpy or the 
reversible cell voltage of the oxidation reaction of methane, the idealised 
pressure dependence of the entropy yields no change in the cell voltage caused by 
the system pressure. The reversible cell voltage of the hydrogen and the carbon 
monoxide oxidation decreases with increasing system temperature and 
increases with increasing system pressure. 

3.3. Voltage losses by Ohmic Resistance and by Mixing Effects by 
Fuel Utilisation 

The thermodynamic relevance of the voltage can be understood by 
considering Eqs. (13) and (16). The voltage is a measure of the exergetic quality 
similar to the work of a thermodynamic process. The exergy is defined as the 
potential of the reversible work of a system related to the ambient state 0 [l]. 
Thus it is clear that the voltage loss AV due to the electric resistance R is 
connected with an additional irreversible production of entropy. We get for 
the voltage loss 

A V = I * R  (30)  

Pioss = A V  + I = I2 . R = Tsopc . Uf . ~ F I  * Asirr. 

and for the power loss 

(31) 

Equation ( 3  1) shows that the irreversible entropy production of an ohmic loss 
Ploss in a SOFC is smaller than that in another fuel cell operating at a lower 
temperature and a generalised form of Eq. (13) yields the irreversible entropy 
production 

Equation (1 3 )  was generalised here as 

I = -ne' . Uf . hFI . E.  ( 3 3 )  

It has already been mentioned that the mixing effects during fuel utilisation 
within a SOFC do not allow a reversible SOFC operation. These influences and the 
voltage reduction can be easily calculated by considering the fuel utilisation 
connected with a change of the partial pressures of the components within the 
system [2]. 
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It should be mentioned that any reactant must have the same thermodynamic 
state in the case of the reversible cell. This is, for example, not the case if we use 
air as the oxidant gas. We can calculate cases like this with Eq. (2 7) of the Nernst 
voltage, but however we use the ideal process the total process is not reversible 
any more. The oxidation of hydrogen (Eq. (7)) is a good example to illustrate this. 
Using pi as the partial pressure of the component i we get 

Pi = Yi . Pj (34) 

writing yi for the molar concentration of the component i and p for the total 
pressure of the system. Using Eq. (1 1) we can write 

if we consider the molar flow of the fuel F as the product of the molar 
concentration y and the total molar flow at the inlet I and the outlet 0 of the 
anode side An. U’will be used as a variable thus the outlet 0 can be interpreted as 
a space variable along the axis of the parallel flowing fuel and air defined by a 
certain Uj to be obtained. The local Nernst voltage V,(Uf) depends on the local 
gas concentration. The molar flow on the anode side is constant in our example 
of the hydrogen oxidation and we get 

and Eq. ( 3  5) yields 

YH2,O 

YH2.Z 
u,2 = 1 --. ( 3  7) 

The equation of the reaction (7) shows that the molar flow of the utilised fuel is 
equal to the molar flow of the produced water at the outlet 0 

nH2.U = nH20.0 (38) 

if the used hydrogen is dry (gH2,1 = 1). This yields 

nH&C n H 2 0 , O  
- YH20,O. ufH2 =---- - 

n* n* (39) 

Following Eq. (7)  we can write for the cathode side 

Practical SOFC systems operate with air instead of oxygen and with an excess 
air h > 1. The incoming air flow is defined by the inlet flow of the cathode 
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1 n* 
ileal = - . h . - 2 0 ,21 '  

The outlet flow of the cathode can be calculated by 

1 n* 1 . 
2 0 , 2 1  2 n H 2 , U .  hCaO =-.A .---. 

The molar oxygen flow at the inlet is 

1 
2 

j102,J = - * h . n* 

and the molar oxygen flow at the outlet is 

Equations (43) and (44) can be written as a function of Uf 

1 
ncao = - . f i * .  2 (Lh) 0 , 2 1  n* +n*.  (A 0 , 2 1  up2 ) 

and 

Now we can express yi as a function of the fuel utilisation Uf 

g H 2 . 0  = 1 - u f H 2  

y H 2 0 , O  = u p 2  

and 

(43) 

(44) 

(45) 

Using Eqs. (24), (27) and (34) we get for the equilibriumconstant K 

We can use Eqs. (50) and (27) to calculate the ideal Nernst voltage VN as a 
function of the fuel utilisation U' Using Eq. (33) we see that the current I is 
proportional to the fuel utilisation Uf 
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The number of electrons np' depends on the fuel (2 for H2), the Faraday 
constant F is a constant value and the fuel inlet flow is the only variable that 
influences the relation between fuel utilisation Ufand current I. Any curve of the 
voltage V depending on the current 1 can be expressed by any curve of V 
depending on the fuel utilisation UJat the same fuel inlet flow. 

Considering Eqs. (50) and (27) we see that V + + 00 for U, + 0 and V + -ca 
for U,+ 1 respectively. But the model of the ideal gas gives a good approximation 
for 0 < Uf < 1 in the regime of the real SOFC operation. This model allows one to 
evaluate the principal influences of the different parameters, system pressure p, 
SOFC temperature € I S O F C ,  excess air h and fuel utilisation U,, on the Nernst 
voltage VN.  

Figure 3.4 shows the Nernst voltage V N  as a function of the fuel utilisation Uf 
in a SOFC with H2 fuel and with the system pressurep as a parameter. The excess 
air and the SOFC temperature are fixed. The interesting area between U, = 0.1 
and U,= 0.9 can be well approximated with the model of the ideal gas. The dotted 
line shows the adoption of the model. The irreversible mixing within the SOFC 
reduces V N  between U, = 0.1 and Uf = 0.9 by about more than 200 mV. An 
increase of the system pressure from 1 to 10 bar increases VN by about 70 mV. An 
increasing SOFC temperature decreases VN as shown by Eqs. (2 7) and (50). 

fuel H, in 
SOFC 
6,,, = 1 ooooc 
h= 2,o 

- p =  1 bar 
+ p = 2 b a r  

~+ p = 4 bar 
1 -  p = 8 bar1 

0 0,l 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 

fuel utilisation U, [ - 1  calculated 

Figure 3.4 ThecalculatedNernst voltugeVNasafunctionofthefuelutilisationUf. 

The excess air h is a very important process parameter for the design of the 
total system as shown later. Figure 3.5 shows the Nernst voltage VN as a function 
of the excess air h and the system pressure p as a parameter. 

An increasing excess air h increases V ,  slightly. But this influence of the excess 
air h on VN decreases with an increasing excess air. An increase of the excess air 
h at values > 2 does not really influence VN any more. In the range 1 < h < 2 
the voltage increase is -30 mV. The calculation shows that a certain fuel 
utilisation U, leads to a certain VN-, The maximum power Pelmnx of one cell is 
determined by the Nernst voltage VNo and the corresponding current Io  
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- 0,9 > - fuel H,in 
SOFC 
fiSOFC = 1 ooooc 
b 2.0 - Uf = 0,7 
+ Uf = 0.8 L- * U f = O 9  

1 2  3 4 5 6 7 a 9 I O  
system pressure p [bar] 

Figure 3.5 The calculated Nernst voltage VN as a Junction ofthe excess air h. 

depending on the fuel utilisation U~,-J at the outlet 0 according to Eq. (5 1) and can 
be written as 

Pelrnax = V N O  ' 10. (52) 

Figure 3.6 (left) illustrates this. It shows the power from a cell as given by the 
curve of the Nernst voltage V N  as a function of fuel utilisation Up The current I is 
proportional to U ,  see Eq. (5  l), for a given substance flow and I is thus marked in 
parentheses in Figure 3.6. An electrical serial connection of a number of cells 
allows an integration of the curve of V N  as shown at  the right-hand side of Figure 
3.6. This integration leads to different voltages in every cell but the current or the 
fuel utilisation in every cell must be equal. This cascading of cells allows an 
increase in power and efficiency compared with a single cell. 

L. 

U t  - (1) UfO Uf - (1) UfO 

Figure 3.6 The increase in efficiency by cascading single cells. 

3.4 Thermodynamic Definition of a Fuel Cell Producing Electricity 
and Heat 

In designing practical SOFC systems with associated components such as fans, 
heat exchangers, etc., modelling of a SOFC as a power generating burner is very 
helpful (see Figure 3.7). The system is defined as a module consisting of SOFC 
cells connected in electrical parallel into stacks supplying a common burner with 
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balance borders 

FC 4 7 ‘el 
anode side An 6 

\ I 

cathode side Ca SOW- ++* burner 

Figure 3.7 Thepower generating burner model of a SOFC module. 

the depleted fuel. The energy balance of the stack provides the necessary 
requirements for cooling and excess air simultaneously [2]. 

There are two possible descriptions. The most simple approach is a balance 
border around the complete module including all stacks and the joint burner 
from the inlet I of the fuel F and the air A to the outlet aB of the flue gas G after 
the burner. The more detailed approach is a balance border surrounding all 
stacks from the inlet I to the outlets 0 of the anode side An0 and of the 
cathode side CaO. The calculation of this ‘power generating burner’ is very 
similar to the calculation of a combustor of a gas turbine or of a furnace of a 
boiler. The calculation of the mass flows of the module does not even differ from 
any calculation of a conventional oxidation. The energy balance of this simpler 
approach (from I to LIB) delivers 

HFI + H A I  = QFC + pel + &OB. (53) 

The total enthalpy flow H F ,  of the fuel includes the reaction enthalpy (or in 
technical terms the LHV) as well. The enthalpy flow of the incoming air is H A I .  
Both these enthalpy flows have to cover the energy output of the SOFC module 
consisting of the produced power Pel, the generated heat dFc and the enthalpy 
flow of the flue gas H G n B .  We get with Eq. ( 5 3 )  the respective mass flows and the 
respective related enthalpies h* 

h F I  ’ (LHV + h;I) + h A I  ’ = QFC + pel +  GOB ’ h & ~ .  (54) 

The use of the related enthalpies is necessary to match all enthalpies with the 
LHV related on the chemical standard state (1 bar, 25°C). The related enthalpy is 
defined by 

h* = h(p ,  0)  - ho(lbar, 25°C). (55) 
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These equations are sufficient to calculate the necessary excess air h for a given 
heat extraction -QFc of the module, or vice versa to calculate the necessary SOFC 
cooling by the heat extraction -& for a defined excess air has  shown below. 

The consideration of the stacks only allows a more detailed modelling and the 
energy balance delivers 

fiH + fiAI = QFC + pel + f i A n 0  + fiCa0. (56) 

This equation is identical with Eq. (53) if all the fuel is used in the stacks. The 
enthalpy flow of the incoming fuel is 

k F 1  = h F I  * (LHV f hi1) (5 7) 

and the enthalpy flow of the incoming air is 

fiA1 = m A I  ?& = r izp~ . h . /-LAO . hir. 

The stoichiometric specific air demand pAo is defined by the relation of the 
stoichiometric air mass flow and the corresponding fuel mass flow. The relation 
of all terms of the energy balance on the mass flow rizFl of the incoming fuel allows 
a generalised consideration. The generated heat is 

QFC = h F I  . qFC. (59) 

The produced power is 

pel =  PI . Pel. 

With the fuel utilisation Uf 

mFAnO 

m F 1  
uj=1-- 

the enthalpy flow at the anode outlet is 

The flow of the reaction product gas RG is 

k R G  = k F I  ' uf + m02 = k F 1  * uf ' (1 + /-L020), 
with 

h 0 2  = uf . mF1 ' /-L020. 

The mass flow at the outlet of the anode side consists of the not utilised fuel and 
of RG. RG consists of the reaction products GO2 and H2O. Its mass flow is equal to 
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the mass flow of the utilised fuel and of the transferred oxygen by the ion 
conduction through the electrolyte. The stoichiometric demand on oxygen 
related on the inlet fuel mass flow is given by the figure p020. We finally get for 
the enthalpy flow at the anode outlet 

f i A n 0  = h F I  . [(I - uf) * (LHv + h:AnO) + uf ' (1 + PO20) ' hiGAnO]* (64) 

The enthalpy flow at the cathode outlet can be calculated by the difference of 
the enthalpy flow of the non-depleted air and the enthalpy flow of the oxygen 
being transferred to the anode both with the thermodynamic state at the cathode 
outlet 

Equations (5 8) and (63) yield with Eq. (6 5) 

f iCu0  = m F I .  [A ' P A 0  * hicUo - uf ' PO20 ' hE2cuo] 

The specific generated heat qFCresults from Eqs. (56)-(66) as 

The use of Eq. (6 7) depends on a constant excess air h as probably regulated by 
a oxidation control by an O2 measurement after the burner. The necessary excess 
air h to cool the cell for a fixed heat extraction qFC can be calculated by 
rearranging Eq. (6 7) as 

3.5 Thermodynamic Theory of SOFC Hybrid Systems 

The process environment of the cell model in Figure 3.1 must be related 
reversibly to the ambient state to define the reversible system. As mentioned 
above we assume U, ---t 0 and the flows consist of unmixed components to 
assure a reversible process. Figure 3.8 shows the reversible fuel cell-heat 
engine system that fulfills these requirements. The reactants air and fuel in 
the ambient state TO,po are brought to the thermodynamic state of the cell T , p  
by the reversible heat pumps HPA (for air) and HPF (for fuel). The necessary 
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Figure 3.8 The reversiblefueIcel1-heat engine hybridsystem. 

heat consists of the energy from the environment (anergy) and of the exergy 
being supplied by the reversible working heat pumps. The fuel cell FC delivers 
the fiue gas, the work and the heat as given in Eq. ( 5 ) .  The unmixed product 
flue gas is brought from the state T,p  of FC to the ambient state T0,po by the 
reversible heat engine HEG. The reversible work delivered by HEG is the exergy 
of the flue gas with the state T,p. Finally we use the Carnot cycle CC for the heat 
management between FC and the environment. FC can exchange heat 
reversibly with CC as with the process environment before. CC operates as a 
heat engine for ArS < 0. 

The fuel cell FC delivers the reversible work wtFCre,, 

WtFCrev = ArG = ArH - TFC . ArS ( 5 )  

FC is the heat source of the Carnot cycle CC and delivers reversible heat qFCrev. 
The reversible work wtCCrev of CC is defined by 

and the reversible heat qFCrev 

TO 
qccrev = qFCrev ' - = TO . A'S. 

T F C  

The heat pump HPF has to deliver the reversible heat qHpprev to heat the fuel 
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HPF has to be supplied reversibly with the work \i’tHpFrev that is equal to the 
exergy e F F C  of the fuel with the thermodynamic state of the fuel cell and the heat 
q H p F r e v  from the environment 

WtHPFrev  eFFC = ~ ; F C  - TO ’ S$FC = ( h F F C  - h F 0 )  - TO ’ (SFFC - SFO) (73) 

In the right-hand part of Eq. (73) the definition of the exergy of the fuel with 
the thermodynamic state of the fuel cell is now worked out in more detail. Similar 
processes are used for the reversible heating of the air and the reversible cooling 
of the flue gas. The reversible air heating needs the work wtHPA 

W f H P A r e v  = P A  ’ eAFC = PA ’ (h&C - TO . s 2 F C )  (75)  

and the reversible heat engine HEG for the cooling of the flue gas G delivers the 
work WtHEGrev  

WtHEGrev  = --(PA f 1) ’ eGFC = - - (PA f 1) ’ (h&c - TO . S i p c ) .  (76) 

The total work of the reversible fuel cell-heat engine system is defined by 

Wtsys t rev  = WtFCrev  f WtCCrcv f WtHPFrev  f W t H P d r e v  f WtHEGrev  (77) 

UsingEqs. (S), (70), (73) and(75)-(77) weget 

Wtsystrev = A‘HO - T~ . A‘SO = A‘GO (78) 

The reversible work wtsystrev of any fuel cell-heat engine system is independent 
of the state of the cell and is equal to the free enthalpy of the reaction A‘GO at the 
ambient state [ 3 ] .  The standard condition is assumed to be the ambient state to 
keep the argument simple. 

It is useful to define a simplified process for further analysis, because the three 
reversible heat engines HPA, HPF and HEG do really nothing else than to heat 
fuel and air by cooling the flue gas - their total reversible work is negligible. Thus 
the simplified process uses a heat exchanger system for the heat recovery instead 
of HPA, HPF and HEG, as shown in Figure 3.9. But this simplified reference cycle 
is generally not reversible [ 5 ] .  This is caused by the changes of the specific heat 
capacities of the different substances with the reaction temperature T that 
change the reaction enthalpy ArH(T,p). A (small) amount of the waste heat of FC 
must be used to heat the reactants completely. We lose this amount of heat for 
further reversible use in the Carnot cycle CC. 

The simplified fuel cell-heat engine hybrid cycle as a reference cycle fits the 
reversible system well; the deviation at 1000°C is -0.76% only for the hydrogen 
oxidation. Figure 3.10 shows the applications of this cycle. The left-hand side of 
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Figure 3.9 Simpl~edfuelcell-heat engine hybrid systemasa reference cycle. 

Figure 3.10 shows the efficiency of the reference cycle. The system efficiency qsyst 
is defined as 

c wt 
rsyst = - LHV . 

vd Carnot cycle 

(79) 

300 700 1100 1500 300 1300 

Temperature TFc of the fuel cell FC in K 
ideal system real system 

Figure 3.20 The system efficiency of the ideal and the realfuel cell-heat engine hybrid system with an 
exergetic eficiency cHE = 0.7 and the oxidation ofhydrogen. 

The cell temperature TFc is equal to the temperature T of the process 
environment but more illustrative for further discussion. The work wtCC 
produced by the Carnot cycle CC increases with increasing TFc and the work 
wtFCrev produced by FC decreases with increasing TFc as expected. There is a 
compensation of both effects and the work wtsyst of the system is independent of 
TFc (or nearly independent in the case of the simplified process). FC operates 
reversibly in both cases but CC does not operate completely reversible in the 
simplified process due to the fact that a small part of the waste heat of FC is used 
to heat air and fuel. The practical use of the simplified combined fuel cell-heat 
cycle is the opportunity to use exergetic efficiencies to describe the operational 
conditions of real cycles by using this very simple model. The exergetic efficiency 
cis defined as 
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It is well known from heat engines that < is between about 0.7 and 0.8. All 
types of real cells have efficiencies between 5 5 and 6 5% but there is no significant 
difference caused by the cell temperature TFc as we would expect from the 
thermodynamic considerations [2]. Thus it is obvious that real cells operating 
at lower temperatures do not use their potential m70rk wtFCrev properly. Real 
high-temperature fuel cells use their potential work reasonably well. The 
exergetic efficiency of fuel cells is described in [5] for the H2 fuel. It can be shown 
easily that the SOFC has the best exergetic efficiency here. The exergetic 
efficiency ~,FC (Eq. (80)) can be related to the total fuel feed if we assume that 
the non-utilised fuel can be burnt in an isothermal combustor. We can define the 
fuel cell and the isothermal combustor as one unit in that case (see Figure 3.7). 

The system efficiency qsyst of any real hydrogen-fuelled combined fuel 
ceIl-heat cycle is plotted against the cell temperature Tpc in Figure 3.10 (right). 
The exergetic efficiency of the fuel cell CFC is the parameter (0.7; 0.8; 0.9; 1.0) 
and the exergetic efficiency of the heat engine C H E  is kept constant at 0.7. 

The system efficiency qsyst increases with an increasing cell temperature TFc 
for all exergetic efficiencies CFC < 1 .O until a maximum is reached. The location 
of the maximum of qsyst shifts with increasing exergetic efficiencies LFc to 
decreasing TFc. But there are no big changes in the region of the maximum if we 
change TFc at constant LPc, The influence of the Carnot cycle dominates at lower 
temperatures 

The main result of these considerations is the possibility of designing hybrid 
fuel cell-heat cycles with efficiencies of about 80% [5]. This efficiency value is a 
target of the US Department ofEnergy since 1999 [ 6 ] .  It appears useful to operate 
the cell at the lowest possible cell temperature TFc in the region of the maximum 
of qsyst for reducing materia1 costs of the heat engine and the heat exchangers. 
An increase in TFC leads to only a negligible increase in the system efficiency 
Ysyst. 

The use of natural gas or other hydrocarbons changes the system design 
because of the processing of the fuel before its use in the SOFC. The following 
investigations will be done for methane as the main component of natural gas to 
keep the calculations simple. A very common fuel processing for hydrocarbons is 
the endothermic steam reforming process as shown for methane in Eq. (81) with 
the heat demand of Eq. (82) 

and lower exergetic efficiencies <FC. 

CHq -t H20 4 3H2 + co, (81) 

ArH( 75OoC),,= + 1406 5, lkJ/kgCH*. (82) 

Heat is also needed to evaporate the feed water. It is useful to use the waste 
heat of the cell for these purposes. A general model of a methane fired combined 
SOFC cycle based on the reference cycle of Figure 3.9 is shown in Figure 3.1 1 to 
describe the thermodynamic influences on the system’s behaviour as simply as 
possible [2,7,8]. 

The SOFC can be modelled as one unit of two parallel operating SOFCs fuelled 
with hydrogen and carbon monoxide. All irreversible effects including mixing is 
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Figure 3.11 Process model for  integrated reforming in SOFC systems. 

be described by CFC < 1. The reasons for these irreversibilities of the SOFC and 
other components are not important for understanding the system’s behaviour 
if they are considered properly in the system. The important relation here is 
the relation between work and heat within the single components and the 
temperatures of the heat sources and the heat sinks. The SOFC is the heat source 
of the fuel processing, i.e. reforming and evaporation. If we look at the necessary 
temperature levels we find generally 

This can be assumed for any SOFC system. 
A reversible heat transport between these different temperature Ievels is 

possible for a SOFC as the heat source of the two Carnot cycles and for the 
reformer and the evaporator as their heat sinks. The real engines are: the heat 
engine HE1, operating between the SOFC and the reformer, and the heat engine 
HE2, operating between the SOFC and the evaporator. The exergetic efficiencies 
I;HE (Eq. (SO)) describe the irreversibilities in the principal reversible processes. 
Finally a third heat engine HE3 must operate between the SOFC and the ambient 
state if the waste heat of the SOFC is not used completely in the system. The flue 
gas flow is divided into two streams. The air is heated in the air heater AH by 
cooling of the major stream of the flue gas (FGC). The reactant (of reforming) feed 
water is heated in the economiser from the ambient temperature To to the 
evaporator temperature Tevap and the saturated steam is superheated from Tevap 
to the reformer temperature T,,p The reactant (of reforming) methane is heated 
in the fuel heaters FH1 and FH2 from TO to Tref and finally the products (of 
reforming) hydrogen and carbon monoxide (+ steam) are heated from T,,f to the 
Tsopc in the product heater PH. The required heat is supplied by the cooling of 
the second pass of the flue gas (FGC) from Tsopc to a waste gas temperature > To, 
by the SOFC directly (for PH), by the waste heat of HE1 (for T < T,,f) and by 
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the waste heat of HE2 (for T < TerTaP). An auxiliary burner must be used for the 
reforming process if the waste heat of the SOFC cannot cover the heat 
requirement of the reformer and the evaporator. This auxiliary burner is not 
shown in Figure 3.11. It is possible to use efficiencies q 

to describe any real heating process (heat exchanger, burner). The internal 
reforming in the SOFC is included in this modelling of the system (TsoFc = Tref).  
The external reforming is included in this model as well if the heat engine HE1 is 
replaced by a burner. The parameters listed in Table 3.2 have been used for 
analysis of both the systems. The water surplus was k e d  at 2 to avoid coke 
formation [9]. 

Table 3.2 Standard parameters for analysis of SOFGheat engine hybrid cycles 

SOFC temperature Tsopc 
Reformer temperature T,d 
Evaporator temperature Tevnp 
Ambient temperature To 
Excess air h 
Water surplus nw 
Exergetic efficiency SOFC &oFc 
Exergetic efficiency heat engine SHE 
Efficiency of air heater  AH 
Efficiency of heat exchangers qHpx 

900°C 
750°C 
200°C 

2 5°C 
2 
2 
0.60 
0.70 
0.90 
0.98 

The system efficiencies qsyst of combined SOFC cycles with integrated and 
external reforming have been calculated and compared [7,8]. The possible 
system efficiencies qsyst of systems with external reforming are about 5 7 %  
lower than of a system with integrated reforming. The differences between the 
processes with external or integrated reforming are caused by the utilisation of 
the waste heat of the SOFC within the system. External reforming systems use 
an external burner with an additional entropy production. This increases the 
usable heat of the heat engine HE3 operating with the heat source SOFC and 
the heat sink environment and thus the waste heat of the system increases. An 
external reformer cannot be used as a heat sink of the waste heat of the SOFC 
and the entropy cannot be recycled as within an integrated reforming. An 
internal reforming in the SOFC has no temperature difference available for a 
power generation during the heat transport. This leads to a slight decrease of 
the system efficiency qsllst of the internal reforming compared with the 
integrated reforming. 

An important influence on the performance of combined SOFC cycles with an 
integrated reforming is caused by the operation of the air heater under real 
conditions. The excess air h and the efficiency q A H  of the air heater (Eq. ( 8 3 ) )  
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are the main operational and design parameters. The system efficiency qsyst 
is plotted against excess air h in Figure 3.12 with q A H  as a parameter. The 
basic chemical thermodynamics shows that A'G - and therefore wtFcreL, (Eq. (5)) 
and wtsysrev (Eq. (78)) - is independent of the excess air h. This can be used 
to prove the model because qsyst is independent of h for qAH = 1 as expected. 
qsyst decreases with increasing h for all  AH < 1. The influence of qAH 
increases with increasing h. The behaviour of the system for q A H  = 0.85 i s  
shown Figure 3.12. 

HE3 (environmeni 
out of sewice 

-x- rlAHd.90 

air heater 

I all HE out of service auxilliaty burner on I 

1 2 3 4 5 6 7 8 efficiency 

excess air A [-] 
6,,,, = 0.6,  HE= 0.7 
water surplus nw = 2 
TSOFC = 900 "C, Tref = 750 "C, Tevap = 200 "C 

The injuence of the excess air I and the eficiency qm of the heat transfer in the air heater on 

integrated reforming 

Figure 3.12 
the system eficiency qspst of the SOFCheat engine hybridcycle. 

First qsyst decreases slightly with an increasing h, because the work of the 
heat engine HE3 decreases by compensating increasing heat losses. The 
other heat engines are operating at full load. The decrease of qsyst becomes 
sharper for an excess air h M 3 because the heat engine HE3 goes out of service by 
a lack of available heat. The total waste heat of the SOFC must be used to supply 
the heat engines HE1 and HE2 which operate between the SOFC and the reformer 
and the evaporator respectively and to compensate the increasing heat loss of the 
air heater. This causes the sharper decrease of the system efficiency qsyst with an 
increasing h in the region 3 < h < 6 by a decreasing supply of work by HE1 and 
HE2. In the region h > 6 there is no heat engine in operation. All further heat 
losses (increasing with increasing excess air h) must be compensated by the 
auxiliary burner. qsyst drops to values lower than 50% as shown in Figure 3.12. 
These results show that it is important to assure a good heat recovery in the air 
heater system and to avoid a very high excess air h. 

The system efficiency qsyst is influenced by the exergetic efficiency of the heat 
engines (HE1, HE2, HE3) I ; H E I ,  r H E 2 ,  I ; H E ~  as well. qsyst is plotted against SHE for 
each of the three heat engines in Figure 3.1 3. The maximum difference of about 
9% in qsyst occurs if CHE3 (heat sink environment) is varied between 0 and 1. The 
difference is only about 2% if I ; H E I  (heat sink reformer) is varied. The variation of 
c H E 2  (heat sink evaporator) leads to differences in qsyst of about 8%. The order 
of magnitude of these differences corresponds to the difference of the respective 
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heat sinks : I 
I variation of I 
-1 

0 0,2 0,4 0,6 0,8 1 

exergetic efficiency <,,E [-I 

so, = 0.6, SHE = 0.7 (Variation HE1/2/3) integrated reforming 
excess air h = 2, excess water n, = 2 
t&oFc= 900 "C, 6, = 750 "C, 6, = 200 "C 

Figure 3.7 3 The influence of the heat engine design on the system eficiency vsyrt of SOFC-heat engine 
hybridcycles. 

temperature differences between the SOFC and the heat sinks. This result 
confirms that entropy recycIing by integrated reforming is more important to 
achieve high efficiencies than the power generation in the heat engine HEl. But 
the heat engine between the SOFC and the evaporator is important especially 
with a good exergetic efficiency C H E 2 .  The shape of qsgst of the variation of CHg2 

seems to be unexpected compared with the variations of C H E l  and cHE3. 
But it can be explained easily if we look at the conditions that lead to 

the required amount of the SOFC's waste heat to supply the evaporator or the 
reformer. We obtain for the necessary waste heat QsoFc to operate the heat 
engines (HE1, HE2 = HEprocess) and to supply the processes (reformer or 
evaporator) with the necessary heat Q,,.ocBss 

This result is governed by the exergetic efficiency of the heat engine LHEproccss 
and the relation of the temperature of the heat sink TprOCeSS and the temperature of 
the heat source TsoFc (T in K). Table 3.2 shows that the relation T p r o c e s s / T ~ ~ ~ ~  
is about 0.4 in the case of the evaporator and about 0.9 in the case of the 
reformer. Recycling of the anode outlet flow is another option to supply 
the reformer with steam. 

3.6 Design Principles of SOFC Hybrid Systems 

The process models as given in Figures 3.9 and 3.11 can be realised by different 
heat engines; Figure 3.14 gives an example. The heat source can be the flue gas 
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combined fuel cell system h 
.d cell waste heat utilisation I 

thermoelectric converter 

endothermic process 

Figure 3.14 PossibiIities ofsystem integration in SOFGheat  engine hybridcycles. 

or the stack heat. Obviously a gas turbine (GT) or a waste heat boiler of a steam 
cycle can utilise the heat from the flue gas. But the total system integration may 
utilise the waste heat of the cell directly in both cases, as expressed by the dotted 
line in Figure 3.14. The different cycles based on a Carnot cycle with a separate 
process flow are other options for direct stack cooling. The use of a Stirling engine 
might be one option as the latest developments indicate [lo]. A further option 
might be the conversion of heat to electricity by an AMTEC process Ell]. The 
thermoelectric conversion might be a possibility to extract heat for electricity 
generation in smaller units as, for example, for defence applications [12]. The 
direct power generation in the last two options might be of specific interest for 
the electric system integration. Finally there is a further option to use the cell 
entropy in the sense of the second law of thermodynamics. Any endothermic 
process needs a transfer of heat at a certain temperature, and thus a certain 
supply of entropy [13]. This amount of entropy is a thermodynamic process 
requirement different from, for example, a heat supply for room heating that can 
be clearly reduced by a better heat recovery and a better insulation. However 
CHP for room heating might be the better commercial solution. 

The SOFC-GT system is very interesting for high-efficiency power generation 
[14-161. Any successful cooling strategy for SOFC of a SOFC-GT system must 
avoid high excess air at the system's outlet as shown above (see Figure 3.12). 
Figure 3.15 shows the possible strategies. The SOFC module can be divided in 
sub-moduIes and the heat of the SOFC module is extracted by cooling the waste 
air of the first sub-module to the inlet temperature of the cathode of the following 
sub-module by the power generation by a GT. This intermediate expansion 
(INEX) can be carried on until the last GT delivers the waste gas for the heat 
exchangers (HEX) to heat the air and the fuel. 

The other strategy is the SOFC cooling by an external cooler (EXCO) fed with 
the flue gas that has been cooled by the heating of air and fuel. The SOFC module 
is the heat source for the GT cycle and the air is heated by the flue gas as in the 
generalised model. The integrated gas heater can be heated by radiation and 
allows an optimisation of the temperature level of the SOFC cooling together with 
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Intermediate expansion INEX : External cooling EXCO : 

A 5 exhaust temperature -? * 
1 SOFC waste heat 

2 pressure difference HEX walls - fuel 

3 air inlet temperature in SOFC 

4 size of HEX surfaces reforme 

Figure 3 .  I 5 Coolingstrategiesfor SOFC modules by GTcycles. 

an  integrated air heater and avoids unacceptable thermal stresses. The main 
differences between INEX and EXCO are indicated in Figure 3.15 and compared 
in Table 3.3 [ 17,181. 

Table 3.3 Comparison of the INEX and the EXCO design 

INEX EXCO 

1 SOFC waste heat extraction 2-n pressure levels (systems) 1 pressure level (system) 

2 Pressure difference HEX walls Maximal pressure difference Only pressure loss 
3 Limit for air inlet temperature Gas turbine outlet temperature SOFC temperature 

4 Size of HEX surfaces Min. 1 j2 .5  ofambient system Min. 1 /7  ofambientsystem 

(sub-systems) 

in SOFC 

5 Exhaust temperature -200°C 500-600°C 

1 The waste heat is extracted at  one pressure level in the EXCO design and 
at up to n pressure levels in the INEX design, depending on the allowable 
temperature difference of the cathode. The number of pressure levels is 
equal to the number of the pressurised subsystems. 
The pressure difference on the HEX walls of the air heater is the 
maximum pressure in the INEX design and the only pressure loss in 
the module in the EXCO design. 
The air inlet temperature of the SOFC module is limited by the SOFC 
(module outlet) temperature in the EXCO design and by the lower GT 
outlet temperature in the INEX design. 
The size of the HEX of an on one side pressurised INEX design is about 2.5 
times smaller than under ambient conditions, but the on both sides 
pressurised EXCO design has up to 7 times smaller HEX surfaces. 

2 

3 

4 
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5 The electric efficiency of an IN'EX design with two turbines is about 70% 
[19], similar to the EXCO design. The exhaust temperature in the INEX 
design is about 200°C and that of the EXCO design is about 500-600°C 
depending on the individual parameters. 

The EXCO design has thus the potential for a combination with a steam 
turbine cycle (ST) that could be, for example, a Cheng cycle. This leads to an 
electric efficiency of about 75% [20]. The first studies [20] of the EXCO design 
included a reheat cycle with an additional heat exchanger within the SOFC 
module. This design seemed to be too complicated. But a comparison of both 
designs shows that the benefit of the EXCO design to reduce the excess air in one 
process step at one pressure level with small HEXs can be combined with the 
benefit of the INEX design to allow a simple cascading of GT cycles as needed for a 
reheat GT cycle. This led to the proposal of the reheat SOFC-GT cycle combined 
with a steam turbine (ST) cycle which reaches slightly more than 80% as the 
calculated efficiency [2  11. 

3.7 Summary 

Thermodynamic considerations are used to understand the processes of energy 
conversion in SOFCs. Such theoretical studies of the behaviour of the reversible 
processes have a high practical value in helping to understand complex systems. 
The reversible work of a fuel cell is defined by the free or Gibbs enthalpy of 
the reaction. If we use the assumption of the ideal gas we immediately get the 
equation of the Nernst voltage from the Gibbs enthalpy of the reaction. The 
consideration of the electrical effects shows that the molar flow of the spent fuel 
is proportional to the electric current and the reversible work is proportional to 
the reversible voltage. A coupling between the thermodynamic data and the 
electrical data is only possible using the quantities power or heat flow and not by 
using work and heat. This is caused by the fact that we use a mass or substance 
transport as the basis for thermodynamic considerations and we use a charge 
transport to describe electrical phenomena. 

Irreversible losses cause a difference in the efficiency of reversible and real 
processes. These losses can be described and quantified by their irreversible 
entropy production. The consideration of the ohmic losses shows that 
the irreversible entropy production in a SOPC is smaller than in another 
Iow-temperature fuel cell. This is caused by the lower irreversible entropy 
production of the heat dissipated at a higher temperature. The effects of the 
irreversible mixing of reactants and products lead to an irreversible entropy 
production as well that reduce the cell voltage. The changes in the Nernst 
voltage can be understood by the analysis of the fuel utilisation. 

Because all the fuel cannot be fully reacted in practice within the fuel cell, 
the SOFC stack can be treated like a power generating burner so as to integrate 
it easily into a system model. The stack cooling depends on the amount of 
excess air. 
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The combination of a SOFC with a heat engine allows an extremely high 
electric efficiency. Any real combination of a SOFC and a heat engine is based on 
a reversible system but a simplified version can be used to analyse the principles 
of the design of a combined SOFC-heat engine. It is important that the cell itself 
and not the flue gas is considered as the heat source. Integration of fuel 
processing is another important factor in achieving a high efficiency since the 
embedded fuel processor can be supplied with a certain amount of entropy from 
the cell heat. This entropy is used for the reforming reaction and need not be 
transported to the environment as an entropy loss. 
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Chapter 4 

Electrolytes 
Tatsumi Ishihara, Nigel M. Sammes and  Osamu Yamamoto 

4.1 Introduction 
The electrolyte for solid oxide fuel cells (SOFCs) must be stable in both reducing 
and oxidising environments, and must have sufficiently high ionic with low 
electronic conductivity at the cell operating temperature. In addition, the 
material must be able to be formed into a thin, strong film with no gas leaks. Until 
now, stabilised zirconia, especially yttria-stabilised zirconia, possessing the 
fluorite structure, has been the most favoured electrolyte for SOFCs. Other fluorite 
structured oxide ion conductors, such as doped ceria, have also been proposed as 
the electrolyte materials for SOFCs, especially for reduced temperature operation 
(600-800°C). More recently, a number of other materials, including perovskites, 
brownmillerites and hexagonal structured oxides, have also been found to 
possess good ionic conductivity. This chapter first describes fundamental and 
practical aspects of fluorite structured electrolytes, and then it proceeds to 
discuss the structure and properties of perovskites and other ion conductors. 

4.2 Fluorite-Structured Electrolytes 
Oxide ion conductivity was first observed in Z r 0 2  containing 1 5  wt% Y203 
(yttria-stabilised zirconia or YSZ) by Nernst [ l ]  in the 1890s. In 193 7, Baur and 
Preis [21 constructed the first solid oxide fuel cell using this electrolyte. Since that 
time, many oxide systems have been examined as potential electrolytes for 
SOFCs. An excellent review of solid oxide electrolytes was presented by Etsell and 
Flengas in 1970 [ 3 ] ,  while more recent conductivity data are summarised by 
Minh and Taltahashi [4]. Figure 4.1 shows the temperature dependence of the 
ionic conductivity for several oxides, indicating that YSZ is by no means the best 
oxide ion conductor. 

Bismuth oxide compositions [ 51 show the highest conductivity and several 
other formulatioils are also superior to YSZ, particularly at temperatures below 
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600°C [6]. However, these other oxides have disadvantages such as electronic 
conductivity, high cost, or difficulties in processing. The candidate electrolytes 
can be divided into two major structures, the fluorite structure like YSZ discussed 
here and the perovskite structure like lanthanum gallate discussed in Section 4.6. 

The fluorite structure is a face-centred cubic arrangement of cations with 
anions occupying all the tetrahedral sites, leading to a large number of 
octahedral interstitial voids. Thus this structure is a rather open one and rapid 
ion diffusion might be expected. At high temperatures, zirconia has the fluorite 
structure, stabiIised by addition of divalent or trivalent (Le. aliovalent) cations 
such as Ca or Y at lower temperatures. Pure ceria also has the fluorite structure. 
Oxide ion conduction is provided by oxide ion vacancies and interstitial oxide 
ions. Intrinsic defects are fixed by thermodynamic equilibrium in pure 
compounds, while extrinsic defects are established by the presence of aliovalent 
dopants. To maintain electroneutrality, a soluble aliovalent ion in an ionic 
compound is compensated by an increase in the concentration of an ionic 
defect [7 ] .  In the case of pure ZrOz and Ce02, electrical conductivity is quite low 
because the concentration of the oxide ion vacancies and interstitial oxide ions is 
low. However, as dopants such as yttria are added, the conductivity increases. 
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The dissolution of yttria into the fluorite phase of Zr02 can be written by the 
following defect equation in Kroger-Vink notation [SI: 

Yz03(Zr02) -+ 2Ybr + 30; + V, (1) 

Each additional yttria molecule creates one oxygen vacancy. The 
concentration of the vacancies is given simply by the electrical neutrality 
condition, for this case, ~ [ Y z , ' ]  = [V;.], implying that the vacancy concentration 
is linearly dependent on the dopant level. The ionic conductivity, CT, can be 
expressed by 

cr = enp (2) 

where n is the number of mobile oxide ion vacancies, ~1 their mobility, and e the 
charge. In the case of oxide ion conductors such as doped zirconia and ceria, Eq. 
(2) gives Eq. ( 3 )  with the fraction of mobile oxide ion vacancies, [V;.], and the 
fraction of unoccupied oxide ion vacancies, [V,-]-l. To move through the 
crystal, the ions must be able to move into an unoccupied equivalent site with a 
minimum of hindrance, thus 

CT = A/T[V;] ([V;]-')exp( -E/RT) ( 3 )  

where E is the activation energy for conduction, R the gas constant, T absolute 
temperature, and A the pre-exponential factor [9]. The conductivity of doped 
zirconia and doped ceria varies as a function of dopant concentration, and shows 
a maximum at a specific concentration. However, this maximum occurs at a 
much lower concentration than that expected from Eq. ( 3 ) .  An example of 
this behaviour is shown in Figure 4.2 as reported by Arachi e t  al. [lo] for the 
Zr02-M203 (M=Sc, Yb, Y, Dy, Gd or Eu) systems. 

0 
I , ( , , I I  

0.05 0.10 
X 

Figure 4.2 Composition dependence ofthe electrical conductivity at IO00"C forZrOrM2O3 compositions. 
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Attempts to explain this conductivity behaviour have been made by Baker et 
al. [ 111 and Hohnlce [ 121, involving clusters in the first and second coordination 
shells, and by Carter and Roth [13] based on structural effects. The relation 
between the dopant concentration with the highest conductivity at 1000°C and 
dopant ionic radius in the Zr02-M203 system [ lo]  is shown in Figure 4.3. The 
content of dopant with the highest conductivity decreases with increasing radius 
of dopant ion. The dopants, Dy3+ and Gd3+, with higher ionic radii show a 
limiting value of 8 mol%. The dopant Sc3+, which has the closest ion radius to the 
host ion, Zr4+, shows the highest conductivity and the highest dopant content at 
the maximum conductivity. Similar conductivity dependence on the dopant 
level was observed in the Ce02 system. The highest conductivity was found at 
10 mol% for Sm203 and at 4 mol% for Yz03 dopants. The diffusion of oxide ion 
vacancies is affected by the elastic strain energy, which is related to the size 
mismatch between the host and dopant cations [14]. 

Dopant ionic radius (0.1 nm) 

Figure 4.3 Dopant concentration exhibiting the highest conductivity dependence on dopant cation radius in 
Zr02-iU203 systems. 

Based on the comments of Nowiclc [15] and Kilner and Steele [16] who 
emphasised the importance of defect pairs formed due to interaction between the 
oxide ion vacancies, V;., and aliovalent cations, Mc,', in CeOz: 

and 

V; + 2Mhe = (V;2MLe) 

Mar,ning et al. [17] suggested that (V;. Mce/) is more likely to occur because of 
the expected random distribution ofMc,'. ICilner and Brook [14] have shown that 
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the effect of the binding enthalpy of an associated ion can significantly affect the 
population of free vacancies at low temperatures. At lower temperatures, 
association is almost complete, so that 

POMLel " No1 (6) 

and 

[Vi] = (B/T)exp(-E,/RT) ( 7) 

where E, is the association binding energy and B a constant. Kilner [18] has 
pointed out that both calculated and experimental data for the association 
enthalpies could be correlated with the ionic radius of the dopant. Experimental 
[19] and calculated [20]  E, values in CeO2-MzO3 are shown in Figure 4.4 The 
minimum association enthalpy occurred when the ionic radii of the host and 
the dopant were close to each other such that the lattice elastic strain was 
minimised. Kilner further postulated that this was a universal effect, common to 
all acceptor-doped oxides. 

1 

0.08 0.09 0.10 0.11 0.12 0.13 
Ion Size hm) 

Figure 4.4 Calculated and experimental vacancy association enthalpy for oxygen conductivity in doped 
cerinplottedngainst theionic radiiofthedopant ions. 

Arachi et al. [lo] reported dependence of the association enthalpy on the 
dopant ion radius in Zr02-M203 systems. The activation energy for conduction, 
E, in Eq. ( 3 )  is expressed as the sum of the enthalpy for motion, Em, and the 
association binding energy, E,, thus 
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At higher temperatures the complex (V;-Mzr'). dissociates completely to free V; 
and Mz:. The concentration of V; is independent of the temperature and equal to 
the total concentration of dopant M3+. Therefore, the migration enthalpy, E,, 
could be estimated from the slope of the temperature dependence for conduction 
in the higher temperature range. The association enthalpy could be calculated 
from the difference in the slopes at the lower and the higher temperature ranges. 
In Figure 4.5 the dependence of ion migration enthalpy and association enthalpy 
on the dopant ion radius is shown along with the electrical conductivity at 

Figure 4.5 Ion migration enthalpy andassociation enthalpy versus dopant ionic radius. 

The Sc"-doped zirconia shows the lowest ion migration enthalpy and highest 
association enthalpy because Sc3+ has the closest ion radius to Zr4+. The 
migration enthalpy increases with increasing dopant ion radius. The high ion 
migration enthalpy with a dopant with different ion size than that of the host 
Zr4+ is explained by the elastic strain energy induced in the cation lattices by the 
size difference. On the other hand, the association enthalpy between the oxide 
ion vacancies and dopant cation decreases with increasing dopant cation radius. 
Butler et al. [21] have calculated the association binding energy for doped 
zirconia, defined with respect to the total energy of isolated defects that enter the 
associate. The calculated values were 2 7 kJ/mol for (V;Yz,') and 16 kJ/mol for 
(ViGd,,'). The experimental results were in good agreement with the calculated 
values in both Zr02-M203 and Ce02-M203 systems, with the maximum oxide 
ion conductivity being found in the solid solution of M3+ having the ionic radius 
closest to that of the host cation. 

Properties and fabrication of two of the most common fluorite structured 
electrolyte materials, zirconia based and ceria based, are discussed below. 
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4.3 Zirconia-Based Oxide Ion Conductors 
Zirconia exhibits three polymorphs. It has monoclinic structure at room 
temperature, changing to tetragonal above 11 70°C and to the cubic fluorite 
structure above 23 70°C. The addition of a dopant such as yttria stabilises the 
fluorite and tetragonal phases down to room temperature, leading to an increase 
in the oxide vacancy concentration. Yashima et  al. [22] surveyed the phase 
diagrams of doped zirconia systems, including the Zr02-Y203 [23] (shown in 
Figure 4.6) andZr02-Sc203 [24] systems. 

t 
I 

Figure 4.6 Phase diagram of ZrOZ-Y203 system. 

The temperature dependence of the electrical conductivity for zirconia based 
oxides [25] is shown in Figure 4.7. Yttria-doped zirconia (YSZ), which has been 
used extensively in SOFCs, shows a conductivity of 0.14 S/cm at 1000°C. 
Scandia-doped zirconia (SSZ) has a higher conductivity and at 780°C its value 
corresponds to that ofYSZ at 1000°C. 

InFigure4.7, the thickness oftheelectrolytepossessingaresistanceofO.2 Qcm2 
is shown on the right-hand side of the vertical axis. The 0.2 52 cm2 resistance 
corresponds to 0.1 V lost due to the electrolyte resistance at 0.5 mA/cm2, where it 
is assumed that the cell voltage should be 0.7 V to maintain a total energy 
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Figure 4.7 Temperature dependence of the electrical conductivity in the ZrO-M2O3 systems. 9SSZ. 9 mol% 
Sc203-Zr02: 9YbSZ. 9 mol% Yb203-Zr02; 9YSZ, 9 mol% Y203-Zr-02. 

efficiency of greater than 50%, and the cathode, the anode, and the electrolyte 
overvoltages contribute equally to the cell voltage drop. The relationship between 
the temperature and the electrolyte thickness suggests that at an operation 
temperature of 700°C,  the thickness of the electrolyte should be less than 50 pm in 
the YSZ and ytterbia-doped zirconia (YbSZ) systems, while an electrolyte as thick 
as 150 pm could be used in the SSZ system. A 50 pm thick electrolyte is difficult to 
use in an electrolyte-supported cell configuration, because of the fragile nature of 
such a thin electrolyte sheet. As shown in the latter part of this chapter, dense YSZ 
films of several tens of microns thickness have been fabricated on tubular and 
planar supports by vapour deposition and tape casting methods. 

Scandia-doped zirconia is also attractive as the electrolyte for SOFCs, 
especially for intermediate temperature (600-800°C) SOFCs. However, it 
undergoes aging on long-term exposure at high temperatures [26,2 71. ZrOz with 
8 mol% Sc203 exhibited a significant aging effect with annealing at 1000°C. Its 
conductivity of 0.3 S/cm at 1 0 0 0 ° C  (as sintered) decreased to 0.12 S/cm after 
aging at 1000°C for 1000 h. This conductivity value after aging is comparable to 
that of Zr02 with 9 mol% Y2O3. On the other hand, ZrO2 with 11 mol% Sc203 
showed no aging effect on annealing at 1000°C for more than 6000 h. Zr02 
with 11 mol% ScZO3 shows a phase transition from the rhombohedral structure 
(low-temperature phase) to the cubic structure (high-temperature phase) at 
6 0 0 ° C  with an accompanying small volume change. The cubic phase is 
stabilised at room temperature by the addition of a small amount of Ce02 [28] 
and A1203 [29]. The conductivity of SSZ with Ce02 and A1203 is slightly lower 
than that of the undoped SSZ. Similar aging effects have been observed in other 
zirconia-based oxide ion conductors. In Table 4.1, the conductivity changes in 
the ZrOz-M2O3 system by annealing at 1000°C for 1000 hare summarised. 

For electrolytes, high electrolyte strength and toughness are also desirable in 
addition to high electrical conductivity, especially in planar cell configurations. 
The bending strengths of zirconia-based electrolytes along with their thermal 
expansion coefficients are also shown in Table 4.1. SSZ shows as good a set of 
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Table 4.1 Electrical conductivity, bending strength, and thermal expansion coefficient of 
zirconia-based electrolytes 

Electrolyte Conductivity at 1000°C (S/cm) Bending strength Thermal expan. 
( M W  coeff. (1/K x lo6) 

As sintered After annealing 

Zr02-3 mol%Y203 0.059 0.050 1200 10.8 
Zr02-3 mol%Ybz03 0.063 0.09 
Zr02-2.9 mo1%Sc2O3 0.090 0.063 
Zr02-8 mol%Y203 0.13 0.09 230 10.5 
Zr02-9 mol% YzO3 0.13 0.12 
Zr02-8 mol%YbZO3 0.20 0.15 
Zr02-10 mol%Yb203 0.15 0.15 
Zr02-8 mol%Sc203 0.30 0.12 2 70 10.7 
Zr02-ll mo1%Sc203 0.30 0.30 255 10.0 
Zr02-11 mol%SczO3-l wt% 0.26 0.26 250 
A1203 

mechanical properties as YSZ. ZrOz with 11 mol% Sc203 and 1 wt% AI2O3 
appears as one of the best candidates for an intermediate temperature SOFC 
because of its high oxide ion conductivity, phase stability and exceIlent 
mechanical properties. 

SOFC electrolytes should of course be stable under fuel conditions, such 
that the electronic conductivity remains negIigible compared to the ionic 
conductivity. Figure 4.8 shows the dependence of both electronic and 
ionic conductivities on oxygen partial pressure for YSZ [30] .  At oxygen partial 
pressures of atm, the electronic conductivity can be comparable to the 
ionic contribution, but this oxygen pressure is far below the normal SOFC 
operating range of 0.2 1-10-20 atm. 

M 
0 
4 

0 -10 -20 -30 -40 .50 

LOG OXYGEN PARTIAL PRESSURE, atrn (1,Ol x 10’ Pa) 

Electrical conductivity of YSZas a function of oxygenpartialpressure. Figure 4.8 
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4.4 Ceria-Based Oxide Ion Conductors 

Doped ceria has been suggested as an alternative electrolyte for low temperature 
SOFCs [6, 31, 321. Reviews on the electrical conductivity and conduction 
mechanism in ceria-based electrolytes have been presented by Mogensen et al. 
[33] and Steele [34]. Ceria possesses the same fluorite structure as the stabilised 
zirconia. Mobile oxygen vacancies are introduced by substituting Ce4+ with 
trivalent rare earth ions as shown in Eq. (1). The conductivity of doped ceria 
systems depends on the kind of dopant and its concentration. A typical dopant 
concentration dependence of the electrical conductivity in the (CeOz)l -x(Sm203), 
system as reported by Yahiro et al. [3 51 is shown in Figure 4.9. 

X 

Figure4.9 Concentrationdependenceofelectricalco~~uctivitg for CeOTSrn203.. (0) 900°C; (A) 800°C; 
(0) 700"C;(~)600"C; (A) 5 0 0 " C ; ( - - - - ) ( Z r 0 ~ ) ~ - x ~ C a O ) x a t  900°C. 

The maximum conductivity is observed at around 10 mol% Sm203. The 
conductivity of the Ce02-Ln203 system depends on the dopant (Ln) ionic radius, 
and is summarised in Figure 4.10 [36]. The binding energy calculated by Butler 
et al. [20] shows a close relationship to the conductivity as also illustrated in this 
figure, the dopant with low binding energy exhibiting higher conductivity. 

In Table 4.2, the conductivity data for doped ceria are summarised. Ce02- 
Gd203 and Ce02-Sm203 show an ionic conductivity as high as 5 x S/cm at 
500°C corresponding to 0.2 st cm2 ohmic loss for an electrolyte of 10 pm 
thickness. These compositions are attractive for low temperature SOFCs and 
have been extensively examined. 

Ceria-based oxide ion conductors are reported to have purely ionic 
conductivity at high oxygen partial pressures. At lower oxygen partial pressures, 
as prevalent on the anode side of an SOFC, these materials become partially 
reduced. This leads to electronic conductivity in a large volume fraction of the 
electrolyte extending from the anode side. When a cell is constructed with such 
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Figure 4.10 Dependence of ionic conductivity for (Ce02)o.8(Ln203)o.2 at 800"Con ionic radius of Ln3'. 

Table 4.2 Electrical conductivity data for Ce02-LnzOs 

Conductivity (S/cm) Activation Reference 
energy (kJ/mol) 

Mol% 700°C 500°C 

Sm203 10 3.5 x 10-2 2.9 x 10-3 68 
10 4.0 x 5.0 x 10-3 75 

Gd203 10 3.6 x 3.8 x 10-3 70 
y203 10 1.0 x 10-2 0.21 x 10-3 95 
CaO 5 2.0 x 10-2 1.5  x 10-3 80 

33 
31 
33 
31 
33 

an electrolyte with electronic conduction, electronic current flows through the 
electrolyte even at open circuit, and the terminal voltage is somewhat lower than 
the theoretical value. In Figure 4.1 1, total electrical conductivity (ionic and 
electronic) of Ceo.~Smo.z01,9~8 at different temperatures is shown as a function 
of oxygen partial pressure. 

Godickemeier and Gauckler [3 7,381 analysed the efficiency of cells with 
Ceo.8Smo.201.9 by consideration of the electronic conduction. The maximum 
efficiency based on Gibbs free energy was 50% at 800°C and 60% at 600°C. An 
SOFC with Ceo.8Smo.202 electrolyte should be operated at temperatures below 
about 600°C to avoid such efficiency loss due to electronic leakage. For example, 
ceria based electrolytes have been used in SOFCs operating at 550°C and lower. If 
higher temperature operation is required, then the electronic conduction can be 
prevented by protecting the ceria electrolyte with a thin coating of YSZ on the 
anode side [39]. However, interdiffusion at the YSZ/ceria interface could then 
be an issue. 
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Figure4.22 Totalelectrical conductivity of Ceo.8Smo,201,s-sasafunctionofoxygenpartialpressure. 

4.5 Fabrication of Zr02- and Ce02-Based Electrolyte Films 
The electrolyte film can be fabricated by a number of processes depending 
upon the configuration of the cells. For tubular SOFCs, an electrochemical 
vapour deposition (EVD) technique was developed by Westinghouse Electric 
Corporation (now Siemens Westinghouse Power Corporation) in 1977 [40] to 
fabricate gas-tight thin layers of doped zirconia. This EVD process involved 
growing a dense oxide layer on a porous substrate at elevated temperatures and 
reduced pressures, as described in Figure 4.12 [4 11. 

MeCI, VAP 
r3 

.POROUS 
SUBSTRATE 

' H,O __+ '-b H, 

Figure4.12 Principle of electrochemical vapourdeposition (EVD). 

Under the operating conditions of the EVD process, the oxide exhibits both 
oxide ion and electronic conductivity. Thus, the oxide ion flux during the oxide 
growth is balanced by an electron flux, thereby preserving the electroneutrality 
of the oxide. The growth rate of the oxide is commonly described by the classical 
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parabolic rate law as in the Wagner oxidation process. Thus, the film thickness, 
L, is related to the deposition time, t, by the following equation: 

L2 = 2$t (9) 

where kp is the parabolic constant. At the deposition temperatures of 
1000-1200°C, the parabolic rate constant for the deposition of YSZ ranges 
from 1.1 x cm2/s. The thickness of the YSZ film in a typical 
tubular SOFC is about 40 pm and it takes about 40 minutes to make this film at 
1000°C [41]. The EVD process has been successfully used by Westinghouse for 
the production of thousands of tubular cells for several multikilowatt power 
generation systems. 

More conventional slurry dipping/sintering techniques have also been used to 
prepare electrolyte films for tubular SOFCs, starting with a porous support which 
can be of either anode, cathode or an inert material. Toto Ltd in Japan prepared 
YSZ films on large size porous (La,Sr)Mn03 tubes, 22 mm in diameter and 
900 mm in length E421 by a slurry dipping/sintering method. Thickness and gas 
tightness of the YSZ layer depended on the speed of tube withdrawal from the 
slurry, the number of dippings, and the viscosity of the slurry. Song e6 al. reported 
that a dense YSZ film was obtained on a porous Ni-YSZ tube of effective area 
20 cm2 at a withdrawal speed of 22 mm/s. A YSZ film of approximately 20 pm in 
thickness was obtained from two slurry coats [43]. 

Electrolytes for planar SOFCs are often prepared by conventional tape casting, 
shown schematically in Figure 4.13 [4]. Tape casting slurries for YSZ electrolyte 
tape are prepared by dispersing YSZ powder in solvents such as 2-butanone/ 
ethanol, after which binders such as polyvinyl butyral, plasticisers such as 
polyethylene glycol and a deflocculant/wetting agent such as glycerol trioleate 
are added. Flat YSZ plates 50-250 pm thick have been fabricated using this 

to 3.8 x 
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Figure 4.13 Schematic of the tape-castingprocess. 
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method. Recently. electrode-supported cell designs have been extensively 
studied because the electrolyte thickness can be much lower in these designs, 
typically 5-20 ym, giving a much lower ohmic resistance than that of an 
electrolyte supported cell. Thus, the electrode-supported cell design, in principle, 
is better suited for operation at lower temperatures [44]. Anode-supported cells 
are being developed using -10 pm thick tape cast YSZ electrolyte laminated onto 
-600 pm thick tape cast Ni/YSZ anode and co-sintered at about 1350°C for 1 h. 

Conventional screen printing techniques have also been used to prepare thin 
electrolyte films in electrode-supported designs [45]. Cells with electrolyte 
thicknesses between 3 and 30 ym have been fabricated. The total cell resistance 
with a 4 pm thick electrolyte was 0.105 S2 cm2 at 700°C which corresponds to a 

S/cm conductivity value of YSZ at 700°C. In Table 4.3, the preparation 
methods for SOFC electrolytes used by several organisations are summarised. 

Table 4.3 Preparation methods for SOFC electrolytes 

Organisation Method Substrate Electrolyte Thickness Reference 
(r.tm) 

Siemens Westinghouse 
AlliedSignal 
Argonne National 
Laboratory 
ECN 
Toto 
Toho Gas 
KIER 
Pacific Northwest National 
Laboratory 

EVD 
Tape casting 
Tape casting 

Screen printing 
Slurry coating 
Slurry coating 
Slurry coating 
Tape casting 

(La,Sr)Mn03 
Nl-YSZ 
Ni-CGO 

Ni-YSZ 
(La,Sr)MnOs 
Nl-YSZ 
Ni-YSZ 
Ni-YSZ 

YSZ 
YSZ 
CGO 

YSZ 
YSZ 
scsz 
YSZ 
YSZ 

40 r411 
1-10 [41 
30 ~461 

3-30 1451 

20 [471 
~421 

7 1481 
20-30 [43] 

4.6 Perovskitestructured Electrolytes 

In addition to fluorite structure electrolytes such as stabilised zirconia and ceria, 
there are many non-fluorite structure oxides which are potentially attractive for 
SOFC electrolyte application. These include perovskites like lanthanum gallate 
and to a lesser degree calcium titanate. Alternative oxides are the pyrochlores 
such as yttrium zirconate (YZr207)and gadolinium titanate (Gd2Ti207) [49,50], 
but these are only suitable in very limited oxygen pressure ranges. Therefore, the 
main discussion here focuses on the perovskites. 

The perovskites based on the general formula ABO3 comprise a rich family of 
compounds with important applications in solid oxide fuel ceIls, ferroeIectrics, 
superconducting materials and oxidation catalysts [ 5 11 because the total charges 
onAandB(+6)canbeachievedbythecombinationsofl+ 5,2  +4 ,and3 + 3,and 
also in more complex ways as in Pb(B’1/2B’’1/2)03, where B’ = Sc or Fe and B” = Nd 
or Ta, or A’1/2A”1/2Ti03 where A’ = Li, Na and A” = La, Pr, etc. Due to the high 
stability of the crystal structure and the variety of cations which can be 
accommodated within it, perovslcites display a wide variety of properties. Many 
display both ionic and electronic conductivity and so are useful as electrodes in 



Electrolytes 97 

SOFCs [52] .  Only few perovskites are purely ionic in their conduction behaviour. 
Properties of selected ionic-conducting perovskites are discussed below. 

4.6.7 kiAI03 

Over the past 3 5  years, Takahashi and Iwahara have measured oxide ion 
conductivity in many different perovskites [53]. They first reported fast 
ion conductivity in Ti- and AI-based compositions and continued to measure a 
range of perovsltite formulations as shown in Figure 4.14. From this figure, it is 
clear that A1 or Mg doped CaTi03 exhibits the highest conductivity. 

Temperature !“C 

1 OOO/T /K-I 

Figure 4.14 Arrhenius plots of the oxide ion conductivity in perowkites in air (numbers in jgure  
corresponds to the foZlowing materials: (I) LnAI03, ( 2 )  CaTi03, ( 3 )  SrTi03, (4 )  L u ~ . ~ C U O . ~ A ~ O ~ ,  (5) 

La0.gBao.lAI03, (6) SrTio.~Al0.103~ (7) C a r i ~ , ~ ~ M g ~ , ~ K b  (8 )  CaTio.jAb.io3r (9)  CaTio,9AI0..3031. 

Figure 4.15 shows the transport number of oxide ions estimated from 
experiments with H2-02 gas concentration cells. Although a high transport 
number is obtained in CaTi0,95Mg0.0503 at intermediate temperatures, in the 
range from 500 to 800°C Ca-doped LaA103 is suggested as an attractive SOFC 
electrolyte, because it displays a high transport number, always higher than 0.9 
in the temperature range shown, and gives no electronic conduction in reducing 
atmospheres . 

Since the initial work of Takahashi and Iwahara, many other researchers have 
investigated the oxide ion conductivity in LaA103 based materials. For example, 
Mizusaki et al. [54] reported the oxide ion conductivity and defect chemistry of 
Lal-,Ca,A103 single-crystal samples with x = 0.002 7-0.008, prepared by a 
floating zone technique. They reported that the nonstoichiometry in the oxygen 
content with Poz and temperature was negligible. This suggests that in this 
material, oxygen vacancies are the major defects and electron holes the minor. 
The conductivity due to electron holes increases with PO2ll4 and the activation 
energy for migration of oxide ions is 0 . 7 4  5 0.05 eV. Perovskite-structured 
LaSc03 has also been reported to be an oxide ion conductor [55-571. Although 
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the unit Iattice volume of LaSc03 is similar to that of LaGa03, hole conductivity is 
significant at high oxygen partial pressures. However, oxide ion conductivity 
in all reported perovskite oxides is lower than that of YSZ, since solid solubility of 
the dopant in these oxides is limited. 

In AB03 perovskites, it was originally believed that the electric or dielectric 
properties were strongly dependent on B site cations. However, migrating oxide 
ions have to pass through the triangular space consisting of two Iarge A and one 
small B site cations in the crystal lattice. Theoretical calculations now suggest 
that the enlargement in size of this triangular space is important for improving 
the migration of oxide ions in the crystal lattice [58]. Therefore, the ionic size 
of the A site cation is also significant in determining the oxide ion conductivity. 
This effect [59] is illustrated in Figure 4.1 6 which shows the effect of atomic radii 
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Figure 4.1 6 Oxide ion conductivity at 1223 K and activation energy for  conduction as a function of ionic 
radiiinA site ofAl-basedperovskite oxide, Lno.9Cao.IA103. 
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of A site cations on the oxide ion conductivity and its apparent activation energy 
in Lno.9Cao.lA103. It is clear that the ionic radii of A site cations, dictating the 
size of the triangular space, have a strong affect on the mobility of oxide ions. 
Oxide ion conductivity and activation energy increase and decrease respectively 
with increasing ionic radius, and PrA103 exhibits the highest conductivity 
among the Al-based perovskites. These results suggest that enlargement of the 
size of the triangular space in the lattice can be used to increase the ionic 
conduction. From these results, higher ion conductivity is to be expected in 
perovskites with larger unit lattice dimensions [SO]. 

L - 
S%.9C%.IGa03 

1 ' 1  

4.6.2 LaCaOs Doped with Ca, Sr and Mg 

Arrhenius plots of the electrical conductivity [61] of Ca-doped LnGa03 (Ln = La, 
Pr, Nd, Sm) are shown in Figure 4.1 7. 

Figure4.17 Arrheniusplots oftheelectricalconductivity of Ca-doped LnGaOs (Ln = La, Pr,  Ed ,  Sm). 

The oxide ion conductivity strongly depends on the particular cation on the A 
site, and increases in the following order, Pr > La > Nd > Sm. Electrical 
conductivity of all Ga-based perovskites is almost independent of the oxygen partial 
pressure, indicating that oxide ion conduction is dominant in these materials. 

Doping with smaller valence cations generally causes oxygen vacancies to 
form in order to maintain electrical neutrality. Consequently, oxide ion 
conductivity increases. This is illustrated in Figure 4.18 which shows the effect 
of replacing La with various other cations [62]. 

Electrical conductivity depends strongly on the particular alkaline earth 
cation doped onto the La site and increases in the order Sr > Ba > Ca. Therefore 
strontium appears to be the most suitable dopant for LaGa03. Theoretically, 
increasing the amount of Sr increases the number of oxygen vacancies and oxide 
ion conductivity should therefore increase. However, the solid solubility of Sr on 
the La site of LaGa03 is low and the secondary phases, SrGa03 or La4Sr07 , form 
when Sr i s  higher than 10 mol%. Thus there is only a limited gain in conductivity 
from increasing the dopant level. 
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Oxygen vacancies can also be formed by doping an aliovalent cation into the 
Ga site in addition to the La site. Doping Mg into the Ga site increases 
conductivity substantially. The oxide ion conductivity attains a maximum at 20 
mol% Mg doped on the Ga site. The lattice parameter also increases by doping Mg 
onto the Ga site, the ionic radius of Mg being larger than that of Ga. The solid 
solubility of Sr in the LaGa03 lattice is around 10 mol% without Mg; however, it 
increases up to 20 mol% with Mg on the Ga site. Such increase in Sr solid 
solubility, brought about by the enlarged crystal lattice, has also been reported 
by Majewski et al. [63]. It is now confirmed [64] that the highest oxide ion 
conductivity in LaGaO3 based oxides is obtained with the composition 

Since the initial work [62], LaGa03 based electrolytes have been studied by 
various groups and the various cation dopants have been investigated [65]. 
P. N. Huang et al. [66] reported the highest oxide ion conductivity at the 
composition Lao.8Sro.zGao.8sMgo.~~03. On the other hand, I<. Huang e t  al. [67] 
reported the highest conductivity of 0.17 S/cm at Sr = 0.2, Mg = 0.17. The 
composition at the highest ionic conductivity found by the three groups [64, 66, 
671 was betweeny = 0.15 and 0.2 inLao.8Sro.2Gal_,Mg,03. 

The oxide ion conductivity of Sr and Mg doped LaGa03 is higher than that of 
typical YSZ or ceria based materials and somewhat lower than Bi203-based 
oxides. However, electronic conduction and thermal instability are problems for 
Bi based electrolytes. Doubly doped LaGa03 formulations are very promising 
electrolytes for SOFCs in terms of ionic conductivity. 

However, to complicate matters, formation of a secondary phase is always 
observed by X-ray diffraction analysis of doubly doped LaGa03. Although the 
crystal structure of such a secondary phase is not confirmed, it appears to be 
LaSrGa04. Some additional phases such as LaSrGa307 have also been reported. 

La0.8Sr0.2Ga0.8Mg0.203 (LSGM). 
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Majewski et al. [63] and Hrovat et al. [68] have investigated the phase diagram 
in the system La203-Sr0-Mg0-Ga203 at 1623-1673 K in air. Figure 4.19 
shows the phase diagram in the plane LaGa03-SrGa03-LaMg03. The system 
La203-Sr0-Mg0-Ga203 exhibits complex phase relations. Compared to the 
ternary La203-Sr0-Ga203 system, the combined solid solubility of Sr and Mg in 
LaGa03 is significantly enhanced in the quaternary La203-Sr0-Mg0-Ga203 
system. In order to obtain a single phase LSGM, great attention is required in its 
preparation. Huang et al. have investigated the synthesis 0 f L a ~ . ~ S r ~ . ~ G a ~ . ~ M g ~ . ~ 0 ~  
by the alkoxide method [69] and reported that almost single phase LSGM can be 
obtained at a temperature as low as 12  70°C by this method. 

LaGaO, L - + I  

LaGaO,+LaSrGaO, 
+LaSffia,O,+MgO ____ \ n 1 I LaMgO,, ..___ 

Figure 4.1 9 Contour plots of the conductivity at 1073 Kin LaGaOs doped with Sr and Mg for La and Ga 
site. respectively. 

Drennan et al. [70] and Du et al. [71] have investigated the oxide ion 
conductivity and the mechanical strength of LaGa03 based electrolytes. 
They pointed out that this LaGa03 material is slightly weaker in bending 
strength compared to YSZ. Mechanical property measurements for 
Lao.9Sro.lGao.8Mgo,203 at room temperature and at 11 73 K give average 
strengths of 162  f 1 4  MPa and 55 f 11 MPa, respectively, which are similar to 
strengths of Ce02-based electrolytes [70]. Creep resistance of LSGM has been 
reported [72] as being worse than that of YSZ. As a result, additives such as 
A1203, which do not decrease the electrical conductivity, have been added to 
improve the mechanical properties of LSGM for application as electrolyte in 
practical SOFCs. Yasuda et al. [73] reported that the mechanical strength ofLSGM 
is greatly improved by adding A1203 at  around 2 wt%. Effects of the additives on 
mechanical strength have also been investigated by Yamada et al. [74]. 

Hole and electron conduction (minor carrier) and transport number of oxide 
ions in LaGa03-based oxides have been reported by Baker et al. [75], Yamaji et al. 
[76] and Kim et al. [77] based on the polarisation method. Figure 4.20 shows the 
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Yokokawa et al. estimated the electrolyte efficiency of LSGM used as the 
electrolyte in an SOFC [78]. Electrolyte efficiency was given by a function of fuel 
utilisation and internal resistance [ 761. When the thickness of the electrolyte was 
too small, chemical leakage of oxygen due to the electronic conduction became 
significant and the extra fuel consumption resulted in decreased electrolyte 
efficiency. On the other hand, with increasing thickness of electrolyte, internal 
resistance of the cell increased also resulting in decreased electrolyte efficiency. 
Consequently, an optimum thickness exists for each electrolyte material at a given 
temperature and current density. For example YSZ operating at 700°C has an 
optimum thickness of about 10 pm. The benefit of LSGM is that its highest 
efficiency with a thickness near 5 pm is achieved around 450°C. Thus LSGM 
appears to be the best electrolyte discovered so far to operate at low temperatures. 

Several groups have investigated the electrochemical performance of cells 
with LSGM electrolyte. Figure 4.22 shows the temperature dependence of the 
maximum power density and the open circuit voltage (OCV) of a cell with 
Smo.5Sro.5C003 cathode and Ni anode [79]. The OCV increased with decreasing 
temperature and was in good agreement with theoretical values estimated from 
the Nernst equation. The maximum power density was greater than 1.0 W/cm2 
at 1000°C and about 0.1 W/cm2 at 600°C with 0.5 mm thick LSGM electrolyte. 
in other investigatfons with LaGaQ3 based electrolyte [80-821 similar large 
power densities have been reported at intermediate temperatures with 
Lao~6Sro.4C003 cathode and Ni-CeOl doped with La cermet anode. 

H,-3vol%H~O,Ni/Lao,~Sro~,Gao,~Mgo~~O~~Smo~~Sr~,~CoO~, 0, 
1.5 

Operating temperature /K 

Figure 4.22 Temperature dependence of the maximum power density nnd the open circuit potential of the 
cell using LSGMfar electroIyte. 

Reactivity of LaGa03 with electrode materials has also been investigated 
[81,82]. Platinum seems to be easily reacted with gallium oxide to reduce Ga3+ 
to Ga2+ which is volatile. As for the stability of LaGa03-based electrolyte under 
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reducing conditions, Yamaji et al. [83] found by SIMS analysis that the Ga 
content decreased at the surface of LSGM owing to the high vapour pressure of 
GaO. However, the vapour pressure of GaO decreases exponentially with 
decreasing temperature and is negligible at 600°C. Therefore, evaporation of 
GaO does not appear to be a problem when LSGM is used as an electrolyte in 
SOPCs at intermediate temperatures. 

Hayashi et  al. [84] and Ishihara et al. [79] investigated thermal expansion of 
LSGM and showed that it increases with increasing dopant content. The 
estimated average thermal expansion coefficient was around 11.5 x 10-6/1< in 
the temperature range from room temperature to 1000°C. This is slightly larger 
than that of YSZ but slightly smaller than that of than CGO. 

The diffusivity of oxide ions in LSGM was studied with l80 tracer diffusion 
measurements [85]. LSGM exhibits a large diffusion coefficient because of the 
larger mobility of oxide ions compared to that in the fluorite structured oxides 
(Table 4.4). The perovskite structure has a large free volume in its lattice and this 
gives a high diffusivity of oxide ions, resulting in high conductivity. 

Table 4.4 
1073 I< [85] 

Comparison of mobility of oxide ion in selected fluorite and LSGM oxides at 

Dt(cm2/s) E,(eV) 6 [Vi] ( ~ r n - ~ )  D (cm2/s) p (cm2/Vs) 

Zro.s1Yo.190z 6.2 x 1.0 0.10 2.95 x 10’’ 1.31 x 1.41 x 10-j 
Zro.8j8Cao.14202 7.54 x 1.53 0.142 4.19 x 1021 1.06 x 1.15 x 
Zro.s5Cao.1502 1.87 x lo-* 1.22 0.15 4.43 x lo2’ 2.49 x 2.69 x 
Ce0.9Gd0.102 2.70 x lo-* 0.9 0.05 1.26 x lo2’ 1.08 x 1.17 x 
LSGM(9182) 3.24 x lo-’ 0.74 0.15 2.52 x 1021 6.40 x 6.93 x 
LSGM( 8 2 82) 4.13 x lo-’ 0.63 0.20 3.34 x loz1 6.12 x 6.62 x 

D,, tracer diffusion coefficient; E,, activation energy; 6, oxygen deficiency; [VO], oxygen vacancy 
concentration; D, self-diffusion coefficient; p, mobility. 

4.63 LaGaO, Doped with Transition Elements 

LSGM has been modified by doping in several ways. Kim et al. [86] investigated 
the effects of Ba and Mg doping rather than Sr and Mg. These gave similar 
conductivities. Larger effects were observed when transition metals such as Co 
were used at levels below 10 mol% 1871. Baker et al. [75] investigated the effects 
of Cr and Fe on the oxide ion conductivity of LaGa03. Doping Cr or Fe on the Ga 
site induced hole conduction in the LaGa03, resulting in decreased stability 
against reduction. On the other hand, Ishihara et aI. [8 71 found that doping with 
small amounts of transition metals, particularly Co or Ni, increased the oxide ion 
conductivity in LSGM. 

Figure 4.23 shows an Arrhenius plot of electrical conductivities for LaGa03 
doped with various transition metal cations on the Ga site. The conductivity 
increased by doping with Co, Ni and Fe, and decreases by doping with Cu 
and Mn. n-Type conduction is greatly enhanced by doping with Mn and Ni, and 
p-type conduction is increased by doping with Cu. Kharton e t  al. [88] also found 



Electrolytes 10 5 

a $ 
Ofi 

'3 
3 

0.7 0.9 1.1 1.3 

lOOO/T /K-l 

Figure 4.23 Arrhenius plots of electrical conductivity of the LaGa03-based oxide doped with some 
transitionmetalcations for Gasite. 

- 

that in LaGao.sMgo.203, doping with Mn and Cr decreases the oxide ion 
conductivity, even though the amount of doped transition metal was much 
larger, 40 mol% on the Ga site. Effects of other transition metal doping have also 
been reported [89,90] but Co is the most interesting dopant found up to now for 
SOFC electrolytes. 

Figure 4.24 shows the OCV and the maximum power density at 800°C as a 
function of Co content in a ceII with LSGM electrolyte [91]. The OCV decreased 
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x in w ' a r ~ ~ ~ & c x c o x o ,  

Figure 4.24 Open circuit potential QS well as the maximum power density at 1073 K as a function of Co 
content i n L ~ G a 0 3  electrolyte (0.5 mm thickness). ( ~ ~ i a n d S m o . s S r ~ . ~ C o 0 3  are usedaselectrodes.) 



106 High Temperature SoZid Oxide Fuel Cells: Fundamentals, Design and Applications 

monotonically with increasing content of Co. In particular, the OCV drop was 
significant for Co concentrations above 10 mol%. This was caused by the onset of 
hole conduction. But power density increased with Co concentration and 
attained a maximum value at 8.5 mol% Co. This was explained by the improved 
ionic conductivity of the doped electrolyte. However, current leakage became 
dominant at higher Co levels. When the electrolyte thickness was reduced, the 
power density further increased and at 180 pm thickness the maximum power 
density was 1.58 W/cm2 at 800°C and 0.5 W/cm2 at 600°C. Larger cells of 150 
mm diameter using La~.~Sro.2Gao.sMgo.15C00.0~03 electrolyte have also been 
investigated recently 11921. 

4.7 Oxides with Other Structures 

4.7.1 Brownmillerites (e.g. BazlnzOd 

Anther perovskite-related structure, which is interesting from the viewpoint of 
oxide ion conduction, is brownmillerite with a general formula of A2B’B1‘05 or 
A2B205. This structure can be viewed as a perovskite with oxygen vacancies 
ordered along the [ l o l l  direction in alternate layers. Such vacancy ordering 
results in an increased unit cell relative to the perovskite. In other words, Iattice 
parameters of the a and c axis of the ideal brownmillerite oxide are larger than 
those of the ideal perovskite oxide by 2 and the b axis of brownmillerite is the 
same as that of perovskite. In some cases the oxygen vacancies do not order, 
which results in a perovskite structure with a statistical distribution of oxygen 
vacancies on the oxygen sites. Therefore, high oxide ion conductivity is also 
expected in brownmillerites. 

Goodenough et al. [93] have reported the high oxide ion conductivity in 
several brownmillerite oxides. A listing [94] is given in Table 4.5. All these 
brownmillerites exhibit oxide ion conductivity and the conductivities are rather 

Table 4.5 Oxide ion conductivity for selected brownmillerite compounds [94] 

Compound T ( g )  o(S/cm) Compound T(K) o(s /cm)  

Ba21n205 973 5x10-3 Ba31n2Hf08 673 1.0~10-3 
1223 1 x 1 0 - I  Sr31n2Hf08 973 1x10-4  

BaZr03 973 1x10-6  Ba3SczZrOs 973 7x10-3 
BaZr0.5In0.~02.7~ 973 1x10-2  Ba2GdIno.8Gao.205 873 5 x low3 
Ba3h2ZrOg 973 5 ~ 1 0 - ~  Ba2GdIno.6Gao,405 873 5 x 
Ba3In1.7Zrl ,308.15 973 5x10-2  Ca2Cr205 973 ~ x I O - ~  
Ba2In1.33Zr0.6705.33 973 1x10-3 Sr2ScAI05 973 1x10-5  
Ba21nl.7~Ceo.250j.125 973 9 x Sr~Sc1.3A10.705 973 1x10-3 

Ba31n2ZrOs 673 6.8 x SrzSco.sYo.2A105 973 1x10-4  
Ba&&Og 673 1.5 x Srl.8Bao,2ScA10j 973 1x10-4 

1223 6 ~ 1 0 - ~  Sr2S~A10.8Mg0.204.9 973 5 x 
BasIn2TiOs 973 7x10-4 Sr2SCA10.gZn0.204.9 973 2 x 
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high compared with those of fI uorite-structured oxides. Among these, Ba21n205 
is attracting much interest from the viewpoint of SOFC electrolyte. 

Figure 4.2 5 shows a comparison of oxide ion conductivities in Ba21n20S and 
Ce-doped Ba&1~0~ in an Arrhenius plot. The PO2 dependence of Ba21n205 
suggests that hole conduction is dominant in this oxide at PO2 higher than 
atm whereas oxide ion conductivity becomes dominant with decreasing PO2. 
Ba21n205 was characterised by a large jump in conductivity around 900°C. This 
can be explained by an order/disorder transition of the oxygen vacancy 
structure, namely, from oxygen vacancy ordered brownmillerite to oxygen- 
disordered pseudo-perovskite. A similar jump has been observed in Bi2O3 
electrolytes. Oxide ion conductivity in Ba21n20 is comparable with that of YSZ 
at temperatures above 900°C. 
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Figure 4.25 Arrheniusplots of the oxide ion conductivity in Ba21n205 and Ce-doped Ba21n205. 

In an attempt to eliminate this order/disorder transition and to stabilise the 
structure down to lower temperatures, the effects of dopants on Ba21n20j have 
been studied by several groups. For example, Figure 4.26 shows the temperature 
dependence of the conductivity of Ce-doped Ba21n205. The large jump around 
900°C was suppressed by doping with Ce, but the conductivity at high 
temperature was reduced. Attempts to stabilise the disordered phase at lower 
temperatures by selective doping of A and/or B sites have met with some success 
and rather high oxide ion conductivity has been observed in some phases as 
shown by Kendall et al. [94]. For Ba21n205, La doping on the Ba site is the most 
promising for increasing oxide ion conductivity. The Arrhenius plots [9 51 of the 
ionic conductivity in (Bal..xLax)21n205 indicate an effect similar to Ce doping, 
the jump in the Arrhenius plots shifting to lower temperature with increasing 
amount of La and disappearing around x = 0.2. Since the amount of lattice 
oxygen decreases with increasing La, the oxygen disorder structure may be 
stabilised by doping with La. The electrical conductivity at high temperatures 
further increases by doping La on the Ba site. The highest ion conductivity is 
achieved at x = 0.6 in this system and this conductivity is higher than that of 
8 mol% Y203-stabilised Zr02. 
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Figure4.26 Arrheniusplotsof the conductivity in (Bal-,CeX),ln2O5. 

The simulations of Fisher e t  al. [96] on the defect energies of Ba21n205 by 
atomic modelling techniques show that oxygen Frenkel pairs are the dominant 
intrinsic defects in the low-temperature phase, with a preference for oxide ion 
diffusion via these defects in the [ O O l ]  direction. BazIn20j is also predicted to be 
more stable against reduction than oxidation, with reduction involving removal 
of oxygen from octahedral layers and oxidation involving insertion of oxide ions 
into the interstitial sites. On the other hand, simulations suggest that this oxide 
exhibits proton conductivity. In fact, Zhang et al. [97] and Schober et al. [98] 
reported that Ba21n205 exhibits proton conduction at temperatures lower than 
400°C. The proton conduction in this oxide has been confirmed by several 
groups showing that proton conduction occurs in the crystal phase of 
Ea2In2O5.H20. 

4.7.2 Non-cubic Oxides 

To a large degree, the known fast ion conductors possess either cubic or pseudo- 
cubic crystal lattice structures; even lanthanum gallate and barium indiate are 
not exceptions because they are pseudo-cubic. Therefore, it is generally believed 
that the high symmetry in the lattice is an essential requirement for fast ion 
conduction. So far there have been no reports in the literature for a notable oxide 
ion conductivity in non-cubic oxides. Among few exceptions, the oxide ion 
conductivity in hexagonal apatites, LaloSi6027 and Nd10Si602,, reported by 
Nakayamaetal. [99,100] isinteresting. 

Figure 4.27 shows a comparison of oxide ion conductivity in LaloSi6027 with 
that of doped bismuth oxide and YSZ. The electrical conductivity of this oxide at 
temperatures higher than 600°C is not high compared to that of YSZ. However, 
at lower temperatures, L a l & , 0 2  exhibits higher oxide ion conductivity than 
that of conventional oxide ion conductors. Sansom et al. [ lo l l  studied the 
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Figure 4.27 Comparison of the oxide ion conductivity in La10Si6027 and Xd~oSi60~~-based oxide with 
conventional oxide ion conductors. 

relationship between crystal structure and oxide ion conductivity in this oxide. 
The refined crystal structure of LalOSi6OZ6 belongs to the hexagonal space group 
P-3 (no. 147), with a = b = 972.48 pm, c = 718.95 pm. This suggests that the 
LalOSi6Oz6 has a unique oxygen channelIing structure, such that the high 
oxygen conductivity could be assigned to disorder of these channel sites [ lo l l .  
On the other hand, bismuth-based oxide, so called BIMEVOX, has also been 
reported as a high oxide ion conductor with non-cubic structure, but only in a 
limited PO2 range [ 1021 of limited interest to SOFCs. 

La-deficient La2GeOj also exhibits fast oxide ion conductivity over a wide 
range of oxygen partial pressures [103]. La2Ge05 has the monoclinic crystal 
structure with P21/c space group. It consists of two types of oxygen; one is 
covalently bonded to Ge to form a Ge04 tetragonal unit and the other is bridged 
between La and Ge04. Considering the strength of the chemical bonds in each 
case, the bridged oxygen is most likely to be the mobile site. The conductivity 
increases with La deficiency and the maximum value is attained at x = 0.39 in 
La2-,GeOs-~. The oxide ion transport number in LaZGeO5 was estimated to be 
unity from Hz-O2 and Nz-02 gas concentration cell measurements. The 
comparison shown in Figure 4.28 clearly reveals that the oxide ion conductivity 
of Lal,61Ge05-s is much higher than that of Y203-stabilised Zr02 and almost the 
same as that of Gdo.lsCe0.as02 or Lao.9Sr0.1Gao.8Mgo.20~ at temperatures above 
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P,=10-5 atm 

700°C. However, at low temperatures, the oxide ion conductivity of 
Lal.61Ge05-8 becomes much smaller because of the change in activation 
energy. This can be explained by the order-disorder transition in oxygen vacancy 
structure. Such a high value of electrical conductivity at these temperatures 
makes Lal.61Ge05-h attractive for consideration as an SOFC electrolyte. 

4.8 Proton-Conducting Oxides 
Proton-conducting oxides are also possible electrolytes for intermediate 
temperature SOFCs. In this section, high-temperature proton-conduction in 
perovskites is briefly examined. Since the proton is the smallest positive ion, its 
mobility is high and good ionic conductivity may be obtained at low temperature 
in certain materials. Proton conductivity in oxide electrolytes at  high 
temperatures was first found by Iwahara et al. using BaCe03-based compositions 
[104], with high conductivity obtained by doping BaCeOs with rare earth 
cations on the Ce sites. However, proton conductivity in doped BaCe03 is still 
smaller than oxide ion conductivity in LaGa03 or Sm-doped Ce02 and the 
chemical stability of BaCe03 formulations, particularly in C 0 2 ,  is poor. 

Mother compounds like SrCe03 or BaCeOs are not good conductors in 
themselves. However, after doping with aliovalent cations, mainly rare earth 
cations such as Y or Yb, electron hole conductivity appears. For example, 
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electronic hole conductivity of SrCe0.95Yb0.0503 in dry air is 0.01 S/cm at 800°C. 
When this oxide is exposed to humidified air, protons as charge carriers are 
generated in the lattice by the following reaction 

H2 + 2h' = 2H' 

and the electrical conductivity is increased due to proton conduction. The 
conductivity of SrCe0.95Yb0.0503 in humidified atmospheres was around 
0.002 S/cm. Figure 4.29 shows the comparison ofproton conductivity in selected 
perovskites [ 1051. In general, proton conduction increased in the order BaCe03 > 
SlrCe03 > SrZr0, > CaZrO,. On the other hand, chemical stability deteriorated 
in the opposite order, SrZr03 exhibiting the highest stability. Consequently, for 
fuel cell application, SrZrO, would appear to be the most stable option. 
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Figure 4.29 Comparison ofgroton conduction inperovskite oxides. 

EaTh03 and BaTb03 doped with Gd are also reported as possible proton- 
conducting electrolytes for intermediate temperature SOFCs [106, 1071. 
Samrnells e t  al. reported that BaTho.gGao,103, Sr2Gd20s, and Sr2Dy205 were 
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possible fast proton conductors [ 1081. Although detailed measurements of 
proton conduction in these oxides have not been reported, proton conductivity 
up to 8.7 x S/cm at 550°C has been estimated from the electrical resistance 
in power density curves. But improvement of chemical stability is 
the key requirement for application of all proton-conducting ceramics as 
SOFC electrolytes. 

4.9 Summary 
During the past decades, many oxide formulations have been extensively 
examined in the search for candidate SOFC electrolyte materials. Zirconia-based 
compositions are still the best electrolytes at present owing to their good stability 
under reducing atmospheres, low electronic conductivity, and acceptabIe oxide 
ion conductivity above 800°C. The recent trend of SOFC development is to 
operate at lower temperatures. The lowest operation temperature limit of the 
cell, for thin YSZ electrolytes, is estimated to be about 700°C from YSZ 
conductivity and mechanical property data. Scandia-doped zirconia, which 
shows a higher conductivity than that of YSZ, could be preferred at temperatures 
below 700°C, if the cost of scandia was acceptable. 

Ceria-based electrolytes could be used at 5 50°C or less. To operate at higher 
temperatures, a dual layer electrolyte, with a thin YSZ layer on CGO, has been 
proposed to avoid the electronic current leakage. The interdiffusion issues at the 
interface are important in this case for long-life electrolytes. 

Another possibility is to use perovskite compositions. The most promising 
candidate at this time is LaGa03 doped with Sr and Mg. Other possible 
perovskites are Baz In205 doped with Ce or La. Other ionic conducting oxides 
have also been found including Lal&,026 composition. Proton conductors such 
as SrCe03, SrZr03 or BaCe03 doped with Y or Yb may also be effective 
electrolytes, but reaction with C02 has to be resolved first. 
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Chapter 5 

Cathodes 

Harumi Yokokawa and Teruhisa Horita 

5.1 Introduction 

Cathodes for solid oxide fuel cells (SOFCs) have to possess many properties 
including high electrical conductivity, high catalytic activity for oxygen 
reduction, and compatibility with other cell components. In the earliest stages of 
SOFC development, platinum was used as cathode since other appropriate 
materials were not available. However, platinum is expensive and its use in 
cost-effective commercial SOFCs for power generation is not practical. Less 
expensive perovskites [ l ]  also possess the required properties and have 
consequently attracted much interest. In 1969, LaCo03 was tested by Tedmon 
et al. [2] and its initial performance in cells was good. However, severe 
degradation occurred with increasing time of operation due to reactions with 
yttria-stabilised zirconia (YSZ) electrolyte. Investigations on cathodes then 
rnoved to lanthanum manganite (LaMn03)-based materials. Although degradation 
of lanthanum manganite cathodes was not as severe, some potential reactions 
vvith YSZ, particularly at higher cell fabrication temperatures, were recognised [3]. 

Success of the seal-less tubular cells with electrolyte fabricated using 
electrochemical vapour deposition method [4] stimulated investigations of 
fabricating SOFC components by a more cost-effective slurry/sintering process 
[ 51. To utilise this process successfully, any chemical interactions between 
cathode and YSZ electroIyte had to be avoided during cell fabrication without 
sacrificing cathode performance. For this purpose, the reactivity of lanthanum 
manganites with YSZ was investigated using thermodynamic considerations [ 6 ] ,  
and to avoid La2Zr207 formation, A-site (La)-deficient LaMn03 was proposed for 
the cathode. Its use inhibited La2Zr207 formation and resulted in better cathode 
performance, as confirmed by Dokiya et al. [ 71 on test cells and by Ipponmatsu et 
aI. [8] on tubular cells in a 1 kW system. Aizawa et al. [9] also used the A-site 
deficient lanthanum manganite cathode to fabricate tubular cells by a wet 
slurry/sintering process and achieved about the same cell performance as cells 
fabricated by using electrochemical vapour deposition for the YSZ electrolyte [4]. 
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For intermediate temperature SOFCs, a composite cathode consisting of 
strontium-doped lanthanum manganite (LSM) and YSZ has shown good 
performance [ 101. For use with ceria-based electrolytes [ l l ] ,  a (La,Sr)(Co,Fe)03 
(LSCF)-based cathode has been developed [ 121. 

In this chapter, the physical and physicochemical properties of perovskites 
which are important in understanding electrochemical performance are given in 
detail, emphasising the effect of valence stability on oxygen nonstoichiometry, 
crystal structure, electrical conductivity, thermal expansion and chemical 
reactivity with YSZ electrolyte. Then, practical aspects of the lanthanum 
manganite cathodes are described with a focus on how to avoid La2Zr207 
formation. Cathodes for the intermediate temperature SOFCs are discussed in 
relation to the conventional LaMn03-based cathodes. Compatibility of cathode 
materials with oxide ceramic interconnects and metallic interconnects is also 
examined with emphasis on Cr poisoning. Finally, the fabrication methods for 
cathodes are briefly described. 

5.2 Physical and Physicochemical Properties of Perovskite 
Cathode Materials 

5.2.1 Lattice Structure, Oxygen Nonstoichiometry, and Valence Stability 

The lattice structure of perovskites, AB03,  is shown in Figure 5.1. This oxide 
consists of three elements, namely the large cations, A"+, the small cations, 

A site cation 

B site cation 

Oxygen 

Figure 5 .1  Schematic representation oflattice structure ofperovskite, A B 0  3. 

B(6-")+, and the oxide ions, 02-, where n is the positive charge on the A ions. 
Cations B(6-")+ are surrounded by 6 oxide ions, whereas cations A"+ have 1 2  
oxide ion coordinates: the sites with 1 2  coordinates are often called the A sites, 
and the sites with 6 coordinates the B sites. The geometrical fitting of cations and 
anions to this structure is measured with the Goldschmidt tolerance factor 
defined as follows: 



Cathodes 121  

where rA, rB. and ro are the effective ionic radii of A, B, and 0 ions, respectively. 
Usually, this factor is evaluated from Shannon's ionic radii [ 131 for respective 

coordination numbers. When the tolerance factor is near unity, the structure is 
the ideal cubic one. In other cases, orthorhombic or rhombohedral distortions 
appear. 

Undoped stoichiometric LaMnOs shows orthorhombic structure at 2 5°C and 
rhombohedral above 600°C [14]. The crystallographic transformation 
temperature strongly depends on the oxygen stoichiometry, and hence on the 
mean manganese valence. With increasing oxygen content, the transformation 
temperature decreases rapidly. Substitution of La with lower valence cations 
(such as Sr2+ and Ca2+) or A-site deficiency increases the concentration of 
Mn4' in the LaMn03 lattice. This eventually decreases the transformation 
temperature. Although the cubic structure does not appear in pure LaMn03, it 
appears around 1000°C in (Lao.7Sro.3)Mn03. 

The most interesting features of LaMn03-based perovslrites are their oxygen 
nonstoichiometry and related defect structure [15-241; that is, in addition to the 
oxygen deficient region, the 'oxygen-excess' region [ 151 appears as illustrated in 
Figure 5.2a. Figures 5.2b-d show oxygen contents of Lal-,Mn03 and 
Lal-xSrxMn03 as a function of oxygen partial pressure [15]. For Lal-,MnO3 
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Figure 5.2 Oxygen nonstoichiometry of LaMn03 as a function of oxygen partial pressure 1151. ( a )  
Schematic representation of oxygen nonstoichiometry. (b )  Oxygen content of L U M ~ O ~ ? ~ .  (c) Oxygen content 

0 f L a ~ . ~ S r ~ . ~ M n 0 ~ + ~ .  (a) Oxygen content 0 f L a ~ . ~ S r ~ . ~ M n 0 ~ + ~ .  
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and x < 0.4 in Lal-,Sr,Mn03, the oxygen content exhibits two plateaus in 
its oxygen potential dependence; one is around the oxygen-excess ( 3  + d) at high 
oxygen partial pressures (Region I in Figure 5.2a), the other being the 
stoichiometric one (around 3 ,  Region 111 in Figure 5.2a) at the lower oxygen 
partial pressures. Particular interest has focused on the oxygen-excess region 
because the perovskite lattice does not allow interstitial oxygen and therefore it 
is a challenge in defect chemistry to explain the ‘oxygen excess’ region. 

Many attempts have been made to take into account the thermogravimetric 
results by considering the formation of metal vacancies in the A- and the B-sites. 
Sometimes, the ‘oxygen excess’ can be discussed together with the A-site 
deficiency in the structure, because there is an expectation that the metal 
vacancies can be easily formed on the A sites compared with the B sites. The 
validity of defect models is usually checked by examining the reproducibility of 
thermogravimetric results. Here, however, care must be taken; good 
reproducibility does not necessarily mean that the adopted defect mode1 is 
appropriate. For example, RoosmaIen and Cordfunke [ 1 7-20] tried to interpret 
the defect structure of the oxygen-excess composition by the following 
assumptions: [Mnh,] (=[Mn4’]) is constant independent of the Sr content, and 
oxygen nonstoichiometry and oxygen incorporation in the oxygen-excess region 
involves the oxidation of Mn,,(= &In2+) to Mn&,(=Mn3+): 

3 
- 0 2  + 6MnM, - LaMnOs + vLa + V;,, + 6Mn&, 2 

Results of their calculations can reproduce the thermogravimetric results 
fairly well. However, their assumption that [MI&,] (=[Mn4+]) is constant may 
not be accurate. Their assumption implies that with decreasing oxygen 
potential, the concentration of Mn3+ becomes lower than that of Mn4+. This does 
not happen in a system in which equilibration proceeds reasonably. This is 
therefore due to their inappropriate consideration of possible reactions among 
defects. Recently, rapid progress has been made in computer calculations so that 
complicated chemical equilibria calculations can be made without difficulty. In 
fact, Yokokawa et al. [25] made an attempt to explain the oxygen 
nonstoichiometry of Lal-,Mn03-d with different lanthanum deficits as a 
function of oxygen potential and succeeded in reproducing those 
thermogravimetric results by a single model. The concentrations of the 
respective manganese ions derived from this model show a reasonable oxygen 
potential dependence as expected in accordance with normal chemical 
understanding. Recently, Mizusaki et al. [15] have proposed a defect clustering 
model to explain the fact that the oxygen excess region disappears for x > 0.4 in 
Lal-,SrXMn03+d. In addition to metal vacancies, they propose a ‘vacancy 
excluding space’ that is needed for each cation vacancy to exist stably without 
having the vacancy in its neighbouring space: for the metal vacancy (V:a), this 
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space covers the space of nine unit cells, while for the SI-,,, it covers three unit 
cells. The maximum oxygen excess can be determined from the maximum 
number of vacancy excluding spaces available in the lattice. For x > 0.4, there is 
no room for the vacancy excluding space around the metal vacancies and this 
model can provide a good explanation for the disappearance of the oxygen 
excess. However, even in Mizusaki's model, the inappropriate assumption of 
constant [Mn;,](=[Mn4+]) was not corrected. 

With decreasing oxygen partial pressure, Lal-,Sr,Mn03+d oxides become 
stoichiometric as shown in the second plateau in Figure 5.2a. Even in the lower 
oxygen partial pressure region (region IV in Figure 5.2a), these oxides show 
deficiency from the stoichiometric composition, and oxygen vacancies are 
formed. According to Mizusaki [15], the formation of oxygen vacancies can be 
represented as: 

1 
2 2Mnfvz, + 0; = 2Mn&, + V; + -02 (4) 

Here again the reduction from Mn4+ to Mn2+ appears to be improper. 

5.2.2 Electrical Conductivity 

LaMn03-based perovskites exhibit intrinsic p-type conductivity due to changes 
in the Mn valence. The electrical conductivity of these materials is greater than 
10 S cm-l at 700°C. The electrical conductivity is enhanced by replacing La3+ 
with lower valence cations (such as Ca2+, Sr2+) or doping with other cations 
(Mg2+, Co3+, etc.) for application as a cathode material [21-23,261. 

In particular, calcium and strontium doping of LaMnOs has been examined to 
improve its electrical conductivity because such doped materials have high 
electrical conductivity as well as thermal expansion and chemical properties 
compatible with other SOFC component materials. When a La3+ ion is replaced 
by a Sr2+ ion, an electric hole is formed on the Mn3+ site to maintain 
electroneutrality and this leads to an increase in electrical conductivity: 

LaMn03 '5' L a ~ f x S ~ M n ~ f , M n ~ 0 3  (5) 

Figure 5.3 shows temperature dependence of the electrical conductivity [2 61. 
Straight lines in this plot suggest the smalI polaron hopping conduction, which is 
generally expressed as follows: 

crT = (crT)"exp - - = A - c ( l  - c)exp -- ( :) (hKvo) ( f;) 
where (oT)" and E, are the pre-exponential constant and the activation energy, 
respectively. A constant, c, is the carrier occupancy on the sites and therefore 
c( 1 - c) indicates the probability of hopping from the carrier occupied site to the 
unoccupied sites. 
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Figure 5.3 Electrical conductivity of Sr-doped LaMnO3+d as a function of inverse temperature 1261. 

The electronic band structure has been employed to explain the relationship 
between hopping conduction and Mn mean valence. In the oxygen-excess 
Lal-,Sr,Mn03+d (d > 0), the conductivity is about the same as that of the 
material with stoichiometric oxygen content, d = 0. In the oxygen-deficient 
Lal-,Sr,Mn03+d (d < 0), the conductivity is essentially determined by the mean 
Mn valence and temperature. The predominant electrical conduction was found 
to take place by the electron hopping on the egT level of Mn [26]. 

Any A-site deficiency from the stoichiometric composition (Lal-,Mn03+d, 
0 < x < 0.1) also affects the conductivity. According to Mizusaki et aI. 1271, 
La-deficient LaMn03 exhibits lower electrical conductivity. Figure 5.4 shows 
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Figure 5.4 Nonstoichiometry, electrical conductivity, and Seebeck coefficient of L u ~ - , M ~ O ~ + ~  (x = 0, 
0.05.0.1) asafunctionofoxygenpartialpressure[27]. 
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nonstoichiometry, electrical conductivity, and Seebeck coefficient of 
Lal-,MnOs+d (x = 0, 0.05, 0.1) as a function of oxygen partial pressure. In the 
oxygen excess region, the conductivity (a) and the Seebeck coefficient (0) are 
essentially constant irrespective of oxygen content or metal vacancies. 
Therefore, the concentration of carrier in the oxygen-excess region is about the 
same as that in the stoichiometric composition, LaMn03. In the oxygen-deficient 
region, the conductivity decreases and the Seebeck coefficient increases with 
decreasing oxygen partial pressure. This suggests that the carrier concentration 
decreases with oxygen partial pressure. The decrease in conductivity in the 
La-deficient LaMnOs is due to a decrease in the mobility of holes. 

5.2.3 Thermal Expansion 

To minimise stresses during cell fabrication and cell operation, thermal 
expansion of the cathode should be matched with other SOFC component 
materials, especially electrolyte and interconnect. The thermal expansion 
coefficient (TEC) of undoped LaMn03 is 11.2 f 0.3 x IC-l in the 
temperature range 35-1000°C [ 2 8 ] .  Table 5.1 summarises the TECs of undoped 
and dopedLaMn03 [28,29]. 

Table 5.1 Thermal expansion coefficients of several LaMn03-based perovskites [ZS,ZS] 

Composition Thermal expansion coefficient 
(10-6K-1) 

11.2 
11.7 
12.0 
12.4 
12.8 
12.5 
11 .2  
11.3  
11.8,12.0 
12.6 
10.6 
10.0 
10.5 
11.7 

In the slightly A-site-deficient LaMn03 (Lao.99Mn03), the TEC values are lower 
than in the stoichiometric composition. This is due to a crystal structure change 
caused by the A-site deficiency. With Sr doping in Lao,99Mn03, the TEC values 
increase with increase in the concentration of Sr. 

Recently, Mori et  al. [29] have observed a thermal expansion behaviour which 
exhibits some anomalous dependence on dopant concentration; that is, there is 
a minimum in TEC around a dopant concentration of 0.1-0.2. The reported 
minimum TEC values are about 10 x IC-1 and 11 x K-l for 
Lao,8Cao.2Mn03 and L a 0 . ~ S r ~ . ~ M n 0 ~ ,  respectively. They also observed a 
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hysteresis in thermal expansion curves caused by thermal cycling. It should be 
noted that their experiments were made on dense bars, while electrodes used in 
SOFCs are porous in which no geometrical change has been observed on thermal 
cycling. This is apparently due to a difference in the relaxation time for oxygen 
stoichiometry to reach a new equilibrium value on changing temperature 
between dense and porous samples. Particularly in the oxygen-excess region, 
longer time is required for equilibration. 

I C 1  which are 
too high compared to that of YSZ. Attempts have been made to reduce TEC by 
doping with Sr and other alkaline earth ions. 

LaCo03-based cathodes show TEC values of about 20 x 

5.2.4 Surface Reaction Rate and Oxide ion Conductivity 

Oxygen incorporation is a very important process for perovskite cathode 
materials because the oxygen stoichiometry can change during cell operation 
and also on thermal cycling. The oxygen incorporation rate and the oxygen 
flux through the materials can be characterised in terms of two parameters: 
the oxygen diffusion coefficient and the oxygen surface exchange coefficient. The 
l 6 0 / l 8 O  isotope exchange technique provides very meaningful data on these 
parameters [30-3 71. During l80 isotope annealing, the net isotope flux crossing 
a 02/solid surface is directly proportional to the difference in isotope fractions 
between the gas and the solid. This flux is equal to the l80 flux diffusing away 
from the surface into the solid. This leads to the following boundary condition: 

where D" and k" are the lSO diffusion coefficient and surface exchange 
coefficient, respectively. C, and C,  are the l80 fractions in the gas and at the 
surface, respectively. The solution for a semi-infinite medium with the above 
boundary condition has been given by Crank in the following equation [38]: 

X 

where C'(x,t) is the l80 fraction after being corrected for the natural isotope 
background level of l80 (Cb = 0.2%) and for the isotope enrichment of the gas 
(C, = 9 5 9 8 % ) ;  t is the corrected time of the isotope exchange, and h is a 
parameter, h=k*/D*. The labelled stable l80 isotope is analysed by secondary ion 
mass spectrometry (SIMS) in the diffusion profiles or in the secondary ion images. 
Kilner and co-workers have collected many k* and D* data for perovskites, and 
derived a correlation between these two parameters [30]. Figure 5.5  shows 
the relation between D" and k", a so-called h-plane plot. A linear regression of the 
(logarithmic) data gives a slope near 0.5. This correlation is valid over a wide 
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temperature range for various compositions of perovskite materials. Since these 
materials are electronically conducting, there are many mobile electrons. On 
oxygen incorporation, therefore, the concentration of oxide ion vacancies plays 
an important role both for surface oxygen exchange and oxide ion diffusion. 

10-16 10-12 1 0 8  10-4 

Diffusion Coefficient, D/cm' s-' 

Figure 5.5 Relationship between isotope oxggen diflmion coeflcient (D') and surface oxggen exchange 
rates (k-) (h-planeplots) for selectedperovskites [301. 

The measured diffusion coefficients and surface oxygen exchange coefficients 
for LaMn03 and selected other perovslcites are listed in Table 5.2 [33-3  71. The 
oxygen diffusion coefficients for LaMn03-based perovskites are scattered over 
one or two orders of magnitude, and the values range in the orders of to 
10-l' cm2 s-l at 1000°C at p(Oz) = 1 atm. These values for diffusivity are low 
compared with the values required for mixed conducting oxide cathodes. This 
implies that when doped LaMn03 is used for a cathode, oxygen will be 
transported through the gaseous phase or on the surface of the LaMn03 to the 
major electrochemical reaction sites at the electrolyte/cathode/gas three-phase 
boundary as will be described in the next section. In the high overpotential 
region, however, some authors have pointed out that oxide ion diffusion can 
take place inside doped LaMn03 because the oxide ion vacancies can be formed at 
the Iower oxygen potentials. This oxide ion flow could contribute to the 
electrochemical reaction [ 3  9 4  11. Such oxygen diffusion inside the lanthanum 
manganite was confirmed with '*O labelling and SIMS analysis [42]. LaGo03- 
based oxides show higher oxide ion diffusivity and larger surface exchange 
coefficients than the LaMnO3-based ones as listed in TabIe 5.2. 

Although a detailed description of cathode reactions and polarisations is given 
in Chapter 9, a brief discussion of the cathode reaction mechanisms is included 
here to elucidate several aspects of materials issues in cathode development. As 
discussed in the previous section, the cathode reduces oxygen molecules to 
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Table 5.2 Oxygen diffusion coefficients (D? of LaMn03-based perovskites [32,35] 

Composition Temperature P(02) Isotope oxygen Oxygen surface Ref. 
(“C) (atm) diffusion coefficient, exchange coefficient, 

D’ (cm2 s-l) k* (cm s-l) 

900 
1000 
900 

1000 
1000 
900 
800 
700 

1000 
900 
8 00 
700 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2.44 x 10-13 
4.78 x 
1.27 x 
1.33 x 
6.60 x 10-13 
1.60 x 10-13 
4.00 x 
3.10 x 1O- l6  
9.01 x 10-8 
1.03 x 
9.87 x 
1.04 x 10-lo 

- 
5.62 x lovs 
1.78 x 

1.01 x 10-9 
5.64 x 
2.02 x 10-6 

5.62 x 10-9 

6-31 x 10-7 
1.58 x lo-’ 

32 
32 
32 
32 
35 
35 
35 
35 
35 
35 
35 
35 

oxide ions around the cathode/electrolyte interface. The elemental steps for 
cathode reaction are: (i) oxygen molecule adsorption and dissociation into 
oxygen atoms at the cathode surface, (ii) surface diffusion of adsorbed oxygen, 
(iii) incorporation and subsequent bulk diffusion of oxygen inside the oxide 
lattice, (iv) incorporation of adsorbed oxygen in the 02/cathode/electrolyte 
three-phase boundary, and (v) transport of oxide ions in the solid electrolyte. The 
charge transfer reaction can take place in steps (i), (iii), or (iv). Any of these 
elemental steps can limit the rate of the cathodic reaction. 

Isotope oxygen (l802) labelling is one of the effective methods to analyse the 
reaction mechanism, as previously mentioned. Figure 5.6 shows depth diffusion 
profiles of the oxygen isotope and other metal elements from a dense (La,Sr)Co03 

160+’80) F- in gaS phase 

1 0-1 

1 o1 

1 o - ~  

1 o4 

1 o - ~  -9 200 400 600 800x10 

x /nm 

Figure 5.6 Oxygen isotope and elemental difusion profiles f rom a dense LaCo03 cathode layer surface into 
CeO, electrolyte. 2802 annealing f o r 2 4 0  sat 800”C,  p(l802) = 0.01 bar [43] .  
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1 , I 

(a 1 _ _  973 K - 600 sec.. - 
’, p(’60,)=0.079 bar +-p(’80,)=0.080 bar 

(LSC) layer into a (Ce,Ca)02-based electrolyte layer [43]. Although some cation 
diffusion is observed across the interface, the LSC/Ce02 interface is very clear in 
the range of 100 nm from the interface. The oxygen isotope concentration shows 
no gap at the interface from LSC to CeOz, while the isotope oxygen concentration 
at the gas phase and the LSC surface is considerably different. This suggests that 
the rate-determining step for cathode reaction is the surface reaction process 
at the 02/LSC surface: that is, step (i) is the slowest among the elemental steps. 

For the LaMn03/YSZ system, the oxygen transport is different than in the 
LSC/doped-Ce02 system. Figure 5.7 shows depth diffusion profiles of the oxygen 
isotope and other elements around a dense Lao.9Sro.lMn03 layer/YSZ interface 
[44]. For isotope oxygen diffusion, a small decrease of isotope oxygen 
concentration is observed between the gas phase and the dense Lao.9Sro.lMn03 
surface. A gradual decrease of isotope oxygen concentration is observed in the 
dense Lao.9Sro.lMn03 layer followed by a flat profile at the interface. This 
suggests that the oxygen diffusion in the Lao.9Sro.lMn03 layer is quite slow. 
Since the step (iii) cannot be expected to occur to a significant degree, the 
three-phase boundaries become the sites where the charge transfer takes 
place [44]. This suggests that step (ii) or (iv) will be rate limiting. 
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Figure 5.7 Oxygen isotope and elemental diffusion profiles at a dense Lao,@ro,lMnO3 IayerJYSZ interface 
[44] (a): wide view ofthe LSMIYSZ interface, (b) :  interface region ofLSMIYSZ. Samples were annealed at 
973 K. The concentration of I8O is d e j h e d  as the ratio of secondary ion signal counts: C180(x~=I(1sO-)/  
{I(1sO-)+I(160-)} atadepthofx, and the ratiooftheothercouplingmetalsecon~aryionsatadepth o f x  were 

dejnedas RMI ~o(~)=I(~160-)/~i(180-)fI(160-)}. 
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5.3 Reactivity of Perovskite Cathodes with Z r 0 2  

5.3.7 Thermodynamic Considerations 

The perovskite lattice provides a strong stabilisation effect on the transition 
metal ions in B sites. For example, the trivalent Co3+ ions are well stabilised in the 
perovskite structure, although this valence state is not fully stable in other 
crystal structures. This stabilisation is due to the geometrical matching of the 
A-site and the B-site ions (see Figure 5.1). When the tolerance factor (Eq. (1)) 
derived from the ionic sizes is close to unity, large stabilisation energy is achieved 
[6,45]. For the rare earth transition metal perovskites, the tolerance factor is less 
than unity suggesting that rare earth ions are smaII as A-site cations. Among 
rare earth ions, the largest ions, La3+, therefore exhibit the largest stabilisation. 
When comparison is made between Ca and Sr, the stabilisation energy of SrO- 
based perovskites is generally larger because of better geometrical fitting. 

Yttria-stabilised zirconia also exhibits strong stabilisation on forming solid 
solutions in the fluorite structure [46]. Pure zirconia has the stable monoclinic 
phase in which the zirconium ions are coordinated with 7 oxide ions, whereas 
the cubic phase with 8 coordinates becomes stable only at high temperatures. On 
doping with Y203,  the oxide ion vacancies are formed preferentially around the 
zirconium ions, which leads to stabilisation of zirconia in the cubic phase. 

Perovsltite cathodes and yttria-stabilised zirconia (YSZ) electrolyte can react 
in several ways as discussed below. 

5.3.7.7 Reaction of Perovskites with the Zirconia Component in YSZ 
The La203 component in perovskite can react with the zirconia component in 
YSZ to form lanthanum zirconate, La2Zr207. On reaction, the valence state of the 
transition metal ions, M"+, may change as a result of the formation of other 
transition metal binary oxides: 

LaM03 + ZrO2 = 0.5LazZr207 + MO + 0.2502(g) 
LaM03 + Zr02 = 0.5La2Zr207 + 0.5M203 
LaM03 + ZrO2 + 0.2502(g) = 0.5LazZr207 + MO2 

(9) 
(10) 
(11) 

where M is the transition metal and MO, is its binary oxide. During cell 
fabrication at high temperatures, reaction (9) becomes important because of its 
large entropy change. During cell operation, oxygen potential dependence 
becomes important. Since YSZ is an oxide ion conductor, the oxygen potential in 
the vicinity of the electrode/electrolyte interface is important in determining 
how electrolyte/electrode chemical reactions proceed under cell operation. 

5.3.1.2 Reaction of perovskite with the yttria (dopant) component in YSZ 
Since the yttria component has a large stabilisation on forming solid solution, it 
is rare for it to react with other oxides. One exceptional case is the reaction with 
vanadium oxide: 
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0.2V02.5 + (ZrO~)o~8(Y0~.~)o,2 = 0.8ZrO~(monoclinic) + 0.2YV04 (12) 

The driving force for this reaction is the large stabilisation energy of YV04. 
This can be categorised as the salt formation between an acidic oxide (V205) and 
a basic oxide (Y203). Since yttria, which is the stabiliser of the cubic phase. is 
extracted, this reaction leads to serious destabilisation of YSZ. 

5.3.7.3 lnterdiffusion between Perovskite and Fluorite Oxides 
Both perovslrite and fluorite oxides can form solid solutions with the common 
oxide components allowing interdiffusion to take place. For example, manganese 
ions can diffuse from the perovskite to the fluorite oxide: 

Mn"+(in perovskite) + n/202- = Mnm' (in fluorite) 
(13) + m/202- + ( n  - m)/202(g) 

When alkali earth substituted lanthanum transition metal oxides are used as 
cathodes, their compatibility with YSZ can be predicted from thermodynamic 
considerations [6,45,46]. Such considerations show that LaCo03 ( >  1173 K) 
and LaNi03 are unstable against reaction (9). Similarly, alkali earth transition 
metal oxides (ACo03, ACr03, AFe03, A = Ca, Sr, Ba) are unstable against the 
reductive reactions. Also, although the thermodynamic data show that LaMnOs 
is stable against the reactions (9), ( lo),  and (ll), experimental results do show 
some reactions. This can be accounted for in terms of the lanthanum 
nonstoichiometry in LaMn03. The reactivity with YSZ can be represented by a 
composition diagram as shown in Figure 5.8. The thermodynamic analysis 

zfiz La,Zr,O, IM La,O, 

Figure 5.8 Cornpositionaldiagramfor the La-Mn-Zr-0 system. 
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without consideration of La nonstoichiometry indicates that LaMn03 and Zr02 
do not react and can coexist. This is shown by the tie line between LaMn03 and 
Zr02. On the other hand, LaMn03 also has a tie line with LazZr2O7. When 
LaMn03 has La nonstoichiometry, these tie lines change to a three-phase tie line 
and other two-phase tie lines. The same feature can be shown in the chemical 
potential diagram as given in Figure 5.9 [6]. These diagrams show that the 
stoichiometric LaMn03 reacts with Zr02 to form the three-phase combination 
among Zr02, La2Zr207 and an A-site-deficient Lal-,Mn03, whereas the A-site- 
deficient Lal-,MnO3 does not react with YSZ. In other words, the reaction of 
non-A-site-deficient LaMn03 with Zr02 can be written as follows: 

LaMn03 + x(ZrO2 + 0.2502) = 0.5xLa2Zr207 + Lal-,MnO2 (14) 

In this reaction, manganese ions are oxidised and oxygen is involved as a 
reactant. For the A-site-deficient La1-,Mn03, the manganese solubility in YSZ 
increases. However, the manganese dissolution does not change the conduction 
characteristics very much [47]. 
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Figure 5.9 Chemicalpotentialdiagram for the Ln-Mn-Zr-Osystem. 

5.3.2 Experimental Efforts 

Experimental verification of the reactivity of lanthanum strontium manganite 
(LSM) with YSZ has been made by many researchers. Lau and Singhal [3] 
confirmed that LSM and YSZ can react with each other to form lanthanum 
zirconate, La2Zr207, at high temperatures. In addition, they also found the 
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interdiffusion of manganese, lanthanum and strontium ions across the interface 
into the YSZ electrolyte. Tricker and Stobbs [48] confirmed, by examining the 
electrode/electrolyte interface with transmission electron microscopy (TEM), 
that during high-temperature treatment, La2Zr207 is formed between LSM and 
YSZ, and that after 24 h the LazZr207 formed at the interface moves towards 
LSM, leading to narrowing of the interface with the YSZ. The latter fact is 
important in understanding the chemical nature of the La2Zr207 formation [49]. 

To minimise reactions between the cathode and the electrolyte, in Japan, most 
research efforts have focused on the A-site-deficient lanthanum manganite. In 
the USA and Europe, however, efforts [50] have been made to seek alternative 
cathodes, but with only limited success. Perhaps the most significant finding has 
been the use of composite cathodes in contact with the YSZ electrolyte. These 
composite cathodes minimise cathode/electrolyte interaction by mixing LSM and 
YSZ powders and laying down a thin layer of this mixture on the electrolyte [lo]. 
Another step forward has been the use of an activation process to reduce the 
polarisation loss at the electrode [5 11. 

To check the thermodynamic predictions of the cathode/electrolyte 
interaction, effects of the A-site deficiency in lanthanum manganite on the 
(cathode performance were investigated by Dokiya et  al. [ 71 using the non-A-site- 
deficient and the A-site-deficient lanthanum manganites. It was found that the 
overpotential is smaller when the A-site-deficient lanthanum manganite is 
applied at temperatures below 1473 K. Figure 5.10 shows a cell performance 
with the A-site-deficient lanthanum manganite cathode: the observed cathode 
overpotential (open circles) is compared with the evaluated resistivity (dashed 
line) originating from the electrolyte. The difference between two values gives 
the overpotential from the cathode reaction, which is less than 30 mV at a 
current density of 1400 mA cm-2. 

Yoshida et al. made systematic investigations on the effect of using partially 
stabilised zirconia (PSZ, Y203 content = 3 mol%) on the electrochemical 
performance of cathodes with different dopants and their concentrations [ 521. 
The overpotential of the LSM/PSZ is always and systematically higher than that 
of the same LSM with fully stabilised YSZ. This is apparently due to the chemical 
interaction between LSM and PSZ; that is, the tetragonal phase (on the surface of 
the PSZ electrolyte) is transformed into the cubic phase after manganese 
dissolution into the tetragonal phase [5 31. This increases the overpotential of the 
LSM cathode. 

Although the A-site-deficient LSM can avoid reaction with YSZ, its 
performance as cathode depends sensitively on its heat treatment temperature 
[7,54]. After heat treatments at lower temperatures below 1473 I<, these 
cathodes exhibit excellent performance (see Figure 5.10, heat treated at 1423 
K), whereas heat treatment above this temperature gives rise to an increase in 
overpotential. Since no chemical reaction is expected as described above, this is 
due to the diffusion of La and Mn and related sintering behaviour. The 
sinterability is enhanced in the A-site-deficient LSM. It appears that diffusion 
inside the A-site-deficient manganite can be accelerated by increasing the 
number of oxide ion vacancies at high temperatures. In addition, Zr and Y 
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Figure 5-10 Performance of a cell prepared wi th  a doctor-bladed electrolyte wi th  an A-site-deficient 
lanthanum manganite, (La ,Sr)o .9MnO~ cathodeat 1423 K[7] .  

diffusion into LSM is also enhanced. These phenomena decrease the length of the 
three-phase boundaries at the interface and the porosity inside LSM. The fact 
that this is not a chemical reaction suggests that appropriate ways can be devised 
to avoid this degradation due to the decrease in three-phase boundary length 
and porosity of LSM. 

5.3.3 Cathode/€lectrolyte Reactions and Cell Performance 

For both catalytic activity and compatibility with YSZ electrolyte, the 
lanthanum manganite-based perovsltites are currently the best cathode 
materials for SOFCs. The most important issue associated with these materials is 
the optimisation of their composition. Initially, (Lao.8&o.lb)Mn03 was 
developed as a cathode material for SOFCs, whereas (Lao.5Cao.5)Mn03 
was developed for water electrolysers. These initial selections can be discussed 
from the compatibility point of view. Thermodynamic analysis [55] predicts, as 
shown in Figure 5.11, that for (Lao.5Cao.5)Mn03, the zirconate formation 
can be avoided, whereas some zirconate formation will be expected for 
(Lao.8&0.16)Mn03. This difference can be explained from thermodynamic 
considerations in zirconate formation. As given in Eq. (14), the La2Zr207 
formation can be related to the oxidation of manganese ions in the perovskites. 
Also, the electrode reaction mechanism on lanthanum manganite electrodes 
suggests that the overpotential associated with the manganite electrode can be 
attributed to the oxygen potential difference in the gas and in the oxygen atoms 
at the three-phase boundaries [ 5 6 ] .  These considerations lead to the conclusion 
that La2Zr207 formed at the interface will disappear from the three-phase 
boundaries on cathodic polarisation because of the shift of the oxygen potential 
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Figure 5 . 1 1  Composition diagram for (La,Sr,Ca)Mn03 cathode 1551. Westinghouse developed 
(Lao x4Sro 16)Mn03 forfuel cells, while Dornier developed (Lao  &ao 5)Mn03 for water electrolysers. 

to the more reducing side. On the other hand, on anodic polarisation (e.g. in 
water electrolysers), the La2Zr207 formation is enhanced. Note that the 
(Lao.5Cao,5)Mn03 electrode is just outside of the composition region for 
the La2Zr207 formation as shown in Figure 5.11. 

When La2Zr207 phase is avoided, better initial performance is expected in 
SOFCs. With the use of A-site-deficient lanthanum manganite cathode (and 
therefore no La2Zr207 formation), the cathode overpotential is extremely 
small as seen in Figure 5.12 (about 12  mV of polarisation at a current density of 
1.5 A cm-2) [8]. In this case, the LSM/YSZ interface was fabricated by 
electrochemical vapour deposition (EVD) of YSZ on a porous LSM substrate so 
that morphologically stable and long three-phase boundaries were formed. Also, 
the interfacial resistivity remains low even at  lower temperatures down to 
1073 K (Figure 5.12). This cathode clearly indicates that lanthanum manganite 
on YSZ provides excellent performance if the microstructure is well tailored. 
Furthermore, the difference in cathode overpotential in air and in pure oxygen 
(Figure 5.12) shows the importance of gaseous diffusion in the gas channels 
in cathodes. 

A technological key issue for cathodes for 1000°C cell operation is therefore 
how to fabricate the cathode/electrolyte interface with a fine microstructure by 
cost-effective methods. It should also be pointed out that the cathode used for 
Figure 5.12 was fabricated in a reducing atmosphere and around 1200°C; this 
means that it was free from any degradation that may be caused by heat 
treatment above 1200°C in air. After many attempts, similar good behaviour has 
been observed in cells fabricated by the wet slurry/sintering method [9]. 
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Figure 5.12 Performance ofa cell with a thinfilm of EVD YSZ electrolyte on A-site-deficient cathode [8]: 
(a )  the cathode overpotential for air and pure oxygen; (b)  the reciprocal interface resistivity as afunction 

of temperature. 

In addition to A-site deficiency, improvement in cathode performance can also 
be obtained by using composite cathodes consisting of LSM and YSZ [10,5 7-59]. 
Since oxide ion conductivity is small in lanthanum manganite, enlargement of 
the electrochemical reaction sites can be expected from introduction of an oxide 
ion path (through YSZ) in the cathode layer. This composite cathode is also 
effective in minimising the formation of La2Zr207. During the fabrication of the 
composite cathode, some La2Zr207 may form shifting the composition of LSM to 
where no further formation of La2Zr207 occurs. When such a composite cathode 
is placed on a YSZ electrolyte, no La2Zr207 is formed at the interface of LSM 
particles in the composite cathode and the YSZ electrolyte. This helps in 
obtaining a LSIvl/YSZ interface with long three-phase boundaries. 

5.3.4 Cathodes for Intermediate Temperature SOFCs 

At lower temperatures, the catalytic activity of oxide cathodes for oxygen 
reduction decreases and the selection of cathodes becomes critical for obtaining 
high performance in SOFCs. There are several strategies for utilising oxide 
cathodes successfully in the intermediate temperature (600-800°C) region. One 
option is to use the same materials as those for 1000°C cell operation as in Figure 
5.12, which indicates little temperature dependence. Attempts have also been 
made to use a composite (LSM + YSZ) cathode for intermediate temperature 
SOFCs with some success. Even though the interfacial resistivity of the cathode in 
Figure 5.12 shows very small temperature dependence, typical composite 
cathodes do exhibit some temperature dependence and lowering of activity with 
decreasing temperature. Although it is well recognised that it is difficult to obtain 
reproducibility of cell performance with composite cathodes, their main features 
can be summarised as follows: 
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(i) 

(ii) 

(iii) 

Some composite cathodes exhibit good performance even at low 
temperatures such as 800°C. 
The main electrochemical active sites are located at the interface 
between the electrolyte and the composite cathode, although three- 
phase boundaries are spread throughout the cathode layer. The presence 
of YSZ particles in the cathode layer makes it easier to have longer three- 
phase boundaries at the interface. 
The presence of YSZ in the cathode layer enhances oxygen permeability 
through the cathode layer. However, the presence of YSZ does not 
contribute to nitrogen removal from the electrochemically active sites 
when air is used as oxidant. 

Properties (ii) and (iii) strongly depend on the microstructure of the composite 
cathodes making it difficult to quantitatively characterise such composite 
electrodes and also to reproduce their electrode activities. Attempts to utilise 
doped ceria instead of YSZ as a component oxide of composite cathodes have 
shown some success, although it is hard to say which property dominates 
in enhancing the cathode activity. Introducing a fine microstructure at the 
LSM/YSZ interface by depositing a metal organic layer (several 10 nm thick) 
of LSM, which spontaneously forms micropores in nm size on the passage of 
current, provides fine three-phase boundaries which are stable during long 
term operation [67] .  

Another option is to find alternative cathodes with higher catalytic activity at 
lower temperatures, particularly cobaltite-based cathodes. As given in Table 5.2, 
the high catalytic activity for oxygen incorporation reaction and the high oxide 
ion conductivity of cobaltites make them superior to lanthanum manganite. 
Furthermore, the driving force of reactions of LaCo03 with YSZ disappears below 
11 73 K. This makes it attractive to use cobaltites at low temperatures. However, 
there are several other issues regarding their use in YSZ electrolyte cells 
including their high thermal expansion coefficient and high reactivity of dopant 
oxide with YSZ. To reduce thermal expansion, alkaline earth substitution works 
to some extent: however, it also enhances reactions with YSZ to form alkaline 
earth zirconates. So far, no cobaltite cathode has been used successfully in YSZ 
electrolyte cells below 800°C. 

However, attempts have been made to use cobaltite cathodes with ceria-based 
electrolytes. Compared with YSZ, ceria has less reactivity with perovskite 
cathode materials; this is because of the less acidic nature of CeOz compared with 
Zr02; La203 or SrO component can be regarded as basic oxides so that the 
interaction with Zr02 or CeOz can be judged from their acidity. The same trend 
can also be explained from other physicochemical properties: that is, compared 
with Zr ions, Ce ions are too big to form the perovslrites with La or Sr. On this 
basis, it is possible to use lanthanum strontium cobaltite-based cathode with 
doped ceria electrolyte in intermediate temperature SOFCs. Even so, (La,Sr)Co03 
still has a high thermal expansion coefficient (16-22 x lop6  ICp1) compared 
with doped ceria (about 12  x lop6 ICp1). Consequently, (La,Sr)Co03 cathode is 
not used even though the oxide ion conductivity is high. Steele and co-workers 
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have focused on development of new cathodes appropriate for intermediate 
temperature SOFCs and (La,Sr)(Co,Fe)03 cathodes have been optimised for use 
with Ce02-based electrolytes [ 11,121, a typical composition being 
(Lao.6Sro.4)(Coo.8Fe,,2)03 (LSCF). This cathode has about the same thermal 
expansion coefficient as doped ceria. 

Ferrite-based cathodes [60] have also been explored for use with YSZ 
electrolyte in intermediate temperature SOFCs. However, their high- 
temperature phase behaviour and long-term stability remain unclarified and 
need further investigation. Use of interlayers between the perovskite cathode 
and the electrolyte has also been tried to minimise interfacial reactions. One 
typical interlayer consists of a thin layer of ceria based oxide between the 
cobaltite-based cathode and YSZ electrolyte because the chemical reactivity and 
thermal expansion mismatch between YSZ and cobaltites can be moderated by 
inserting ceria between the two materials. Another approach is to use multilayer 
cathodes consisting of a manganite at the interface with the electrolyte and a 
cobaltite on top of the manganite [68]. In this case, the electrochemical active 
sites are located in the manganite part, whereas the cobaltite-rich layer acts as 
good electrical conductor. 

5.4 Compatibility of Perovskite Cathodes with Interconnects 
In addition to compatibility with the electrolyte, compatibility of the cathode 
with the interconnect is also important. Both oxide ceramic and metallic 
materials are used as interconnects in SOFCs. As expected, these two types 
of interconnects present quite different issues in their compatibility with 
the cathode. 

5.4.1 Compatibility of Cathodes with Oxide Interconnects 

The main oxide interconnects for SOFCs are based on lanthanum chromite [5]. 
In this case, since both the cathode and the interconnect materials are 
perovskites, there are no severe chemical reactions between them and 
interdiffusion and precipitation of third phases are the main issues. Interdiffusion 
can take place in both the A and the B sites of the perovskite lattice. Ideal mixing 
in the A and the B sites gives rise to the driving force for interdiffusion. Usually, 
the cation diffusivity in perovskite oxides is faster in the A site than in the B site 
[61]. Thus, mixing can occur first in the A site and then in the B site. This implies 
that when (La,Sr)Mn03 and (La,Ca)Cr03 are contacted, interdiffusion among the 
A-site elements will take place to give a constant La or Sr content throughout 
the manganite and chromite phases. This is due to the driving force originating 
from random mixing. This can be called the ‘entropy effect’. Another driving 
force for interdiffusion arises from the difference in stabilisation energy among 
the different combinations of A-site and B-site cations. When comparison is made 
of the valence stabilities of manganese and chromium ions in a cathode 
atmosphere, chromium ion tends to be trivalent, whereas the manganese ion 
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tends to be tetravalent. This 'enthalpy effect' leads to a driving force to form 
LaCrOs and AMn03 (A = Ca, Sr) [62]. Thus, there are two different driving forces 
which promote interdiffusion in opposite directions. 

Since the A-site-deficient lanthanum manganite shows better compatibility 
with YSZ, its compatibility with oxide interconnect is of particular interest. 
Nishiyama et al. [62] found the following interesting behaviour of the A-site- 
deficient manganite at the interface with (La,Ca)Cr03 (LCC) that had excess CaO 
to enhance its air sinterability: 

With porous manganite cathode, the elemental distribution across the 
cathode/interconnection interface suggests the following replacement 
reaction because of the above second driving force: 

(i) 

(15) 
LaMn03 (in LSM) + CaCrO3 (in LCC) = LaCrO3 (in LCC) 

+ CaMnO3 (in LCC) 

Here, LaCrOs is formed as a dense layer next to the original LCC while 
CaMn03 is formed as a porous layer next to the LaCr03 layer. This 
reaction is triggered by the presence of calcium oxychromates in the 
original LCC which can be squeezed out of grain boundaries under 
oxygen potential gradient. 

(ii) With dense manganite cathode, CaO instead of calcium oxychromate 
initiates the precipitation of manganese oxide at the interface, suggesting 
that oxygen potential distribution plays an  important role in determining 
the mass transfer. Inside the dense manganite, the oxygen potential is 
lowered due to low oxide ion diffusivity. 

5.4.2 Compatibility of Cathodes with Metajlic fnterconnects 

Even though many alloys have been investigated as metallic interconnects, 
almost all form chromia as a protective oxide scale [63]. The main issues 
associated with the use of such chromia-forming alloys are chemical reactions at 
the interface with the cathode (and also with anode) material and chromium 
poisoning of the cathode. Taniguchi et al. [59] found that degradation by 
chromium poisoning occurs more severely at lower temperatures (see Figure 
5.12) and that degradation measured in terms of the cathode life time is 
proportional to the logarithmic oxygen activity derived from the overpotential 
values, q, as follows: 

t(degradation) 0: Alogao(= 2qF/2.303RT) (16) 

Their observations on distribution of chromium in the electrolyte/cathode 
vicinity (as shown in Figure 5.13) indicated that although the average Cr 
content in the cathode layer increases with increasing temperature, this 
quantity is not directly related to cathode degradation. Instead, concentrated 
chromium deposition on the three-phase boundaries can be directly related u7ith 
the cathode lifetime. 
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Figure 5.13  Cathode degradation due to chromium vapoursfrom the metal interconnects 1591: (a) the cell 
performance (voltage) as afunction of operation time at  selected temperatures; (b) chromium distribution 

inside thecathodelayerafteroperation; theleft handsideis the interface with electrolyte. 



Cathodes 141 

It is well known that oxidation/ corrosion of metallic materials is 
enhanced [63] in the presence of water vapour. Chromium poisoning can also 
be enhanced in the presence of water vapour. The vapour pressure of chromium 
containing species increases with increasing water vapour pressure, because 
Cr02(0H)2 is relatively stable species in the presence of water vapour [64]. Its 
vapour pressure shows only a small temperature dependence so that even at 
low temperatures its vapour pressure is high. Taniguchi et aI. found that 
the degradation increases with water vapour pressure consistent with the 
increasing vapour pressure of Cr-containing species. 

Chromium poisoning was found to depend strongly on the particular 
combination of electrolyte and cathode by Matsuzaki et al. [65]. In their 
investigations, the most severe degradation occurred in LSM/YSZ combination, 
whereas no apparent degradation occurred in LSCF/SDC (samaria-doped ceria) 
combination as seen in Figure 5.14. These results appear to be consistent with 
Taniguchi’s results [ 5 91. As described previously, the cathode reaction 
mechanism is quite different in the LSM and the LSCF cathodes. In LSM, the 
oxide ion diffusivity is low and only the three-phase boundaries are the 
electrochemically active sites. The oxygen potential gradient appears near these 
sites. This gives rise to the driving force for chromium-containing species to attack 
the electrochemically active sites resulting in the deposition of chromia- 
containing oxides that are responsible for performance degradation. On the other 
hand, in LSCF, the rate-determining step is the surface reaction rate. Thus, the 
electrochemically active sites are widely distributed on the surfaces of the LSCF 
cathode. The oxygen potential difference corresponding to the overpotential 
appears on the surface, leading to no driving force for chromium-containing 
species to attack any electrochemically active sites. Matsuzaki et al. [65] also 
observed that degradation is different between the LSM/YSZ and the LSM/SDC 
combinations. Although it is difficult to ascertain the proper reasons for this 
difference, a possible explanation can be derived from the differences in water 

-500 LSCF/SDC 

0 50 100 150 
time I ks 

Figure 5.24 Chromiumpoisoningfor different electrode/electrolyte combinations 1651. 
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solubilities of YSZ and SDC and enhancement effects of water vapour on the 
cathode reaction [66]. 

To minimise/avoid Cr poisoning, several approaches have been tried. These 
include coating a dense, electrically conducting oxide, such as cathode-related 
perovskites (LSM) or lanthanum chromite-based oxides, on metallic 
interconnects, and utilisation of Cr getters. Cr containing species easily react 
with other oxides (particularly basic oxides) so that such basic oxides can act 
as Cr getters. La203 can be a strong Cr getter, but this material is hard to 
handle because of its hygroscopic nature. Lanthanum cobaltite can also be a Cr 
getter because the stabilisation energy of LaCr03 is larger than LaCo03. 

5.5 Fabrication of Cathodes 
In general, cathodes are made by powder processing routes. Cathode material 
powders are either made by solid state reaction of constituent oxides or high 
surface area powders are precipitated from nitrate and other solutions as a gel 
product, which is dried, calcined and comminuted to give crystalline particles in 
the 1-10 pm size range. 

Fabrication methods for cathodes largely depend on the cell design. For 
cathode-supported tubular cells, porous cathode tubes are first extruded and 
then sintered at high temperatures [9,69,70]. After sintering, appropriate 
porosity and strength develop. State-of-the-art cathode tubes are more than 1.5 
m in length. The most important issue when depositing other cell component 
layers on the cathode tubes is the adherence of the dense electrolyte and 
interconnect. When electrochemical vapour deposition (EVD) process is used to 
fabricate a thin and dense YSZ electrolyte as well as the dense LaCr03 
interconnect [69], a highly adherent and reliable interface is formed without any 
chemical reaction or change in cathode microstructure [69]. A more cost- 
effective non-EVD process, a wet slurry/sintering process has also been 
developed [9,70] which has been very successful in fabricating reliable cells at a 
lower cost than the EVD process. 

For planar-type SOFCs, particularly for anode-supported SOFCs, the cathode 
layer is usually deposited after preparing the anode/electrolyte assembly. This 
makes it possible to use various processes including slurry coating, screen 
printing, tape casting, and wet powder spraying for cathode deposition [ 71-74]. 
After deposition of the cathode slurry, it is dried followed by sintering. In many 
cases, the sintering temperature can be lower for anode-supported cells than for 
the cathode-supported type, giving higher surface area cathodes. Since the 
sintering of lanthanum manganite-based cathode with YSZ at higher than 1473 
I. gives rise to a drastic change in microstructure, lower sintering temperatures 
are advantageous. 

Physical processes have also been used to make cathodes. For example, 
vacuum plasma spraying has been tried for fabricating entire anode/electrolyte/ 
cathode assembly [75]. In this approach, cathode layers are deposited onto a 
porous metallic felt substrate. 
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5.6 Summary 
The most important properties of cathodes are their catalytic activity for oxygen 
reduction and their compatibility with the electrolyte (including thermal 
expansion match and chemical non-reactivity). From the viewpoint of catalytic 
activity, many perovskites have been considered and investigated. Although the 
lanthanum manganite-based materials are not the best because of their low 
oxide ion diffusivity and resulting limited electrochemical activity, these are the 
most common perovslrites that are used with YSZ electrolyte at 1000°C because 
of their superior chemical stability. For lower cell operation temperatures also, 
even though chemical reactivity at the cathode/electrolyte interface is less 
important, composite cathodes made from LSM/YSZ are used down to 700°C. 
Less severe conditions for the electrolyte/electrode chemical reactions at 
temperatures below 800°C make it attractive to use more catalytically active 
perovskites as cathodes. Sr- and Co-doped lanthanum ferrite (La,Sr)(Co,Fe)03 
has been widely investigated for intermediate temperature SOFCs. Recent 
attempts have focused on (La,Sr)Fe03 since it has lower area specific resistivity; 
however. fundamental phase relations and related high-temperature behaviour 
associated with this material still need clarification. Interactions with the 
interconnect can also be significant because poisoning of the cathode can occur, 
for example by Cr contamination. The cathode performance depends 
substantially on its surface area, porosity and microstructure, and therefore the 
processing method used is very important in determining cathode performance. 
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Chapter 6 

Anodes 

Augustin McEvoy 

6.1 Introduction 
Like the cathode, the anode must combine catalytic activity for fuel oxidation 
with electrical conductivity, Catalytic properties of the anode are necessary for 
the kinetics of the fuel oxidation with the oxide ions coming through the solid 
electrolyte. Ionic conductivity allows the anode to spread the oxide ions across a 
broader region of anode/electrolyte interface, and electronic conductivity is 
necessary to convey the electrons resulting from the electrode reaction out into 
the external circuit. 

Early in the twentieth century, many candidate anode materials were tested, 
including precious metals like platinum and gold, and transition metals such as 
iron and nickel, as described in Chapter 2. But platinum does not last long in an 
operating solid oxide fuel cell (SOFC), peeling off after a few hours, and nickel 
aggregates at high temperatures inhibiting access of the fuel. Spacil [l] first 
recognised that the nickel aggregation problem could be solved by mixing 
yttria-stabilised zirconia (YSZ) electrolyte particles in with the nickel matrix to 
form a composite anode. Such nickel cermet anodes can provide adequate 
performance under certain conditions but do exhibit problems such as carbon 
fouling from carbonaceous fuels. However, nickel cermet is the material which 
has been most successful in SOFC development until now and so is emphasised 
in this chapter. 

This chapter first considers the complex mix of attributes required of SOFC 
anodes, including matching of thermal expansion coefficients, chemical 
compatibility with the electrolyte and the interconnect, porous structure to 
allow gas permeation, and corrosion resistance to the fuel and impurities 
therein. Then the nickel cermet anode is described in detail, especially its 
fabrication processes. Steady-state anode reactions of hydrogen and carbon 
monoxide are analysed, followed by a description of transient effects. Finally, 
behaviour under current load and operation on different fuels are discussed. The 
details of the anode reactions and polarisations are described in Chapter 9. 
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6.2 Requirements for an Anode 

The role of an anode in a solid oxide fuel cell is to provide the sites for the fuel gas 
to react with the oxide ions delivered by the electrolyte, within a structure which 
also facilitates the necessary charge neutralisation by its electronic conductivity. 
These functional considerations together with the operating environment of the 
anode are the key factors in the materials selection for the anode. It must 
evidently be refractory, given the high cell operating temperature to be sustained 
over a commercially useful lifetime, and be compliant with thermal cycling to 
ambient temperature. In addition, the equilibrium between fuel gas and 
oxidation products within the anode compartment results in an oxygen partial 
pressure which is very low, but variable over several orders of magnitude 
depending on the precise reactant and product conditions. Chemical and 
physical stability despite such variations is essential since certain metallic 
components of the anode could suffer corrosion by fuel oxidation products, while 
electrical properties and lattice geometry of oxide components of the anode could 
change by variation of stoichiometry. 

For simplicity and reliability of operation, including start-up and shut-down as 
well as tolerance of transients, redox stability is a further desirable attribute of an 
anode material to permit brief excursions to high oxygen concentrations, even to 
air, without irreversible loss of structural coherence and electrochemical 
functionality. Stability implies the maintenance of structural integrity of the 
anode itself over the whole temperature range to which it is exposed, from 
the fabrication temperature through normal operating conditions, to the 
repeated cycling down to ambient temperature. 

Throughout these ranges of temperature and gas environment there should 
also be maintained the necessary compatibility with the other materials with 
which the anode comes into contact, specifically the electrolyte, the interconnect 
and any relevant structural components. Physical compatibility requires a 
match of thermomechanical properties such as thermal expansion coefficient 
and an absence of phase-change effects which could generate stresses 
during temperature variations. For chemical compatibility there should be no 
solid-state contact reaction, interdiffusion of constituent elements of those 
materials or formation of reaction product layers which would increase resistive 
losses or otherwise interfere with anode functionality, despite the extremes of 
temperature. After assembly into a series connected stack, of course the same 
applies to the anode-interconnect interface. Compatibility must extend also to 
the behaviour of the material towards the ambient gases including corrosion or 
poisoning by trace impurities such as sulphur. 

Obviously the anode material should not only be an adequate electronic 
conductor, but also electrocatalytically active such that a rapid charge exchange 
can be established. Resistive and overpotential losses are thereby minimised. 
However, the catalytic behaviour of anode materials should not extend to the 
promotion of unwanted side reactions, hydrocarbon pyrolysis followed by 
deposition of carbon being an example. The electrochemical reaction takes place 
in the region (Figure 6.1) where oxygen ions available from the electrolyte can 
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Figure 6.1 Schematic of anode cermet structure, showing interpenetrating networks of pores and 
conductors - nickrl for electrons, yttria-stabilised zirconia for oxide ions. The reactive sites are the contact 

zonesofthe twoconductingphases whichareaccessible to fuel through theporosityr21. 

discharge electrons to the conducting anode. This requires gas phase for the fuel 
access, electrolyte phase for oxide ion entry and metal phase for electron output, 
the so-called ‘three-phase boundary’ zone. For efficient operation this should not 
be simply a linear structure a t  a two-dimensional interface of the solid materials, 
but rather distributed to provide an active ‘volumetric’ reaction region in three 
dimensions. Consequently, the fabrication of the anode is important in 
determining this complicated three-phase structure. 

6.3 Choice of Cermet Anode Components 

Given these stringent requirements, only a few metallic or ceramic candidate 
materials are available. After the ‘Nernst mass’, now known as yttria-stabilised 
zirconia had been identified as the favoured high-temperature ceramic electrolyte, 
Baur and Preis evaluated iron and graphite as anode materials [ 3 ] .  Graphite, of 
course, is susceptible to electrochemical oxidative corrosion, so that cell life with 
a graphite anode is unduly short. Platinum also attracted attention due to its 
high-temperature stability and catalytic properties, as did other transition metals 
as presented in the historical review by Mobius [4]. Even platinum, however, was 
unsuccessful as its bond to the electrolyte tends to fail in service, with the anode 
layer spalling off probably due to electrochemical generation of water vapour at 
the interface. The transition metals also have limitations. Iron is no longer 
protected by the reducing activity of the fuel gas once the partial pressure of 
oxidation products in the anode compartment exceeds a critical value, and it 
then corrodes with formation of a red iron oxide. Cobalt is somewhat more stable, 
but also more costly. Nickel has a significant thermal expansion mismatch to 
stabilised zirconia, and at high temperatures the metal aggregates by grain 
growth, finally obstructing the porosity of the anode and eliminating the 
three-phase boundaries required for cell operation. As a consequence, all-metal 
anodes have not found acceptance in SOFC technology. Pure ceramic oxide 
anode technology is a very recent development and is discussed later. 
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As an alternative to a single-phase metallic or conductive ceramic electrode 
material, the accepted compromise has been the use of a porous composite of 
metal and ceramic, a ‘cermet’ (Figure 6.1). In the SOFC anode most commonly 
used at present, the nickel-zirconia cermet, the primary role of the zirconia is 
structural, to maintain the dispersion of the nickel phase and its porosity by 
inhibition of the aggregation and grain growth of the metal and so to achieve an 
adequate anode lifetime. The adhesion of the zirconia part of the cermet to the 
electrolyte gives a structural ruggedness able to withstand the thermal stress due 
to differential thermal expansion, which anyway is lowered in the composite by 
the ceramic volume fraction. The provision of oxide ion conductivity 
complementary to the electronic conductivity and electrocatalytic action of the 
metal is a useful secondary role of the ceramic, enhancing the electrochemical 
performance by delocalisation of the electrochemically active zone already 
mentioned. However, even as a compromise material the nickel-zirconia cermet 
does not fulfil all the requirements of an ideal anode. Fuel specification in 
particular is an important parameter. Most literature results report on hydrogen 
as fuel, but the commercial imperative requires hydrocarbons. These, however, 
are rapidly pyrolysed on nickel surfaces at high temperature, depositing a dense 
carbon which blocks the anode porosity and ultimately disrupts the structural 
integrity of the cermet. There is, however, a compensating consideration. 
Carbon monoxide, which is not tolerated by the platinum catalyst in 
low-temperature polymer electrolyte fuel cells, is a perfectly acceptable SOFC 
fuel, though slower to oxidise than hydrogen. Therefore the SOFC is robust with 
respect to fuel specifications, and can be fuelled with gas mixtures rich in 
hydrogen and carbon monoxide derived from hydrocarbons by partial oxidation 
or by reforming reactions with steam or carbon dioxide. There still remains a 
concern about impurities in the hydrocarbon fuels. Nickel at high temperature is 
sensitive to sulphur compounds at concentrations even as low as 0.1 ppm. These 
may occur at source in natural gas, for example, and thiophene and mercaptans 
are systematically added to it as odorants for safety reasons. Fortunately the 
sulphided nickel surface is not necessarily irrecoverable, and operation with a 
clean sulphur-free fuel may restore performance. Nonetheless desulphurising 
systems which either adsorb the contaminant on activated carbon, or react it 
with zinc oxide to form a solid sulphide are regarded as essential for high- 
temperature fuel cell operation. Dependent on the origin of the fuel, for example 
from coal gasification, biomass pyrolysis or fermentation, other impurities may 

. also occur, particularly ammonia and possibly hydrochloric acid. Tolerance over 
2000 h for HC1 is somewhat better than that for HIS, though still in the low ppm 
range. However, from all evidence, ammonia even in elevated concentrations 
does not pose a problem: concentrations up to 5000 ppm have had no effect on 
SOFC cell voltage over a 2 500 h test [ 5 ] .  Inorganics may also be found, entrained 
as dust, which can then react with the ceramic components of the cell giving, for 
example, silicates. It is therefore evident that adequate cell performance can only 
be achieved, and maintained, by careful fuel pretreatment. Despite these 
compromises, however, the nickel-zirconia cermet has become the most 
common anode in SOFC technology. 
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6.4 Cermet Fabrication 

The development of nickel-zirconia anodes leading to their present performance 
in fuel cells has generally proceeded empirically since the first introduction of 
this combination of materials by Spacil, in 1964 [l]. Though written almost 
40 years ago, his text remains a strikingly modern presentation of the anode 
specification, making reference to many of the concepts and procedures still 
current in SOFC technology. The densification of a porous metallic structure 
with time at temperature is the problem to which the metal-ceramic composite is 
the answer. Intimate anode to electrolyte bonding is a further requirement 
satisfied by the cermet, if necessary by adoption of a flux to aid sintering. A 
minimum metal proportion in the cermet is necessary for continuity of electronic 
conduction, while the zirconia particles are by preference also continuous. Spacil 
had therefore recognised that the functionality of the ceramic in the composite 
was essentially structural, to retain the dispersion of the metal particles and the 
porosity of the anode during long-term operation. Structure and elemental 
distribution in a typical anode cermet is shown in Figure 6.2 [6]. 

E 

Figure 6.2  Scanning electron microscopy images of a Ni-YSZ cermet with elemental resolution, showing 
( a )  nickel distribution, ( b )  overall cermet morphology, and ( e )  zirconia structural skeleton [6]. 
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Spacil's fabrication procedure was essentially modern. Nickel oxide was mixed 
with stabilised cubic zirconia powder in an aqueous slurry of the type used for 
slip casting. This slurry was applied to the electrolyte surface and fired at a 
temperature up to 1 5  50°C. To provide a percolation path for electrons through 
the anode, the nickel oxide was reduced to metal under hydrogen. The metal 
being more dense than the oxide, the initial volume of the NiO component was 
diminished by over 25% during this reduction step, and Spacil mentioned the 
consequent enhanced porosity as advantageous for the anode. He also presented 
alternative deposition procedures for the anode, such as plasma spraying. When 
considering the performance of fuel cells today, it is interesting to note that 
almost 40 years ago, he reported a power density of over 500 mW/cm2, 
admittedly at the very high temperature of 1200°C. 

The physical and chemical properties of both nickel and zirconia in the cermet 
are critical to their compatibility and functionality. An intimate bonding at the 
interface on the nanometre scale is necessary for the synergy of the materials and 
for the establishment of the three-phase electrochemically active zone. Therefore 
some level of physicochemical interaction or 'wetting' between metal and 
ceramic is necessary, though the affinity of metallic nickel for zirconia is weak, 
with a contact angle of 120" [7 ] .  To promote bonding, Spacil suggested a lithium 
carbonate surfactant flux: in current practice the powder specifications are 
chosen to ensure a sufficient surface activity. Addition of metal dopants such as 
titanium to the zirconia ceramic is another way to engineer suitable interfaces 
[8]. It is useful, however, that this affinity of zirconia for nickel is limited, because 
this inhibits interfacial reaction or elemental interdiffusion and allows the 
two-phase nature of the cermet to be maintained under operating conditions. It 
is known that in a particularly reducing environment, close to open-circuit 
operation of a fuel cell with dry fuel, a nickel-zirconium intermetallic, Ni5Zr, 
may form [9], but in normal operation the nickel is precipitated as the zirconium 
component is reoxidised. This observation confirms the very low solubility of 
nickel in stabilised zirconia, perhaps 2% at 1000°C [7], which has even made 
possible a recent synthesis of nanodispersed cermet from homogeneous solutions 
of nickel, zirconium and yttrium salts [lo]. 

The key to optimisation of durable efficient anodes in the decades since Spacil 
lies in the improvement of materials specifications permitting a sensitive control 
of cermet morphology. The original cermet used a high proportion of nickel, over 
50% by volume, reduced from nickel oxide of grain size around 45 pm as sieved 
through a 3 2 5  mesh screen, with non-connected inclusions of 10 pm zirconia 
after sintering. The thermal expansion was therefore unduly high, since the 
proportion of nickel was in excess of that required for electronic percolation 
conductivity, and the lack of connectivity of the ceramic component permitted 
long-term nickel aggregation while blocking oxygen ionic transport. With these 
materials a temperature of 1550°C was required to sinter the anode to the 
zirconia electrolyte substrate. Modern submicron ceramic powders sinter at 
1400°C or lower, maintaining a higher specific surface area anode. Associated 
with the reduced thermal expansivity of the cermet due to the increased ceramic 
content, stresses during fabrication, reduction and operation are minimised, 
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eliminating microfissuring which contributes to electrode ageing [ 71. Nickel 
oxide of grain size around 1 pm is now used, while the zirconia component often 
contains a proportion of coarse powder 2 5 pm or larger [ 111 to form the anode 
structural skeleton and inhibit the nickel aggregation, mixed with 0.5 pm fine 
powder to promote sintering. The powder mixtures are applied to form the 
electrode layer on the YSZ electrolyte substrate, 150 pm or thicker, which also 
provides the structural rigidity of the cell. 

A similar development strategy applies to the more recent anode-supported 
cells, now beginning to find favour for operation at 800°C or lower. This lower 
temperature relaxes materials specifications throughout the system, permitting 
the use of lower cost metallic structural and interconnect components. 
Another benefit is diminished thermomechanical stress and reaction at  
these lower temperatures, significantly improving durability. On the other hand, 
lower power output is unacceptable, so for YSZ electrolyte, its higher resistivity 
at temperatures under 800°C must be compensated by reduction in its thickness 
to 10 pm. Recent cells therefore tend to use the anode, not just as a functional 
component, but also structurally as the load and stress-bearing support for a thin 
electrolyte. As will be later noted, this structural cermet, up to 1 mm thick, can 
serve not only as the site of oxidation of a reformate composed principally of 
hydrogen and carbon monoxide, but also for the preliminary hydrocarbon fuel 
processing reactions. At lower temperatures also, the thermal activation of the 
oxidation reactions is significantly diminished, implying increased polarisation 
and giving added importance to considerations of electrocatalysis at the 
anode [12]. In this case graded anode structures are often advisable, with a 
high-porosity large-grain substrate bearing a finer-structured electrocatalytically 
active functional layer to contact with the electrolyte [ 131. The micrograph in 
Figure 6.3 shows materials of an anode-supported cell [14]. 

Figure 6 . 3  Micrograph of anode-supported thin electrolyte cell structure. On either side of the dense 
electrolyte is afine-structured ‘functional layer’for the electrocatalytic promotion of the electrode reactions. 
The full thickness of the cathode layer is imaged, but onlg a small section of the anode substrate (bottom).  

(Reproduced bycourtesyof the Research Centre, Jiilich (FZJ).) 
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6.5 Anode Behaviour Under Steady-State Conditions 

The details of the electrode reactions and associated polarisations are discussed 
in Chapter 9. In this and the next two sections, anode behaviour under various 
conditions is described. 

Having formed the anode onto the electrolyte, it is necessary to test its 
electrochemical performance and to compare it with the electrolyte, cathode and 
interconnect contributions to the overall cell resistance. The characteristics of the 
individual electrodes, anode or cathode, and their interfaces with the electrolyte 
are dBicult to distinguish from the behaviour of the fuel cell as a whole. In 
standard liquid-phase electrochemistry this can be done by use of a third reference 
electrode, with respect to which the potential of the electrode under investigation 
can be determined. In the fuel cell case the geometry and location of the reference 
contact can introduce experimental artefacts, complicating the investigation of 
the electrode characteristics [15]. Also since the Nernst equation predicts an 
open-circuit potential difference between the electrodes dependent on the oxygen 
partial pressure on the anode side, it is frequently advisable to monitor potentials 
generally in the cell using a cathode-side reference the potential of which is 
therefore fixed by exposure to air. Despite these difficulties, d.c. measurement 
using the three-electrode configuration is the best steady-state evaluation 
technique which has given valuable insights into anodic processes. 

The current/voltage characteristics at typical SOFC cermet anodes have been 
investigated in detail with different proportions of fuel (Hz, CO) and combustion 
product gases (H20, COZ), and thus a range of oxygen partial pressures [16] 
as shown in Figure 6.4, and at different practical operating temperatures in 
Figure 6.5. In the logarithmic current density to anode overpotential relation 
as measured with respect to the relevant equiIibrium potential, a standard 
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Figure 6.4 Steady-state current density (j)-potential (AU) characteristics of a Ni-YSZ cermet anode 
(after[163), at 95O"C, with variation ofhydrogenpartialpressure: (0) Pp2) = 0.1 9 bar, P ( H ~ O )  = 0.05 bar; 
(0) P p 2 )  = 0.48 bar, P ( H ~ o )  = 0.05 bar; (A) P ( H ~ )  = 0.48 bar, P(H,o) = 0.12 bar. Reference electrodept on 

air side; note displacement of equilibriumpotential according to Nernst relationship. 
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Figure 6.5 Steady-state current density (j)-overpotential (Aq) characteristics 11 61 under invariant 
Nernst gas composition conditions, P ( H 2 )  = 0.48 bar, P(,,o) = 0.05 bar,for temperatures: (0)  725°C (V) 

780"C, (0) 845"C, (0) 890"C, (A) 950°C. 

Tafel-type characteristic is presented, once past a threshold value and dependent 
on temperature. The overpotentials for hydrogen oxidation, the fuel cell anodic 
reaction, are on the positive axis in Figure 6.5; negative values of overpotential, 
cathodic of the equilibrium potential, represent electrolysis of the water vapour 
present in the system. It is also reported that the reaction order for hydrogen, 
deduced from Alog j/Alog P(Hr)  at a constant overpotential, where j = current 
density, is close to 0.5 at 725°C a value compatible with adsorbed atomic 
hydrogen being involved in the charge-transfer reaction. This species is 
identified as a consequence of molecular hydrogen dissociation after adsorption 
from the gas phase, presumably on nickel surface sites. This presumption is 
upheld by the observed poisoning of anodes by sulphur, which chemisorbs on a 
nickel surface. However, the reaction order shows a decreasing trend with 
higher overpotentials and temperatures (Figure 6.6). This would indicate that 
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Figure 6.6 Overpotential referred to equilibrium (AU) determined by Nernst conditions. Reaction order m 
as determinedfor hydrogen, mH2, with P(H>o) = 0.05 bar, a t  temperatures (0) 725°C and (A) 950°C. 

indicates a change oflimiting reaction mechanism. 
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the anode surface coverage of hydrogen under those conditions becomes less 
sensitive to the partial pressure. 

Similarly for thermal activation on the anode, Arrhenius plots can be 
constructed from the logarithmic dependence of current density on reciprocal 
temperature for the evaluation of the activation enthalpy of the oxidation 
reaction. Here again, within the Tafel regime, the activation enthalpy falls from 
130 kJ/mol below 840°C to 110 kJ/mol at higher temperatures. While at the 
lower temperatures a charge-transfer controlled reaction dominates, other 
limiting considerations emerge as the temperature increases. This is compatible 
with the actual development strategy for advanced anodes in lower temperature 
fuel cells where enhancement of charge-transfer behaviour through 
electrocatalysis is the objective, a strategy less relevant at higher temperatures 
where anode performance is already adequate through thermal activation. 

6.6 Anode Behaviour Under Transients Near Equilibrium 
Complementary to steady-state characterisation by continuous current methods 
are the perturbation techniques, such as time-domain transients induced by 
current or potential steps, or frequency-domain analysis of system behaviour 
by electrochemical impedance spectroscopy (EIS) [ 171. The methods reveal 
dissipative mechanisms contributing to overpotential losses on the basis of 
response time, and distinguish them from the purely resistive effects. 
Identification of the observed EIS features with specific physicochemical 
processes can then be effected by variation of other system parameters such as 
applied potential, temperature or gas environment. The physical system can 
then be analysed in terms of an equivalent circuit, an electronic analogue 
reproducing the frequency response of the actual device. Processes giving rise to 
impedance spectral features are therefore not necessarily electrical, but any 
process involving storage and dissipation effects contributing to the overall 
polarisation loss will appear in the equivalent circuit through a corresponding 
electronic model component. 

At the high-frequency limit of the spectrum the intercept on the resistive axis 
specifies the serial ohmic component in the measured system, since this element 
does not introduce a phase shift. Similarly the low-frequency limit approaches 
the steady-state condition corresponding to the d.c. characteristics of the ceI1. 
Each spectral feature detected between these limits represents a dissipation 
process with the specific time dependence indicated by the inverse of the 
frequency at which it occurs. It should be noted, therefore that two processes 
with similar time constants in the anodic system will not be distinguishable by 
impedance spectroscopy. 

In the case of high-temperature fuel cell anodes, conflicting evidence has been 
presented on the number and significance of the dissipative mechanisms detected 
as contributing to polarisation losses by impedance spectroscopy. At least three 
features may be distinguishable, dependent on the particular anode structure and 
the experimental conditions [17,19]. This variability of the impedance spectra is 
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clearly illustrated with two cermet anodes of differing microstructures [20] 
operating under identical experimental conditions, at 1000°C in an environment 
of hydrogen with 3% HzO. While in both results (Figure 6.7) three components 
with similar time constants in each case can be distinguished in the experimental 
EIS results, the amplitudes of the corresponding spectral features differ 
considerably, and hence the appearance ofthe overall spectra. The anodes differ in 
that one consisted of 0.4 pm YSZ powder with bidispersed NiO, 0.4 and 10 pm, to 
give after reduction a 40% Ni/60% YSZ porous cermet, the other being prepared 
from a submicron fine-grain plasma-processed powder to give 50% Ni/50% PSZ. 

By detailed investigation of some experimental model anode systems, 
however, a consensus is emerging on the interpretation of anode impedance 
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Figure 6.7 Impedance spectral variation with differing cermet microstructures, prepared from a standard 
anode formulation (A) and a fine-grain plasma-processed powder ( B ) .  Both results distinguish three 
dissipative processes with similar time constants in each case. The experimental conditions are identical, 
IO00"C in hydrogen, 3% HzO (after 1181). 2' = real or resistive, and 2" the imaginarg or reactive, 

coinponentsof thetotdimpedanceZ= 2' + iZ". 
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spectra. The charge transfer process is the only strictly electrical component of 
the system, and its time constant can be estimated. The resistive component 
should not exceed 1 Q, and the reactive component, the interfacial capacitance, 
should be around 10 pF/cm2 [21] implying a characteristic frequency of the 
order of 10 kHz. The feature I (Figure 6.7) is therefore identified with the charge 
transfer process. Other experimental work concurs in this identification [ 191, 
where the variation of the capacitance with temperature and with gas 
environment, particularly the partial pressures of hydrogen and steam indicate 
some dependence on adsorption in the interface region. Diffusion and mass 
transfer processes must therefore be associated with the slower features. A very 
slow mechanism may in fact be an artefact, due to variation of the Nernst 
potential in the vicinity of the active anode sites over the time of the modulation, 
of the order of 1 s (1 Hz), as measured against a reference electrode exposed to a 
constant gas composition, for example on the cathode side of the sample. This 
concentration polarisation effect was suppressed using an anode-side reference 
[18], clearly demonstrating that it is a function of the experimental system, not 
specific to the electrode. In the same work the feature I1 could also be suppressed 
if gas transport to the test anode was electrochemical, by direct contact to a 
second identical device exchanging reagent and reaction product, rather than 
gas-phase diffusion. Given that there was no gas transport out of the system, the 
corresponding impedance spectral feature does not appear. 

6.7 Behaviour of Anodes Under Current Loading 
In the discussion of impedance spectroscopy so far, it has been assumed that the 
modulation is applied to an anode under equilibrium conditions on each 
electrode with no net d.c. current transfer. Further information can be obtained 
by impedance analysis of the behaviour under load, the overpotential then being 
an independent variable. In this way a further confirmation of the identification 
of spectral features can be obtained, because there is a logarithmic relationship 
between current and overpotential (Figure 6.4) in the Tafel region. As a 
consequence the impedance spectroscopic feature corresponding to this reaction 
rapidly shrinks with increasing overpotential, reducing both resistive and 
reactive components and decreasing the apparent interface polarisation. At 
the same time a further reactance, in the inductive or opposite sense to the 
capacitative phenomena observed thus far, may emerge near the low-frequency 
limit. High-frequency inductive effects are usually artifacts of the measurement 
system, associated with self-inductance, whereas the low-frequency inductive 
feature is generally interpreted as evidence of adsorbed reaction intermediates, 
and may be associated with autocatalytic effects. This is illustrated in Figure 6.8. 
Mass transport effects may also be influenced by overpotential, for example by 
change of concentration gradients, increased occupation of surface sites 
by reaction products, or the formation of reaction intermediates. They may also 
be temperature influenced, for example due to thermal desorption, or even gas 
viscosity changes with temperature. A clear example when the anode 
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Figure 6 .8  Evolution ofelectrochemical impedance spectra with increasing overpotential q at 700"C, p ( ~ > )  
= 0.13 bar, ~ ( H ~ Q  = 5 x 1 0-4 bar, on  th in  screen-printed Ni jYSZ cermet anode (after /21 I ) .  Note the low- 

frequencg inductive loop. 

approaches the diffusion-limited condition is the expansion of the corresponding 
impedance spectral feature, indicating increasing polarisation due to fuel 
starvation or slow desorption and evacuation of the reaction products. 

In this discussion it should be noted that water vapour is not simply a passive 
reaction product. It has been recognised for several years that the ratio of fuel 
to reaction product partial pressures modifies not only the oxygen partial 
pressure on the anode side, and therefore the equilibrium Nernst potential, but 
also the polarisation. Mogensen and Lindegaard [2 31 presented impedance 
spectra on a cermet anode at 1000°C, with Pp2) = 1.0 bar, Pp20) = 0.03 and 
0.0022 bar with corresponding values of P(02) = 4.5 x 
bar (Figure 6.9). While the charge transfer high-frequency spectral feature is 
little changed, the low-frequency transport polarisation is an order of magnitude 
higher. Water, therefore, has a catalytic function at the cermet anode. Again, 
recent work can provide an explanation. SaItai et al. E241 report that 
oxygen isotope exchange with oxide-conducting ceramics is much faster 
when the isotope source is water rather than molecular dioxygen. The following 
reaction is suggested: 

and 6.5 x 

Here the water molecule adsorbed on a zirconia surface oxygen vacancy, for 
example, dissociated reversibly into an oxygen ion occupying the vacancy, plus 
two interstitial or adsorbed hydrogen ions. The solubility of hydrogen 
interstitially into zirconia is low, 2 x lo-' moles of water equivalent per mole 
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Figure 6.9 Impedance spectra on a cermet anode at 1 OOO"C, are dependent on waterpartiaIpressure. P(H20) 
= 0.03 and 0.0022 bar with PH,  = 1.0 bar: the oxygenpartialpressures, P(o,), are 4.5 x and 6.5 x 

bar for these ratios offuel  to reactionproduct. Rs = ohmic resistance of materials; RL = charge transfer 
resistance; RR = mass transport resistance 1221. 

of standard YSZ at 900°C and three orders of magnitude lower than in 
hydrogen ion conductors such as strontium cerate, but its effects are not 
negligible in a ceramic where electronic conduction is also extremely low. Raz 
et al. [25 ]  presented the energetics of water adsorption: chemisorption on the 
ceramic surface as required for the exchange reaction above is maintained to 
temperatures consistent with fueI cell operation due to the high enthalpy of 
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the process, of the order of 100 kJ/mol. The chemisorption of hydrogen on the 
ceramic has an even higher enthalpy, and therefore can be maintained to 
temperatures beyond the 700°C where hydrogen ionic conductivity has been 
measured. Dependence of interface polarisation on water partial pressure has 
been experimentally verified up to 1000°C [26]. These processes may be 
represented as a hydroxylated surface (Figure 6.10). Some mobility of the 
hydrogen ion either on the surface of the electrolyte through these 
chemisoption effects, or near the surface as hydrogen intercalate can therefore 
be postulated. 

Figure 6.10 ikloclelfor hydroxylation of azirconiasurface by chemisorptionof water (after[25]). 

Adsorbed oxygen on the nickel component of the cermet is also discussed by 
Mizusaki et al. [27] as mediating hydrogen mobility on that surface. The 
required delocalisation of the anodic reaction from the much-discussed linear 
three-phase boundary, giving rise to a functionally volumetric anode, is a 
consequence of these transport mechanisms. On a given surface the linear 
three-phase boundary (TPB) structure is widened to present an active area: by 
electronic and ionic conductive percolation through the anode structure, an 
active volume is developed (Figure 6.1). With a three-phase boundary width 
approaching 1 pm, of the order of the grain size of the nickel in the 
cermet, effectively the whole surface of the grains of the cermet structure 
within the active electrode volume is available for the anodic reaction. A 
plausible model is Fick or Knudsen diffusion if the porosity is submicron, 
followed by dissociative adsorption of dihydrogen molecules on the nickel 
surface and their ionisation. Oxygen and hydrogen ions can exchange across 
the three-phase boundaries within the cermet giving hydroxy1 sites, which can 
then pair and desorb water. 

This model raises the issue of the effective thickness of the electrochemicaIly 
active portion of the anode structure. Primdahl and Mogensen [20] found no 
correlation between polarisation effects and electrode thickness down to 20 pm, 
and in more recent work [26] a depth of 10 pm for the active zone is sustained. 
Mathematical modelling [29] is in accord with this experimental evidence 
(Figure 6.11). Beyond that thickness, the cermet can be regarded as a passive 
contact layer, and in anode-supported intermediate temperature fuel cells, as 
also having a structural and mechanical function. It is therefore available as a 
site for fuel reactions such as reforming. Some studies with this as objective have 
already been reported, such as the incorporation of ruthenium as catalyst [30].  
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Figure 6.11 = 
volume fraction of the electronic conductor (nickel) in the cermet; exchange current density io = 0.1 A/cmZ; 
conductivitg of the metal component a,l= 2 x lo6 S/m, oxygen ionic conductivity of the ceramic component 

a, = I5  S/m,  grain size of both components 1 pm. 

Mathematical modelling of dependence ofpolarisation on electrode thickness (after 1291). 

Optimisation of supporting anodes in advanced fuel cell designs to incorporate 
thermal control and chemical functionality into that zone, which is otherwise 
merely mechanical and structural, will depend on the further experimental 
validation of the reaction mechanisms, interpreted with the new mathematical 
models now appearing [ 3  1-34]. 

6.8 Operation of Anodes with Fuels other than Hydrogen 

The study of hydrogen-fuelled cells has provided essential information on the 
mechanisms. In the absence of a hydrogen distribution infrastructure, 
however, practical engineering requires compatibility with hydrocarbon fuels. 
Natural gas is favoured for demonstration units, and interest in other fuels has 
already been noted. To avoid the growth of carbon on nickel cermet anodes 
exposed to hydrocarbons, reforming, a reaction of the hydrocarbon with steam 
to produce a hydrogen/carbon monoxide mixture as the actual cell fuel, is 
standard practice. Therefore the performance of the cermet as site for the 
electrochemical reaction of carbon monoxide is as important in practice as its 
kinetics for hydrogen. Verifying that the role of carbon dioxide is analogous to 
that of water in hydrogen-fuelled cells, Aaberg et al. [ 3  51 observed a minimum 
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in interfacial polarisation with 55% C02 and CO as fuel. Evidence is now 
emerging [36] that while the polarisation is little influenced by CO partial 
pressure over a wide range, decreasing towards P(co) = 1 atm, the effect of 
carbon dioxide is uniformly to reduce polarisation with increasing partial 
pressure, with a reaction order of 0.5. Since oxygen partial pressure is not an 
independent variable given that 

a reaction order of 0.5 for COa is equivalent to 0.25 for oxygen. The adsorbed 
species are then identified as oxygen - probably on oxygen vacancies near the 
three-phase boundary, and CO on the metal. In [36] it was also recorded that 
impedance spectra were difficult to obtain at low frequencies, due to instability. 
This is in accord with the observation of high electrical noise on electrodes 
exposed to CO [37]. It is tempting to consider this effect as associated with the 
reversible Boudouard coking reaction. 2CO ++ C + C02, with occupation of CO 
adsorption sites by carbon, followed by the reaction with C02 or electrochemical 
oxidation to remove it. 

When after reaction of hydrocarbon fuel with steam, both hydrogen and CO 
with traces of C02 are admitted to an anode as reformate, the situation is even 
more complex. The electrochemical oxidation rate of hydrogen is several 
times faster than that for CO, the divergence increasing with temperature and the 
water-gas shift reaction being faster than either [ 3 81. However, the concentration 
of CO is a fraction of that of hydrogen, 14.9% of the total gas present when the 
feedstock to the reformer has a steam to carbon ratio of 2 at 800°C. rising to 
17.2% at IOOO'C. As a consequence the electrochemical depletion rates of the 
two fuels are comparable, polarisation does not significantly rise, and there is no 
accumulation of carbon species in the system. These laboratory results are fully 
confirmed by the successful long-term operation of SOFC systems on reformate 
fuel mixtures in large-scale demonstration plants. 

6.9 Anodes for Direct Oxidation of Hydrocarbons 
Reforming of the hydrocarban fuel does present a balance of plant requirement 
impacting on investment, maintenance and overalI system efficiency, providing 
an incentive to develop systems and materials capable of sustaining direct 
oxidation on a fuel cell anode. It has been known for some time that at 
high current densities, with steam and carbon dioxide being formed 
electrochemically, and therefore with a higher P(02) over the anode, methane 
can oxidise on a nickel cermet without serious carbon deposition [39]. It is 
presumed that the oxidation products of the cell reform the incoming fuel, 
though to maintain a current and therefore a power density above the necessary 
threshold [39] may not be a practical procedure in commercial operation. 
Admission of some steam with the fuel, or an autothermal process by partial 
oxidation, can extend the regime of operation, particularly with a co-catalyst as 
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already mentioned [ 301 through this distributed reforming over the anode [41] 
(Figure 6.12). However, it is now evident that such a direct oxidation process, 
without reforming, requires an innovation in anode materials, diverging from 
the established nickel-zirconia option. 

CO+ H,O- CO,+ H, 

CH, + EH,O 
\ I  

Figure 6.12 Schematic of distributed processing of humidijed methane with internally generated 
reaction products. 

Spacil's alternative transition metals for the cermet, iron and cobalt, though 
less active for the pyrolysis of hydrocarbons, do not have the corrosion resistance 
of nickel in a high-steam environment. Considering silver and copper, their 
oxides either decompose or melt at temperatures below the requirements for 
cermet sintering: neither are the metals refractory (Ag m.p. 962°C: Cu m.p. 
1083°C). However, in catalytic technology the advantages of copper composites 
with ceria are recognised [42]. Partial reduction of copper oxide when exposed to 
fuel a t  elevated temperature, and the resulting redox properties, permit 
exchange of oxygen between the lattice and the gas phase, with availability for 
surface reactions. A copper-ceria composite anode [43,44] is a recent promising 
initiative. The difficulty of sintering a copper composite was avoided by forming a 
porous zirconia skeleton on a dense electrolyte substrate of the same material, 
then introduction of copper and cerium as their nitrate salts in solution, followed 
by drying and pyrolysis, similar to a procedure already demonstrated for anode 
and cathode catalysts [45]. Co-insertion of the two cations is possible since 
copper does not form a solid solution in ceria so the two phases remain separate 
as required for functionality of the electrode. In Figure 6.13 the reported 
performance of cells using this zirconia-supported copper-ceria composite is 
presented. Obviously the power density with methane fuel is significantly lower 
than that with hydrogen, but the synergetic catalysis by ceria is evident from the 
negligible power density with copper alone in the zirconia matrix. Figure 6.14 
presents evidence of the stability of the composite anode, in contrast to a nickel 
cermet where the fuel cell operation is suppressed irreversibly within 30 min by 
the carbon accumulation. The ceria-copper system is now being further 
investigated for the direct oxidation of higher hydrocarbons [43]. 
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Figure 6 .13  Current-potential characteristics of copper cermets at 800°C showing effect of hydrocarbon 
fueZ and eZectrocataZysis by ceria: (0) hydrogen on CuIYSZ cermet; (A) hydrogen on cermet catalyzed by 
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Figure 6 .14  StabiZity of ceria-catalyzed copper cermet under different fuel conditions contrasts with rapid 
irreversible deactivation of nickel cermet 1431. 

ReEractory electronic-conducting ceramics may also provide candidate 
materials for the direct oxidation anode. Ceria and its solid solutions with other 
rare earths, cerates and titanates [46] have been investigated. Given their 
variation in conductivity with gas environment they may have to be used with 
metals in composites. The perovskites, of general formula AB03, where A and B 
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are two metals with a total valency of 6, form a wide variety of solid solutions by 
partial substitution on either the A or B sites, or both. These compounds are 
established in SOFC technology with the chromites used as electrical 
interconnects and gas separators, for example. They have the required stability 
over the whole range of fuel cell oxygen partial pressure from bar near 
an open-circuit anode to atmospheric or even pressurised conditions on the 
cathode side, and with sufficient electrical conductivity. Lanthanum chromite 
is electricaIly conductive and stable, but unfortunately has negligible 
electrocatalytic activity. Baker and Metcalfe [47] therefore applied the 
strategy of substitution, with calcium on the A site and with nickel or cobalt on 
the B site. Primdahl et al. [48] used 3% vanadium on the chromium site of a 
lanthanum-strontium perovskite. Use of a lower valency metal ion as substituent 
on the A site requires compensation, either by a higher valency ion on the B site 
or by oxygen lattice defects, which can increase the activity of the material 
towards oxygen exchange and catalysis in comparison with the non-catalytic 
parent structure. Sauvet et aL, in a review of oxide-based anodes [49], noted that 
to enhance the activity of a chromite substituted partialIy with strontium on the 
A site, a C-H bond breaking catalyst, specifically nickel, ruthenium or platinum, 
is required on the B site. The catalytic oxidation of methane over ceria and 
chromites promotes deep oxidation, producing C 0 2  and water. However nickel 
substituting up to 10% of the chromium sites gives selectivity for hydrogen and 
CO in the temperature range 500-800°C [SO]. In fuel cell operation the low 
surface coverage of metallic nickel avoids carbon deposition while providing the 
selective sites necessary for fuel activation [S 13. Finally, mention should be made 
of exotic options, like the vanadium carbide anode for oxidation of gas-entrained 
solid fuel [ 5 21. 

6.10 Summary 

Empirical development of the nickel-zirconia anode over several decades has led 
to solid oxide fuel cells with adequate service life and performance, but fuel 
reforming is still required to operate with commercially available hydrocarbon 
fuels. It has become evident that the anode reactions are dominated by the 
‘three-phase boundary’ and that the microstructure of the composite cermet 
anodes is pivotal. Consequently, the processing methods used for making 
the anode powders, and the fabrication techniques used for deposition on the 
eIectrolyte are critical in making high performance anodes. Anode-supported 
cells with very thin electrolyte films are becoming interesting for operation at 
lower temperatures. 

Anode behaviour is evaluated by d.c. methods under steady state and by 
impedance spectroscopy under transient conditions. The reaction pathways 
for hydrogen have been elucidated, and mathematical modelling is providing 
micro- and nanoscale understanding of electrode processes. At higher current 
loadings, the diffusion processes have been evaluated showing that the 
electrochemically active anode thickness is around 10 pm. In practice, however, 
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much thicker anode layers are used in order to provide sufficient conductivity to 
transport electrons out to the interconnect. 

Operation of anodes on fuels other than hydrogen is commercially necessary, 
and challenging because of carbon deposition. In general, pre-reforming of 
hydrocarbons is carried out before the fuel contacts the anode. Direct internal 
reforming is possible with nickel cermet anodes, but carbon deposition can be a 
problem in long-term operation. Other possible anode metals, such as copper, 
can prevent carbon formation but their properties are not entirely satisfactory. 
One strand of current research is towards stable direct oxidation anodes. with 
modified cermets incorporating copper and ceramics like ceria; a further option 
lies in the identification of mixed conducting ceramics with sufficient 
electrocataIytic activity to function alone without any metal as anodes. The 
ultimate challenge is to produce anodes which can directly oxidise hydrocarbons. 
Indications are that this is possible and represents ongoing anode development. 
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Chapter 7 

Interconnects 

Harlan U. Anderson and Frank Tietz 

7.1 Introduction 
Two roles of the interconnect in high-temperature solid oxide fuel cells (SOFCs) 
are the electrical connection between cells and the gas separation within the cell 
stack. The fact that the interconnect must be compatible with all of the cell 
components as well as be stable with respect to both oxidising and reducing gases 
places very stringent materials requirements on it. These requirements plus the 
additional constraints of cost and ease of fabrication tend to limit the possible 
choices to only a few materials. These materials come from either perovskite-type 
oxide ceramics based on rare earth chromites for operating temperatures in the 
900-1 000°C range or metallic alloys for lower temperature cell operation. 

The properties which an interconnect must possess are rather extensive and 
somewhat dependent upon the particular SOFC configuration [ 11. However, 
typical requirements are: 

0 

0 

0 

0 High mechanical strength 
0 High thermal conductivity 
0 

High electronic conductivity with low ionic conductivity 
Chemical stability in both fuel and air 
Thermal expansion match to other cell components 

Chemical stability with regard to other cell components 

Depending upon the particular SOFC design, additional requirements such as 
the ease of fabrication to gas-tight density, the ability to make gas-tight seals 
with other cell components, and the material cost also play an important role. 

Of the requirements listed above, the first three are crucial and tend to 
eliminate most candidate materials. In fact, for operation at temperatures above 
8OO0C, the only oxides that fit these criteria are the doped rare earth chromites. 
In particular, compositions from the system (La,Sr,Ca)(Cr,Mg)03 are the leading 
interconnect materials. However, compositions from the system (Y,Ca)CrQ3 also 
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have acceptable properties. These rare earth chromites satisfy most of the 
requirements, but have problems in fabrication and have high cost. Metallic 
interconnects are easier to fabricate and potentially less costly than oxide 
ceramics but their lifetimes under SOFC operating conditions remain to 
be demonstrated. 

In this chapter the requirements of interconnect materials, the characteristics 
that the leading candidate materials possess, and how well these fulfil the 
requirements are discussed. The oxide ceramic materials are discussed first 
followed by a description of several types of metallic interconnection materials. 
Then, the special protective and contact materials applied as coatings on the 
interconnects to match them to the electrodes are described. 

7.2 Ceramic Interconnects (Lanthanum and Yttrium Chromites) 

7.2.7 Electrical Conductivity 

The electronic conductivity for an interconnect to perform adequately should be 
greater than about 1 S/cm at 1000°C. For either YCr03 or LaCr03 to obtain this 
level of conductivity, acceptor doping is required. Tables 7.1 and 7.2 list typical 
conductivity values that are obtainable. 

Upon exposure to reducing atmospheres, all oxides tend to lose oxygen and 
form oxygen vacancies. In the case of p-type oxides like Y and La chromites, the 
loss of oxygen results in a decrease in electrical conductivity. Figure 7.1 
illustrates the behaviour that these oxides display [7]. Figures 7.2 and 7.3 show 

Table 7.1 Electrical conductivity data for substituted LaCrO, (in air) 

Dopant Composition Electrical conductivity Activation energy Ref. 
(mol%) at 1000°C (S/cm) (ev) (kJ/moU 

None 0 1 
Mg 10 3 
Sr 10 14  
Ca 20 35 
Ca, Co 20 Ca, 10 Co 34 

0.19 (18) 2 
0.20 (19) 3 
0.12 (12) 4 
0.14 (13) 5 
0.15 (14) 6 

Table 7.2 Electrical conductivity data for Ca-dopedYCr0, (in air) 

Ca Electrical conductivity Activation energy Ref. 
content at 1000°C (S/cm) (W (kJ/mol) 
(mol%) 

5 
10 
15 
20 

4.5 
7.7 

13.0 
15.5 

0.17(16) 
0.18 (17) 
0.18 (17) 
0.18 (17) 
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Log Oxygen Activity 

Figure 7.1 Defect concentration, oxygen content ( 3 - 8 )  and electrical conductivity in acceptor- 
substituted AB03.s as function of oxygen activity at constant temperature. The B site is occupied by a 

transition rnetal ion 181. 
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Figure 7.2 Oxygen vacancy concentration and electrical conductivity as a function of oxygen partial 
pressureanddopant contentfor LaCr,-,MgX03at 120OoC/3J. 

0.4 I J  I 
-20 -18 -16 -14 -12 -IO -a -6 -4 -2 o 

LOG (Po /ah) 
2 

Figure 7.3 Electrical conductivity os. oxygen partial pressure for  Yo &ao 2Cr03  at various 
temperatures 171. 

how the electrical conductivity changes with oxygen activity for both of these 
chromites [2, 61. What makes the chromites useful as interconnects is that at 
1000°C and bar oxygen pressure, they remain single phase and do not 
dissociate. There are no other oxides which have these levels of electrical 
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conductivity and can survive such reducing conditions. Thus, the chromites are 
quite unique and are the only oxides available for use as interconnects. The 
LaCr03 doped with either Ca or Sr has sufficient conductivity in fuel atmospheres 
to exceed 1 S/cm and therefore is preferred to Mg-doped LaCr03. 

There has been some concern about the oxygen ion conductivity in 
(La,SrCa)Cr03, particularly under reducing conditions, but studies by 
Yokokawa et al. [9] and Singhal [lo] suggest that this is not a serious 
problem since at 1000°C the oxygen diffusion coefficient appears to be less than 

cm2/s. This would yield an ionic transport number of less than 0.01 even at 
the most reducing conditions. Thus, oxygen permeation through the 
interconnect should be minimal. 

7.2.2 Thermal Expansion 

It is important that the thermal expansion coefficients of all SOFC components 
match well. This is particularly true for the dense components, the electrolyte 
(most commonly yttria-stabilised zirconia, YSZ) and the interconnect. Table 7.3 
compares the thermal expansion coefficients (TECs) and shows that the TECs of 
LaCr03 and YCr03 do not match that of YSZ, but the addition of dopants makes 
the match possible. Thus, thermal expansion is not a significant problem. 
However, the loss of oxygen in a reducing atmosphere leads to lattice expansion 
which has the potential of causing cracking problems [lo-181. For example, at 
1000°C, when exposed to hydrogen, LaCro.8&go.l 5 0 3  and Lao.8Sro.2Cr03 
expand about 0.1% and 0.3%, respectively (Figure 7.4). The amount of 
expansion due to oxygen loss i s  directly related to the oxygen vacancy 
concentration. Several studies have shown that this expansion can be minimised 
by the addition of elements such as A1 and Ti, but it is difficult to completely avoid 
this behaviour without the loss of other desirable properties, such as the 
electrical conductivity [16, 181. Thus, it is important to allow for this expansion 
in the cell and stack design. 

Table 7.3 

Composition (nominal) Thermal  expansion coefficient 

Thermal expansion coefficients of LaCrO:, andYCr03 p-131 

( x  10-6/K) 

LaCr03 9.5 
LaCro.gMg0.103 9.5 

L a d r 0 . 2 C r O 3  11.1 

La0.8Ca0.2Cro.sCoo.lO3 11.1 

Lao.gSro.lCr03 10.7 

h ~ C a o . 3  0 0 3  10.8 
La%.&o0.103 13.1 

YCr03 7.8 
Y o . Y C ~ O . I C ~ O ~  8.9 
Y o . s C ~ O , ~ C ~ O ~  9.6 
YSZ 9.4-11 
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Oxygen Deficiency (moles) 

Figure 7.4 Percent expansionasfunctionofoxygendeficiency in LaCrO, at  1000°CIZ 1-1 71. 

7.2.3 Thermal Conductivity 

The thermal conductivities of the SOFC components are all in the order of 
1.5-2 W/(mK) [3]. These are low compared to 20 W/(mK) for stainless steel 
and 400 W/(mK) for copper. Therefore, heat dissipation could be a problem 
which must be considered in the SOFC design. This is particularIy true for higher 
power density monolithic and planar SOFCs, but is less of a problem in the 
tubular design. 

7.2.4 Mechanical Strength 

The mechanical strength of many compositions of LaCrOs is low compared to 
YSZ (see Table 7.4) and appears to be variabIe. This low strength and variabiIity 

Table 7.4 Mechanical strength of LaCr03 (MPa) 

Dopant (mol%) Temperature ("C) Ref. 

25 1000 (air) 1000 (Hz) 

10% Mg 
20% Mg 
10% Sr 
10% Sr 
20% Sr 
20% Sr 
10% Ca 
l5%Ca 
20% Ca 
30% Ca 
YSZ 

390-418 
300 
268 
245 
234 

140 

100-150 
100-140 

166 
77 

100 
36 
80 
20-60 
60-130 

200 

20 
20 
20 
20 
19  

140 21 
20 

40 13 
50-60 13,22 
20 13 

13 
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appears to be related to structural flaws due to inhomogeneities in composition, 
grain size and/or density and not to the LaCr03 itself. Thus, improvements in 
processing can alleviate this problem. 

7.25 Processing 

In general, Cr-containing oxides are difficult to sinter. The primary problem is 
related to the vaporisation of Cr-0 species which leads to enhancement of the 
evaporation-condensation mechanism of sintering. This tends to suppress 
densification and causes coarsening of the powder [22, 231. For LaCr03, this 
problem was initially addressed by Groupp and Anderson who demonstrated 
that densification could be achieved by sintering at temperatures exceeding 
1700°C in an oxygen partial pressure in the 10-10-10-9 bar range [24]. Under 
these conditions the Cr-0 volatility is suppressed, thus minimising the 
evaporation-condensation mechanism and thereby allowing densification to 
occur. They showed that densification of stoichiometric LaCr03 is possible 
through a solid-state sintering mechanism by controlling the sintering 
atmosphere, but unfortunately the required conditions are so extreme, that they 
are not compatible with the processing of the other SOFC components and are 
also uneconomical. 

Hot pressing has been considered as an alternative for densifying LaCr03. 
Several studies have shown that hot pressing at temperatures around 1500- 
1600°C in graphite dies achieves more than 93% of theoretical density. 
However, due to the low oxygen activity because of the C-0 reaction, the LaCr03 
dissociates to Cr metal both at the C/LaCr03 interface and in the grain 
boundaries. As a result, upon reoxidation cracking occurs due to Cr oxidation. 
Therefore, hot pressing has proven to be unsatisfactory both from a structural 
and an economical point of view. 

The densification problem has led researchers to search for sintering aids 
which promote densification by suppressing the Cr-0 volatility and enhancing 
mass transport through liquid-phase mechanisms. Perhaps the first successful 
demonstration of this process was made by a group at Argonne National 
Laboratory which was attempting to co-sinter LaCrOs with other SOFC 
components in monolithic SOFCs [25]. They showed that the addition of boron 
and fluorides of Sr and La promoted densification in air at temperatures as low as 
1300°C. Owing to the volatility and the interaction of the liquid phase with other 
cell components, this is a difficult process to control, but it does show that liquid- 
phase sintering is a viable option. 

Since that initial work, a number of other liquid promoters have been 
investigated and several systems have been rather successful. For example, Koc 
showed that compositions within the system (La,Ca)(Co,Cr)03 sintered well and 
yielded nearly theoreticalIy dense structures at temperatures as low as 1 3  50°C 
[6]. These compositions are stable in a fuel atmosphere at 1000°C and therefore 
are potential interconnect candidates. The main problem with these 
compositions is that Ca and Co tend to react with other cell components and 
therefore their long time stability is suspect [2  11. 
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In an effort to alleviate the Co migration problem, a number of investigators 
have studied the (La,Ca)Crl-,03 and (La,Sr)Crl_,O3 systems [12, 17, 26-29]. 
What has been found is that when powders of these compositions are prepared at 
temperatures below 'iOO"C, the powders tend to be multiphase with substantial 
quantities of either La, Ca, or Sr chromates present. These chromate phases melt 
incongruently in the 1000-1200°C range and the liquid promotes sintering. 
Unfortunately. the best sinterable compositions are Cr deficient and the excess A 
site components, La, Ca, or Sr tend to segregate to the grain boundaries and 
create hydration and cracking problems under both SOFC operating and ambient 
conditions. Thus, this method of sintering has not been entirely satisfactory, but 
until a better one is discovered, it is the one being most frequently employed in 
the planar SOFC configuration. The search is still on to develop a method of 
densifying stoichiometric LaCrOs which is both economical and yields stable 
interconnects. 

A number of methods are used to fabricate the interconnect. The method used 
depends on the SOFC design [30]. For the tubular design, fabrication methods 
such as electrochemical vapour deposition (EVD), plasma spraying, laser 
ablation and slurry coating/sintering have been used, with EVD and plasma 
spraying being favoured. Economics is an issue with EVD while porosity and 
interfacial cracking are the difficulties with plasma spraying. 

In the early 198Os, the monolithic SOFC design made use of tape casting, 
lamination and calendaring technology to produce a structure which was then 
sintered to produce a completed SOFC stack. On the surface, this process is 
attractive since it offers the potential of low cost and high power density. In 
practice, it is a very difficult process because it requires the simultaneous 
sintering of all cell components. This means that the shrinkages and shrinkage 
rates must be matched for all four cell components during sintering. Also, the 
interdiffusion between the components under the high-temperature processing 
conditions must be minimised. As a result, this design has been abandoned. 

A variation of the monolithic design was introduced by Allied Signal [31] 
(that first became part of Honeywell and now a part of General Electric Power 
Systems). This design co-sinters the electrolyte, cathode and anode, but 
fabricates the interconnect separately. This design has eliminated the 
fabrication incompatibility problem between the interconnect and other cell 
components, but it does have the sealing problems of the planar cell design. 
The main advantage of this design is the densification of the interconnect by 
itself so that it gives the option of liquid-phase sintering the interconnect 
without inducing problems with the other cell components. 

The conventional planar cell designs build the gas distribution channels into 
the interconnect in a bipolar structure. In this design, good electrical contact 
between the cell components must be maintained and the edges sealed gas-tight, 
These seals are made by using either glasses or cements which, when heated, 
give both gas-tight seals and electrical contact. In addition to interlayer seals, 
side seals are required which are both electrically insulating and gas-tight. A 
number of different schemes have been tried to provide these two seals, but at the 
moment they still remain a major issue with planar SOFCs. 
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7.3 Metallic Interconnects 

The reduction of the cell operating temperature from 900-1000°C down to 600- 
850°C makes the use of metallic materials for the interconnect feasible and 
attractive. The advantages of metallic interconnects over ceramic interconnects 
are obvious: lower material and fabrication costs, easier and more complex 
shaping possible, better electrical and thermal conductivity and no deformation 
or failure due to different gas atmospheres across the interconnection. The 
interconnects can be fabricated by machining, pressing or, in the case of powder 
metallurgical alloys, by near-net-shape sintering. The gas distribution is usually 
realised by parallel channels whilst the ridges separating the channels serve as 
electrical contact with the electrodes. 

The first reports on SOFC stacks built with metallic interconnect plates were 
published in the early 1990s [32,33]. Initial experiments with FeNiCr alloys 
showed a steady decrease in power output during single cell operation [34]. and 
later also in stack tests [35]. This deterioration was ascribed to the release of 
chromium from the alloy leading to catalytic poisoning of the cathode [36, 3 71. 
This phenomenon has been investigated intensively, is now fairly well 
understood, and described later in this chapter. All early attempts at using 
metallic materials as interconnect were not very successful, because the materials 
(heat-resistant steels) often contained a significant amount of Ni leading to large 
thermal expansion mismatch between the metallic interconnect and the ceramic 
SOFC components. The situation changed with the use of chromia-forming 
materials. Various metallic interconnect materials are discussed below. 

7.3.7 Chromium-Based Alloys 

After a screening of different chromium-based alloys, MetaIlwerke Plansee AG 
proposed a chromium alloy containing 5 wt% iron and 1 wt% yttria (Cr 5Fe 
I Y 2 0 3 ) ,  theso-calledDucrolloy, for usewithelectrolyte-supported SOFCs [38]. In a 
close collaboration with Siemens AG, this alloy was used for assembling 
electrolyte-supported planar cells in 1-10 kW size stacks [39,40]. The alloy 
composition was optimised to match its thermal expansion to that of the 8 mol% 
yttria-stabilised zirconia (8YSZ) electrolyte to successfully thermally cycle the 
stacks. The good match of thermal expansion is shown in Figure 7.5. Only at 
temperatures above 800"C, the increased thermal expansion of the alloy leads to 
deviations from the thermal expansion ofYSZ and the two materials differ in TEE at 
1000"Cby 8%. 

This alloy has been investigated in detail with respect to corrosion behaviour 
[41,42] and contact resistance across its interfaces with the electrodes [43]. 
TypicaIly, Cr 5Fe 1Y203 is a chromia former and even after long-term exposure 
in oxygen or air, the chromia scales are very thin. Thicker corrosion scales grow 
in carbon containing atmospheres (methane, coal gas) due to formation of 
carbides [42]. 

The fabrication of interconnect plates of Cr 5Fe l Y 2 0 3  is done by powder 
metallurgical methods and starts with the alloying of Cr flakes with Fe and Y203 by 
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Figure 7.5 Thermal expansion curves of CrFe5Yz037, theferritic steel XI O C r A l l 8  andfor comparison a 
nickel-based alloy (Ni  20Cr, V A  Chromium) as well as the two mostly used supporting components in  planar 

SOFCs, the electrolyte ( S Y S Z )  and the anode substrate (NiOJYSZ). 

high-energy milling [44]. Then pressing and sintering in hydrogen atmosphere is 
followed by a hot forming process like hot rolling in vacuum. For the shaping of 
interconnects for the Siemens stacks, electrochemical machining was applied 
[3 8,451. Because of such sophisticated processing steps, the interconnects made of 
this alloy are almost as expensive as ceramic interconnects. Although a decrease 
in cost of about one order of magnitude from the R&D stage to mass production is 
estimated [45], DucrolIoy interconnects remain an expensive stack component. 

Use of near-net shape processing of interconnect parts has also been tried for 
tubuIar SOFCs [46]. The aim of this near-net-shape processing is a reduction in 
cost by avoiding machining and by more efficient use of the chromium powder 
[47]. For this purpose, however, a new materials development had to be 
conducted with different Cr powder grades, additional alloying elements, and 
different oxide dispersoids to improve sinterability, pressing behaviour, resulting 
density, corrosion, and contact resistance with thermally sprayed protective 
coatings [47,48]. Such coatings are necessary on the one hand to improve the 
contact between the interconnect and the adjacent electrode and on the other 
hand to avoid fast deterioration of cell performance. The best alloy compositions 
were found to be Cr 5Fe 0.3Ti 0.5Ce02 and Cr 5Fe 0.5Ce02 resulting in a contact 
resistance of about 30 mC2 cm2 after 1400 h of exposure in air and using 
Lao.8Sro,2Mn03 as coating. An endurance stack test with one of these near net- 
shaped alloys showed very stable performance for a period of 1000 h. 

7.3.2 Ferritic Steels 

Compared with Cr 5Fe 1Y203,  ferritic steels have the advantages of the lower 
cost of the material, easier processing and fabrication of components, 
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weldability, and thermal expansion match with the anode substrate (Figure 
7.5). Several SOFC stacks with ferritic steel interconnects have been fabricated 
and tested [49-5 11. However, long-term stack tests showed large degradation in 
power output (a  degradation rate between 2 and 25%/1000 h of operation 
[50,52] is typical), and the corrosion, for instance of the ferritic steel X 1 0  CrAl 
18, was not sufficient for the targeted 40,000 h operation of SOFC systems: after 
only 3000 h of operation, the growth of nodular corrosion products led to a 
partial detachment of the cathode contact layer from the cathode (Figure 7.6). 
Therefore, it became evident that new steel compositions having better corrosion 
resistance than the commercially available ferritic steels needed to be developed. 

Figure 7.6 Corrosion products (circles) a t  the edges ofan interconnect coated with LaCoOl after 3000 h of 
operation a t  800"Candaconstantpowerdensityof0.22 W/cm2. 

Malkow et al. systematically investigated the thermal expansion and corrosion 
behaviour of commercial steels and model alloys [53]. The thermal expansion 
coefficient of ferritic steels decreases with increasing Cr content up to 20  wt% 
and increases with increasing A1 content. By such alloying, the thermal 
expansion of ferritic steels can be adjusted and matched to the Ni/YSZ anode 
substrate, but not to the YSZ electrolyte. The oxidation of steels depends not only 
on the Cr content, but also on small amounts of alloyed elements, especially A1 
and Si. Once a compositional threshold is reached, alumina and silica layers 
are formed instead of a chromia layer. This leads to a reduction in oxidation 
rate. However, such alumina and silica layers are insulating and have to be 
avoided when the steel interconnect is in contact with a contact or electrode 
material. In a comparative study [54] of commercially available ferritic steels 
with chromium contents between 12  and 28%, the contact resistance against 
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Lao.6Sro.4Feo.8Coo.203 strongly increased with time for those steels containing 
A1 and Si in the range 1-2 wt%. Lowest contact resistances were obtained with 
X3 CrTi 1 7  and X 2  CrTiNb 18 steels, remaining below 10 mS2 cm2 after 4000 h of 
exposure in air. In corrosion experiments, both of these steels formed scales 
composed of chromia and Fe-Mn-Cr spineIs together with an internal oxidation 
of the stabilising elements Ti and Nb [ 541. 

Further progress has been made in developing ferritic steels that form thin 
spinel-type corrosion scales with significant electrical conductivity and have 
well-adherent corrosion scales which reduce the release of volatile Cr species 
[5 5,561. By adding various alloying elements in the range 0.1-2.5 wt% to alloys 
with 17-25 wt% chromium, it was learned that: 

0 Ni does not support a stable and protective scale formation 
0 Ti leads to higher oxidation rate due to enhanced growth rate of the 

chromia scale and formation of internal Ti oxides 
0 Y, La, Ce, and Zr reduce the oxide growth rate independent of Cr content: 

especially La promotes very thin oxide scales 
0 Mn increases the oxide scale growth rate even if a lanthanide element is 

present, and preferentially forms a Cr-Mn spinel with low electrical 
resistance on top of achromia scale 

This systematic study led to an optimised steel composition - at laboratory 
scale - with small additions of Mn, La, and Ti but without any A1 and Si. This 
steel forms the desired thin and electrically conductive oxide scales [55, 561, 
good contact resistances with ceramic coatings [5 71 (Figure 7.7), and reduced 
permeability for volatile chromium species [58]. 

1 I I I I 

-E 
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t / h  
Figure 7.7 Change of electrical resistance of ferritic steellperovskite ceramics combinations during 

exposureinairat 800°C. 
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In FeCr 18 steels containing 7-10 wt% tungsten [59], increasing tungsten 
content results in thermal expansion coefficients close to that of YSZ electrolyte 
and small additions of Ce, La or Zr  lead to reduced corrosion rates. AIso, 
in contact with lanthanum manganite, a Cr-Mn spinel/Cr203 double layer 
is formed. 

Honegger et al. [60] investigated powder metallurgically made model steels 
containing 22-26% Cr and minor additions of Mo, Ti, Nb and Y203.  After 
oxidation in air, all materials showed a double-layered oxide scale composed of 
chromia directly in contact with the alloy and Mn-Cr spinel at the outer surface. 
Tn humidified hydrogen (20 vol% HzO), the corrosion experiments also revealed 
a Cr203/Cr-Mn spinel double layer at 700°C, but at higher temperatures a 
Fe-Cr spinel/Cr-Mn-Fe spinel system was formed. The contact resistance 
measurements performed on steel/Lao.6Sro.&003 p a ~ t e / L a ~ . ~ S r ~ . ~ M n 0 3  
ceramic samples gave very low contact resistances at 800°C in air after 15,000 h 
of exposure. With Mo-containing model alloys (FeCr 22 Mo 2 Ti Y203 and FeCr 
26 Mo 2 Ti Y2O3), a contact resistance of 20 mQ cm2 for 40,000 h could be 
deduced from the parabolic rate observed. 

To achieve acceptable power densities in terms of W/kg and W/dm3, the 
metallic interconnects are now made significantly thinner as listed in Table 
7.5 and use of thin steel foils (0.1-1 mm) for interconnects becomes feasible 
[61,62]. Such foil interconnects can easily be mass produced by pressing, 
stamping, cutting and punching [63]. However, the corrosion behaviour of 
thin foils of ferritic steels can be very different compared with that of thick 
plates due to the effect of selective oxidation and depletion of alloyed 
elements leading to composition changes in the foil. As long as the metallic 
component is thick enough to serve as a quasi-infinite reservoir of chrcmium 

Table 7.5 

Company Interconnect Interconnect Method to avoid Ref. 

Stack developer and the interconnect materials used 

material thickness (mm) poisoning of the 
cathode by volatile 
chromium species 

Sanyo Electric Inconel 600 5-6 
Siemens Cr 5Fe lY203 ca. 3.5 
Siemens Cr 5Fe 1Y203  ca. 3.5 

Sulzer Hexis Cr 5Fe lY203 

Sulzer Hexis Cr 5Fe 1 Y 2 0 3  

Forschungszentrum Ferritic steel 6 
Jiilich 
Ceramic Fuel Ferritic steel 3 
Cells Ltd 

Addition ofLazOs to cathode 35 

Plasma-sprayed coating 64,65 
of (La,Sr)Cr03 
High-velocity oxygen 66 
flame (HV0F)-sprayed 
coating of (Y,Ca)Mn03 

of Lao,&o.2Mn03 

Wet coating ofLaCo03 39 

HVOF-sprayed coating 47 

LaCoO3 coating 49 

A1203 coating in gas 50 
channels, conductive 
coating on the ribs 
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the enrichment of chromium at the surface (i.e. the formation of the chromia 
scale) has no significant influence on the composition of the thick steel plate. 
However, when thin foils are used, the amount of chromium is limited and 
the chromia formation can lead to compositional changes within the thin foil 
leading to very different corrosion behaviour. Tests over several thousand 
hours are required to demonstrate the reliability of these lightweight 
interconnect designs. 

7.3.3 Other Metallic Materials 

Sanyo and Fuji Electric started their SOFC stack development with metallic 
interconnects using nickel-based alloys such as Inconel 600 and Ni 22Cr, 
respectively [35,67]. In a long-term exposure experiment of 12,000 h duration, 
the electrical resistance of a Ni 20Cr alloy coated with Lao.6Sro.4C003 did not 
change significantly and remained below 10 mS2 cm2, although SrCr04 formed 
at the interface [68]. However, thermal cycling with these alloys led to voltage 
drops after each thermal cycle due to the mismatch in thermal expansion with 
the other cell components (Figure 7.5) leading to cracks at the interconnect/ 
electrode interfaces [ 6 71. Nevertheless, properties of austenitic steels and 
Ni-based superalloys for use in SOFC stacks continued to be explored. Linderoth 
et nl. [69] investigated the oxidation resistance and the corrosion products of 
Fe-Cr-Ni steels (Haynes 230, Inconel 601), Ni-Cr steel (Inconel 657), Fe-Cr-A1 
steel (APM-Kanthal), and the Plansee Ducrolloy. Among the Ni-containing 
steels, the Haynes 2 3 0  showed the best oxidation resistance and the oxide scale 
composed of Cr203 and spinel might have better electronic conductivity than a 
pure chromia scale. 

England and Virkar [70, 711 investigated thin foils of Ni-based superalloys 
(Inconel 625, Inconel 718, Hastelloy X, and Haynes 230) as possible 
interconnect materials. They also observed the slowest oxidation in air for 
Haynes 2 30 and the formation of a Cr-Mn spinel at the outer surface leading to a 
complete depletion of Mn in the inner part of the thin foil. Hastelloy X also formed 
a spinel layer at the beginning and both alloys exhibited the lowest electronic 
resistance of the oxide scale formed. In wet hydrogen, the oxidation resistance 
was also the best for Haynes 230 but the oxide scale growth was much faster 
than in air [71], chromia was the dominating phase in the oxide scale and hence 
the electronic resistance of the oxide scale was 1-2 orders of magnitude higher 
than after oxidation in air. 

Another concept for interconnecting SOFCs is the use of FeCrAIY steels in 
combination with silver pins [62]. The FeCrAlY steel is used as a thin foil and 
quickly forms an alumina scale inhibiting the release of Cr from the steel. To 
avoid high resistances of the alumina scales. the steel foil is perforated with Ag 
pins acting as contacts between the anode of one cell to the cathode of the next 
cell in the stack. The use of silver is very attractive due to the low contact 
resistances [62,72,73]. However, problems regarding silver evaporation at 
operation temperatures > 700°C [62] and during thermal cycling [72] need to 
be addressed. 
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7.4 Protective Coatings and Contact Materials for Metallic 
Alnterconnects 

The metallic interconnects have two main disadvantages. The first is the release 
of volatile Cr species. In atmospheres containing water vapour, the most volatile 
specie is chromium acid, H2Cr('I)04 [37, 741, which is transported with the 
oxidant gas through the cathode to the cathode/electrolyte interface, competes 
with the oxygen molecules for the electrochemically active sites and blocks them 
with Cr("') [74]. This results in an increase in cathode polarisation [75, 761. 
After the initial blocking of the electrochemically active sites, the ongoing 
transport and reduction of chromium species lead to decomposition of the 
cathode perovskite material and the formation of spinels [76,77]. The chromium 
transport in the cathode compartment needs to be minimised to overcome these 
problems, either by using 'Cr getter' materials like La203 [3 51 in the cathode or 
by applying protective coatings of lanthanum chromites [64, 651, lanthanum 
manganites [47] or yttrium manganites [66] to the interconnect (Table 7.5). The 
thermally sprayed manganite coatings have led to stable long-term performance 
lasting about 12,000 h with a degradation rate in cell voltage of less than 1%/ 
1000 h [78]. 

Matsuzalti and Yasuda reported that Lao.6Sro.4Feo.8Coo.z03 cathodes are 
much more stable against Cr poisoning than Lao.&o.l 5Mn03 or 
Pro.6Sro.4Mn03 cathodes [ 791, especially when ceria-based solid electrolytes are 
used, and no enrichment of chromium was found at the Lao.6Sro.4Feo.sCoo.203/ 
ceria interface (after 10 h). A possible explanation might be the different 
overvoltages of the cathodes for oxygen and H2Cr(V1)04 reduction. While for the 
manganites the reduction of the chromium oxyhydroxide is the energetically 
preferred reaction, in the presence of the ferrites the reduction of oxygen 
appears to require less activation energy. Although the exposure times 
were short in their experiments, modification of cathodes may be a possible 
alternative to avoid Cr poisoning and the use of protective coatings. The extent 
of Cr evaporation from steels or other alloys and the effectiveness of 
protective coatings can be estimated before stack assembly by transpiration 
experiments [ 74,801. Such investigations are useful in new interconnect 
material development and also for an understanding of the cell and stack 
degradation rates. 

The second major disadvantage of metallic interconnects is the formation of 
oxide scales leading to significant ohmic losses. The interaction of the metallic 
interconnect with the adjacent ceramic cell components and the resulting time- 
dependent resistance of these material combinations is highly important. In the 
case of Cr 5Fe 1Y203, the best contact material for the cathode was found to be 
]LaCo03 [64] before protective layers of (La,Sr)Cr03 were applied to avoid Cr 
evaporation. LaCo03 was also successfully used in combination with ferritic steel 
1491, although the thermal expansion coefficient of the cobaltite is higher 
[64,81] than the other SOFC materials [82]. Besides the lower contact resistance 
(Figure 7.7), LaCo03 appears to react with the released chromium species to form 
a La(Co,Cr)03 perovskite and therefore retains the Cr vapour. 
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Contact materials are used in stack assembly for better electrical contact 
between the interconnect and the electrodes and also for compensation of 
dimensional tolerances of the parts. Such contact layers have no direct role in 
electrochemical reactions, but they can provide a homogeneous contact over the 
whole area of the fuel cell and minimise the ohmic losses within the stack. The 
maximum assembling temperature depends on the interconnect material used. 
For SOPCs with only ceramic components [83, 841, the bond between the cell 
and the LaCr03 interconnect is realised by sintering at about 1300°C and a solid, 
stiff bond with good electrical contact is obtained requiring no other contact 
material. In the case of Cr 5Fe 1Y203 interconnects, sintering can be utilised for 
stack assembly providing good contact without any contact material due to the 
high melting point (1700°C) of the alloy [38]. However, with ferritic steel 
interconnects, the stack assembly temperature cannot be higher than 900- 
950°C due to enhanced corrosion and thus contact material is needed for good 
electrical contact. 

Since there are no electrochemical requirements for the contact materials, 
they can be different from the electrode materials and be selected on the basis of 
their electrical conductivity and thermal expansion. Lanthanum cobaltites have 
high specific conductivities, up to 1700 S/cm [81]. However, the thermal 
expansion of these cobaltites has a large mismatch with the other cell 
components as mentioned previously. For these ceramic contact materials, 
therefore, a compromise between acceptable conductivity and tolerable 
mismatch in thermal expansion is generally required. 

A chemical interaction between the contact layer and an electrode or the 
interconnect should not occur, but cannot be avoided in most cases due to 
the reaction of the contact material with the chromia scale formed on the 
interconnect. In all cases where alkaline earth-containing chromite contact 
materials were used, the formation of chromates was observed [57, 64, 68, 85, 
8 61 leading to progressive decomposition of the perovsltite material. The change 
in contact resistance (Figure 7.7) is not only due to the scale formation on the 
surface of the interconnect but also driven by the reaction between the oxide 
scale and the volatile Cr species with the contact material, by the formation of 
alkaline earth chromates and the steady depletion of material at the contact 
material/interconnect interface due to the volatility of these chromates. The 
latter process was demonstrated by Hou et al. [87] by applying different 
cathode materials - (i) Pt, (ii) Lao.~Sro.4C003, (iii) Lao.ssSro.lsMn03 + 
La0.~Sro.~Gao.8~SMg0.1703 - onto an un-oxidised Fe-based alloy with 
composition similar to X 1 8  CrN 28. They found that the area-specific resistance 
of the cobaltite specimen increased at a greater rate than for the other two 
material combinations although the cobaltite is more conductive than the 
manganite/gallate mixture. For the contact material, it is important to have not 
only an initial low contact resistance but also a constant resistance with time (or 
even a decreasing resistance as shown in Figure 7.7). 

Often the corrosion of the interconnect on the anode side is not an issue 
because Ni meshes are used and these make good electrical contact with the 
interconnect. However, the Ni wires can also be corrosively attacked during 
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Figure 7.8 Cross-section of damaged Ni wires of a Ni mesh in contact with XlOCrAl18 .  The stack was 
operated for 3700 h at 800°C. The pores along the outerpart of the wires were formed during start-up of the 
stackdue topartialoxidationoftheNi meshandsubsequent reductionof theoxidelayer by the fuelgas[89].  

long-term stack operation (Figure 7.8) ,  because of the interdiffusion of the 
metals across the interface: Fe and Cr diffuse into the Ni wire and Ni diffuses into 
the interconnect [57]. Such deterioration of contacts can be minimised by an  
additional Ni coating on the interconnect [88]. The interdiffusion cannot be 
avoided, but the diffusion zone in this case is not in direct contact with the gas 
atmosphere and causes no internal oxidation by the formation of Ni-Cr oxides as 
shown in Figure 7.8. 

7.5 Summary 
The interconnect material is vitally important in connecting cells electrically 
and in separating the reactants. The requirements placed upon it are stringent 
and range from compatibility with electrodes and chemical stability to corrosion 
resistance combined with excellent electronic conductivity. The two types of 
materials that have been extensively used are the chromite ceramics and the 
chromium-based metallic alloys. 

A number of issues can be listed which need to be addressed before a 
completely acceptable ceramic interconnect can be developed (Table 7.6). 
However, most of them are of secondary importance when compared to the two 

Table 7.6 

Of most importance 

Current issues of ceramic interconnects 

Of next most importance 

1. Fabrication and processing costs 
2. Material costs 

1. Thermal expansion match to YSZ 
2. Chemical compatibility to YSZ and sealing glass or cement 
3 .  Expansion due to loss ofoxygen 
4. Mechanical strength and durability in reducing atmosphere 
5. Electrical conductivity in reducing atmosphere 
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major challenges: reduction of fabrication costs and reduction of material costs. 
The reduction in material costs can be achieved by both the interconnection 
design and the quantity of interconnect required. However, reduction in 
fabrication costs will only come with improved processing and automation 
[ 1,3 1,32,63]. 

Lanthanum chromite has provided long lifetimes, as long as 69,000 h in 
Siemens Westinghouse tubular cells, at 900-1000°C. However, metallic 
interconnects have not yet shown equivalent lifetime performance. 
Improvements in metallic interconnect compositions and contact layers between 
cells/interconnects are still issues for materials development. In particular, the 
metal/ceramic interface in cells should have low corrosion, low contact 
resistance and low permeability of chromium species. Recent results have shown 
that optimised steels for SOFC applications are available and alkaline earth-free 
and cobalt-containing perovskites are the most suitable materials for contact 
layers: however, their long-term performance under fuel cell operation 
conditions needs to be proven. 
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Chapter 8 

Cell and Stack Designs 

Kevin Kendall, Nguyen Q. Minh and Subhash C. Singhal 

8.1 Introduction 
Over the years, many ingenious designs of solid oxide fuel cells (SOFCs) have 
been devised, starting from pressed thimbles and discs in the 1930s. Since the 
1960s, most development has focused on planar and tubular design cells and 
other geometries have become less popular. This chapter describes the two main 
types of SOFCs, the planar and the tubular, emphasising their fabrication 
methods and performance characteristics. Each of these two designs has a 
number of interesting variants: for example, the planar SOFC may be in the form 
of a circular disc fed with fuel from the central axis, or it may be in the form of a 
square plate fed from the edges. The tubular SOFCs may be of large diameter 
( >  15 mm), or of much smaller diameter ( < 5 mm). Also the tubes may be flat 
and joined together to give easily printable surfaces for manufacturing the 
electrode layers. Other designs which have fallen out of favour, for example the 
corrugated monolithic design [l], are not described here. 

Under typical operating conditions, a single cell produces less than 1 V. To 
obtain high voltage and power from the SOFCs, it is necessary to stack many cells 
together and this can be done in a number of ways using interconnect materials 
which are often fabricated into complex shapes to provide for other functions 
such as air and fuel channelling and sealing. This chapter describes the various 
kinds of stack designs that have been tested by a number of manufacturers in 
recent years, and analyses the advantages and disadvantages of the various 
schemes. Planar SOFCs and stacks are described first, followed by tubular and 
then the microtubular SOFCs. 

8.2 Planar SOFC Design 
In a planar SOFC, cell components are configured as flat plates which are 
connected in electrical series [ 2 ,  31. Figure 8.1 shows an example of typical 
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Figure 8. I Planar SOFC design. 

components of a planar SOFC. Advances in ceramic technology, especially in 
synthesising fine powders, engineering material compositions, tailoring 
composition/property/microstructure relationships, and fabricating/processing 
intricate structures, have contributed to the increased interest in planar SOFCs 
since early 1980s. Significant progress has now been made on the 
demonstration of fabricability, performance, and operation of planar SOFCs. 

A planar SOFC, like any other cell configuration, must be designed to have 
the desired electrical and electrochemical performance, along with required 
thermal management and mechanical/structural integrity to meet operating 
requirements of specified power generation applications [ 3 ] .  The key 
requirements are discussed below: this discussion is qualitative because the 
specific requirements depend on selected designs and intended applications. 

6) 

(ii) 

(iii) 

Electrical performance. This requirement means that the design must 
minimise ohmic losses in the stack. Thus, the current path in the 
components (especially those having low electrical conductivity) must be 
designed to be as short as possible. There must be good electrical contact 
and sufficient contact area between the components. The current 
collector must also be designed to facilitate current distribution and flow 
in the stack. 
Electrochemical performance. This requirement means that the design 
must provide for full open circuit voltages and minimal polarisation 
losses. Thus, any significant gas leakage or cross-leakage and electrical 
short must be avoided. Fuel and oxidant must be distributed uniformly 
not only across the area of each cell but also to each cell of the stack. The 
gases must be able to quickly reach the reaction sites to reduce mass 
transport limitation. 
Thermal management. This requirement means that the design must 
provide means for stack cooling and more uniform temperature 
distribution during operation. The design must permit the highest 
possible temperature gradient across the stack. 
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(iv) Mechanical/structural integrity. This requirement means that any 
planar SOFC stack must be designed to have adequate mechanical 
strength for assembly and handling. Thus, mechanical and thermal 
stresses must be kept to minimum to prevent cracking, delamination, or 
detachment of the components under the variety of operating conditions 
the stack is expected to experience (e.g., normal operating temperature 
gradients, off-design temperature gradients, thermal shock conditions 
such as sudden power change and cold start-up, and mechanical loading 
expected during installation, moving, and vibration loading). 

Table 8.1 summarises the design requirements for planar SOFCs. 

Table 8.1 Design requirements 

Property requirement Design target 

Electrical Minimal ohmic loss Short current path 
performance Good electrical contact and sufficient 

contact area 
Current collector design for uniform and 
short current path 

Electrochemical 
performance 

Thermal 
management 

Full open circuit voltage Insignificant gas leakage or cross-leakage 
(no or minimal sealing) 
No electrical short 
Uniform gas distribution between cells 
and across cell 
Easy gas access to reaction sites 

Low polarisation loss 

Cooling and uniform 
temperature distribution 
Highest possible 
temperature gradient 
across stack 

Simple and efficient means for cooling 
Appropriate gas flow configuration 
Design to withstand thermal stress 

Mechanical/structural Mechanical strength for Minimal mechanical stress 
integrity assembly and handling 

The most important design feature of the planar SOFC relates to gas flow 
configuration and gas manifolding which can be arranged in several ways: 

(i) Gas flow configurations. Fuel and oxidant flows in planar SOFCs can be 
arranged to be cross-flow, co-flow, or counter-flow. The selection of a 
particular flow configuration has significant effects on temperature and 
current distribution within the stack, depending on the precise stack 
design. Various flow patterns can be implemented in the different flow 
configurations including Z-flow, serpentine, radial, and spiral patterns 
(Figure 8.2). Flowfields (flow channels) are used in planar SOFCs to 
increase uniformity of gas distribution and to promote heat and mass 
transport in each cell. In addition, the flowfield is often designed to have 
sufficient pressure drop through the cell to promote cell-to-cell flow 
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uniformity within the stack. Thus, defining the flowfield for both fuel and 
oxidant flows is an important aspect in designing planar SOFCs. For a 
specific design, the shape and arrangement of the flowfield can be varied 
to improve/optimise stack design. Figure 8.3 shows two examples of 
flowfield design used in planar SOFCs [3]. Flowfields are commonly 
designed as part of the interconnect although certain planar designs 
include the flowfield in the electrodes. Since the flowfield electrically 
connects the interconnect and the electrodes, contact area (between the 
flowfield and the electrodes) must be considered in the design to minimise 
contact resistance losses. 

Figure 8.3 Examples offlowfielddesigns inplanar SOFCs [3]. 

(ii) Gas manifolding. Any stack design must include gas manifolds for 
routing gases from a common supply point to each cell and removing 
unreacted gases and reaction products. Gas manifolds can be classified as 
external or integral. External manifolds are constructed separately from 
the cell or interconnect component of the stack. Figure 8.4 is an  external 
manifold concept for crossflow planar SOFCs [4]. Integral manifolds are 
formed and designed as part of the cell or interconnect. Figure 8.5 shows 
several integral manifold concepts [S-71. Depending on the design, gas 
manifolds often require sealing to prevent gas leakage or crossover. The 
manifold seal is insulating to prevent cell-to-cell electrical shorts. In 
principle, the manifold must be designed to have low pressure drop 
(relative to individual cell pressure drop) to provide uniform flow 
distribution to the stack. 
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Planar SOFCs employ the same materials for the single cell as other cell 
designs. As discussed in this book, the most common cell materials are yttria- 
stabilised zirconia (YSZ) for the electrolyte, lanthanum strontium manganite 
(LSM) for the cathode and nickel/zirconia cermet (Ni/YSZ) for the anode. Planar 
SOFCs can be classified into two broad categories: self-supporting and external 
supporting. In the self-supporting configuration, one of the cell components 
(often the thickest layer) acts as the cell structural support. Thus, single cells can 
be designed as electrolyte supported, anode supported, or cathode supported. In 
the external-supporting configuration, the single cell is configured as thin layers 
on the interconnect or a porous substrate. The various cell configurations for 
planar SOFCs are schematically shown in Figure 8.6. Figure 8.7 shows a 
micrograph of a cell on a porous metal substrate as an example of the external- 
supporting cell configuration [SI. The key features of each configuration are 
summarised in Table 8.2. 

For planar SOFCs with YSZ electrolyte as the structural support, the 
electrolyte is typically thicker than 100 pm, and this thickness requires an 
operating temperature of about 900-1000°C to minimise electrolyte ohmic 
losses. For cell configurations with thin (5-20 pm) YSZ electrolytes (e.g., anode- 
supported cells), the cell can operate at reduced temperatures ( < 8OOOC). The 
advantages of reduced-temperature operation for the SOFC include a wider 
choice of materials (especially low-cost metallic materials for the interconnect), 
longer cell life, reduced thermal stress, improved reliability, and potentially 
reduced cell cost. The main disadvantages are potential slow electrode reaction 
kinetics (thus high polarisations) and the reduced thermal energy that can be 
extracted from the hot exhaust stream by a turbine or a heat exchanger. 
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Figure 8.7 Micrographofaplanarcell onporous metal substrate[8]. 
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Table 8.2 Features of planar single-cell configurations 

Cell configuration Advantage Disadvantage 

Self-supporting 
Electrolyte supported Relatively strong structural 

support from dense electrolyte conductivity 
Less susceptible to failure due 
to anode re-oxidation 

Higher resistance due to low electrolyte 

Higher operating temperatures required 
to minimise electrolyte ohmic losses 

Anode supported Highly conductive anode Potential anode re-oxidation 
Lower operating temperature 
via use ofthin electrolytes 

Cathode supported No oxidation issues Lower conductivity 

Mass transport limitation due to 
thick anodes 

Lower operating temperature 
via use of thin electrolyte 

Mass transport limitation due to thick 
cathodes 

External supporting 
Interconnect supported Thin cell components for lower 

operating temperature 
Stronger structures from 
metallic interconnects 

Porous substrate Thin cell components for lower 
operating temperature 
Potential for use ofnon-cell 
material for support to 
improve properties 

Interconnect oxidation 
Flowl?elddesignlimitation due to cell 
support requirement 

Increased complexity due to addition 
ofnew materials 
Potential electrical shorts with porous 
metallic substrate due to uneven surface 

8.2.7 Cell Fabrication 

The fabrication processes selected for each planar SOFC cell/staclc design depend 
on the configuration of the cells in the stack. The key step in any selected process 
is the fabrication of dense electrolytes. In general, ceramic fabrication processes 
for planar SOPCs can be classified into two groups, based on the fabrication 
approach for the electrolyte: the particulate approach and the deposition 
approach. The particulate approach involves compaction of ceramic powder into 
cell components and densification at elevated temperatures. Examples of the 
particulate approach are tape casting and tape calendering. The deposition 
approach involves formation of cell components on a support by a chemical or 
physical process. Examples of the deposition approach are chemical vapour 
deposition, plasma spraying, and spray pyrolysis. 

8.2.7.7 Cell Fabrication Based on Particulate Approach 
At present, two main particulate processes have been developed for the fabrication 
of planar SOFCs: tape casting [9] and tape calendering [lo]. Both of these 
processes have been shown to be capable of making cells with electrolyte layers 
of various thicknesses including thin YSZ electrolytes on electrode supports. 
Tape casting. Tape casting is a common method for manufacturing thin, flat 

sheets of ceramics and has been used to fabricate various components for planar 
SOFCs. The tape casting process involves malting of a layer of slip (ceramic 
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powder suspended in a liquid) using a doctor blade and drying this layer (or tape) 
on a temporary support. The dried layer (green tape) can be stripped from the 
support and fired to form a ceramic layer. Multilayer tapes can be fabricated by 
sequentially casting one layer on top of another. 

Tape calendering. Calendering is the formation of a continuous sheet of tape 
of controlled size by squeezing of a softened thermoplastic material between two 
rolls. In the calendering of ceramic tapes, ceramic powder and organic binder are 
mixed in a high shear mixer to form a plastic mass. The mass is then rolled into a 
tape of desired thickness and the final tape is fired at elevated temperatures. To 
form multilayer tapes, individual layers are laminated in a second rolling 
operation. Figure 8.8 shows, as an  example, a micrograph of a single cell with a 3 
pm YSZ fabricated by the tape calendering process. 

I 1 
Fracture Surface 

ZrO, NiOnrO 
Cathode Electroly 
Ir p . - * r n  - -v 

Figure 8.8 Anode-supported cell fabricated by tape calendering. 

Other particulate processes such as pressing and extrusion have also been 
considered or developed for fabricating planar SOFC cell components. 

8.2.1.2 Cell Fabrication Based on Deposition Approach 
A wide range of deposition techniques have been used for fabricating planar 
SOFCs. Focus has been placed on developing methods for making thin (5-20 pm) 
YSZ electrolytes for reduced temperature operation. Selected deposition 
processes are described below. 

Sputtering. An electrical discharge in argon/oxygen mixtures is used to 
deposit YSZ films (from metal targets) on substrate [ l l ] .  

Dip coating. Porous substrates are immersed in YSZ slurries of colloidal size 
particles. Deposited films are then dried and fired [ 121. 

Spin coating. YSZ films are produced on a dense or porous substrate by spin 
coating a sol-gel precursor followed by heat treatment at relatively low 
temperatures [ 131. 

Spray pyrolysis. A solution consisting of powder precursor and/or particles 
of the final composition is sprayed onto a hot substrate followed by a sintering 
step to densify the deposited layer [14]. 
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Electrophoretic deposition. YSZ particles are deposited from a suspension 
onto an electrode of opposite charge upon application of a DC electrical field. The 
deposited layer is then fired at elevated temperatures [ 151. 

Slip casting. YSZ layers are deposited on a porous substrate by vacuum slurry 
coating. After deposition followed by drying, the layer is sintered at high 
temperatures [16]. 

Plasma spraying. Powders injected into a plasma jet are accelerated. melted, 
and deposited on the substrate [17]. 

Other processes investigated for planar SOFC fabrication include electrostatic- 
assisted vapour deposition, vapour phase electrolytic deposition, vacuum 
evaporation, laser spraying, transfer printing, sedimentation method, and 
plasma metal organic chemical vapour deposition. 

As discussed in Chapter 7, the interconnect for planar SOFCs is either ceramic 
or metallic depending on the cell operating temperature. Ceramic interconnects 
are commonly used at 900-1000°C while metallic interconnects at < 800°C. 
The most common material for ceramic interconnects is doped lanthanum 
chromite (LaCr03). Lanthanum chromite interconnects for planar SOFCs are 
often made by conventional ceramic processing methods such as pressing or tape 
casting followed by sintering. Flowfields are either embossed into the 
interconnect before firing or machined into the sintered interconnect. 
Lanthanum chromite is known to be difficult to densify under high oxygen 
activity environments; therefore, the material used for making the interconnect 
is generally tailored to improve its sinterability under required conditions, 
especially under oxidising atmospheres [ 31. The most common metallic materials 
are chromium-based alloys and ferritic stainless steels. These materials are 
considered for planar SOFC interconnects because their coefficients of thermal 
expansion closely match those of cell components. Alloys with chromium oxide 
scale formation are often preferred for interconnect applications (as compared to 
those with alumina scales) due to the higher conductivity of the chromia scale 
formed on the surface of the alloy. The key technological issue with chromium- 
containing metallic interconnects relates to migration of chromium species into 
the cell, causing cell performance degradation during SOFC operation [18]. The 
use of metallic materials permits a variety of conventional forming methods for 
manufacture of the interconnect. Flowfields can be formed on metallic 
interconnects by machining or stamping. 

The majority of planar SOFC stacks require sealing to prevent gas leakage or 
cross-leakage. In general, when a planar SOFC is designed, one emphasis is to 
minimise sealing and sealing surfaces because the seal requirements are very 
stringent. Two types of sealing methods have been used: compressive loads 
(with or without gaskets) and high-temperature sealants. Compressive seals 
involve use of mechanical loads to compress fuel cell components to form a seal. 
This type of sealing has the advantage of requiring no sealants: however, 
forming a gas-tight seal and minimising mechanical stress due to compression 
of uneven surfaces are the key issues. Gaskets can be used to improve gas 
tightness and provide cushion for surface unevenness. High-temperature 
sealants include cements, glasses, and glass-ceramics. A sealant selected for 
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planar SOFCs must have the stability in oxidising and reducing environments, 
chemical compatibility with cell/stack components, and proper sealing and 
insulating properties. Examples of glass and glass ceramic sealants being 
developed for planar SOFCs are families of modified borosilicate and 
aluminosilicate glasses [ 191. 

8.22 Cell and Stack Performance 

Planar SOFCs of various sizes have been fabricated and operated under various 
conditions. Single cells have been shown to have extraordinarily high areal 
power densities. For example, power densities of up to 1.8 W/cm2 at 800°C and 
0.8 W/cm2 at 650°C have been obtained for anode-supported planar cells with 
hydrogen fuel and air oxidant (Figure 8.9) [20]. 

Figure 8.9 Performance ofanode-supportedcell with hydrogen fuel and air oxidant 1201. 

Figure 8.10 shows examples of planar SOFC stacks [6,21-231. Planar stacks 
have been operated for thousands of hours, and operation of multi-cell stacks at 
multi-ItW power levels has been demonstrated. An example of performance of a 
planar SOFC stack is given in Figure 8.11 [24]. 

The planar cell design offers high power density but currently has a 
number of significant issues such as requiring high-temperature gas seals at 
the edges of the cell components to isolate oxidant from fuel. Difficulties in 
successfully developing such high-temperature seals have slowed the 
development and use of planar design cells for SOFC generators. However, SOFC 
stacks in 1-2 5 kW size utilising planar cells are now beginning to be designed, 
fabricated, and electrically tested. Also, power systems (up to several kilowatt 
size) based on planar SOFCs have been assembled and tested, as described in 
Chapter 13. 
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8.3 Tubular SOFC Design 
Two general types of tubular cells are currently being pursued, cells with a large 
diameter (>  15  mm), and microtubular cells with a very small diameter 
( < 5 mm); the microtubular cells are discussed in Section 8.4. 

In the most common tubular design, pioneered by Westinghouse Electric 
Corporation (now Siemens Westinghouse Power Corporation), the cell 
components are deposited in the form of thin layers on a cylindrical tube [25]. In 
the early designs, this tube was made of calcia-stabilised zirconia: this porous 
support tube (PST) acted both as a structural member onto which the active cell 
components were fabricated and as a functional member to allow the passage of 
air to the cathode during cell operation. This porous support tube was fabricated 
by extrusion followed by sintering at an elevated temperature. Although 
sufficiently porous, this tube presented an inherent impedance to air flow toward 
the cathode. Inorder to reduce suchimpedance to air flow, the wall thickness ofthe 
porous support tube was first decreased from 2 mm (thick-wall PST) to 1.2 mm 
(thin-wall PST), and then the porous support tube was completely eliminated and 
replaced by a doped LaMn03 tube (air electrode-supported cell): this tube serves as 
the cathode onto which the other cell components are deposited. The voltage- 
current characteristics of these three variations of tubular cells, of similar 
dimensions, are compared in Figure 8.12, clearly illustrating the significantly 
improved performance of the design with no porous support tube [25]. 
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Figure 8.12 Comparison of the voltage-current characteristics of the thick-wall PST, the thin-waIZ PST, 
and the air electrode-supported tubular cellsat 1000°C [25]. 

In addition to eliminating the porous support tube, the active length of 
the cells was continually increased to increase the power output per cell: a 
greater cell power output decreases the number of cells required in a given 
power size generator and thus improves power plant economics. The active 
Iength (the length of the interconnection) was increased from 30 cm for pre- 
1986 thick-wall PST cells to 150 cm for today's commercial prototype air 
electrode-supported cells. Additionally, the diameter of the cells has been 
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increased from 1.6 cm to 2.2 cm to accommodate larger pressure drops 
encountered in longer length cells. 

Figure 8.1 3 schematically illustrates the design of the latest Siemens 
Westinghouse tubular cell [26], and Figure 8.14 shows a photograph of an 
actual cell. The lanthanum manganite-based air electrode tube (2.2 cm 
diameter, 2.2 mm wall thickness, about 180  cm length) is fabricated by 
extrusion followed by sintering to obtain about 30-3 5% porosity. Electrolyte, 
zirconia doped with about 10 mol% yttria (YSZ), is deposited in the form of about 
40  pm thick layer by an electrochemical vapour deposition process (EVD) [27, 
281. In this process, chlorides of zirconium and yttrium are volatilised in a 
predetermined ratio and passed along with hydrogen and argon over the outer 
surface of the porous air electrode tube. Oxygen mixed with steam is passed 
inside the cathode tube. In the first stage of the reaction, molecular diffusion of 
oxygen, steam, metal chlorides, and hydrogen occurs through the porous 
cathode and these react to fill the pores in the cathode with the yttria-stabilised 
zirconia according to the following reactions: 

2MeC1, + yH20  = 2Me0,/2 + 2yHCl 

4MeC1, + y o 2  + 2yH2 = 4Me0,/2 + 4yHC1 

(1) 

( 2 )  

Interconnection 

\ Fuel Electrode 

Figure 8. I 3  Schematic illustration o fa  Siemens Westinghouse tubular S O F C / 2 6 ] .  

Figure 8.14 Photograph of a single tubular SOFC. (Courtesg of Siemens Westinghouse Power 
Corporation.) 
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where Me is the cation species (zirconium and yttrium): and y is the valency 
associated with the cation. The temperature, the pressure and the different gas 
flow rates are so chosen that the above reactions are thermodynamically and 
kinetically favoured. 

During the second stage of the reaction after the pores in the air electrode are 
closed, electrochemical transport of oxide ions maintaining electroneutrality 
occurs through the already deposited yttria-stabilised zirconia in the pores from 
the high oxygen partial pressure side (oxygen/steam) to the low oxygen partial 
pressure side (chlorides). The oxide ions, upon reaching the low oxygen partial 
pressure side, react with the metal chlorides and the electrolyte film grows in 
thickness. The flows of the metal chloride vapours are maintained above a 
critical level to eliminate any gas-phase control of the EVD reaction. 
Furthermore, the ratio of yttrium chloride to zirconium chloride is so chosen that 
the electrolyte deposited contains about 10 mol% yttria. 

The growth of the electrolyte film is parabolic with time and occurs by the 
oxide ions diffusing through yttria-stabilised zirconia from the oxygen/steam 
side to the chlorides side. The rate controlling step in this process is the electronic 
transport (diffusion of electrons) through the electrolyte film. The 
electrochemical vapour deposition process ensures the formation of a pore-free, 
gas-tight, uniformly thick layer of the electrolyte over porous air electrode. A 
representative micrograph of the electrolyte layer over porous air electrode is 
shown in Figure 8.1 5. 

Figure 8.1 5 Representative micrograph of the electrochemically vapour deposited YSZ electrolyte over a 
porous air electrode. 

The EVD technique to deposit the electrolyte is complex, capital-cost intensive, 
and requires vacuum equipment that makes scaling it up to a cost-effective, 
continuous manufacturing process for high volume SOFC production difficult if 
not impossible. Fabrication of the YSZ electrolyte films by a more cost-effective 
non-EVD technique such as plasma spraying followed by sintering, is being 
investigated to reduce cell manufacturing cost. 

The Ni/YSZ anode, 100-150 pm thick, is deposited over the electrolyte by a 
two-step process. In the first step, nickel powder slurry is applied over the 
electrolyte. In the second step, YSZ is grown around the nickel particles by 
the same EVD process as used for depositing the electrolyte. Deposition of a 
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Ni/YSZ slurry over the electrolyte followed by sintering has also yielded anodes 
that are equivalent in performance to those fabricated by the EVD process. 
Deposition of the anode by a thermal spraying method is also being investigated. 
Use of these non-EVD processes should result in a substantial reduction in the 
cost of manufacturing SOFCs. 

Doped lanthanum chromite interconnection is deposited in the form of about 
85  pm thick, 9 mm wide strip along the air electrode tube length by plasma 
spraying followed by densification sintering [29]. 

8.3.1 Cell Operation and Performance 

The cell tube is closed at  one end. For cell operation, oxidant (air or oxygen) is 
introduced through an alumina injector tube positioned inside the cell. The 
oxidant is discharged near the closed end of the cell and flows through the 
annular space formed by the cell and the coaxial injector tube. Fuel flows on the 
outside of the cell from the closed end and is electrochemically oxidised while 
flowing to the open end of the cell generating electricity. At the open end of the 
cell, the oxygen-depleted air exits the cell and is combusted with the partially 
depleted fuel. Typically, 50-90% of the fuel is utilised in the electrochemical cell 
reaction. Part of the depleted fuel is recirculated in the fuel stream and the rest 
combusted to preheat incoming air and/or fuel. The exhaust gas from the fuel 
cell is a t  600-900°C depending on the operating conditions. 

A large number of tubular cells have been electrically tested over the years, 
some for times as long as 8 years. These cells perform satisfactorily for extended 
periods of time under a variety of operating conditions with less than 0.1% per 
1000 h performance degradation. The voltage-current and power-current 
characteristics of a commercial prototypic 2.2 cm diameter, 150  cm active 
length cell a t  900, 940, and 1000°C with 89% H2 + 11% H20 fuel (85% fuel 
utilisation) and air as oxidant (4 stoichs) are shown in Figure 8.16. 

0 900 275 

0 850 250 

225 0 800 

200 
0 750 

0 7W 

m 

0650 
- 
” 0600 

100 8 H. 
75 

0 550 

50 
0 5W 

0 450 25 

0 4W 0 
0 50 100 150 200 250 300 350 400 450 500 550 

Cumnl Density (mNcm*) 

Figure 8. I 6  Voltage-current density andpower-current densityplots of a commercialprototypical tubular 
SOFC. (Courtesy o1Siemens Westinghouse Power Corporation.) 
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The tubular SOFCs have also shown the ability to be thermally cycled to room 
temperature from 1000°C over 100 times without any mechanical damage or 
electrical performance loss. This ability to sustain thermal cycles is essential for 
any SOFC generator to be commercially viable. 

The tubular SOFCs have also been tested at pressures up to 15 atm on 
hydrogen and natural gas fuels [26]. Figure 8.1 7 shows the effect of pressure on 
cell power output for a 2.2 cm diameter, 150 cm active length cell at 1000°C. 
Operation at elevated pressures yields a higher cell power at any current density 
due to increased Nernst potential and reduced cathode polarisation, and thereby 
permits higher stack efficiency and greater power output. With pressurised 
operation, SOFCs can be successfully used as replacements for combustors in gas 
turbines for SOFC/turbine hybrid systems as discussed in Chapter 13. 

t Oxidant: air (6 stoichs) 

0 
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Current Density (Wcrn2) 

Figure 8.1 7 Effect ofpressureoncellpowerat lOOPC[26] .  

8.3.2 Tubular Cell Stack 

To construct an electric generator, individual cells are connected in both 
eIectrica1 parallel and series to form a semi-rigid bundle that becomes the basic 
building block of a generator [26]. Nickel felt, consisting of long nickel metal 
fibres sinter bonded to each other, is used to provide soft, mechanically 
compliant, low electrical resistance connections between the cells. This material 
bonds to the nickel particles in the fuel electrode and the nickel plating on the 
interconnection for the series connection, and to the two adjacent cell fuel 
electrodes for the parallel connection: such a series-parallel arrangement 
provides improved generator reliability. A three-in-parallel by eight-in-series cell 
bundle is shown in Figure 8.18. The individual cell bundles are arrayed in series 
to build voltage and form generator modules. A photograph of the cell stack for a 
100 kW atmospheric power system, described in detail in Chapter 13, is shown 
in Figure 8.19; it consists of 48 cell bundIes of 24 cells each, which are arranged 
in 12 rows. The cell rows are interconnected in serpentine fashion in electrical 
series. Between each cell row is an in-stack radiantly heated reformer. The 
thermal and hydraulic features of this stack are shown in Figure 8.20 [26]. 
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Figure 8. I 8  Three-in-parallel by eight-in-series tubularcell bundle [26] .  

Figure 8. I 9 Photograph of a 100 k W  tubular cell stack, showing 48 bundles of 24 cells each. (Courtesy of 
Sirrncm Westinghouse.) 

The stack is partitioned in elevation by porous baffles forming a fuel distribution 
plenum, an  active cell zone, a spent fuel plenum, a combustion zone, and an 
air plenum. An ejector using pressurised desulphurised natural gas as the 
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primary fluid is used to extract a portion of the spent fuel and mix it with fresh 
fuel before the mixture is introduced into an  adiabatic pre-reformer where the 
higher hydrocarbons are reformed. From the pre-reformer, the predominantly 
methane stream is routed to the top of the in-stack reformers. The mixture flows 
downward through catalyst material before exiting within the fuel plenum at the 
bottom of the stack. The completely reformed fuel flows upward within the stack 
along the exterior of cells where it is electrochemically oxidised. The stack 
exhaust gas departs at the combustion zone temperature, approximately 8 50°C. 
The stack is cooled with process air which enters the stack at approximately 
600°C. The thermally and hydraulically integrated reformer requires no 
external source of water during normal operation. 

Air 

Air Plenum 

Combustion Plenum 
Depleted Fuel Plenum 

Thermocouple 
Internal Reformation Zone 

PreReformer 

hermocouple, Pressure Transducer 
Desulfurized PNG 

Figure8.20 Thermalandhydraulicfeaturesofthe 100 kWSOFCstack[26]. 

8.3.3 Alternative Tubular Cell Designs 

Tubular cells, identical in design to that of Siemens Westinghouse cells, are also 
being developed by Toto Ltd of Japan: they use a ‘wet slurry dip/sintering’ 
method for depositing cell components on the cathode tube to reduce the 
manufacturing cost of the cells [30-341. However, the performance and 
performance stability with time of these cells still need improvement. 

Another tubular design, the so-called segmented cell-in-series design [2, 31, is 
being pursued by Mitsubishi Heavy Industries in Japan. In Europe, ABB and Rolls 
Royce Fuel Cells have been developing this system over the past 20  years. This 
design, shown schematically in Figure 8.21, consists of segmented cells 
connected in electrical and gas flow series. The cells are arranged as thin banded 
structure on a porous support tube, typically aluminate. The interconnection 
provides sealing (and electrical contact) between the anode of one cell and the 
cathode of the next. The fuel flows from one cell to the next inside the tubular 
stack of cells and the oxidant flows on the outside. The active cell components 
are currently deposited by plasma spraying. A photograph of such a cell stack 
is shown in Figure 8.22. Up to 1 0  kW size stacks have been built and tested, 
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Figure 8.21 Schematic illustration of thesegmented-in-series tubularcelldesignl31. 

Figure 8.22 Photograph ofthesegrnented-in-series cell stack. (Courtesy of Mitsubishi Heavy Industries.) 

both under atmospheric and pressurised conditions, using such segmented- 
in-series cells [ 3 51. 

The single biggest advantage of tubular cells over planar cells is that they do 
not require any high-temperature seals to isolate oxidant from the fuel. 
However, their areal power density is much lower (about 0.2 W/cm2) compared 
to planar cells (from up to 2 W/cm2 for single cells to at least 0.5 W/cm2 for 
stacks) and manufacturing costs higher. The volumetric power density is also 
lower for tubular cells than for planar cells. For this reason, large-diameter 
tubular SOFCs are mainly suitable for stationary power generation applications 
and not very attractive for transportation and military applications. 

To increase the power density and reduce the physical size and cost of tubular 
SOFC generators, alternate geometry cells are under development [ 3 61. Such 
alternate geometry cells combine all of the advantages of the tubular SOFCs, 
such as not requiring high temperature seals, while providing higher power per 
unit length and higher volumetric power density. One new design, referred to as 
high power density solid oxide fuel cell (HPD-SOFC) or the flattened ribbed cell, 
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has closed ends similar to the tubular design that provide integral air return 
paths for air to flow the entire length of the cell from the closed to the open end. 
The HPD-SOFC departs from the tubular design in that it is flattened and 
incorporates a number of ribs in the air electrode that act as bridges for current 
flow. Figure 8.23 compares the cross-sections ofthe tubular and the HPD-SOFCs. 
The ribs reduce the current path length, which in turn reduces the internal 

Figure 8.23 Cross-sections oJtubularandjattened ribbedHPDcells [37]. 

resistance of the cell. The presence of the ribs, due to the decreased internal 
resistance of the cell, also allows use of thinner air electrodes which reduces the 
air electrode polarisation (a thicker air electrode results in a higher diffusion path 
for oxygen from the gas phase to the air electrode/electrolyte interface resulting 
in higher polarisation). The ribs also form air channels that eliminate the need 
for full-length air injector tubes. A comparison of the theoretically predicted 
performance of a tubular SOFC and an HPD-SOFC is shown in Figure 8.24 [37]. 
The higher performance of the HPD-SOFC results from the decreased resistance 
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Figure 8.24 Comparison of the theoreticalperformance fo r  the tubular SOFC and the HPD-SOFC[37].  
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of the cells compared to the tubular SOFC. When fully optimised with respect to 
the number of ribs and the resulting performance, such HPD-SOFCs are expected 
to be initially used in 5 kW residential power systems mentioned in Chapter 13. 

8.4 Microtubular SOFC Design 

The earliest reports of work on microtubular SOFCs were in the early 1990s 
when the possibility of extruding thin-walled YSZ electrolyte tubes, 1-5 mm in 
diameter and between 100 and 200 pm wall thickness, was demonstrated [38], 
and the ionic conductivity and leak tightness of such electrolyte tubes were 
found to be good [39, 401. There are two major benefits of microtubular SOFCs. 
The first is the increase in volumetric power density when compared with the 
large-diameter tubular designs discussed in Section 8.3. Power density scales 
with the reciprocal of tube diameter. Therefore a 2 mm diameter microtubular 
SOFC could provide ten times more power per stack volume than a 20  mm 
diameter tubular cell. Another order of magnitude increase could be achieved by 
going to 0.2 mm diameter tubes, but this is difficult because the connections are 
then more numerous and problematic to apply. The most significant issue in 
microtubular cells is applying the electrode and connecting the metal contact 
inside the bore of a very small-diameter tube. 

The second major benefit of the microtubular design is a high thermal shock 
resistance [41]. Whereas the large-diameter tubular SOFCs are prone to cracking 
if they are rapidly heated, the microtubular SOFCs do not crack even when 
heated in a blow torch to their operating temperature of about 850°C in as little 
as 5 s. This is a marked advantage in applications where start-up time is critical. 

A typical design of a microtubular SOFC is shown in Figure 8.25. A YSZ 
electrolyte tube (typically 2 mm in diameter and about 150  pm wall thickness), is 
used as a support for the electrodes, as a gas inlet tube, and also as a combustor 
tube at its outlet. The overall length of the tube is between 100 and 200 mm, 
whereas the cell region only occupies a length of about 30 mm towards the outlet 
end of the tube. The Ni + YSZ anode, 30  mm long, is coated on the inner wall of 

1-5 mm 

Fuel 

Electrolyte support tube 

b) Cathode coating 
Cathode wire 

Figure 8.25 Microtubular fuel cell design: ( a )  arrangement of cell on electrolyte support tube: ( b )  cross- 
section ofthe electroded cell region. 
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the tube to a thickness of around 50 pm, and a nickel current collector wire is 
inserted and brought out from the fuel entry side of the tube. On the outside of the 
electrolyte tube, the lanthanum strontium manganite cathode layer, some 100 
pm thick, is deposited, fired, and a silver wire is wound around it to obtain the 
cathode current. Figure 8.25b shows a cross-section of the cell region on the 
tube, illustrating the electrolyte support tube, the inner anode and nickel wire, 
and the outer cathode and its silver wire connector. Cell interconnection is made 
away from the cells in this design, so that a single interconnect material is not 
necessary: however, applying the anode and its current collector down inside a 
narrow tube is not trivial. 

Such a design of microtubular SOFC allows small SOFC power generation 
devices to be configured. For example, a microtubular SOFC can be heated in a 
burner to provide a small amount of electrical output to drive an  electronic 
device. One such arrangement is shown in Figure 8.26 with a long YSZ 
electrolyte tube sealed using a rubber connector to a gas inlet pipe, and 
extending through the thermal insulation into a hot zone at 800°C [41-441. In 
this case the long YSZ support tube acts as an  inlet pipe to bring fuel to the 
electroded cell region of the tube. The electroded cell area of the tube extends 
typically for 30 mm near the tube exit, the anode and cathode wires being 
brought out for external connection to the electrical load. Upstream of the 
electroded region, a catalyst layer can be coated onto the YSZ tube for fuel 
processing, whereas downstream, it is possible to apply a combustion catalyst to 
aid the reaction of the spent anode gas with the surrounding air. The advantages 
of this design are rapid start-up, ease of sealing, and integrability into 
conventional flame systems. Drawbacks are the high in-plane resistance of the 
cells, the long current leads, and the difficulty of connecting and stacking many 
small cells together. 

rubber seal I I / I  
hot =b 

fuel 

air cold Lone 

insulation 
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, A  
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hot Lone 

exhaust 

Figure 8.26 Microtubular SOFC system showing the YSZ electrolyte tube sealed with a rubber connector, 
with theelectrodedcell regionin the hot zone. 

This cell design illustrates several inherent features; the ease of sealing to a 
rubber connector in the cold zone, the high thermal shock resistance which 
allows the electrolyte tube to go through the thermal insulation into the hot 
zone, the feasibility for carrying out some fuel processing upstream of the cell 
region, and the ease of combustion at  the exit of the tube. Typically, the gas feed 
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is composed of a mixture of fuel and air, as in a conventional burner. Start-up is 
then achieved by conventional ignition of the gas/air mixture using a spark or 
gIow plug igniter just downstream of the SOFC. This warms up the combustion 
catalyst which then heats the cell tube. The ignition does not damage the tubes. 
Also. temperature cycling can be achieved within minutes in this design. 

Since the early work described above, further papers and patents on the 
microtubular cell design have appeared [44-501 and a number of companies 
(Acumentrics Corporation, Adelan Ltd) have begun developing microtubular 
SOFCs. An important factor facilitating the fabrication of microtubular SOFCs is 
the improvement in the quality of the YSZ electrolyte tubes by the ceramic 
extrusion process. The problem of making strong ceramics from powders has 
been known for many years [51-531. Defects, such as particle aggregates, 
become trapped in the powder and cause premature failure of the finished 
ceramic, leading to poor thermal shock resistance. Strengths of ceramic parts 
made by powder processes are consequently an order of magnitude lower than 
those made by melt or vapour processes [54, 551. An additional problem is 
porosity which can occur in ceramic tubes because of the presence of 
agglomerates which fail to sinter as the product is fired, often causing gas 
leakage. Usually, ball milling is used to break the hard agglomerates, producing 
sub-micron grains; a typical process uses ball milling of the powder in a solvent 
with a dispersing agent to inhibit re-aggregation [SQ]. However, in a novel 
process developed in 1996, a high surface area YSZ was bead milled in water 
with ammonium polyacrylate surfactant, celIulose polymer was added, filtered 
at 1 p to remove any stray aggregates, and then de-watered and dried to 
produce an extrudable composition; this gave excellent thin-walled extruded 
tubes of high strength [5 71. The more the particle agglomerates are broken down 
during the powder processing to make the microtubes, the higher the strength 
and reliability in the final extruded and fired cells. The aggregates are not broken 
down by simple mixing and need to be broken down by milling or high shear 
mixing to obtain microtubes with optimum performance [B]. 

Other possible microtubular cell designs have also been explored, including 
anode support and through-wall interconnect similar to that used in the large- 
diameter tubular SOFCs designs. For example, co-extrusion of nickel + YSZ 
cermet anode with a 30 pm thick YSZ electrolyte demonstrated the possibility of 
fabricating anode-supported microtubular cells [43]; co-extrusion of anode- 
supported cells can provide thinner electrolyte (and hence lower ohmic 
resistance) and better process economy. In an experiment [59], four layers of 
plastic paste with matched rheology were wrapped together, and then extruded 
through a tube die to give a wall thickness of 0.3 mm as shown in Figure 8.27. 
The outer layer was 100 pm thick YSZ electrolyte, and the innermost anode layer 
was 90% nickel + 10% YSZ, with intermediate anode layers containing 60 and 
30% nickel, respectively. This provided improved multilayer anode structure 
together with thin electrolyte in a single step process. The dried tubes were co- 
fired at 1400°C for 2 h and this gave a product without substan;ial 
microcracking across the layers. An outer cathode of lanthanum strontium 
manganite was pasted on and fired, and the performance of such cells was 



222 High Temperature Solid Oxide Fuel CelIs: Fundamentals, Design and Applications 

T 
3mm 

\ 
coextruded 

I 1 
Cell on a co-extruded 

> 
3 
d 0.5 

Cell on a 02 mm 
thick YSZ tube 

M 

0 > 
- 

i 

0 0.2 0.4 0.6 0.8 1.0 
Current, A 

Figure 8.27 (a) Cross-section of a four-layer microtube made in a one-step co-extrusion process [59] .  The 
inner layer is 90% nickel + YSZ and the outer layer is YSZ with the two intermediate anode layers containing 
30 and 60% nickel, respectively. This was made into a cell by painting a LSM cathode ink on the outside, then 
connecting with wires. (6) lmprovement in performance of the co-extruded multilayer cell compared with an 

extruded YSZ electrolyte-supported SOFC. 

compared with that of microtubular cells fabricated on an extruded 0.2 mm 
thick YSZ electrolyte support tube with the anode applied on the inside and 
cathode on the outside of the tube. The results showed a factor of two 
improvement in power output on hydrogen fuel at 8OO0C, even though the open 
circuit voltage was slightly lower as a result of electrolyte microcracking. The 
anode-supported microtubular cell design thus appears feasible. 

Co-extruding a strip of lanthanum chromite based interconnect along the 
length of a YSZ microtube has also been demonstrated [45], although a number 
of difficulties remain. Firstly, the tubes are much weakened by the interconnect 
strip, and secondly the mixing of lanthanum chromite and YSZ at the boundary 
of the co-extruded materials leads to a ‘dead-zone’ of material, about 3 50 pm in 
extent. Thus any microtubular cell design with co-extruded interconnect will 
require much further development to be successful. 

8.4.7 Microtubular SOFC Stacks 

A number of microtubular SOFC stacks have been built and demonstrated since 
1993. An early stack of 20 microtubular cells was built at Keele University, UK, 
with a control system to introduce the fuel, ignite the gas, bring in air and control 
the stack temperature [60] .  The control system also incorporated shut-down 
procedures to prevent accidental oxidation of the nickel anodes. Although 
warm-up was achievable in a couple of minutes, cooling down required about an 
hour as the heat gradually diffused through the thick ceramic fibre insulation. 
The same control system was later used to demonstrate a 1000-cell unit built to 
model a residential combined heat and power (CHP) device [61]. A cross-section 
of this unit is shown in Figure 8.28. The YSZ electrolyte tubes were arranged as 
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Figure 8.28 Cross-section of n 1000 rnicrotubularcells unit. 

racks on a gas inlet manifold which was outside the hot zone. Each YSZ tube was 
sealed to the gas inlet pipe using silicone rubber. The YSZ tubes then extended 
through the insulation into the hot zone where the cathode and anode layers 
were deposited over a 30 mm tube length. When the gas was switched on, it was 
ignited by a spark or glow plug, to give a flame which heated the incoming air via 
the heat exchanger. This hot air soon warmed the YSZ tubes to 800°C when the 
cells began to deliver electrical power which was fed out through metal wires. 
The starter flame then went out and the cells glowed red-hot as the catalytic 
oxidation reactions occurred. The heat output was collected using a tubular heat 
exchanger to provide hot water. The 1000-cell unit could operate on a 2 min 
cycle. This device was designed to use 20 ItW of natural gas for heating, while 
providing base-load power of around 500 W for a household. The natural gas 
was premixed with air before entering the tubular cells to prevent coking of the 
anodes. 

A smaller stack comprising 400 microtubular cells was built to power a small 
vehicle for a student in the Shell mileage marathon of 1996 [62]. This stack was 
to run on diesel fuel which required significant pre-reforming using platinum 
supported on ceramic fibre. Hydrogen was also necessary to preheat the reformer 
and the stack, and so the start-up was relatively sluggish, requiring 30 min. The 
stack delivered 100 W which was used to drive the vehicle at 30 km per hour 
around the track. 

In 2000, Acumentrics Corp buiIt a 1000-cell stack to illustrate the possibility 
of providing reliable power for computer systems back up. Since then, 
Acumentrics has designed and built several 2-5 kW systems using microtubular 
cells for use as back up power sources for broadband and computer systems. 

Microtubular SOFCs have also been effectively used to test the operation of 
SOFCs on various hydrocarbon fuels. A significant benefit of the microtubular 
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design is the ease of manifolding and introducing fuel without leaks or 
contamination. A microtubular cell can be made long enough to emerge at both 
ends of the furnace, so that rubber tubes can be attached in the cold zone to 
introduce fuel and to analyse the reaction products as shown in Figure 8.29. 
Fuel may be introduced from a gas cylinder or by means of a bubbler/saturator 
using a carrier gas such as helium. Other gases such as steam, carbon dioxide or 
air can be metered in by flow controllers to give the desired composition. The 
microtubular cell is maintained at a constant temperature in the furnace and 
oxygen flow through the electrolyte is controlled using a potentiostat. The 
output stream can be analysed by mass spectroscopy [63], and carbon deposition 
on the anode can be measured after the test by temperature-programmed 
oxidation [64,65]. 

Figure 8.29 Apparatus for measuringjuel reactions i n a  microtubularcell. 

8.5 Summary 

This chapter has described the three major cell designs that are dominating 
research and development at the present time: these are the planar, the large- 
diameter tubular, and the microtubular designs. Planar SOFCs provide very 
high areal (W/cm2) and volumetric (W/cm3) power densities and can be 
manufactured by low-cost conventional ceramic processing techniques; 
however, sealing around the edges of the cells and the control of temperature 
gradients which can cause cell cracking remain issues to be resolved. Large- 
diameter tubular SOFCs have been the most successful so far. Their main 
advantage is the seal-less stack design; the disadvantages are the low power 
density, the long start-up times, and the expensive fabrication techniques. 
Microtubular SOFCs are especially useful for smaller systems, providing rapid 
start-up; the reason for this is the small diameter of the cells and the low wall 
thickness which prevent the build-up of damaging thermal stresses. Start-up in 
about a minute is possible and leaks can be prevented by bringing the microtubes 
through the insulation for sealing in the cold zone. On the negative side, cell 
interconnection and assembly issues are significant, and it seems likely that 
microtubular systems will mainly be applicable in small systems. 
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Various alternative cell designs are under development to avoid the difficulties 
mentioned above. For example, flattened ribbed cells have been conceived to 
obtain higher power densities than tubular cells yet require no seals. Another 
example is the seal-less planar design which is being developed to ease the 
sealing issues of planar cell stacks. 
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Chapter 9 

Electrode Polarisations 

Ellen Ivers-Tiffee and Ani1 V. Virkar 

Free energy change 
Partial pressure of species i 
Faraday constant 
Electrostatic potential 
Avogadro's number 
Flux of species i 
Nernst potential 
Overpotential 
Ideal gas constant 
Charge transfer resistance 
Polarisation resistance 
Resistivity of the material for the transport of species i 
Binary diffusivity of i - j 
Effective cathode gas diffusivity 
Effective anode gas diffusivity 
Volume fraction porosity 
Surface exchange coefficient 
Impedance at angular frequency w 
Imaginary part of admittance 
Real part of admittance 
Anode thickness 
Cathode thickness 
Electrolyte thickness 
Exchange current density 
Anode limiting current density 
Cathode limiting current density - 

l ~ p ~  or 
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Three phase boundary length 
Transfer coefficient of symmetry factor 
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kads Rate constant for adsorption 
kdes Rate constant for desorption 
k e d  Rate constant for reduction 
$, Rate constant for oxidation 

9.1 Introduction 

Polarisation is a voltage loss or overpotential, which is a function of current 
density. It can be broken down into a number of terms, originating in various 
phenomena that occur when a finite current flows in a cell. The three dominant 
polarisations are: (a) ohmic polarisation or ohmic loss: (b) concentration 
polarisation; and (c) activation polarisation. This chapter defines and discusses 
these polarisations, and describes methods to measure them. 

Solid oxide fuel cells (SOFCs) generally operate above 600°C, with the typical 
operating range being from 800 to 1000°C. High temperature operation makes 
it possible to use hydrocarbon fuels once they have been processed to form a 
gaseous mixture of H2 and CO, with appropriate amounts of H20 and C02 present 
in the fuel to prevent the deposition of solid carbon. The SOFC thus can use CO as 
a fuel in addition to Ha. Even in the case of SOFC, however, the largest 
component of the fuel mixture is H2. For this reason, and for the sake of 
simplicity, much of the discussion in this chapter is restricted to hydrogen as the 
fuel and oxygen (air) as the oxidant. 

The overall reaction in an SOFC is the oxidation of Hz to formHzO, namely, 

H2(gas, anode) +$02(gas, cathode) + HzO(gas, anode). 

Under open circuit conditions, with electrochemical potential of oxide ions 
equilibrated across the oxide-ion conducting electrolyte, a voltage difference, E, 
the Nernst potential, appears between the anode and the cathode. It is related to 
the net free energy change, AG, of the reaction via the following relation [1,2] 

AG = -nFE = -2FE (1) 

where n denotes the number of electrons participating in the reaction. The 
Nernst potential, E, is the open circuit voltage, OCV, and is given in terms of the 
various partial pressures by [ 1,2] 

where p$2 is the partial pressure of oxygen in the cathode gas, p"H, and pE20 are 
respectively the partial pressures of H2 and H20 in the anode gas, R is the gas 
constant, F the Faraday constant, and T the absolute temperature. 

In what follows, it is assumed that partial pressures of the various species, 
namely, p$2, pS2, and &20 , are fixed just outside of the electrodes, regardless of 
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the local current density. Thus, the Nernst voltage, E ,  is not a function of current 
density. This assumption is valid only if the flow rates of fuel and oxidant are 
sufficiently high such that the fuel and oxidant compositions just outside of the 
anode and cathode, respectively, are virtually fixed. If this is not the case, then 
the OCV itself must be treated as a function of current density. The dependence of 
E on current density can be estimated assuming the respective cathodic and 
anodic chambers as being continuously stirred tank reactors. Figure 9.1 shows a 
schematic voltage vs. current density polarisation curve of a typical cell with E 
being a function of current density. 

voltage 
Nemst potential 

activation 
polarisation 

polansation 

current density 

Figure 9.1 Schematic plot of voltage versus current density showing different types of polarisations: 
activation polarisation is usually dominant at low current densities, and concentration polarisation is 
dominant at high current densities when the transport of reactive species to the electrolytelelectrode interface 

becomes alimiting factorfor the cell reaction. 

Equation (1) also gives the maximum possible electrical work that can be 
derived, wmax = 2FE = -AG [l]. However, the rate at which this work can 
be realised near equilibrium is essentially zero as the current flowing through the 
cell at OCV is also zero. When an external load is connected, a finite, non-zero 
current flows through the circuit, and the process is carried out irreversibly. At 
any given current density, i, part of the open circuit voltage, E ,  is reflected as a 
loss, which appears as the thermal effect. If the voltage across the external load is 
V( i ) ,  and the voltage loss is q(i) ,  then 

E = V(i) + q(i)  (3) 

assuming very high flow rates such that E is fixed. If this is not the case E will be a 
function of current density such that 

E(i )  = V(i) + q(i)  (4) 

The difference E - E(i) is a measure of the change in gas phase compositions 
just outside of the electrodes. This difference must be accounted for in the overall 
description of cell performance. The voltage loss term q(i) is known as the 
polarisation or overpotential, and is a function of current density: it consists of a 
number of terms, with their origins related to various phenomena occurring in 
the cell, under a finite current. The different polarisations are termed: (a) ohmic 
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polarisation, (b) concentration polarisation, and (c) activation polarisation; 
these are discussed belo147. 

9.2 Ohmic Polarisation’ 
All matters (except superconductors, of course) offer a resistance to the motion of 
electrical charge, and this behavior, in the sitnplest case, can be described by 
Ohm’s law. The assumed linear behavior between voltage drop and current 
density can be described by resistivity, a material property. Transport of oxide 
ions through the electrolyte is thus governed by the ionic resistivity of the 
electrolyte. Similarly, transport of electrons (or electron holes) through the 
electrodes (the cathode and the anode) is governed by their respective electronic 
resistivities (corrected for porosity and the possible existence of secondary, 
insulating phases). Because of these ohmic resistances, at a given current 
density, there is a voltage loss, qohm, given by 

where p,, pc, and pa, are respectively electrolyte, cathode, and anode resistivities, 
and Z,, Zc, and la, are respectively electrolyte, cathode, and anode thicknesses, and 
Rcontact is any possible contact resistance. The ohmic polarisation can be 
described using an equivalent circuit comprising a simple resistor with a zero 
capacitance in parallel. For this reason, its response time is essentially zero, i.e. 
it’s instantaneous. In reality, however, the response time is not zero but very, 
very small. Fast response allows its determination using current interruption. 

In most SOFCs, the main contribution to qohm is from the electrolyte, since its 
(e.g. yttria-stabilised zirconia, YSZ) ionic resistivity is much greater than 
electronic resistivities of the cathode (e.g. Sr-doped LaMn03, LSM), and the 
anode (e.g. Ni + YSZ cermet). For example, the ionic resistivity of YSZ at 800°C 
is -50 Qcm. By contrast, electronic resistivity of LSM is Qcm and that of 
the Ni + YSZ cermet is on the order of Qcm. Thus, the electrolyte 
contribution to ohmic polarisation can be large, especially in thick electrolyte- 
supported cells. The recent move towards electrode-supported cells, in which 
electrolyte is a thin film of 5 to 30 microns, reduces the ohmic polarisation. Also, 
the use of higher conductivity electrolyte materials such as doped ceria and 
lanthanum gallate lowers the ohmic polarisation. 

Most of the discussion in this chapter is centered on cells made with traditional 
materials such as YSZ electrolyte, Ni + YSZ anode, and LSM + YSZ cathode: 
although its extension to other materials is essentially straightforward. The 
relative contributions of various polarisations vary widely among the different 
cell designs; anode-supported, cathode-supported, and electrolyte-supported. 
Ohmic contribution is the smallest in electrode-supported cells due to the thin 

The term ‘ohmic polarisation’ is often referred to as the ‘ohmic loss’, and is part of the overall loss, 
q(i). As such, here it is referred to as ohmic polarisation, although both terminologies are in general use. 
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electrolyte (typically -10 microns), and highest in electrolyte-supported cells. 
Anode-supported cells thus exhibit higher performance. 

9.3 Concentration Polarisation 

In fuel cells, the reacting species are gaseous; at the anode H2 (or H2 + CO), and at 
the cathode 02. At the anode, H2 (or H2 + CO) must be transported from the fuel 
stream, through the porous anode, to (or near) the anode/eIectrolyte interface. 
Hydrogen (or H2 + CO) then reacts with oxide ions transported through the 
electrolyte, at or near the anode/electrolyte interface, to formH20 (or H20 + C02), 
and release electrons to the anode, for their subsequent transport to the cathode, 
through the external circuit. The H20 (or H20 + C02) formed must be transported 
away from the electrolyte/anode interface, through the porous anode, to the fuel 
stream. This transport of H2 (H2 + CO) and H20 (H20 +C02) must be consistent 
with the net current flowing through the cell, adjusted for appropriate charge 
balance/mass balance parameters. In steady state, the following equality 

must be obeyed, where j H 2  and jco are respectively the fluxes of hydrogen and 
carbon monoxide through the porous anode to the anode/electrolyte interface, 
1 ~ ~ 0  and jco2 are respectively the fluxes of water vapor and carbon dioxide 
through the porous anode, away from the anode/electrolyte interface, ioz is the 
flux of oxygen through the porous cathode, to the cat.hode/electrolyte interface, 
and N A  is the Avogadro’s number. 

For simplicity, the following discussion is confined to pure hydrogen as the 
fuel. Thus, equation (6) reduces to 

Transport of gaseous species usually occurs by binary diffusion, where the 
effective binary diffusivity is a function of the fundamental binary diffusivity 
DH,-H~o, and microstructural parameters of the anode [3, 41. In electrode 
microstructures with very small pore sizes, the possible effects of Icnudsen 
diffusion, adsorption/desorption and surface diffusion may also be present. The 
physical ‘resistance’ to the transport of gaseous species through the anode at a 
given current density is reflected as an ‘electrical voltage loss’. This polarisation 
loss is known as concentration polarisation, q&nc, and is a function of several 
parameters, given as 

rfone = ~ ( D H ~ - H ~ ~ ,  Microstructure, Partial Pressures, Current Density) (8 )  

where DH~-H?o is the binary H2-H20 diffusivity. It is assumed here that the effects 
of Knudsen diffusion, adsorption/desorption and surface diffusion are negligible. 
The increases with increasing current density, but not in a linear fashion. A 
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simplified equivalent circuit can be used to describe the process, using what is 
known as the Warburg element, which consists of a number of resistors and 
capacitors [5]. The presence of capacitors ensures that the response time or time 
constant is non-zero. Since the relevant time dependences are not describable by 
simple first order kinetics, it is not appropriate to describe response time as a time 
constant. Nevertheless, a characteristic time can be defined, which depends on 
electrode thickness, electrode microstructure and the representative diffusivity. 

In terms of physically measurable parameters, analytical expressions for 
anodic concentration polarisation have been derived which allow its explicit 
determination as a function of a number of parameters. One of the important 
parameters is the anode-limiting current density, which is the current density at 
which the partial pressure of the fuel, e.g. H2, at the anode/electrolyte interface, 
is near zero such that the cell is starved of fuel. If this condition is realised during 
operation, the voltage precipitously drops to near zero. This anode-limiting 
current density, i,,, has the following form [6] 

where D,(,J) is the effective gaseous diffusivity through the anode, and I, is 
the anode thickness. The effective anode diffusivity contains the binary 
diffusivity of the relevant species, namely Hz and H20, DH*-H,o, the volume 
fraction of porosity, VVca), and the tortuosity factor, t, [3,4]. If the fuel contains 
hydrocarbons, multi-component nature of gaseous diffusion must be addressed. 
The tortuosity factor is a measure of the tortuous nature of the anode through 
which diffusion must occur. In very fine microstructures, the tortuosity as a 
phenomenological parameter may include effects of Knudsen diffusion, surface 
diffusion, and possible effects of adsorption/desorption. The anodic 
concentration polarisation is then of the form [6] 

Note that as the current density approaches 

(10) 

the anode limiting current - 
density, that is when i --f ias, the first term approaches infinity. The maximum 
value of q:onc is limited by the OCV. Thus, the maximum achievable current 
density will always be less than ias. The dependence of the anodic concentration 
polarisation given by equation (10) on various parameters can be qualitatively 
described as follows: From the standpoint of physical dimensions, and 
microstructural parameters, the lower the volume fraction porosity, the higher 
the tortuosity factor, and the greater the anode thickness, the higher is q;onc. 
From the standpoint of fuel gas composition, the lower the partial pressure of 
hydrogen, p&, the higher is the q:onc. The temperature dependence is 
complicated. It is seen that i,, cx T1l2, since D,(,J) cx T3/2, which would mean $one 
increases as temperature decreases. At the same time, as seen from equation 
(10). Y $ ~ ~ ~  is linearly dependent on temperature, which would mean q:onc 
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decreases with decreasing temperature. In general, the qbnc is not a very strong 
function of temperature. 

As stated earlier, the process of gaseous transport through porous electrodes is 
not describable by first order kinetics: nevertheless a characteristic time constant 
can be approximated by: 

For a typical anode-supported cell, 1, is 0.5 to 1 mm, and D,(eff) is -0.1 to -0.5 
cm2/sec. Thus, the corresponding characteristic time is on the order of several 
milliseconds to a few tenths of a second. The estimated tortuosity factors, based 
on cell performance measurements, range between -5 or 6 to as high as 15 to 
20. The estimated tortuosity factor based on geometrical path a molecule 
traverses is typically less than 5 or 6. High values of the tortuosity factors 
estimated from cell performance data thus cannot be described solely on the basis 
of geometric considerations: other effects such as Knudsen diffusion, adsorption 
and surface diffusion probably also play a role. It is to be emphasised, however, 
that very high tortuosity factors have indeed been measured in many other cases 
involving gaseous transport through porous bodies with low porosities and smali 
pore sizes [7]. Despite the fact that a high tortuosity factor cannot be justified on 
geometric arguments alone, it still is a useful parameter for describing 
concentration polarisation. 

Concentration polarisation at the cathode similarly is related to the transport 
of O2 and N2 through the porous cathode. The net flux of O2 from the oxidant 
stream, through the cathode to the cathode/electrolyte interface. is linearly 
proportional to the net current density. In this case aIso, gaseous transport is a 
function of the fundamental binary diffusivity, D o 2 - ~ * ,  and cathode 
microstructure. The physical ‘resistance’ to the transport of gaseous species 
through the cathode is reflected as an ‘electrical voltage’ loss. This polarisation 
loss is known as cathodic concentration polarisation, q:onc, and is given as 

T&,,,~ = f(Do2-x2, Microstructure, Partial Pressures, Current Density) (12) 

The q& increases with increasing current density, but not in a linear fashion. 
The time constant or response time must be a function of diffusivity and a 
characteristic diffusion distance, and thus the response time is finite, non-zero. 
Similar to the anode, a characteristic time for the cathode may be given by: 

where DCce,) is the effective diffusivity through the cathode, and IC is the cathode 
thickness. For an anode-supported cell, for a cathode thickness of -200 microns, 
and effective cathode diffusivity, Dc(ef,) of -0.05 cm2/s, the characteristic time is 
-8 milliseconds; that is, in the millisecond range. In terms of physically 
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measurable parameters, analytical expressions for cathodic concentration 
polarisation have been derived which allow its explicit determination as a 
function of a number of parameters. As with the anode, one of the important 
parameters is the cathode-limiting current density, which is the current density 
at which the partial pressure of the oxidant, e.g. 02, at the cathode/electrolyte 
interface is near zero such that the cell is starved of oxidant. Depending upon the 
contributions of the other terms, such a condition may not be realised in cell 
operation. However, if this condition is realised during operation, then the 
voltage precipitously drops to near zero. This cathode-limiting current density, 
i,, has the following form [6] 

The effective cathode diffusivity contains the binary diffusivity of the relevant 
species, Do2-~*,  the volume fraction of porosity in the cathode, Vv(c), and 
tortuosity, t,. In terms of the current density, i, and the cathode limiting current 
density, ics, cathodic concentration polarisation can be given by [6] 

rlconc --g+-;) - 

For comparable cathode and anode thicknesses and microstructures, the 
anodic concentration polarisation is usually much lower than cathodic 
concentration polarisation for two reasons: (1) The binary diffusivity of H2-H20, 
D H ~ - H ~ o  2 ,  is about four to five times greater than the binary diffusivity of 02-N2, 
D o 2 - ~ 2 ,  due to the lower molecular weight of H2 compared to the other species: 
(2) Typical partial pressure of hydrogen in the fuel, pg2, is much larger than the 
typical partial pressure of oxygen in the oxidant,fO2. Thus, for comparable anode 
and cathode thicknesses and microstructures, the anode-limiting current 
density is much greater than the cathode-limiting current density, i.e., i,, >> its. 
In practice, one of the electrodes is thicker than the other in an electrode- 
supported design. In anode-supported design, the anode thickness is much 
greater than the cathode thickness, i.e., 1, >> l,, and in such a case, often 
i,, =- ias. However, even in anode-supported design, often cathode concentration 
polarisation can be comparable to anode concentration polarisation. Figure 9.2 
shows the estimated cathodic concentration polarisation as a function of current 
density for a 50 micron thick cathode with different amounts of carbon added to 
generate various amounts of porosities [8]. The relevant effective diffusivities 
through porous cathodes required for the estimation of concentration 
poIarisation were experimentally measured. 

Similar anode concentration polarisation curves can be generated using 
equation (1 0) for various anode effective diffusivities. In practice, the fuel almost 
always is a reformed (at least partially) hydrocarbon. In such a case, internal 

Or for that matter that of H2-CO (DH~-co ) and H 2 - 0 2  ( D H * - C ~ )  
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reformation and shift reactions, as n7ell as multi-component transport must be 
addressed. 

The presence of gaseous hydrogen in the fuel makes gaseous transport easier, 
thus lowering anode concentration polarisation, even when GO and GO2 are 
present. With pure hydrogen as the fueI, for an anode thickness on the order of 
--I mm, with fresh fuel the i,, can be as large as 5 A/cm2 at 800°C or even larger. 
This allows for the fabrication of relatively thick anode-supported cells, without 
unduly increasing concentration polarisation. This is one of the principal 
advantages of an anode-supported design over other designs. Greater care, 
however, should be exercised when working with cathode-supported designs to 
ensure that cathodic concentration polarisation does not limit cell performance. 

9.4 Activation Polarisation 

Electrode reactions involve charge transfer as a fundamental step, wherein a 
neutral species is converted into an ion, or an ion is converted into a neutral 
species. Both reactions thus involve electron transfer. At the cathode, the charge 
transfer reaction involves the conversion of an oxygen molecule into oxide ions. 
The electrodes in solid state electrochemical devices may either be purely 
electronic conductors, or may exhibit both ionic and electronic conductivity (the 
so-called mixed ionic electronic conduction, MIEC). In addition, the electrodes 
may be either single phase or composite, two-phase. For the purposes of 
illustration, in what follows we will examine the overall cathode reaction in a 
system with a single phase, purely eIectronically conducting electrode. 

The oxygen reduction reaction is a multi-step process, usually comprising 
several parallel reaction pathways. A thorough understanding of the elementary 
processes in SOPC cathodes under realistic operating conditions has eluded 
researchers because of such multiplicity of pathways. Thus, despite numerous 
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proposed reaction mechanisms for oxygen reduction, it is virtually impossible to 
select any one over another as definitive [9-201. This is also due to the fact that 
the reaction mechanisms are surely material and microstructure-dependent. 
Although it is generally difficult to isolate a single rate-determining step by 
virtue of the presence of a number of series steps, it is usuaIly possible to describe 
the overall process in a phenomenological framework. The following describes 
the plausible reaction steps for one of the possible reaction schemes; it is to be 
emphasised that the following is only a generic sequence of steps and by no 
means one that has been demonstrated with any degree of certainty. 

Surface adsorption3 of oxygen molecules on the electronic conductor, 
which also is the electrocatalyst, 

1 1 
0 2  (gas) + 02nds (electrocatalyst) 

Dissociation of adsorbed oxygen molecules into adsorbed atoms, 

1 - OZnds (electrocatalyst) + Oaas (electrocatalyst) 
2 

Surface diffusion of adsorbed oxygen atoms to a three phase boundary 
(TPB) between the electrocatalyst (e.g. LSM) - electrolyte (e.g. YSZ) - 
gas phase, 

O,ns(electrocatalyst) --+ O,~s(electrocalayst/electrolyte TPB) 

Formation of oxide ions by electron transfer with incorporation of these 
ions into the electrolyte 

Onds(electrocatalyst/electrolyte TPB) + 2e’(electrocatalyst) 
+ (oxygen vacancy/electrolyte) + Oz(e1ectrolyte) 

where Kroger-Vink notation has been assumed. Central to the above 
scheme is the occurrence of the charge transfer reaction at or near a TPB; 
in-situ l80 exchange experiments under cathodic polarisation and 
subsequent SIMS-analysis, have confirmed the occurrence of the charge 
transfer reaction at a TPB [19]. Several variations of the above scheme 
are possible; such as, for example, the occurrence of the charge transfer 
reaction on the electrocatalyst surface to form an oxide ion, followed by 
surface diffusion of the oxide ion to a TPB, and its incorporation into the 
solid electrolyte at the TPB, or further surface diffusion of the oxide ion on 
the electrolyte surface, and its incorporation into the electrolyte at a 

Surface adsorption of oxygen molecules may also occur on the surface of the electrolyte, YSZ, 
foltowed by its dissociation into oxygen atoms and their surface diffusion to aTPB. 
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point some distance away from the TPB. Thus, many possibilities exist 
wherein there are a number of possible parallel steps to the net charge 
transfer reaction. Experimental work combined with continnum 
modeling has been conducted in order to analyse various reaction steps 
[15,17,20,2 11; experimental methods used in these studies include 
steady-state current-voltage characteristics and electrochemical 
impedance spectroscopy. The importance of the role of TPB in 
Lal,(Sr,Ca),Mn03 and Lal-$r,Mn03 cathodes is documented in 
appended references [14,20,22,23]. These studies showed that oxygen 
reduction predominantly occurs at TPB’s when these materials are used 
as cathodes. However, bulk transport of oxygen through Lal-,Sr,MnO3 
has been reported under high applied overpotentials [9]. A wide variety of 
reaction mechanisms have been proposed in the literature, even using 
nominally similar electrode materials. This lack of consistency is 
apparently due to the fact that electrode processes and morphology are 
closely interrelated, and also that the fundamental mechanisms are not 
fully understood at the present time. Considering that the current and 
potential distribution in the 3-dimensional porous system and the 
available reaction zone both depend on the microstructure and the 
presence of secondary phases and impurities at the interface, it is clear 
that a simple, unified reaction mechanism is unrealistic. But this in large 
part is also due to a lack of a quantitative characterisation of electrode 
microstructure, and a Iack of quantitative analysis of the relationship 
between microstructure and cathode performance. Such a quantitative 
study has been reported in only a limited number of studies, such as those 
by Zhao et al. [24] and Weberet al. [25]. 

Above reactions 1) to 4) describe a number of possible, series steps, and in the 
simplest model, the slowest one is the rate-determining step4. The remaining 
steps then can be assumed to be close to equilibrium. Many of the above steps are 
generally thermally activated. The rate of cathodic reaction is directly 
proportional to the net current density: or more precisely, the net current density 
is proportional to the cathodic reaction rate. Associated with the reaction rate, or 
the passage of current, is a loss in voltage, which is the activation polarisation or 
overpotential; the terminology being derived from the thermally activated 
nature of the reaction. The relationship between the cathodic activation 
polarisation, Y&~, and the current density is usually nonlinear, except at very low 
current densities. In general, 

r&t = f(materia1 properties, microstructure, temperature, 
(16) atmosphere, current density) 

It is to be emphasised that it is not necessary that there be a single rate-determining step. If two or 
more steps exhibit similar kinetic barriers, it is quite possible that a simple dependency of the so-called 
rate-determining step on a given parameter (e.g. oxygen partial pressure) will not be reflected in the 
overall measured effect. That is, there can be more than one step away from equilibrium The analysis of 
data in such a case can be particularly difficult. 
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A phenomenological theory, which gives a quantitative relation between 
current density and r&t, is known as the Butler-Volmer equation, and is of the 
form[2,26] 

where j3 is a dimensionless, positive number, less than one (for a one-step charge 
transfer process), which is known as the transfer coefficient, and i: is known as 
the exchange current density. Note that the relationship between and i is 
nonlinear and implicit, that is, it does not allow an explicit determination of qLt 
as a function of current density. Rather, the equation gives net current density 
for a given vict. However, limiting forms of the Butler-Volmer equation allow one 
to express qiCt as a function of current density, i. The low current density and 
high current density regimes are described in what follows. 

(l-B)zFd 
In the low current density limit, it is possible that 

<< 1. In such a case, the Butler-Volmer equation I RT 

or 

RT 
I&tl (19) 

The term $has the units of area specific resistance, Qcm2, and is referred to 
as the charge transfer resistance, denoted by R:t, and is given by Rgt = g, An 
important point to note here is that a linear relationship between vict ana the 
current density, i, in the low current density Iimit does not imply ohmic 
relationship, since the response time for the process is long, and is determined by 
whatever is the underlying physical process. In the simplest case, the charge 
transfer process is describable by a parallel R - C circuit, in which case the time 
constant is given as RC. Thus, in DC measurements, the capacitive part is not 
reflected. At the same time, in the current interruption experiment, the voltage 
drop across the interface is usually not separable from the other time-dependent 
parts of the impedance. Measurement of frequency response, however, allows 
one to estimate both R and C. More about this is discussed later. 

An experimental measurement of q&t as a function of current density 
(particularly in the low current density regime) allows one to estimate the R& or 
i:. The i: is a measure of the rate of charge transfer process, and depends upon a 
number of material properties, microstructure, temperature and also on the 
atmosphere. 

In the high current density regime, 1-1 >> 1 and the Butler-Volmer 
equation can be approximated by 
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which is the Tafel equation [2,26]. The above equations describing the 
activation polarisation are from the extensive work on aqueous 
electrochemistry. These equations are often used to describe activation 
polarisation in solid state electrochemistry also. In aqueous electrochemistry, 
the process of charge transfer occurs across the entire liquid electrolyte/solid 
electrode interface. In solid state electrochemistry with the presence of gaseous 
species, however, this charge transfer process either involves three phases: the 
electrolyte, the electrode (electrocatalyst), and the gas phase, in the case of 
purely electronic conducting electrodes or two phase MIEC electrodes: or two 
phases: namely a single phase MIEC electrode and the gas phase, in the case of 
single-phase MIEC electrodes. If the transport of ions is restricted to the 
electrolyte, that of electrons through the electrocatalyst, and of the gaseous 
species through the porous interstices, the charge transfer reaction is presumed 
to occur at (or near) the three-phase boundary (TPB) where the three phases 
meet. This TPB is characterised by a line, extending along the electrolyte surface, 
and has the dimensions of cm/cm2 or cm-l. This suggests that the electrode 
kinetics must depend upon the TPB length, in addition to fundamental physical 
parameters, such as electrocatalytic activity of the electrocatalyst, and the 
partial pressure of the reactant (Le. oxygen). That is, the exchange current 
density. $, must depend upon electrode microstructure, such as the size and the 
number of electrocatalyst particles per unit area of the electrolyte surface. Thus, 
in such a case 

i: = f(TPB, partial pressure of oxygen in the atmosphere, oxygen 
vacancy concentration in the electrolyte, oxygen vacancy 
mobility in the electrolyte, electron concentration in the 
electrocatalyst, and temperature) 

(21) 

Figure 9.3(a) shows a schematic of such a charge transfer reaction. In a single- 
phase MIEC electrode, on the other hand, the charge transfer reaction is not 
restricted to the linear feature (e.g. TPB), but can occur over the entire electrode/ 
gas phase interface. In such a case, the exchange current density is given by 

ii = f(partia1 pressure of oxygen, oxygen vacancy concentration 
in the MIEC, oxygen vacancy mobility in the MIEC, 
electronic defect concentration in the MIEC, 
and temperature) 

(22)  

Figure 9.3(b) shows a schematic of such a charge transfer reaction. In so far as 
single phase, essentially electronically conducting materials as cathodes are 
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Figure 9.3 Schematic of apossible charge transfer reaction for  ( a )  purely electronically conducting cathode 
material, and (b)  MlEC cathode materinl. 

concerned, most of the reported work has been on LSM. Thus, when a porous 
layer of LSM is applied over YSZ, the charge transfer reaction is confined to (or 
near) the TPB length at the LSM/YSZ interface. 

No definitive relationships between R:t or i: and TPB are available for lack of 
definitive measurements of TPB in cases wherein a layer of porous LSM is applied 
over a dense YSZ surface. Nevertheless, an order of magnitude estimate can be 
made as follows. A typical, experimentally measured, number for R&, for LSM/ 
YSZ at 800°C is on the order of -2 Qcm2. For a LSM particle size of -1 micron, 
and the volume fraction ofporosity in LSM of -SO%, the TPB is on the order of 2 x 
lo4 cm-l. It is convenient to define a charge transfer resistivity, &, in terms of 
the charge transfer resistance and TPB length by an equation of the form [2 71 

Then, approximate value of p:t is -40,000 Qcm. An estimate of p:t has been 
made by analysing LSM+YSZ composite electrodes by using techniques in 
quantitative microscopy, and comparing with the results of cell resistance [24]. 
The estimated p:t is on the order of 50,000 to 100,000 Qcm. Unfortunately, 
there are only a few measurements of this nature, and thus not much 
information is known on the fundamental parameter, pEt, free of microstructural 
effects (e.g. ITPB), which defines the charge transfer process for any set of 
materials. Nevertheless, this estimate shows that for reducing the charge 
transfer resistance from -2 Qcm2 to -0.2 Qcm2, that is by an order of 
magnitude, using the same set of materials, it would be necessary to decrease the 
particle size of LSM from -1 micron to ~ 0 . 1  micron. This is often difficult to 
achieve. However, using the same particle size of LSM, for example, it is possible 
to substantially lower the overall charge transfer resistance by allowing the 
reaction of charge transfer to spread out some distance from the physically 
distinct electrolyte/electrode interface, well into the porous electrode. This can 
be achieved if the electrode exhibits MIEC characteristics. 

Cathodic and anodic activation polarisations, in light of MIEC electrodes, are 
discussed below. 
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9.4.7 Cathodic Activation Polarisation 

Much of the early work on SOFC cathodes has been on Sr-doped LaMn03 (LSM), 
which is a predominantly electronic conductor. In the case of electrolyte- 
supported or anode-supported cells, powder of LSM is spread (screen-printed) 
over the electrolyte (YSZ) surface, and fired at elevated temperatures to bond the 
cathode onto the electrolyte. In most practical applications, the LSM used is of a 
typical composition Lal..,Sr,MnO3, with x = 0.15 ... 0.25. These materials 
exhibit a diffusion coefficient of oxygen D on the order of cm2/s and a 
surface exchange coefficient k,,, of about cm/s at 1000°C in air [28 ] .  In 
such a case, the overall cathodic reaction occurs at the LSM-YSZ-gas phase TPB. 
The effective TPB length that can be realised is generally <20.000 cm-l, 
(equivalent to 50% surface coverage of 1 micron LSM particle size), and typically 
< 5,000 cm-l, with the result that at temperatures below about 900°C. the 
cathodic activation polarisation is usually large. which limits cell performance. 
This limitation has now been well recognised, and the SOFC research and 
development community has all but abandoned this approach and has shifted 
focus to porous, MIEC electrodes, either single phase or composite. 

The concept of porous, effectively MIEC electrodes, is not new [29]. It has been 
extensively studied in aqueous electrochemistry. In aqueous electrochemistry, if 
a porous electrode is used, the electrolyte fills the pores of the electrode. If the 
rate-limiting step in the electrode reaction is the overall rate of charge transfer, 
then increasing the electrolyte/electrode surface area should improve the rate. 
Over the thickness of the porous electrode, transport of electrical charges occurs 
in two phases - electronic through the matrix phase, and ionic through the 
solution (electrolyte) phase. That is. over the porous electrode, transport is by 
mixed ionic and electronic conduction (MIEC). In addition, convective or 
diffusive transport of neutral reactive species occurs through the liquid 
electrolyte in the pores. In this manner, the electrode reaction is spread out into 
the porous part of the electrode. The theory of porous electrodes in aqueous 
electrochemistry has been developed on this premise. In such a case, the 
transport of ionic and neutral species occurs through the electrolyte filling up the 
pores, and electron transport occurs through the solid part of the porous 
electrode. In solid state electrochemistry also, an analogous porous electrode 
should be capable of transporting both ions and electrons: that is, it must be a 
mixed ionic electronic conducting (MIEC) material. In solid state 
electrochemistry, in an analogous electrode, ion and electron transport occurs 
through the solid part of the MIEC electrode, and neutral (gaseous) species 
transport through the porous interstices [18,2 7,301. 

Figure 9.4 shows a schematic of a porous MIEC electrode used in solid state 
electrochemistry, in which the pathways for the various species are shown. The 
MIEC characteristics can be realised in two ways: (1) Use of a single phase, 
porous MIEC material, such as Sr-doped LaCo03 (LSC), or (2) Use of a composite, 
two-phase porous mixture of an electronic conductor (e.g. LSM) and an ionic 
conductor (e.g. YSZ). In the case of a composite, two-phase mixture, the MIEC 
properties are realised globally (at the microstructural level, not at the atomistic 
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Figure 9.4 
the oxygen reduction reaction fo r  SOFC application (adsorbedoxygen species O,(ad): 0 2 , a d .  Oad, O-ad, 0 2 - , d ) .  

Schematic of a porous MIEC electrode with possible reaction pathways and involved species for  

level). In such composite materials used as electrodes, the TPB exists through the 
thickness of the electrode, and the electrochemical reaction is spread into the 
electrode, and not just restricted to the physically distinct electrolyte/electrode 
interface. In a single phase MIEC electrode, the electrochemical reaction can 
similarly occur over some distance into the electrode. 

There are advantages and shortcomings to both approaches. If a single-phase 
MIEC material is used, in principle, the electrochemical reaction can occur over 
the entire porous surface. The potential disadvantage, however, is that careful 
manipulation of defect chemistry is required to ensure that both ionic and 
electronic conductivities are sufficiently high. This is often difficult to achieve, 
especially over a wide range of oxygen partial pressures and temperatures. If a 
two-phase MIEC material is used, it is necessary to ensure that both phases are 
contiguous, while at the same time exhibiting a high TPB; that is, one phase 
should not completely coat the other phase. This requires a careful control over 
the microstructure. The advantage over single-phase MIEC materials, however, 
is that an  ability to mix two different materials allows flexibility in the choice of 
materials so that transport properties of the two phases can be separately 
optimised. In essence, by using two separate phases for the ionic and electronic 
transport, greater flexibility is achieved by decoupling the functions. A host of 
different materials for the ionic conducting part, such as YSZ, doped ceria, 
stabilised Bi203, LSGM, etc., can be used; and a host of electrocatalysts, such as 
LSM, Sr-doped LaFe03 (LSF), Sr-doped LaCo03 (LSC), etc., can be used. The use of 
LSC or LSF in composite electrodes is expected to be beneficial as these materials 
are themselves MIEC, albeit with much larger electronic conductivity compared 
to ionic conductivity, as they offer additional pathways for the transport of 
oxygen ions. 

Theoretical aspects of porous MIEC electrodes, both using single-phase and 
two-phase materials, have been analysed by many authors [18,2 7,30-341. 
While the particulars of the models vary from model to model, general features of 
the porous MIEC electrodes can be summarised as follows: (1) Gaseous species 
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( 0 2 ,  N2 in the cathode: H2, HzO in the anode) transport through the porous 
interstices, which are contiguous, to or away from reaction sites. ( 2 )  In the case 
of two phase MIEC materials, electrons (or holes) transport through the 
electronically conducting (contiguous) phase, oxygen ions transport through 
the ionically conducting (contiguous) phase, and the charge transfer reaction 
occurs at or near a TPB. In single phase MIEC, both electrons (and/or holes) and 
oxygen ions transport through the single-phase MIEC, and the charge transfer5 
reaction occurs along the surface of the porous MIEC. In this manner, whether 
the electrode is two-phase or single-phase, the electrochemical reaction of 
charge transfer is spread from the electrolyte/electrode interface over some 
distance into the electrode. (3) The region over which this spreading occurs 
depends upon the microstructure as well as the transport properties of the 
electrode. Usually, the finer the microstructure, the smaller is the region over 
which the reaction zone is spread out. (4) Very close to the electrolyte, the 
current is predominantly ionic, and outside the critical thickness into 
the electrode, the current is predominantly electronic. Over the critical or the 
threshold thickness, the current varies from ionic (near the electrolyte) to 
electronic (towards the current collector). Thus, the electrode should exhibit 
MIEC characteristics at least over this critical or the threshold distance. 
Typically, this critical thickness is on the order of a few, to few tens of microns. 
This layer has been variably referred to as the electroactive layer, the 
electrocatalytic layer, or the interlayer. As the microstructure in this region 
must be h e ,  which enhances the rate of electrochemical reaction (lowers 
activation polarisation), also unfortunately impedes gas transport (increases 
concentration polarisation) due to the Knudsen diffusion effects, as well as due 
possibly to adsorption/desorption effects. The existence of a critical thickness 
fortunately implies that the electrode microstructure need not be fine 
throughout the electrode. Thus, the overall polarisation can be minimised by 
grading the electrode microstructure such that near the electrolyte/electrode 
interface, the electrode has a fine microstructure and exhibits MIEC properties; 
and away from the interface, the electrode has a coarse microstructure with a 
large pore size, and exhibits essentially electronic conduction. 

While the general features of several of the models are similar, the particular 
analytical expressions, wherever available, vary widely depending upon the 
details of a given model. In what follows, some of the equations from the work of 
Tanner et a1 for composite cathodes are given to illustrate the role of various 
parameters [ 2  71. In the low current density limit, over which the Butler-Volmer 
equation can be linearised, the effective charge transfer or the polarisation 
resistance (activation polarisation only) for cathode interlayer thickness greater 
than the critical thickness can be given by [ 2 2 ]  

In the case of a single phase MIEC, the reaction may be regarded as that of oxygen incorporation (or 
removal) rather than that of charge transfer. 
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where d is the grain size of the ionic conductor (e.g. YSZ) in the composite MIEC 
cathode, V; is the porosity in the cathode interlayer, and p; is the ionic resistivity 
(inverse of ionic conductivity, 1/4) of the ionic conductor in the composite 
cathode. The preceding equation is illustrative from the standpoint of assessing 
the role of various parameters on the polarisation resistance of a composite 
cathode in terms of the physically measurable parameters. In this equation, 
has the same meaning as stated earlier. If the grain size of the ionic conductor 
(e.g. YSZ) in the composite cathode, d ,  is -1 pm, the ionic resistivity, p; is -50 
Qcm, and if the cathode interlayer porosity, V; is -0.25, and if R:t is -2 Qcm2, 
then the effective charge transfer or polarisation resistance (using equation (24)) 
turns out to be -0.12 Qcm2 -that is a reduction by a factor of 16. The critical 
distance, A,, similarly, depends upon various parameters, and has the form [2 71, 

For the case of the LSM + YSZ composite cathode described above, and for the 
selected values of the parameters, the magnitude of the critical cathode 
interlayer thickness turns out to be -1 7 pm. If, on the other hand, the electrode 
is made of porous LSM only, but of essentially the same microstructure, the 
value of A, is on the order of 1 micron, assuming ionic resistivity of LSM to be 
10,000 Qcm. This shows that if the ionic resistivity of the porous MIEC is very 
high, the charge transfer reaction is essentially confined to the physically distinct 
cathode/electrolyte interface. The corresponding polarisation resistance (as 
determined using the general equation given by Tanner et a1 [2 71) or the effective 
charge transfer resistance is essentially the same as R:t or -2 Qcm2 in this 
illustration. That is, with single phase LSM, the reaction zone is confined to the 
physically distinct cathode/electrolyte interface, and the polarisation resistance is 
high since LSM is not an MIEC (or is an MIEC with very low ionic conductivity). 

The preceding discussion and equations show that a fine cathode 
microstructure is preferred. Fabrication of such cathodes requires careful control 
of microstructure. It has been demonstrated that a typical high performance 
cathode has a particle size (of the oxide ion conductor in the composite cathode) 
on the order of a micron. At 800°C, the polarisation resistance less than about 
-0.1 Qcm2 has been demonstrated with such cathodes. Figure 9.5 shows an SEM 
micrograph of a typical anode-supported cell. Regions adjacent to the electrolyte 
are the cathode and anode electrocatalytic layers of fine microstructure 
to facilitate electrochemical cathodic and anodic reactions, respectively. 
Regions next to these electrocatalytic layers have a coarse microstructure 
and greater porosity to facilitate easier gas transport. These regions also exhibit 
greater electronic conduction and serve as current collector regions. 

A well-defined increase of the effective electrolyte surface area can also be 
achieved by a structured electrolyte surface. Sintering separate 8YSZ particles 
onto the electrolyte substrate and covering the increased surface area by an 
electrochemically active thin porous film cathode via metal-organic-deposition 
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Figure 9.5 A n  SEM micrograph showing cross-sectional view of an anode-supported cell. Adjacent to 
the electrolyte are anode and cathode electrocatalytic layers of fine microstructure for  enhanced 
electrocatalysis. Regions next to the electrocatalytic layers have higher porosity and a coarser microstructure 

for  easier gas transport. 

(MOD) is a possible approach to increasing the number of active reaction sites. 
An additional macroporous LSM-layer is used as a current coIIecting and gas 
distribution layer. The adhesion of the cathode is improved due to the 3-  
dimensional penetration structure (Figure 9.6). This approach can lead to a 
significant increase in power density, while ensuring long term stability against 
thermal cycling by structurally inhibiting delamination. By lowering the 
processing temperature (below about 1000°C), it is possible to use a mixed 
conducting LSC-thin film (LSC: (La, Sr)Co03) as a cathode, without the danger of 
forming unwanted secondary phases. Such cathodes showed an even higher 
performance (Figure 9.7), with negligible degradation over an  operating period 
ofmore than 1000 h and at a current density of 0.4 A/cm2 in air [ 3 5 ] .  

\ /  reaction 
sites YsZ intn riim carnoae-layer 

Figure 9.6 CathodelelectrolHte interface structures: ( a )  standard interface with smooth electrolyte surface 
and restricted number of active reaction sites and ( b )  structured electrolyte surface with nanoporous MOD 

thinfi lm cathode layer leading to an  enhanced reaction zone with improvedperformance anddurability. 
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Figure 9.7 Efficiency vs. power densitg for electrolyte supported single cells with diferent types of cathode 
materinls and cathodelelectrolgte interface structures [35] .  

The above discussion on the role of material and microstructural parameters 
on the overall cathodic activation polarisation is applicable to composite MIEC 
cathodes, comprising a porous, two-phase, contiguous mixture of a 
predominantly electronic conductor and an ionic conductor. In a broader sense, 
the same conclusions are applicable to single phase MIEC cathodes. In the case of 
single-phase MIEC perovskite cathodes, the ionic conductivity is typically several 
orders of magnitude smaller than the electronic conductivity (albeit, still quite 
large in many MIEC materials) and depends on the composition, oxygen partial 
pressure, and temperature. Assuming that the ionic conductivity of the MIEC is 
much smaller than that of its electronic conductivity, the relevant bulk transport 
parameter of the MIEC continues to be the ionic conductivity (or ionic resistivity) 
of the MIEC, or the chemical diffusion coefficient of oxygen, D, in the MIEC. The 
relevant surface reaction parameter is the surface exchange parameter, kesc, 
instead of l/R:t in the case of composite MIEC cathodes [3 6-38]. 

In a MIEC-cathode, at least three reaction steps have to be considered as rate 
determining: surface exchange at the gas phase/MIEC interface, bulk diffusion in 
the MIEC and incorporation of oxygen ions into the electrolyte at the MIEC/ 
electrolyte interface. In the case that the latter is negligible, the extension of the 
reaction zone depends on the ratio of diffusion coefficient of oxygen, D, (or ionic 
conductivity of the MIEC, which could conceivably be estimated using the Hebb- 
Wagner polarisation technique) and surface exchange coefficient, kcxc, as well as 
the nature of porosity and microstructure. Equations similar to (24) for the 
effective polarisation resistance, and (2 5) for the extent to which reaction zone 
spreads, can be readily written for single phase MIEC, wherein the REt is replaced 
by l/keXc, and an appropriate proportionality constant is introduced, which 
accounts for the dimensionality. 
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9.4.2 Anodic Activation Polarisation 

The basic concepts of composite or single-phase MIEC electrodes are equally 
appIicable to anodes. Traditionally, however, the typicaI anode used to date has 
been a composite mixture of Ni and YSZ. The presence of YSZ not only suppresses 
the thermally induced coarsening of Ni, but it also introduces MIEC 
characteristics. Other anodes currently under investigation are based on cermets 
of copper, which are being explored for direct oxidation of hydrocarbon fuels 
[39]. These types of anodes are in an early stage of development and thus their 
polarisation behavior is not discussed here. In so far as single-phase anodes are 
concerned, some work has been reported in the literature, most notably on La- 
SrTiOs [40, 411. Work on this as well as other perovskite-based anodes is in its 
infancy, and is not elaborated upon further. The discussion in this chapter is 
confined to Ni + YSZ cermet anodes. 

Although the basic concepts of anode reaction are similar to the cathode, the 
details may be different, and are not well understood at the present time. 
The overall anodic reaction may be given by: 

02-(electrolyte) + Hz(fue1 gas) -+ HzO(fue1 gas) -t 2e’(anode) 

One of the scenarios could involve the following steps: 

Adsorption of H2 on the surface of YSZ or Ni from the anode 

&(fuel gas) 3 H2,,(YSZ or Ni) 

Surface diffusion of adsorbed H2 to TPB 

H Z a d s  (YSZ or Ni) ---f H2& (TPB) 

Anodic electrochemical reaction 

@(electrolyte) + Hz,,,,(TPB) + HzO (fuel gas) + 2e’(anode) 
+ Vy(electro1yte) 

In the preceding, the Kroger-Vink notation has been used. Similar to the 
cathodic overpotential, the anodic activation overpotential also depends upon 
material properties, microstructure, atmosphere, temperature and current 
density: that is, 

(26)  
= f(materia1 properties, microstructure, temperature, 

atmosphere, current density) 

Assuming a phenomenological model, anodic polarisation can be described 
using the Butler-Volmer equation, and its Iow current density (linear) and high 
current density (Tafel) limits. Experimental results for some selected cases can be 
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found in Chapter 6. The anodic exchange current density, similar to the cathodic 
exchange current density, depends upon a number of parameters: 

i: = f(TPB, partial pressure of hydrogen in the atmosphere, 
oxygen vacancy concentration in the electrolyte, 
oxygen vacancy mobility, and temperature) 

(27) 

Figure 9.8 shows a schematic of the anodic charge transfer - electrochemical 
reaction. An alternative possibility is the release of oxygen molecules into the 
anodic chamber, followed by reaction with hydrogen to form water vapor. That 
is, an  alternative reaction can be of the form 

1 
2 

Oz(electro1yte) -+ - 0 2  (fuel gas) + 2e’(anode) + Vy(electro1yte) 

followed by 

Fuel Gas 

Nickel \ 

Oxygen / .................. i 
Vacancy 

Figure 9.8 Schematic ofanodic charge transfer - chemical reaction. 

This latter reaction scheme does not depend upon the adsorption of fuel gas, 
while the former one does. The implication is that anodic activation polarisation 
would be independent of what the fuel is in the latter scheme, while it would be a 
function of the type of fuel in the former case. Recent work has shown that the 
total polarisation loss with CO as a fuel is much greater than that with H2 as the 
fuel, and the difference cannot be attributed to differences in concentration 
polarisation [42]. It is possible that the differences may be due to differences in 
the adsorption characteristics of H2 and CO. Thus, the preliminary conclusion is 
that adsorption of fuel gas must be an  important step. 
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9.5 Measurement of Polarisation (By Electrochemical Impedance 
Spectroscopy) 
Impedance spectroscopy has emerged over the past several years as a powerful 
technique for the electrical characterisation of electrochemical systems [ 51. The 
strength of the method lies in the fact that by small-signal perturbation, it reveals 
both the relaxation times and relaxation amplitudes of the various processes 
present in a dynamic system over a wide range of frequencies. 

Various polarisations exhibit different time dependence, due to different 
origins of the kinetic processes involved. The response time for ohmic 
polarisation is essentially zero, while the response time for concentration 
polarisation is related to the relevant gas phase transport parameters: e.g. 
diffusivity. In terms of an equivalent circuit, a Warburg-type element can be used 
to describe gas transport through porous electrodes. Similarly, the time constant 
for activation polarisation is related to details of the charge transfer process. In 
the very simplest case, it can be represented by a time constant for a parallel R-C 
circuit, provided the activation process can be described by a parallel R-C circuit. 
This, however, is an oversimplification, and an R-C element rarely describes the 
activation process accurately: it, nevertheless, allows some insight into the 
nature of time constants involved. The experimental procedure thus involves 
measuring impedance, Z(w), as a function of frequency over a wide range, 
usually from as low as a few mHz to several hundred kHz. Often experimental 
difficulties in separating relevant parameters arise due to overlapping semi- 
circles, as well as inductive effects due to the testing setup at high frequencies. 

In general, the occurrence of a muItitude of chemical and physical processes in 
the system leads to a complicated, non-linear relationship between cell voltage 
and cell current. Therefore, the definition of a unique polarisation resistance is 
difficult, since it itself is usually a function of current density. There are two 
methods that can be used to measure cell polarisation: an AC method, and a DC 
method. The polarisation resistance determined from AC measurements can be 
different from that determined from DC measurements. When the system is 
perturbed by an AC input current signal, the AC voltage signal observed at the 
terminals of the cell is phase-shifted with respect to the perturbation input. The 
corresponding complex impedance can be determined from the current input 
signal, and phase shifted voltage signal. In the DC method, electrode potentials 
are measured with respect to suitably positioned reference electrodes, and the 
measured voltage differences are corrected for ohmic contributions. These two 
approaches are briefly described in what follows. 

In the AC method, the cell is subjected to an AC source of variable frequency, 
and the cell response is measured as a function of frequency. Graphical 
representation involves a plot of negative of the imaginary part of the 
impedance. - ImZ(o), on the y-axis and real part of impedance, ReZ(o), on the x- 
axis; or alternatively a plot of the imaginary part of the admittance, B(o), on the 
y-axis, and the real part, G(w), on the x-axis. The plots in the ideal case are a 
series of semi-circles, quarter-circles, or distorted semi-circles and quarter- 
circles. The intercepts with the x-axis are measures of resistive losses due to 



2 52 High l't~mpcraturc Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

various physical processes, and positions on the arcs provide information on 
non-ohmic terms. 

The DC method is usually based on a combination of two types ofmeasurements; 
ohmic contribution by current interruption, and the measurement of electrode 
overpotentials using reference electrodes. The placement of reference electrodes on 
solid-state electrochemical devices such as SOFCs presents substantial difficulties, 
since, unlike liquid-phase electrochemistry, they cannot be readily inserted into 
the electrolyte. In principle, a detailed analysis of the mixed boundary value 
problem for complicated specimen geometries and boundary conditions is 
required. These difficulties become even more serious when dealing with 
electrode (anode or cathode)-supported cells with thin electrolyte film [43-451. 
On one hand, such cells are preferred as they exhibit considerably higher power 
densities: on the other hand, extracting accurate information on separate 
electrode polarisations becomes difficult. Detailed discussion on measurement 
techniques and difficulties associated with the use of reference electrodes is given 
in Chapter 10. For electrolyte-supported cells, measurements are often done with 
reference electrodes suitably placed on both the cathodic and the anodic sides. 
The electrical equivalent of this arrangement is shown in Figure 9.9. 
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Figure 9.9 Equivalent electrical circuit description of impedance measurement arrangement for planarfuel 
cell elements with reference electrodes. 

Here, the single cell element is modeled by a number of voltage sources 
representing the half-cell potentials. It is to be emphasised that the electrical 
equivalent shown in Figure 9.9 is only approximate, and errors in accurate 
determination of overpotentials cannot be entirely eliminated. The only way an 
accurate estimate of overpotential can be obtained is by solving the appropriate 
transport equations for the appropriate boundary conditions - coupled with 
experimental measurements. 
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Although measurements of separate cathode and anode overpotentials 
contain errors, it is possible to obtain the total cathode + anode overpotential 
with reasonable accuracy, by subtracting the ohmic contribution from the total 
voltage, at a given current density. 

In a typical AC impedance measurement, the losses occurring in cell operation 
are represented by the ohmic resistance Ro and the polarisation resistances 
Zcath + Zanod = Zpo~. The terminals of the measurement device can be connected 
either to the working electrodes or to a working electrode and a reference 
electrode on either side, in order to measure Zpol, Zcath and .&nod, respectively. Due 
to ohmic losses in the cell a part of the potential difference across the cell is 
included in each of the measured I-V-characteristics or impedance curves. The 
distribution of the electrolyte resistance to the measured electrode impedances 
significantly depends on the arrangement of the electrodes. In the case of an ideal 
electrode alignment (Le. electrode misalignment < < electroIyte thickness) this 
electrode arrangement can provide useful, although not completely free of 
errors, information about the polarisation processes of the individual electrodes 
[46]. Otherwise significant errors may occur due to the inhomogeneous current 
density distribution 120,471. 

In addition to providing information on polarisations, impedance 
spectroscopy is also useful in simulating reaction mechanisms; this is illustrated 
here for the cathodic reaction. In the reaction model presented here, on137 the 
following steps are considered: (1) Dissociative adsorption of oxygen at the 
cathode surface: ( 2 )  Surface diffusion of adsorbed oxygen along the cathode 
surface through the pores: and (3) Reduction of adsorbed oxygen at the TPB and 
subsequent vacancy exchange and oxygen incorporation into the electrolyte. 
The electrolyte surface is assumed to remain inactive because of its low 
electronic conductivity. For further simplification, it is assumed that the oxygen 
surface diffusion proceeds sufficiently fast and therefore can be neglected. 

The dissociative adsorption of oxygen is assumed to proceed via the reaction 

where kads and hes are the rate constants for adsorption and desorption of 
molecular oxygen, ‘s’ is a vacant active surface site for oxygen and Oan is an 
oxygen atom adsorbed on an active site. The adsorbed oxygen then diffuses along 
the pore walls of the cathodes and enters the TPB-region where it reacts 
according to the following equation 

and transfers into the electrolyte bulk. Here, k,d and k,, are the rate constants for 
the oxygen exchange reaction, in forward and reverse directions, respectively. 
The law of mass action applied to reactions (2 7) and (28) yields 
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The concentration of adsorbed oxygen [O,,] and the corresponding surface 
vacancy concentration [SI depend on the oxygen partial pressure in the gas 
phase p(Oz) for given rate constants kads, k,,, kdes and kred. Their actual values 
depend on the microstructural properties of the cathode surface and the 
interface and on temperature while the oxygen concentration [Oox] and 
the oxygen vacancy concentration [Vo**] in the electrolyte are given by the 
compositions of the materials. The reaction rate constants kred and k,, consist of 
a potential-dependent and a part given by the activation potential AG:of the 
form 

where B is the symmetry factor of the interface and the other constants have 
their usual meanings. Therefore, the net Faradaic current ip that passes through 
the interface depends exponentially on the overvoltage q (Butler Volmer-type 
behavior [26]). 

In the model, the quantity x = [o,d]/No denotes the oxygen surface coverage. 
No = [s] + toad] is the concentration of active oxygen sites on the LSM surface. Its 
value is given by the rates of surface exchange and charge transfer at the 
interface and depends on the operating conditions and on the materials 
parameters. By combining equations (29) and (30), the mass and charge 
balances for oxygen in the TPB-region can be expressed as 

where F is the Faraday constant, I,, is the TPB-length of the electrode/ 
electrolyte/gas phase and w is the lateral extension of the TPB-region. Usually, 
the magnitude of w is not known, but can still be included as a parameter. For a 
given equilibrium potential difference, AQe, and known rate constants, the 
equilibrium surface coverage x is determined using the above relations. 
According to this model, the static characteristic ip(q) obeys Butler-Volmer 
behavior not too far from equilibrium. Under high polarisation, the current is 
limited by the surface adsorption process. Models of this type are discussed in 
greater detail in references [ 16,481 and literature referenced there in. 

The evaluation of the non-linear iF(q)-characteristics given by equation ( 3 3 )  is 
mathematically difficult. Therefore, the static polarisation curves are usually 
linearised and subjected to Fourier transformation that yields an expression of 
the Faradaic impedance Z, of the interface for the given operating point. 
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where RCt is the charge transfer resistance for oxygen incorporation at the 
interface and Rads and Cads contain the influence of the adsorption process on the 
impedance for a pure ac input signal6. The values of Ret, Rads and Cads are 
functions of the reaction rates, the oxygen partial pressure, operating conditions 
and materials parameters that are part of the model [16]. The ratio &/Rads 
indicates if the reaction is controlled by adsorption or by charge transfer. The 
corresponding equivalent circuit is given in the inset in Figure 9-10. 

-- w / 

Rd: charge transfer resistance R,; adsorption resistance R G J  

Figure 9. IO Xyquistplot of the Faradaic impedance 2, of the oxygen reduction reaction simulated from the 
above reaction model and corresponding equivalent circuit. The model describes a competition between surface 
adsorption andincorporation. depending on the ratio of the rate constants for the respectiveprocesses. 

Because the interface is polarised, an additional double layer capacitance 
occurs at the interface and is assumed to act in parallel to the Faradaic 
impedance. The double layer conceals the Faradaic impedance and has to be 
taken into account for simulation purposes. 

Distributions of relaxation times can be simulated using equation (34) for 
different ~ ( 0 ~ ) .  The series of distribution functions is then compared to 
distributions obtained from electrochemical impedance measurements carried 
out under the same variation of experimental conditions as shown in Figure 9.1 1. 
The peaks in the distribution function are characterised by their frequency, 
shape and area. By comparing dependencies of these peak parameters on the 
experimental variables, that were varied in the measurement series, with the 
same parameter variation from simulation, physical processes described by the 
model may be attributed to relaxation peaks in the distribution function 
calculated from the impedance response of the system. 

Electrochemical impedance spectroscopy is especially useful if the system 
performance is governed by a number of coupled processes each proceeding at 
a different rate. The physical and chemical processes contributing to the 

It is assumed that capacitance associated with the charge transfer process is small enough so that it 
is not reflected over the frequency range considered. 



2 56 High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

-2 -1 0 
log( f iHz) 

b) 

Figure 9.1 1 Variation of the cathodic oxygen partial prrssure ( p 0 2  = 0 . 1  atm . . . 1 .O atm): distribution 
Junctions of relaxation times ( a )  calculated from an impedance measurement series and ( b )  simulatedfrom the 
physical sub-model. The simulation was performed assuming the same variation in the oxygen partial 
pressure as in the actual measurement series. Parameters in the simulation series show a behavior similar to 

the dominatingpeak in the measurement series. 

internal resistance of the cell determine their dynamic behavior over a wide 
range of frequencies. The relaxation times could span more than fifteen orders of 
magnitude, assuming the time dependence can be described in terms of 
relaxation times (or time constants), reaching from fast processes that sustain 
cell operation, e.g. gas flow and charge transfer, to long-term degradation 
processes limiting the life time of the cell (Figure 9.12). Because of practical 
factors limiting the frequency range of impedance measurements on fuel cells, 
the method is useful only for processes with relaxation times ranging from ps up 
to tens of seconds. Slower processes exhibiting time constants from several 
minutes to hundreds of hours are favorably observed in the time domain, e.g. by 
analysing the response of the cell on a step function of the current response. 

start- -UP 

I I I I, 

1 PS 1 min 10 h 40000 h 
long term measurements electrochemical impedance spectroscopy 

< > c > 

W-characteristics 

Figure 9.12 Relaxation times of physical processes present in fuel cell operation and corresponding 
electrical measurement techniques. The dynamic range spans over 15 orders of magnitude. Fast processes are 

covered by electrochemical impedance spectroscopy 1461. 
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9.6 Summary 

Electrode polarisations cause large voltage losses in SOFCs and need to be 
reduced to low levels for increased efficiency. The three polarisations described in 
this chapter are ohmic polarisation, concentration polarisation, and activation 
polarisation. The ohmic contribution stems from resistance to electron and ion 
flows in the materials, and is generally dominated by the electrolyte resistance, 
with the consequence that SOFCs employing thick ( > l o 0  micron) YSZ as 
electrolyte have high ohmic losses at temperatures below about 900°C. Now that 
thinner electrolytes are being used in electrode-supported cells, this resistance 
has dropped and it is possible to use YSZ down to about 700°C. 

Concentration polarisation is caused by the resistance to mass transport 
through the electrodes and interfaces and is generally largest at the cathode, 
particularly when thick, cathode-supported cells are employed. The voltage drop 
is large at high current densities under conditions such that the electrolyte/ 
electrode interface is starved of fuel (anode) or oxidant (cathode) when gaseous 
species cannot diffuse fast enough through the porous interstices of electrodes. In 
the case of anode, diffusion is generally rapid due to the presence of low 
molecular weight hydrogen. This means anode-supported cells usually exhibit 
low concentration polarisation, even with relatively thick anodes. 

Activation polarisation is the voltage drop due to the sluggishness of 
reactions occurring at the electrode-electrolyte interfaces. Several processes are 
necessary for electron transfer to take place, especially at the cathode. Because 
LSM has little ionic conductivity, these processes are localised at the TPBs. 
Recently, it has become common to use MIEC (composite or single-phase) 
cathodes to spread the TPB and extend the reaction zones: this has had a 
beneficial effect on reducing the activation polarisation and allowed better SOFC 
performance at lower temperatures. 

Bulk of the studies reported to date show that with the materials that have 
been researched to date, the largest contribution to polarisation is from the 
cathodic reaction. The kinetics of the reduction process is governed by the 
composition of materials as well as by the microstructure of the cathode. 
Minimisation of the electrode polarisations is possible by choosing appropriate 
materials, their compositions and morphology. From a microstructural 
standpoint, activation polarisation is lower if the electrode structure is fine in the 
immediate vicinity of the electrolyte. For minimising concentration polarisation, 
by contrast, electrode structure should be coarse with large amount of porosity. 
For this reason, an ideal electrode structure is graded, fine near the electrolyte to 
minimise activation polarisation, and coarse in regions away from the 
electrolyte to minimise concentration polarisation. 
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Chapter IO 

Testing of Electrodes, Cells and 
Short Stacks 

Mogens Mogensen and Peter Vang Hendri ksen 

10.1 Introduction 

This chapter describes electrochemical testing of individual electrodes and cells 
and gives a brief discussion of stack testing. It is extremely important in testing 
solid oxide fuel cells (SOFCs) to have a good understanding of the fundamental 
principles of electrochemistry; to this end, classical textbooks [ 1-31, which are 
based on liquid electrochemistry, are certainly helpful, but it is also extremely 
important to be familiar with different aspects of solid-state electrochemistry, 
especially those involving solid oxide electrolytes 14-12]. 

Testing of cells and stacks is conducted for two reasons; to assess their 
commercial viability and for continued cell development. The information 
required for these two purposes is usually different, and an interpretation of the 
data, taking into account the effects of the test conditions, has to be done for 
comparison of SOFCs from different sources. Despite the fact that many cell test 
data have been reported [13-191, no general agreement on test procedures exists 
and the actual test equipment is often not described in detail. Also the concept of 
area-specific resistance (ASR) is not standardised when reporting the test results. 
Although parameters such as temperature, inlet gas composition, fuel utilisation 
and current density are normally given, substantial additional information is 
required for complete evaluation of test data and detailed analysis of cell 
behaviour. Four particular issues that are considered in this chapter are: 
definition of area specific resistance (ASR), accuracy of temperature 
measurement at the cell, the effects of gas leakage through the seals, and the use 
of reference electrodes. 

If a stack is to be tested as a commercial product, the test is usually performed 
in a complete system with balance-of-the-plant components added and the stack 
integrated into the system to the maximum possible extent. Such tests of 
complete SOFC systems are both expensive and complex, and it is difficult to 
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interpret the results. Therefore, extensive testing is usually conducted only on 
cells and the various cell components, primarily electrodes. Nevertheless, tests 
on stacks and complete systems have been performed, see e.g. [20-261, but no 
general test methods can be derived from these reports. If an interconnect 
material is used for current collection from the electrodes in a single cell test, 
then the test is sometimes referred to as a ‘short stack’, a ‘stack element’ or a 
‘stack unit’ test [2 71. It should be noted that the contact resistance between the 
electrodes and the interconnect is usually significant [2 51, especially in cases 
where the interconnect is made of stainless steel or other chromia forming alloys, 
which have a tendency to form poorly conducting surface layers [28,29]. 

There are special problems in SOFC electrode testing. An electrode can only 
be characterised electrochemically if it is part of a cell with at least one 
reference electrode, that is, a cell with at least three electrodes in contact 
with the same electrolyte. However, it is difficult to place a usable reference 
electrode on a thin electrolyte film in an electrode-supported cell; this is discussed 
in the next section. 

10.2 Testing Electrodes 

The main problem with characterising the individual electrodes in single cells 
and short stacks is the insertion of the reference electrodes, which are used to 
judge the performance of the individual components and interfaces in the cell. 
Since a single cell stack is made up of five components, an electrolyte, two 
electrodes and two interconnects, there are four interfaces at which reference 
electrodes can be inserted. Unfortunately, such reference electrodes will not 
work in the geometries that are normally employed. 

Results of tests on cells with thin electrolyte layers using one or more reference 
electrodes have been reported on many occasions [30-331 but the electrodes 
under investigation appeared not to be polarised; the short explanation is that 
the reference eIectrodes were not working. The geometric requirements for the 
position of electrodes in three-electrode set-ups have been treated in detail by 
several researchers [34-391, and there is general agreement among these 
researchers. In spite of this, there still seems to be a great need in the SOFC 
community for basic information on how to measure electrode potentials 
properly; some of these details are given below. 

Figures 10.1 and 10.2 illustrate the problem. An electrode-supported cell with 
a ‘reference’ electrode is often sketched as shown in Figure 10.la. However, such 
a sketch is very deceiving when it is used for an assessment of the current 
distribution. For this purpose, the sketch should be drawn to scale, i.e. the 
electrolyte thickness should be the relevant unit of length. When the correct 
length scale is used, as in Figure lO.lb, it is evident that the gap between the 
upper working electrode and the ‘reference’ electrode is huge. This means that 
the current distribution around the right-hand edge of the working electrode 
becomes very different from the even current distribution in the main part of the 
cell. Furthermore, the current in the vicinity of the ‘reference’ electrode becomes 



Testing of Electrodes, Cells and Short Stacks 2 6 3  

a 1OOOpm 
I 

Ennllm T 

50pm I 
4- * 1Opm 

500pm 

I 
i 

b 

A true reference 
electrode should 1 be placed here 

Figure 10.1 ( a )  A typical sketch of an electrode-supported cell. Note that such an illustration is out of scale 
because the gap between the top electrodes should be 50 times greater than the electrolyte thickness. ( b )  
Expanded view ofelectrode corners showing the current distribution indicated by schematic current lines. The 
current density, apart from being approximately parallel to the electrolyte plane, is  very small at the position 
of the ‘reference’ electrode, at least 50 (500 WmllO Wm) times smaller than the current density of the cell. 
Thecorrectpositionofthe referenceelectrode wouldbeinside theelectrolyteofthecell andsomedistanceaway 

from thecorner, but thisisdif icult  i na  1 0 ~ m  thickelectrolyte. 

parallel to the electrolyte plane, i.e. there is only a minute voltage difference 
across the electrolyte at the ‘reference’ electrode position. 

Figure 10.2a illustrates the potential across a cell in the open circuit voltage 
(OCV) condition. Note, that for a good electrolyte (ionic conduction only), there 
will be no potential gradient inside the electrolyte a t  zero current. The whole 
potential change across the cell is localised at the interfaces between the 
electrolyte and the electrodes. These regions are the so-called electrochemical 
double layers with thickness in the nanometre range and with high space charge 
concentrations as a result of the very high potential gradients. Figure 10.2b 
gives the potential across a cell when it is loaded, i.e. a current flows through it. 
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Figure 10.2 ( a )  Potential through theelectrode-supportedcell with no current and ( b )  through a cell with a 
current load. ( c )  The potential across the electrolyte at the 'reference' electrode position (thick line) and 
through the cellpart with the current load (thin line). It is seen that: (Vref- V*)/i = Rp.anode + Rp,cathode + Relyt 

= the totalpolarisation of thecell apartfrom concentrationpolarisation. 
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Note that there is a potential loss across the electrolyte due to the electrolyte 
resistance. The potential steps at the interfaces are now smaller compared to the 
OCV condition due to the losses originating from the polarisation resistance of 
the electrode processes. Figure 1 0 . 2 ~  illustrates the case of an anode-supported 
cell. The potential is given for both the position of the ‘reference’ electrode where 
no current flows across the electrolyte (i.e. the electrical potential is constant 
across the electrolyte), and for a position far away from the electrode edges as in 
Figure 10.2b. 

As the potential along the anode, which is a very good electronic conductor, is 
the same everywhere (the anode constitutes an isopotential plane), the potential 
of the anode at the ‘reference’ electrode must be equal to the potential in the 
middle of the current-bearing part of the anode. Thus the two potentia1 curves in 
Figure 1 0 . 2 ~  must start at the same point. Therefore, as seen in Figure 10.2c, the 
potential difference between the ‘reference’ electrode and the upper electrode in 
Figure 10.1 is simply the total polarisation of the full cell. Thus it is clear that the 
‘reference’ electrode measures only the emf of the cell with the actual gas 
compositions at the ‘reference’ and inside the support at the lateral position 
opposite to the reference while the current is flowing. Thus, no information on 
what happens on any of the working electrodes can be derived from such 
measurements. If the concentrations of the reactants and products at the lateral 
position of the reference electrode were the same as in the active electrode/ 
electrolyte interfaces, then it would be possible to deduce the total concentration 
overpotential. This is, however, in general not the case, and this means that 
the voltage difference actually measured between the working and the 
‘reference’ electrodes cannot be assigned any clear meaning. In the present 
context, it is also helpful to remember that a single-electrode potential cannot be 
measured directly: it is only possible to measure a potential difference between 
two electrodes. 

To avoid such problems, it is necessary to test the electrodes using a suitable 
three-electrode set-up or a symmetrical two-electrode cell [40], even though 
both have their shortcomings. Some examples of useful set-ups for studying 
electrode performance are briefly presented here. The set-ups are based on zirconia 
pellets with an eIectrode arrangement suitable for three-electrode studies. 
Specific material choices and mounting details are given in the caption to Figure 
10.3. Such pellet-like geometries, where the reference electrode can be suitably 
placed (in a bore as in the figure or as a ring around the pellet) are suitable for 
fundamental studies of electrode kinetics. The pellet-like test cell geometries 
depicted in Figure 10.3 suffer from two disadvantages: it is difficult to ensure that 
the fabrication process for the electrodes used is identical to the one used for the 
actual cells, and the ohmic resistance between the working and the reference 
electrodes is quite substantial which may result in a ‘signal to noise’ problem 
when very good electrodes are studied. An improved three-electrode geometry 
using a ring-shaped working electrode is currently being investigated [3 91. 

To measure a particular electrode performance in detail, a symmetrical cell 
with identical electrodes on each side can be used as shown in Figure 10.4. This 
has a platinum mesh to make good contact with the electrodes and two platinum 
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Figure 10.3 Possible threr-rlrctrodr srt-ups based on a cylindrical YSZ electrolyte pellet. The pellet is 
niountedon an alumina tube. ( A )  and ( H )  illustrate matrrialchoicrs anddetails suitable for anode studies and 
( C )  and (D) likewisr for  cathode studies. Using two three-electrodepelletspressed against a common Ni mrsh 
as depicted in ( B ) ,  one may eliminatr the impedance due to gas conversion. ( C )  In thr case ofa w r y  wrl1 
conducting electrode material, thc current ispicked up directly from the working electrode using a Pt  bead. ( U )  
In the c'use of a not-so-well conducting electrode, an improved current pick-up may  be obtained by an 

unsinterrd LSMfoilincontact withadense,  channeled LSMpellet[36.40].  
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Pt paste 
Composite electrode 
Electrolyte 

Figure 10.4. A symmetrical two-electrode cell arrangementfor measurements near the OCV. 

wires coming out from each side of the cell, one to measure current and the 
other for potential determination. Such a test cell is well suited for electrode 
development work because there is no ambiguity about the source of 
electrode properties in this case. However, its use is limited to investigations close 
to open circuit voltage (OCV), where the electrode loss does not depend on 
whether it is anodically or cathodically polarised. 

10.3 Testing Cells and ‘Short’ Stacks 
For testing planar SOFCs, a test house such as the one shown in Figure 10.5 may 
be used. Figure 10.5a illustrates how the cell is sandwiched between fuel and 
air distributor plates, which are contacted with gold or platinum foils to pick 
up the electrode current. This is then sealed into the test assembly shown in 
Figure 10.5b. The cell is sealed at its edges between two alumina blocks, which 
hold everything in place. The sealing is obtained using glass bars, which softens 
on heating. In order to prevent small leaks affecting the measurements, another 
seal is made several mm outside the first, and the gap between the two seals is 
swept with nitrogen containing 3% hydrogen. The alumina blocks have built-in 
gas channels for air inlet, air outlet, fuel inlet, fuel exit, and sweep gas. Current 
pick-up is also achieved through these alumina blocks, which also contain 
several voltage probes to indicate the voltage gradient along the electrodes and 
thermocouples to measure the temperature at the cell in a number of points. 

A detailed drawing of the alumina blocks is given in Figure 1 0 . 5 ~  to indicate 
the number of probes. Not shown are two oxygen sensors, one at  the fuel inlet 
and one at the outlet to measure the amount of oxygen entering the fuel 
compartment through the cell electrolyte. This can be compared with the oxygen 
transport calculated from Faraday’s law in order to check whether any leakage 
has occurred. 

The whole assembly described in Figure 10.5 is enclosed in a furnace within a 
ventilated hood into which gases are fed from the manifold system shown in 
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Figure 10.5 ( a )  The assembly ofcell and distributor plates in a cross-flow pattern: ( b )  arrangement of the 
cell in the alumina test blocks: ( c )  thedetaileddesign of thealumina blocks. 



Testing oJElectrodes, Cells and Short Stacks 269 

Figure 10.6. This allows a range of gases to be used on the fuel side, while air or 
oxygen can be used on the oxidant side. Typically, hydrogen is used as fuel, 
metered through flow controllers, and then humidified with a water bubbler 
before entering the cell compartment. 
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Figure 10.6 Schematic ofthe gas manijolding arrangement for single-cell tests, 

Results of a recent cell test at Ris0 of an  anode-supported cell are shown in 
Figure 10.7. The fuel utilisation was calculated from the current flowing in the 
cell and also from the oxygen analysis at the fuel inlet and outlet. It is seen that 
there is an  excellent agreement between the fuel utilisations derived from 
the two independent methods. Furthermore, the OCV and the oxygen potential 
ofthe inlet fuel gas agreed within 1 mV. When obtaining the data in Figure 10.7, 
the cell was operated at  constant gas flows, which may be convenient for cell 
characterisation purposes, but is obviously not the way the cells will eventually 
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Figure 10.7 A cell test with varying fuel utilisation (FU). The test gases were air (7  70 l /h)  and hydrogen 
with 5% water (9  l /h ) ,  The cell temperature was 845°C. Theagreement between thefuel utilisation calculated 
from the oxggen potentials of the fuel in and out. and the FU derived from the measured current using 
Faraday’s law, is good over the entire rangefrom 0 to 90 % FU. A maximum power density ofO.65 W/cm2 

(0.62 V x  2.07A/cm2) wasobtainedatSO%FU. Cellarea: 76cm2. 

operate in a practical power system: there, gas feed will be reduced at part-load in 
order to maintain high fuel utilisation. Data on the same cell but operated at 
‘constant’ fuel utilisation are depicted in Figure 10.8. Note that a straight line 
very well describes the i-V curve. 

1 ,  

0 02 0.4 0,6 0-8 1 1 2  

Current density, Ncm2 

Figure 10.8 Cell voltage, U, as a function of current density with the fuel utiiisation (FU) kept within 80- 
90%. The cell was operatedon hydrogen containing ca. 5% water vapour at the inlet and the airflow was kept 

constant at 1701/hr. Thecelltemperature was835-840°C. Thesolidlineis the ‘bestfit’straightline. 
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Such single-cell tests are useful to determine the performance of SOFCs under 
ideal conditions where gold or platinum is used to make excellent current 
contact with the electrodes. However, there can still be contact problems, as 
shown in Figure 10.9 which shows how cell voltage falls with time as a result of 
an interface problem between the platinum foil and the gas distributor plate. 
Figure 10.9 gives the variation in cell voltage over time of a cell tested at a 
constant current density. Also shown is the voltage loss over the interface 
between the anode gas distributor plate (Ni/YSZ-cermet) and the Pt current 
collection foil, as measured by potential probes connected to the two 
components. Evidently, the degradation of the cell voltage is not due to a 
degradation of the cell - the increasing loss occurs a t  the interface between Pt foil 
and the gas distributor plate. Though the degradation mechanism is not fully 
understood, it appears to be related to Ni loss from the interface. Much better 
long-term stability can be obtained using Ni rather than Pt foils for current 
collection on the anode side and this is preferred for long-term testing. 
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Figure 10.9 Voltage degradation with time o f a  cell tested at constant current density (0 .5  A/cm2) in a 
hydrogenlwater vapour gas mixture (48% hydrogen, 52% water vapour). The cell temperature was 850°C. 
Also shown (right-hand scale) is the voltage loss over the interface between the Pt current collectionfoil and 

the Ni/YSZgasdistributorplate, which evidentlyaccountsfor the observedloss in ‘cell voltage’. 

The detailed and precise SOFC tests described above are ideal for research 
purposes. For industrial screening of SOFCs, it may be, under certain 
circumstances, preferable to use a simpler test equipment [ 191 with easily 
assembled seals, for example gold rings, and safer fuels at a single concentration, 
say nitrogen containing typically < 9% hydrogen. The usual result from such a 
test is a current density-voltage curve (i-V curve), which can indicate the effects 
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of the cell design, component materials, and fabrication processes, performance 
stability with time, and performance variation with temperature. Often the 
results of screening tests are reported as power density (W/cm2) figures, and 
record values of maximum power density are extensively quoted. However, this 
measure can be confusing because power density varies greatly with fuel 
composition and with electrode polarisation. The i-V curves for SOFCs are often 
linear and therefore allow an interpretation in terms of area-specific resistance 
(ASR). Even though ASR has no generally accepted definition, it is much 
less dependent on test conditions than power density, and it is preferable to use 
it to compare screening test results. The concept of ASR is discussed in the 
next section. 

10.4 Area-Specific Resistance (ASR) 

A fuel cell stack can be regarded as a ‘black box’ into which hydrogen (gas) and 
oxygen (air) are inputs, and electricity and exhaust gases are outputs. For such a 
stack, ASR is defined as: 

Emf - U 
ASR = 

i 

where Emf is the electromotive force with the inlet fuel and air, and U is the cell 
voltage at the current density, i, at the design point. A possible design point, for 
example, might be 0.6 V at 1000°C, a fuel utilisation of 85% and an air flow of 4 
times the stoichiometric amount (‘4 stoichs’). 

The cell voltage, U, should be measured independently of the leads carrying 
the current, i.e. separate potential probes should be used. This ASR is in most 
cases not very sensitive to small variations in cell voltage and fuel utilisation. By 
determining the ASR at a few different temperatures, an apparent activation 
energy, EA, may be derived. Thus, in a voltage interval (from say 0.5 to 0.7 V) 
and a temperature interval (say from 650 to lOSOT), the cell may be 
characterised, with fair approximation, by only two characteristic numbers, 
namely ASR at one temperature and EA. 

In case the i-V curve is concave, it may be tempting to use a differential ASR 
(i.e. the tangent) at high current densities as this gives a nice low value. Such a 
number has the drawback that it does not reflect the cell performance over the 
full polarisation range as does the quantity defined by Eq. (1). 

Often, cell tests are conducted with very low fuel and air utilisations because 
these are easier to perform than the ‘realistic’ tests with high fuel utilisation. In 
case of insignificant fuel and oxygen utilisations, the relevant definition of ASR is 
again that of Eq. (l), but the insignificant utilisation makes this value 
incomparable to ASR derived from experiments with high fuel utilisation, 
because the concentration polarisation resistance due to the fuel and air 
conversion can be a considerable fraction of the total cell resistance. Thus, it is, 
in general, necessary to specify also the fuel and oxygen utilisation together with 
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temperature and apparent activation energy. Furthermore, using almost dry 
hydrogen, as is the common practice, it is not easy to conduct experiments with a 
real negligible fuel utilisation, since even small current densities will create 
enough water to change significantIy the Emf of the hydrogen/water fuel gas 
versus air, e.g. if the inlet gas contains 0.1% H20 and the fuel utilisation is 0.1%, 
this changes the HzO/Hz ratio by a factor of 2, which in turn changes the Emf by 
34 mV at 850°C. Therefore, and in order to be able to compare results for 
different fuel utilisations, the ASR value should be corrected for the effect of fuel 
utilisation. Before describing how this may be done. various contributions to the 
total ASR are examined below. 

ASR may be divided into ohmic resistance, R,, and electrode polarisation 
resistance, Rp. The ohmic resistance originates from the electrolyte, the 
electrodes materials and the current collection arrangement. This is very 
much dependent on geometric factors such as thickness of the cell components 
and the detailed geometry of the contact between current collection and 
electrodes, and between electrodes and electrolyte as current constrictions may 
be important [4 11. The electrode polarisation resistance is further divided into 
contributions from the various rate-limiting steps. Thus, ASR can be broken 
dom7n in five terms: 

where is the electrolyte resistance calculated from the measured specific 
conductivity and the thickness: RcOnnect = R, - ReJyt is the resistance due to non- 
optimised contact and current collection; RpVelchem is the electrode polarisation 
originating from all the limiting chemical and electrochemical processes on the 
electrode surfaces, in the bulk electrode material and on the electrolyte/electrode 
interfaces; Rp,dm is the contribution from the gas phase diffusion; and Rp,,n,, is 
the contribution due to gas conversion, i.e. fuel oxidation and oxygen reduction. 
This division of ASR is based on what is possible to measure and calculate 
reliably rather than on any physical or electrochemical basis. Some terms in 
Eq. (2) can therefore be thought of as ‘equivalent resistances’, e.g. the Emf drop 
due to changes in gas composition resulting from the fuel utilisation is translated 
to an equivalent resistance. Depending on the exact type of electrode, different 
types of contributions are possible as derived from more basic electrochemical 
point of view. For example, current constriction may be important if the 
electrode has coarse porous structure but of less or no importance in case of a fine 
structured electrode. In one type of cathode, the surface diffusion may be 
important, but in another the diffusion of oxide ions (and electrons) through the 
electrode particles may cause the main polarisation loss. Values for ‘the Eq. (2)’ 
ASR contributions for an anode-supported cell (short stack) with a 1 mm thick 
support fed with hydrogen (with 3% steam) are given in Table 10.1 for 5 and 
85% fuel utilisations (FU). 

It is seen that the contribution from the concentration polarisation, Rp,dif + 
Rp.conver is dominating. In an electrode-supported cell, the limitation of gas 
diffusion through the support is a cell-relevant resistance, whereas Rp,conver 
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Table 10.1 Contributions to ASR for a Rise-type anode-supported cell (Ni-YSZ/YSZ/LSM- 
YSZ) at 850°C tested in a plug flow-type configuration at 5 and 85% fuel utilisation (FU). 
Rely* is calculated using a specific conductivity of YSZ of 0.045 S/cm, REOnneEt is an 
estimation, Ry.Plchem is the sum of typical anode and cathode polarisation resistances 
measured in separate electrode experiments, Rp,df t r  is calculated using a diffusion 
coefficient of 10 cm2/s, 30% porosity, a tortuosity factor of 3 and a thickness of 0 . 1 ~ ~  and 
R,,,, is calculated using Eq. (10) with i = 0.5 A/cmZ 

Resistance type Contribution to ASR (a an2) 

5% FU 85%FU 

0.06 

0.15 
0.06 
0.06 

-0.1 
0.06 

0.15 
0.02 
0.31 

-0.1 

results from operation demands, and it is thus of special interest to be able to 
correct ASR for the effect of fuel conversion. 

If a significant amount of fuel is consumed in the cell (or stack) under test, a 
resistance derived on the basis of Emf of the inlet gas (cf. Eq. (1)) will be an 
overestimation of the 'true' cell resistance. The larger the fuel utilisation the 
larger will be the overestimation and results of cell tests performed with different 
fuel (and air) utilisations are thus not directly comparable. A comparison 
between cell test results obtained under different and non-negligible fuel 
utilisations must thus, to be meaningful, be based on a resistance measure, 
ASRcOr, where the effects of changes in gas composition over the cell area have 
been taken into account. How the correction is applied depends on how the gases 
are fed to the cell. Here, two idealised cases are considered, namely the case 
where the fuel compartment may be considered a continuously stirred tank 
reactor (CSTR) or a plug flow reactor. 

If the fuel compartment can be considered CSTR-like due to effective mixing 
because of a turbulent gas stream and fast gas diffusion, ASR,,, can be calculated 
from the expression 

where Emf,,, signifies the average Emf, which in this case is the same as the Emf 
of the outlet gas. An example of such conditions is reported in reference [42]. 

The plug flow case is slightly more complex. Under the assumptions that the 
local area-specific resistance is independent of the position along the fuel and air 
flow channels, and the flow pattern is co-flow, ASR,,, may be calculated from the 
expression [43] 
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where 

Here X is the molar fraction, Pa is the air pressure and superscripts i, o signify 
inlet and outlet, respectively. Nfand N, are the molar flows of fuel and air. 

The assumption of a position-independent local area specific resistance is an 
approximation, which is not always justifiable. Part of the anode polarisation 
resistance is dependent on fuel composition. However, often this part is small. If 
the cell is not isothermal, the local resistance will vary with position due to its 
temperature dependence. Also the actual flow pattern may be much more 
complex than just co-flow. Even so, if the fuel utilisation is large, ASR,,, derived 
from Eqs. (4) and (5) will always be a better characteristic of a cell than a value 
derived neglecting the fuel utilisation (Eq. (1)). More precise evaluation of ASR,,, 
requires a rigorous 3-D modelling of the cell test. 

For purposes of evaluating Eq. (4), the integral may be approximated by a 
sum [44]: 

where Emf(XH2(j)) is given by Eq. (4) with 

The more terms are included in the sum, the better the approximation. 
A ‘first-order’ correction for the effects of finite fuel and air utilisations may be 

obtained taking only one term in the sum in which case ASR,,, should 
be evaluated from Eq. ( 3 )  with 

where the bar indicates ‘average’, i.e. 

If there are no significant leaks in the cell or the test equipment, then both fuel 
and air utilisation, and from this the compositions, may be calculated from the 
flow rates and the current using Faraday’s law. Alternatively, the composition of 
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the outlet fuel and air may be obtained by gas analysis. The conversion 
resistance, Rp,,,n,,er may be calculated using the concept of Emf,,,: 

However, the anisotropic nature (temperature, gas composition, current flour) 
of a real cell under current flom7 often invalidates this simple approach. Gas 
conversion under electric load causes an uneven distribution of the current 
density with decreasing current density in the downstream direction. Fuel 
composition gradients over the cell originating from leaks cause different driving 
potentials at different points. In extreme cases, this may result in high Emf areas 
driving low Emf areas in electrolyser mode. Thus, internal currents may flow in 
the cell even at open circuit voltage (OCV). Gas leaks in the cell also affect the 
current density distribution under load and cause localised heating by 
combustion. For tubular cell designs with high in-plane resistance, the current 
density distribution may be affected: furthermore, the temperature may not be 
constant over the whole cell length with flowing gases adding to the 
inhomogeneity of the current density. 

Modelling can simplify or reduce the extent of experimental task and predict 
likely behaviour under a broad range of test conditions. However, subsequent 
validation by comparison with relevant cell and stack data is always important. 

An example of the magnitude of Rp,conver under different conditions can be 
deduced from Figure 10.10, which shows i-V characteristics obtained in 
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Figure 10.10 i-V characteristics (right-hand scale) of an anode-supported cell tested in hydrogen with 
diflerent amounts of water vapour in the fuel. Dashed lines are the ASRs as deduced from Eq. ( l ) ,  and the solid 
lines are the cell resistances after correction for  conversion of the fuel, ASR,,, (Eq. (3)) .  The cell temperature 
was850cCandthefuelJ?ou~was241/hinthecase with 5% H20and201/hforthe21%H~Ocase. Theairjow 

was 170 l /h.  Cell area: 16 cm2. 
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hydrogen with either 5 or 20% water vapour for an anode-supported cell. 
Also shown are the area specific resistance deduced directly from the curves 
(OCV-U)/i curves and corrected for the fuel conversion (Eqs. (6) and (7)). The 
correction is largest for the dry gas, where Rp,conBBr is ca. 0.12 S-2 cm2, reflecting 
the gas composition dependence of the Nernst voltage. 

After correcting €or the effect of non-negligible fuel utilisation, the cell 
resistance is still significantly smaller when measured with 20% water in the feed 
than with 5%. This reflects a gas composition dependence of some of the loss 
terms in Eq. (2). In reference [45], it is argued that the observed composition 
dependence is primarily due to the composition dependence of the diffusive losses 
on the anode side (diffusion overvoItage), and it is shown how one may utilise 
characteristics obtained with different water vapour/hydrogen ratios to assess 
the magnitude of the diffusion loss [45]. 

10.5 Comparison of Test Results on Electrodes and on Cells 
As mentioned earlier, cell performance within a certain operational envelope 
can be fairly well described by just two parameters, namely a resistance (ASR) 
and an overall activation energy (EA). Selected ASR values from tests on cells 
and stacks from various sources, with apparent activation energies (EA) derived 
by linear approximations of i-V curves for both low current density 
( < 100 mA/cm2) and mid current density (100 < i < 1000 mA/cm2) over the 
stated temperature intervals, are summarised in Table 10.2 [46]. The listed data 
are not strictly comparable because gas composition, flow rate, fuel and air 
utilisations, etc., are not known in all cases. 

tests of single electrodes and electrolytes are given in Table 10.3, selected on the 
basis of being comparable with cell results in Table 10.2. The typical E A  for ASR 

- Values for RAnode, RCathode (Rp,elchern - RAnode -t RCathode) and RElyte  derived from 

Table 10.2 Apparent thermal activation of cells and stacks as reported in the literature I461 

Risa (thin electrolyte) 0.6-0.8 (midi)" 650-8 50 0.30 at 850 
Rise (thick electrolyte) 0.6-0.9 (midi) 800-1050 1.1 at 850 
Allied Signal [47] 0.50 (lowi) 700-1 100 

0.55 (midi) 700-900 0.5 at 800 
Northwestern 0.77 (lowi) 550-800 2.0 at 700 
University [48] 

Jiilich [49] 0.45 (midi) 800-950 1.2 at 800 

Laboratory [ S O ]  1.10 (midi) 650-800 0.20 at 800 
Westinghouse [51] 0.45 (midi) 900-1000 1.0 at 900 

Low i: i < 100 mA/cm2; midi: linear i-v in the range 100 < i < 1000 mA/cm2. 
a Often lower E A  at higher temperatures. 

Forschungszentrum 0.45 (lowi) 800-950 

Lawrence Berkeley 0.80 (10wi) 650-800 



0 

cathodes, and for selected electrolytes from the literature I461 - g  
Elcctrode type RAnodr RA.Anodr Rcathodr Cathode R E l v t  BA.BZgt 2 

(n cm2) (eV) (Q cm2) (ev) (a cmL) (eV) ? 
2 
2 Riso anode-supportedcell 0.06 (850'C) [521 0.8-0.9 [53]  0.08 (lOOWC) [541 1.4 [54] 0.05 (85O'C)s 0.8" 

technology 3 
Riseelectrolyte-supported 0.11 (850°C) [52] 0.8-0.9 [53] 0.12 (lOOWC) [54] 1.8 [55] 0.33 (8SO°C)" 0.8" 

2. 
3 Table 10.3 Resistances and apparent activation energy EA for selected single electrodes, that is Ni-YSZ cermet anodes, LSM-YSZ composite 
Y 

x 

m 

cell technology $ 
NorlhwesternUniversity ? ? 1.25 (700°C)[56J 1.5-1.6[56] 0.24(640°C)[481 0.93 (>640"C)148] Q 

B 
Measured on symmetric Ni-YSZ/YSZ/Ni-YSZ cells, 650-800°C a 

a 
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values obtained in tests of Rim anode-supported thin-electrolyte cells [5 71 is 
about 0.6-0.8 eV, often with a tendency towards lower values at increasing 
temperatures as mentioned under Table 10.2. The same observation applies for 
Risa thick electrolyte-supported cells with bi-layer cathodes [ 5 81. This is 
comparable to the E A  of the electrolyte and the anode, whereas the cathode has a 
substantially higher E A .  

In Figure 10.11, ASR values are calculated from the electrode data of Table 
10.3 and plotted, together with the ASR values measured on single cells, against 
temperature within the relevant temperature intervals. In the calculation of ASR 
values, minimum values are used, e.g. the lowest EA. if a range is listed. Despite a 
well-documented EA for LSM-based cathodes of 1.4-2 eV [54,59], the resulting 
high calculated ASR value at lower temperatures is not reflected in the measured 
ASR as obtained from full cell tests. Possible causes for this discrepancy are 
examined in the following. 
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Figure 7 0.1 1 Measured ASR values based on data in Table 10.2 (open symbols, lines) compared to ASR 
values calculated from the electrodedata in Table 10.3 ( j l l edsymbok) .  
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705.7 Non-activated Contributions to the Total Loss 

Evident causes of the big difference between EA,cell and EA,catho~e are 
contributions to ASR which are fairly constant with temperature such as Rp,conoer 
and contributions with a metallic-type dependence on temperature such as from 
Ni/YSZ or metallic connections. These would be most significant at higher 
temperatures where the thermally activated contributions are smallest. This is 
part of the explanation for the declining E A  observed for Risa cells (as stated 
under Table 10.2). A similar tendency is seen in the analysis of Allied-Signal data 
[3 81. Conservatively, such non-activated contributions can be estimated as the 
difference between measured and calculated ASR at high temperatures where 
the non-activated contributions prevail. 

The data in Table 10.2 also indicate a slight increase in E A  with 
increasing current i. Part of the explanation is the relative importance of 
R,,,,,,, plus Rp,difi Correction for this effect would increase E A  at low i. 
From Tables 10.2 and 10.3, the difference between EA for the calculated 
ASR (the sum of the individual contributions, Table 10.3) and ASR as measured 
on practical cells (Table 10.2), is about a factor of 2 for the three cells plotted 
in Figure 10.1 1; it is not likely that this effect could be due to uncertainties and 
non-linearities. 

70.5.2 Inaccurate Temperature Measurements 

Another reason for the cell EA values being much smaller than EA of the 
electrodes and the electrolyte could be the differences between actual and 
assumed cell temperatures. Measurement of cell temperature during testing is 
not trivial. A cell larger than a few cm2 in area is likely to experience 
temperature gradients due to cooling by feed gases and heating by current. For 
this reason, measurements of temperature at multiple points on the cell itself 
are recommended; measurements of furnace temperature or gas stream 
temperature will typically be misleading. Even sheathed thermocouples in 
contact with the cell surface or contacting structure may influence the actual 
cell temperature by heat conduction. Using such thermocouples (diameter = 
1.5 mm), a temperature rise of 20°C has been observed at 1 A/cm2 at 860°C 
[46]. Within the first 3 s, a rise of < 1°C was observed, and within 20 s the 
temperature was up by 4°C. The total rise occurs over 2-3 min. This means 
that in testing, significant heating of the cell is avoidable for only a few seconds, 
and that i-V curves should be recorded with this in mind, or corrected for the 
observed T(i) effect. The difference in measured and calculated ASR, at, for 
example, 750"C, for Risa thick-electrolyte cells, if assumed to be (Figure 10.11) 
entirely due to an inaccurate temperature measurement, would correspond to 
an over-temperature of about 70°C which is highly unlikely given the 
measured temperature increases under load. Hence, the difference between the 
measured EA for cells and the value expected from the known activation 
energies of the electrode processes and the electrolyte does not seem to be due to 
erroneous temperature measurement. 
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10.5.3 Cathode Performance 

Due to rather low E A  of cell ASR compared to EA of cathodes, a tempting 
explanation appears to be that cathodes just operate better on cells than in single 
electrode tests. This might be due to water being present on the cathode side in 
full cell tests, affecting the exchange properties of the electrolyte [60 ] ;  however, 
any possible effect of water on the cathode performance was tested for Rim 
cathodes and no effect was found. Also having hydrogen as the reference gas in 
tests of cathodes on pellets showed no effect. Finally, an effect of small amounts of 
Ni, which could diffuse to the cathode side during sintering was investigated but 
only a very minor effect was observed [60]. However, differences in fabrication 
methods of various types of full cells and cathodes on electrolytes may cause 
unintended contaminations and segregations as well as differences in 
microstructure, which might affect the cathode performance. 

Figure 10.12 shows a number of ASR values obtained at different 
temperatures for an anode-supported cell together with values modelled from the 
available knowledge of the cell components [39]. The measured ASRs have been 
corrected for fuel utilisation. The electrolyte resistance and the electrode 
poIarisations only approximately follow Arrhenius expressions in reality. The 
assumed values of activation energies and ‘pre-exponentials’ are given in the 
figure caption. For the diffusion resistance, which is the only non-temperature 
activated term of the considered losses, a conservative estimate is used. 

To account for the observed temperature dependence, it is necessary to assume 
that the cathode performance of full cells is much better than measured on 
separate cathodes on thicker electrolytes, prepared by a very similar procedure. 
The main point is that the activation energy of the cathode reaction must be 

‘B 

+Total. calculated 

0 Eleclmlyte 

+Cathode 

-X- Anode 

- CUffusion 

+Cell resistance, measured 

600 650 700 750 800 850 900 950 1000 
Temperature (%) 

Figure 10.1 2 .  Temperature dependence of the ASR of an anode-supported thin-jlm cell and an estimated 
breakdown of ASR into individual components. Thefuelflow was 24 l / h  (94% hydrogen, 6% water vapour) 
and the airflow was 1 7 0  llh. Thefollowing values were assumed: E,,,, = 0.94 eV, E,,,, = 0.8 eV, Ea,erectrolyte 
= 0.9 eV and R ~ ~ t . 8 5 0 ~  = 0.12 a cm2, Ran.850C = 0.06 n em2 , Re1ectrogte.s50c = 0.06 cm2 and 

Rdflurion.850C=0.07 aCm2. 



282 High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

below 1 eV in order to obtain a reasonable good modelling of the cell 
performance, whereas there seems to be a general agreement in the literature of 
an activation energy in the vicinity of 1.4-2 eV [42]. 

The resistance measure used in Figure 10.12 is the minimum resistance 
measure, that is the resistance at high polarisation. Better agreement between 
cell performance and the performance expected from single electrode studies is 
achieved if the comparison is based on impedance data, where the polarisation 
is very small [45]. This is due to the non-linearity of the ceIl response at low 
temperatures. As pointed out in Figures 10.8 and 10.10, the cell characteristic is 
quite linear at least at a high temperature (SSOOC) and when measured in 
high water vapour content. However, at lower temperatures the i-V curves are 
non-linear even when taken in moist hydrogen. An example is shown in Figure 
10.13 [61]. Obviously from Figure 10.13, describing the resistance at small 
current load rather than at high current would result in a larger EA,cell. 

7 
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b. 
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Figure 10.1 3 Area-spec@ cell resistances corrected for fuel utilisation (ASR,,,) measured at various 
temperatures of an anode-supported cell. The fuel was hydrogen with ca. 5% water vapourat aflowrate of 30 ll  

hand the airflow was 140 llh. Cell area: 16 cm2. 

10.5.4 Impedance Analysis of Cells 

As realised from the above issues in the comparison of test results on the 
electrodes and on the cells, it is a non-trivial task to break down the total loss 
measured on a single cell into its components using the results from the electrode 
studies. Impedance spectroscopy on practical cells is, however, a technique by 
which a partial break down can be made. Though the impedance spectra 
obtained in general are difficult to interpret due to the many processes involved, 
the spectra can at least provide a break down of the total loss into an ohmic 
resistance (R, = + Rconnect) and a polarisation resistance reflecting losses 
due to chemical, electrochemical, and transport processes, as described in more 
detail in Chapter 9. 

Examples of impedance spectra obtained on a 4 cm x 4 cm cell in various gas 
atmospheres are illustrated in Figure 10.14 [45]. Clearly, R, is independent of 
the gas composition, and by fitting the impedance curve to an equivalent circuit, 
which takes into account the inductance in the measuring loop, a precise 
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Figure 10.14 Impedance spectra of an anode-supported cell tested at 850°C with different fuel gases. Two 
measurements were performed in hgdrogenlwater vapour gas mixtures with either 24 or 6% water vapour 
and two measurements wereperformed indiluted hydrogen, witheither nitrogen or helium as the diluent. The 
water vapour confent in thedilutedgas experiments wasca. 6%. R, isinvariant tochanges in thefuel but both 

the water vapour content and the type of diluent strongly affect the low frequency semicircle. 

measure of R, can be deduced from the spectra [62]. The low-frequency 
semicircle is seen to be strongly dependent on water content as well as on 
whether He or N2 is used as the diluent, showing that it is related to gas 
conversion and gas diffusion. 

1Q.6 The Problem of Gas leakage in Cell Testing 

A major source of error in cell testing is due to gas leakage, either of air from the 
outside into the anode compartment or from air crossing over from the cathode 
through cracks or holes. Figure 10.15 shows an i-V curve obtained at 1000°C 
on a thick-electrolyte cell, which at a first glance looks normal: only the open 
circuit voltage (OCV) is much lower than the calculated Emf, and the curve bends 
slightly downwards [44]. A low OCV usually means leakage of air into the anode 
compartment because normally the air flow is much higher than the fuel flow, 
and thus, the pressure is slightly higher in the cathode compartment than in the 
anode compartment. In the case of Figure 10.15 about 50% of the H2 is 
converted to H20. If the OCV value is used in Eq. (1) instead of the Emf of the inlet 
gas, an ASR of 0.16 s1 cm2 at 1000°C is calculated. However, an ASR between 
0.3 and 0.4 C2 cm2 is well established for this type ofcell at 1000°C. Using the Emf 
instead of the OCV and the current density at the cell voltage of 0.75 V. an ASR of 
-0.35 s1 cm2 is in fact obtained. The good numerical agreement with the 
expected value may be somewhat fortuitous, but it is a general experience with 
cells leaking during test that their power producing capability is similar to or 
lower than that of comparable cells despite the low resistance values calculated 
based on measured OCV values. 

A large localised leak of air into the anode compartment (for instance at the 
rim of the cell) causes an increase in temperature due to hydrogen combustion; 
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Figure 10.15 i-Vcurwe for  a 'thick electrolyte' Ni-cermet/YSZ/LSM cell in a test with a sign$cant leak of 
air into the anode gas stream [44]. The cell was tested in the set-up described in 1191, where gold wires are 

usedfor sealing. 

this temperature increase may not be registered if the thermocouple is positioned 
at the cell centre. The increased temperature decreases the cell resistance locally. 

However, the temperature increase cannot explain more than half of the 
deviation of the apparent ASR from the true value. Significant variations in the 
fuel composition due to localised leaks over the cell area can induce internal 
currents in the cell, i.e. the parts of the cell in areas with high local Emf are loaded 
in the fuel cell mode whereas other parts with Emf below the OCV are loaded in 
the electrolyser mode. When the cell is externally loaded, internal currents 
decrease with decreasing cell voltage. Temperature and fuel compositions vary 
accordingly and thus the local internal resistance also varies. 

70.6.7 Assessment of the Size of the Gas Leak 

The effect of gas leaks on cell tests may be separated into two components: a loss 
of driving potential (Emf) caused by O2 entering to convert H2 to H20, and a 
volumetric loss of fuel affecting the fuel utilisation, caused by a pressure gradient 
versus the ambient. A gas leak may be before, in, or after the cell in a test set-up 
fuel line. Leaks before the cell affect the intended fuel composition and quantity, 
However, a true average fuel composition may be obtained from the cell OCV. 
Leaks after the cell are of no importance to the cell test, unless off-gas analysis is 
carried out. Leaks in the cell or in seals cause inhomogeneous gas composition 
over the cell, even at OCV. 

Assuming oxygen (air) leakage into the fuel compartment, an estimate of the 
loss of fuel can be based on observed OCV deviation from the expected Emf as 
calculated by the Nernst equation. A number of such curves at 8 50°C are given 
in Figure 10.16 [46]. From a given feed percentage of H20, the loss of H2 can be 
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Figure 10.1 6 Observable deviation (OCV - Emf in mV) translated into percent loss of feed hydrogen as a 
function ofwaterconcentration in the fuelgas, H2/H20mixturesnt 850°C[46]. 

estimated from the OCV-Emf deviation. Reading the curve in another way, a 
given loss of H2 (e.g. 5% of the feed) causes a loss of driving potential of 60 mV if 
the feed contains only 3% water, whereas for a feed with 50% water the loss 
is only 5 mV. 

One way to exploit this knowledge is to assess the leak-rate of a test system 
while running water-lean (sensitive) gas mixtures, and transfer the observed 
leak to tests carried out in more water-rich feed gases. A practical approach to 
minimising the seal-leak problem in testing could include establishing a 
reducing sweep atmosphere, e.g. 3% H2 in N2 outside the test compartment as 
illustrated in Fig. 10.5a. This would reduce the pH2 gradient to well below one 
order of magnitude, and prevent incoming leakage of 02. At the same time the 
potential of the cathode gas is far less sensitive to reaction of O2 with H2 and 
production of H20, for example, a 5% injection of H2 in air reduces the potential 
by only 7 mV at 850°C. 

An electronic leak through the electrolyte is in principle another explanation 
for the differences in Emf and OCV. If the electronic conductivity in such a leak 
decreases with cell voltage, a very flat i-V curve may be obtained. 

Great care should always be taken when the OCV is far from the theoretical 
Emf. When the measured OCV lies close (-10 mV) to the calculated Emf, it is 
justified to calculate resistances based on OCV rather than Emf when the purpose 
is a detailed celI performance evaluation, thereby avoiding lumping problems of 
gas-tightness of the electrolyte or seals into the cell resistance. (If the purpose of 
the calculation is economic assessment or system studies, the calculations 
should obviously be based on Emf.) However, if large differences between Emf 
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and OCV are observed, the OCV value may be used instead of the Emf of the inlet 
gas only in case where it is in some way verified that the leak is evenly distributed 
over the cell area. 

10.7 Summary 

This chapter has considered the main types of electrochemical tests which have 
been applied to SOFCs and has outlined the main issues which require detailed 
attention for obtaining meaningful test results. 

One important aspect in electrode testing is to assure a correct geometry in 
three-electrode set-ups, This is very difficult in practice in case of electrode- 
supported cells with thin electrolytes. Unfortunately, even testing the individual 
electrodes in sound geometry set-ups is not a perfect procedure either, because 
the sum of the contributions from individual cell components to the cell 
resistance does not add up to the actual measured total cell resistance. This is 
probably due to differences in the fabrication of the special cells for electrode 
characterisation and the practical cells. 

Another important issue is that of gas leakage, which can cause significant 
errors in performance data. Especially in the case of gas leakage, cells can easily 
be at a higher temperature than their surrounding environment, causing cells to 
give better apparent performance than individual electrodes tested under better 
controlled conditions. Also, the gas composition at the electrodes (usually at the 
anode) may be different from the intended composition in case of gas leakage. A 
method for estimating the size of the gas leakage has been presented here. 

It is recommended that cell test results be reported in a way that makes it easy 
to derive area specific resistance (ASR) from the i-V curves. Sufficient 
information should be provided so that the ASR values can be corrected for 
effects of finite fuel utilisation. Also, the choice of fuel composition should 
preferably reflect real cell operation conditions. The ASR should be derived using 
the Emf and a cell voltage in the range of 0.5-0.7 V and its corresponding current 
density. In case of a grossly non-linear I-V curve, a differential ASR value is of 
little practical use. 
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limiting current density due to O2 transport 
concentration limiting current 
rate constant for shift reaction 
rate constant for H2 oxidation 
rate constant for CO oxidation 
equilibrium constant for the shift reaction 
the length of the fI ow path 
thickness of anode and cathode, respectively 
reaction order parameter 

Weibull parameter 
unit vector normal to the boundary 
H2 partial pressure in the anode fuel channel 
H20 partial pressure in the anode fuel channel 
oxygen partial pressure in the cathode air channel 
oxygen partial pressure in the anode fuel channel 
flow pressure 
cell power density 
stack power density 
electric power 
stands for ‘product’ 
nonviscous volumetric heat generation term 
heat generation 
ohmic heat 
heat generation due to irreversibIe process 
reversible heat generation at the anode 
reversible heat generation at the cathode 
total reversible heat generation 
viscous heat generation term 
gas constant 
ohmic resistance 
Reynolds number 
stands for ‘reactant’ 
entropy of species i (i = 02, 02-, el) 
temperature 
solid and fluid temperatures 
change in temperature 
time 
diffusion velocity of species i 
fuel utilisation 
voltage 
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cathode porosities 
anode porosities 
‘thermoneutral voltage’ 
fluid velocity 
WeibuIl function, the probability of failure 
viscous work 
number of electrons participatingin the electrode reaction 

anodic transfer coefficient 
thermal expansion coefficient 
resistivity 
fuel cell electrical efficiency 
overpotential or polarisation 
anode polarisation 
activation polarisation 
cathode polarisation 
concentration polarisation 
cathode activation, cathode concentration, anode 
activation, and anode concentration polarisations, 
respectively 
thermal conductivity 
effective viscosity 
Poisson’s ratio 
density of the species i 
electronic conductivity 
effective ionic conductivity 
ionic conductivity 
thermal stress 
material-specific characteristic stress of the WeibuII 
function 
anode and cathode tortuosities 
non-Newtonian viscous losses 
electrical potential 
rate of production of species i 
lcth direction momentum source term 

11.1 Introduction 
Mathematical models that predict performance can aid in understanding and 
development of solid oxide fuel cells (SOFCs). A mathematical simulation of a 
SQPC is helpful in examining issues such as temperatures, materials, geometries, 
dimensions, fuels, and fuel reformation and in determining their associated 
performance characteristics. When physical properties or reaction kinetics 
are not known reliably, they can be estimated by fitting performance data on 
small-size, laboratory-scale cells to a mathematical model. The performance of a 
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small-size, laboratory-scale cell, by fitting an appropriate model, can yield input 
parameters for the performance of a larger cell or stack. This cell or stack 
simulation can be used to determine the effects of various design and operating 
parameters on the power generated, fuel conversion efficiency, maximum cell 
temperature reached, stresses caused by temperature gradients, and the effects of 
thermal expansion for electrolytes, electrodes, and interconnects. 

Thus, modelling is an important tool in design optimisation, helping to answer 
important practical questions such as what air and fuel flow rates must be used 
to avoid excessive temperature or pressure drop. On the other hand, by providing 
answers to questions such as how much the electrical properties of the cell 
materials must be improved, simulations at the cell and electrode level can guide 
the development of new and improved materials. Mathematical simulation, 
therefore, has the potential to guide technology development, test the 
significance of various design features, assess the effectiveness of developments 
in materials or fabrication procedures, and select optimum operating conditions 
from a set of feasible parameters. 

Various modelling approaches exist. The modelling may focus on individual 
thermal-mechanical, flow, chemical, and electrochemical subsystems or on 
coupled integrated systems. Because the subsystems are typically characterised 
by different length scales, modelling may also take place on different levels, 
ranging from the atomistic/molecuIar-level via the cell component-level, the cell- 
level to the stack-level, and finally to the system-level performance simulations. 

This chapter discusses SOFC modelling primarily from the viewpoint of cells 
and stacks, although some information on system modelling and more extensive 
information on electrode modelling are also presented. After an introductory 
discussion of modelling levels, the SOFC cell and stack are first examined from the 
viewpoint of fluid dynamics and transport phenomena (SOFC as a heat and mass 
exchanger). This is followed in Section 11.3 by an exposition of electrochemical 
modelling at the ‘continuum level’, suitable for integration into modelling of 
full-scale stacks (SOFC as an electrochemical generator). In Section 11.4, the 
chemical reactions depending on fuel composition and the heat effects associated 
with their electrochemical conversion are discussed in detail (SOFC as a chemical 
reactor). Section 11.5 discusses cell- and stack-level modelling; and Section 11.6 
briefly describes major approaches in SOFC system modelling (SOFC as a system 
component): Section 11.7 links the thermal analysis of the SOFC cell and stack 
with the modelling of thermal stresses: and Section 11.8 discusses in more detail 
the electrochemical modelling at the pm level suitable for electrode design and 
microstructure. Finally, Section 11.9 sketches possible approaches of molecular 
modelling suitable for elucidating kinetic and mechanistic issues relevant to 
SOFC performance. 

11.2 Flow and Thermal Models 

In a fuel cell operation, the flow, thermal, chemical, and electrochemical systems 
are intrinsically coupled. Heat generation and absorption affect the temperature 
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distribution and gas flow rate. Undesirable or even dangerous operating 
conditions may arise from the flow distribution [I]. Due to differences in 
coefficients of thermal expansion, temperature gradients during transient or 
stationary operation cause stresses that may lead to failure. Interdiffusion of 
materials used for the anode, the electrolyte, and the cathode may lead to 
gradual performance degradation. In order to calculate flow and temperature, 
the conservation laws in fluid mechanics are used [2] .  

77.2.7 Mass Balance 

A species' mass in a reacting mixture of gases is determined by solving the species 
continuity equations: 

api/dt + O.[pi(v + Ui)] = mi (1) 

where pi is the species density, v is the fluid velocity, Ui is the species diffusion 
velocity, t is time, and mi is the rate of production of species i due to chemical 
(or electrochemical) reactions. The mass flux of species i (pi Ui) due to diffusion 
can be approximated for most applications using Fick's law: 

piU = - P D ~ V G  ( 2 )  

where ci is the species mass fraction (pi/p),  and Dim is the multicomponent 
diffusion coefficient of species i in the mixture. Dim is a weighted average of 
binary diffusion coefficients Dij, that is, of the diffusion coefficients of species i 
with respect to each of the other species, j. Depending on the composition of the 
gas mixture, Dim can often be assumed to remain fairly constant. If there is one 
dominant species, k, in the mixture, the multicomponent diffusion coefficient Dim 
may often be approximated by the binary diffusion coefficient D i k .  

77.2.2 Conservation of Momentum 

Mass balances must be used with the flow pattern (known apriori  from theory 
or experimental measurements) to establish species concentrations and fluxes 
at any point in the fuel cell. When the flow pattern is a priori unknown, 
conservation-of-momentum equations (also called equations of motion) must be 
used with mass balance equations to establish the velocity and concentration 
profiles. Conservation of momentum for gases leads to the following equations 
(Navier-Stokes equations), in which k represents one of the three orthogonal 
directions in the coordinate system (x, y, and 2): 

d(pVk) /a t  + v'(pvkv) = pgk - ap/axk + V'(/-kvvk) + Q k  f rk ( 3 )  

Here P is the pressure, g is the acceleration due to gravity, and pe is the effective 
viscosity. The term zk represents other than Newtonian viscous losses and may be 
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neglected for SOFC flows. A user-defined source term, Qk, can be used to represent 
in- and outflows due to electrode reactions at the boundary of the flow field. 

Equation ( 3 )  provides details of gas flow movements. The full treatment 
requires a rigorous computational fluid dynamics (CFD) tool. Startup and 
transient processes as well as variations in certain operating parameters may 
have a sizeable effect on flow and concentration profiles, but the effect on overall 
electrochemical performance of the cell is not necessarily of the same order. 
Sometimes it is desirable to make a simplification such as assuming laminar 
flow to reduce the computation cost and allow quick estimates of certain flow 
properties. For example, the pressure drop of a laminar flow through a channel 
can be estimated as 

AP = (1/2)pv2fl/(ReDh) (4) 

where Re is the Dh-based Reynolds number, Dh is the hydraulic diameter, I is 
the length of the flow path, andfdepends on the shape of the cross section of the 
channel, e.g.,f= 56.8 and 64 for a square and a round channel, respectively [ 3 ] .  
Such simplification can reduce the computation cost significantly [4]. 

11.23 Energy Balance 

The temperature field and local heat fluxes in the gas phase are governed by the 
energy balance: 

Here cp is specific heat, h is thermal conductivity, Q is the nonviscous volumetric 
heat generation term, Qvis is the viscous heat-generation term, Wv is viscous 
work, and Ek is turbulent kinetic energy. The volumetric heat source Q 
represents heat generation by the electrochemical reactions (planar heat sources 
being expressed on volumetric basis), chemical reactions (e.g., hydrocarbon 
reforming and CO water shift reaction), and Joule heating (due to ohmic 
resistance of electrolyte and electrodes). Without the last four terms, Eq. (5) also 
applies to the solid components of the fuel cell. These components consist of the 
Eositive electrode, the electrolyte, and the negative electrode (PEN) elements and 
the interconnect (IC) or bipolar plate. The PEN is sometimes assigned lumped 
properties for heat transfer modelling. 

Heat transfer between cell components must also be accounted for, either as 
boundary conditions of Eq. (5) (boundary heat flows) or as a volumetric heat 
source (contributing to Q in Eq. (5)). These heat source terms due to interfacial 
heat transfer occur mainly in two ways [ 51: 

0 Between cell component layers and flowing gas streams, e.g., between the 
anode or anode side of the PEN and the fuel gas stream or between 
the interconnect and the oxidant gas stream. This type of heat transfer is 
best described in terms of convective heat transfer coefficient h. 
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0 Between adjacent solid layers with different thermal conductivities, hi 
(where i = cathode, anode, electrolyte, or interconnect). This type of heat 
transfer may be folded into a lumped effective conductivity, for example, 
for the PEN. 

Alternatively, the heat transfer from the fuel gas stream to the oxidant gas 
stream via a solid layer such as the PEN element or the interconnect may be 
described in terms of an  overall heat transfer coefficient. 

For convective heat transfer at the boundary between a solid layer and a fluid, 
the following continuity condition may be imposed [6]: 

i(x)VTs(x).n = h[Tf(x) - Ts(x)] (6) 

where n is the unit vector normal to the boundary, h is the heat transfer 
coefficient, and T,(x) and TAX) are the temperatures of the solid and fluid, 
respectively, at location x on the boundary. Heat transfer may also take place by 
radiation from solid to gas phase or from solid to solid across a gas phase. This 
can usually be represented by variants of Eq. (6). Radiative heat transfer is 
especially important in higher temperature (900-1000°C) SOFC systems, for 
example, the tubular design SOPC generator [ 7,8]. 

For steady-state simulation, the equations above are simplified by deleting the 
time-dependent terms. However, the general forms are necessary for simulating 
transient operating conditions such as startup and ‘load’ variation. i.e., change 
in electrical output. 

The combined ff ow and thermal models can be a powerful tool for addressing 
various SOFC design issues. For example, during fast startup or fast cool-down, 
which may be needed in automotive applications, thermal stresses that develop 
within the fuel-cell stack must not exceed acceptable levels. It is therefore 
necessary to model in detail the gas flows as well as heat and mass transfer 
throughout the fuel-cell stack to analyse the transient temperature distribution. 
The latter, in turn, may be used to predict the thermal stresses. 

As an  example, Figure 11.1 shows a typical planar cell stack model geometry 
[ 9 ] .  The upper-left portion ofthe figure shows the full stack geometry. Preheated 
air is introduced at the bottom left side of the stack. The air travels across the 
interconnect channels, is further heated in contact with the PEN, and exits 
downward at right. In the fuel electrode (anode) side manifolds, as in the air 
electrode manifold, the outlet manifold is wider than that at the inlet. The ’zoom’ 
view of the stack at the upper right in Figure 11.1 shows more detail of the grid. 
Details of the individual flow channels are simulated using a porous media model 
in the active area. 

Obtained using the commercial computational fluid dynamics (CFD) software, 
STAR-CD, Figure 11.2 shows the temperature distribution within the 
interconnect which is subject to the largest temperature gradient, 5 minutes 
after startup. 

Predictions of the stress created by thermal gradients within the stack can be 
used to establish control parameters for transient operations and to minimise 
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thermal stresses. Knowledge of thermal stress patterns can also provide guidance 
for geometry changes that may help to reduce stresses. The dimensioning of the 
individual PEN and IC elements is dictated in large part by the thermal stresses 
that develop during startup, caused by the thermal gradients within each 
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element and depending on the mismatch in coefficients of thermal expansion 
between cell components. The configuration of the manifolds and overall cell 
dimensions can be modified based on the thermal stress results. The simulation 
can also be used to optimise the stack geometry for flow uniformity. 

'111.3 Continuum-Level Electrochemistry Model 
One of the most important aspects of SOFC design is the voltage and current 
distribution in the PEN. This couples with the temperature distribution from the 
flow model and also with the electrochemical reactions at the electrodes. The 
electrochemical process generates electrical power and heat, but excessive heat 
generation must be avoided since it may cause thermal stresses affecting the 
structural stability of the SOFC. 

At the effective property or continuum level, the simulation of electrode and 
cell performance basically requires only a parameterised electrochemical model. 
Such an electrochemical model is usually described as a current-voltage 
relation, or I-V curve, for a single cell, in terms of parameters that are effective 
cell properties and operational parameters. The I-V relation describes the 
voltage (potential) loss at a specified current with respect to the ideal 
thermodynamic performance, which is called overpotential or polarisation (q). 
This cell I-V curve is specific for the materials, structural characteristics, and 
operational parameters (gas compositions, pressure, temperature) of a given 
PEN element. 

As an analogy to mass and energy balances, one can write a potential balance 
of the fuel cell as follows [lo]: 

v(i) = Eeq - iRi - Vc - VA = Eeq - iRi - VCa - VCc - VAa - VAc (7) 

Here E,, is the equilibrium (open circuit) voltage, or emf (electromotive force) of 
the cell, i is the current density, iRi is the ohmic potential drop, and qc and q A  

are the polarisation of the cathode and the anode, respectively. As shown 
in Eq. (7) each of the polarisation may be further split in an activation- 
related contribution (subscript a) and a concentration (i.e., diffusion) related 
contribution (subscript c). 

The thermodynamic cell potential, Eeq, depends on reactant and product 
partial pressures as well as temperature. For example, for the hydrogen/oxygen 
fuel cell 

where R is the gas constant, T is the temperature, and F is the Faraday constant. 
AG" is the standard free-energy change of the reaction Hz + 1/202 --f H20; Le., 
the free-energy change when reacting species and products are all at the 
standard pressure of 1 atm. The first term on the right-hand side of Eq. (gat, 
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denoted by E", is therefore called the standard cell potential or standard emf. 
It depends only on temperature. In the second term on the right-hand side of 
Eq. (Sa), pO2 is an abbreviation of p02,c for notational simplicity. The quantities 
PH2 and PH2o are, respectively, the H2 and H20 partial pressures in the anode 
fuel channel. 

In the most general way, one can express the thermodynamic cell potential of 
an SOFC as the cell potential of an oxygen concentration cell using the Nernst 
equation: 

Eeq = (RT/4F)ln(Po2,c/Po2,a) ( S b )  

In Eq (Sb), p02,c and pO2, ,  represent the oxygen partial pressures in the cathode 
air channel and anode fuel channel, respectively. Notice from Eq. (Sb) that air 
leakage reduces the open-circuit voltage and is detrimental to cell operation. 
Good sealing technology is required to minimise the leakage. 

In Eq. (7),  Ri represents the total area specific ohmic resistance. Ri is the sum of 
the cathode, electrolyte, anode, interconnect, and contact ohmic resistances 
expressed in Q m2. Typically, Ri is dominated by the electrolyte resistance and 
decreases with increasing operating temperature. To account for any electronic 
conductivity in the electrolyte, the effective ohmic resistance should be used in 
Eq. (7). The effective conductivity depends on the applied voltage and can be 
expressed as a correction to the ionic conductivity, qon, by a term involving the 
electronic conductivity, oe as follows [ l  1,121: 

geff = gion - ce/[exp(2eV/kT) - 1]/[1-exp(-2e(Eo - V)/kT)]} (9) 

The final terms in Eq. (7). qc,, qcC, q ~ ,  and q ~ ~ ,  are the cathode activation, 
cathode concentration, anode activation, and anode concentration 
polarisations, respectively. In general, their dependence on the current density is 
nonlinear, although at low polarisation they may be approximated by linear 
relationships. 

The activation polarisation terms are controlled by the electrode reaction 
kinetics of the respective electrodes. They represent the voltage loss incurred due 
to the activation necessary for charge transfer. The activation polarisation, qa, is 
usually related to the current density by the phenomenological Butler-Volmer 
equation [ 131: 

i = io{exp[-azFq,/RT] - exp[(l - a)zFq,/RT]} (104 

In this equation, io is the exchange current density, a is the anodic transfer 
coefficient (0 < a < l), and z is the number of electrons participating in the 
electrode reaction. The exchange current density corresponds to the dynamic 
electron transfer rate at equilibrium, which is thermally activated. Therefore, the 
exchange current density can be expressed as io = P, exp(-E,,,/RT), where 
the prefactor, P,, and the activation energy, EaCt, are properties specific for the 
electrode-electrolyte interface in question. The kinetic properties (io, a, z, P,, E,,,) 
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depend not only on the materials forming the reaction interface but also on its 
microstructure[l3,14]. 

The reasons for the importance of microstructure are twofold. Electrode 
reactions are interfacial reactions, i.e., surface bound, and therefore intrinsically 
slow compared with the reactions of gases. Moreover, in an SOFC they must take 
place at particular locations on the electrode-electrolyte interface, namely at or 
near a triple-phase boundary (TPB), where solid electrocatalyst, electrolyte, and 
gaseous reactants or products meet. In a typical SOFC porous electrode, the TPB 
is geometrically a serpentine line. The TPB by itself would form an extremely 
limited ‘area’ available for electron transfer. However, in SOFC electrodes the 
electron transfer step is only one of several steps in a reaction mechanism that 
may be quite complicated (as discussed in Chapter 9 and further referred to in 
Section 11.8). At the microscopic level, the active area of SOFC electrodes 
appears to be a nm-to-pm-wide zone bordering the TPB where surface diffusion of 
intermediate reactants or product species occurs. Nevertheless, the entire 
internal area of a porous electrode usually is not active. Typically. SOFC 
electrodes must have a reaction surface large enough to generate an internal 
current density (usually called transfer current density and denoted]) that is two 
to four orders of magnitude smaller than the projected (or external) current 
density at the electrode. Thus, to reduce the activation losses at an SOFC 
electrode, a large internal surface area is needed. 

Therefore, in simplified continuum treatment of the electrochemical 
performance, e.g., in the potential balance (Eq. (7)), the activation polarisation is 
frequently calculated from Eq. ( loa)  by dividing the projected current density, i, 
by a dimensionless quantity, a, which represents the ratio of active internal area 
to external area: 

j = i/a = io{exp[-azFq,/RT] - exp[(l - ~ ) Z F ~ ~ / R T ] )  ( l o b )  

The parameter a is specific for a given electrode microstructure and may be 
estimated from known or estimated microstructural parameters, physicochemical 
surface area measurements (e.g., by the BET technique, yielding total pore 
volume), or special-purpose electrochemical measurements (which yield the 
product ioa). However, a is rarely known accurately and may vary significantly 
with current load. Electrode-level models may be used to determine this variation 
and calculate polarisation without recourse to Eq. ( lob) (see Section 11.8). 

In practice, the activation loss of the SOFC cathode is larger than that of 
the anode: that is, the cathode reaction has a smaller ioa than the anode 
reaction. In fact, greater kinetic limitation of oxygen reduction than of hydrogen 
oxidation is common to all types of fuel cells at high (e.g. 1000cC) as  ell as low 
(ambient) temperatures. 

The concentration polarisation is the voltage loss associated with the 
resistance to transport of reactant species to and product species from 
the reaction sites. This transport occurs by diffusion because convection is 
negligible in the pores of SOFC electrodes. The concentration difference between 
the bulk gas and the gas contacting the reaction site forms a concentration cell 
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whose cell voltage (emf), opposing the overall SOFC voltage, is observed as a 
voltage loss contribution, i.e., concentration polarisation. Thus, oxygen partial 
pressure in the cathode pores near the cathode/electrolyte is lower than that in 
the air channel. The more difficult the transport of oxygen through the porous 
medium, the greater the concentration polarisation at the cathode. Thus, a thick 
cathode in cathode-supported cells gives rise to high concentration polarisation 
even at moderate current densities. To lower concentration polarisation at high 
current densities to acceptable levels, the cathode should be as thin as practically 
feasible and the porosity and pore size as large as possible. 

Excessive mass transfer resistance may cause a current limitation if the 
reactant concentration at the reaction site becomes small. In the extreme, that 
concentration may become zero (or rather, negligibly small). The current, in that 
case, reaches a plateau called the limiting current for the reactant species in 
question. With a number of simplifying assumptions, the limiting current 
concept can be used to derive a simple one-parameter expression for the 
concentration polarisation: 

vC = (RT/nF))ln(l - i/&) (11) 

Here i, is the limiting current for the reacting species, i.e., O2 for the cathode, 
with n = 4, and H2 or CO for the anode, with n = 2 [9]. The limiting current of a 
species depends on its diffusivity in the surrounding gas mixture, its partial 
pressure, and the porosity, tortuosity, and thickness of the electrode. For H2 fuel, 
the limiting current density can be calculated [ 151 as: 

f ~ z  = 2~~2Deff(a)/(CIa) (12) 

while for air as oxidant, the O2 limiting current density is 

where P is the air pressure and I, and IC are respectively the anode and cathode 
thickness. The effective diffusion coefficients are given in terms of binary 
diffusion coefficients, porosities (V,,,), and tortuosities ( T ~ , ~ ) :  

Deff(c) = vcD02-N2/rc ( 1 4 4  

Analogous results can be obtained with CO as fuel. Because the anode binary 
diffusion coefficient, DH2-H20, is about four times that of the cathode counterpart, 
D02-N2, the cathode would have a much larger concentration polarisation than 
that of the anode for similar thickness, porosity, and tortuosity. Fairly thick 
anodes may be used without incurring excessive voltage loss. This is one of the 
reasons why anode-supported designs are preferred over cathode-supported 
designs in the thin-electrolyte intermediate temperature SOFCs. 
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As discussed above, the I-V relation of a PEN element depends on material 
properties and electrode structures as well as on operating parameters such as 
gas composition, pressure, and temperature. Using a simple first-order 
electrochemical model and the potential balance, Eq. (7), combined with 
simplified expressions for the various polarisation contributions such as 
Eqs. (ga), ( lob),  and (11)-(14b), I-V curves can be predicted. These predicted 
curves may be used to fit experimental I-V data and deduce, from an optimal fit, 
certain material and structure properties such as Ri and i,a, which cannot be 
measured directly. In cells with sizable electrode area, which tend to have 
appreciable fuel and oxidant utilisation, temperature and gas partial pressures 
are local quantities dependent on the extent of the electrochemical and chemical 
conversion (i.e., the fuel and oxidant utilisations). The electrochemical model 
predicting the I-V curve simultaneously yields the current distribution, 
temperature distribution. and other quantities of interest. 

Figure 11.3 shows the theoretical and experimental I-V relations of a small- 
size cell (considered isothermal) for different fuel compositions at a set of 
temperatures [ 141. The material properties were obtained by fitting the theory to 
the experimental data for 9 7% Hz + 3% HzO fuel. As shown, the simplified theory 
can predict variation in the I-V curve with fuel composition reasonably well. 

To obtain accurate information about microstructural characteristics of SOFC 
electrodes, a set of experimental i-q curves for a given electrode may be fitted, 
similar to Figure 11.3, against predictions of a more complex porous electrode 
model, as discussed in Section 11.8. 
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1’8.4 Chemical Reactions and Rate Equations 

Wheo fuel cells are operating, the heat generation rate (the source term needed 
in the thermal-fluid model) depends on the rates of the various chemical and 
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electrochemical reactions. These reactions are not always simple: methane fuel, 
for example, in the presence of steam may undergo steam reforming upstream of 
the electrode reaction sites, so the overall heat generation may be due to a 
multitude of anode reactions such as 

H2 + 02- ---t H20 + 2e- (1 5a) 

CO+H2O -+ C02+H2 (1 5d) 

The cathode reaction, on the other hand, has a single stoichiometry: 

1/202 + 2e- + 02- (1 5e)  

The heat source is related to the enthalpy change of the reactions, and the 
free-energy change of reactions (15a) and (15b) combined with (15e) 
determines the fuel cell Nernst potential. If chemical equilibrium is achieved in 
the system, the fuel composition, heat generation, and Nernst potential can be 
determined from thermodynamic theory. However, chemical equilibrium is 
usually not attained. In such cases, fuel composition and other information 
cannot be rigorously determined and must be approximated. The details of the 
reaction mechanism are complicated and usually not well understood, both for 
electrochemical and chemical reactions. 

For example, anodic hydrogen oxidation probably involves dissociative 
hydrogen adsorption on the electrocatalyst (e.g., nickel) surface, surface 
diffusion of hydrogen adatoms, electron transfer under oxidation of H adatoms 
by an oxide ion at an adjacent active reaction site, and desorption of the H20 
molecule formed. Unstable and bulk unknown species such as OH may function 
as reaction intermediates. In chemical reactions, too, intermediates may play 
a role. Partial oxidation pathways for CH4 may exist: e.g., CH4+0 + CH20+H2 
and CH4+0 -+ CH30H, resulting in the formation of chemicals such as CH30H or 
CH2O with concomitant energy loss for the SOFC. Similarly, reaction 
intermediates such as 0 adatoms or adions may play a role. 

Therefore, when equilibrium cannot be plausibly assumed, apparent kinetic 
parameters (effective rate constants) must be used to express the reaction 
rate. The parameters that describe the electrochemical reaction rate include 
the above-mentioned exchange current density, the transfer coefficient, the 
activation enthalpy, and the pre-exponential factor as well as the reaction order 
of the species involved. These parameters are not necessarily related to a single 
rate-determining step, as is often assumed in electrochemical theory. By 
investigating i-q curves as functions of electrode potential, temperature, and 
concentration of the reacting species, insight may be gained into the reaction 
mechanism and microscopic transport processes (such as surface diffusion) that 



Cell, Stack and System IModelling 305 

determine the kinetic rate. This requires specialised electrochemical models, as 
discussed in Section 11.8. 

Chemical reactions, too, may be characterised in a similar manner, following a 
strategy of effective kinetic parameters. When detailed knowledge of the reaction 
mechanism is lacking, the effective rate constants and other reaction-kinetic 
parameters can be determined by fitting a simplified kinetic model to the 
experimental data. For example, the steam-reforming conversion rate of CH4 
(reaction (1 5c)) may be expressed by the following empirical equation [6]: 

Different materials and designs will have different values for the parameters in 
Eq. (1 6). Depending on cell materials, the manufacturing process, and even the 
operating temperature, different values of ml and m2 are possible [16-181. Other 
rate expressions based on various kinetic models have also been proposed [19]. 
For realistic modelling, parameters that fit well with the desired systems should 
be used. Equation (16) represents the mass sink term for CH4 in the CH4 mass 
balance as given, in general form, by Eq. (1). 

As Eq. (16) suggests, the effective rate constant strategy is particularly useful 
in the case of the anode fuelled by CH4 because five or more gaseous species must 
be accounted for. Hydrogen i s  generated by steam reforming of CH4 and by the 
forward process of the shift reaction CO + H20 --+ GO2 + H2. The backward 
process of the shift reaction and anodic hydrogen oxidation both consume 
hydrogen. The total rate of the mole change of H2 is then 

d%*/dt = 3 d r ~ ~ 4 / d t  + drf/dt - drb/dt - dr~~/dt(oxidation) (1 7 4  
Here, 

dlb/dt = kl&hiftPCO2&2 (174 

where kl is a constant with dimensions of [kmol H2 m-3 s-l b a r 2 ] .  From 
thermodynamics, the equilibrium constant of the shift reaction is given by 

Kshift = ~XP(-AG&/RT) (18) 

where AGfhift is the standard Gibbs free-energy change of the shift reaction 
at temperature T and can be calculated from the standard Gibbs free-energy 
change at 298 IC (AG!98K) and the standard enthalpy change at 298 I< (AH!98K) 
with the help of heat capacities of reactant and product expressed as functions 
of temperature. 

The rate of anodic hydrogen oxidation is proportional to the current density of 
hydrogen oxidation (iH2). As discussed in Section 11.3, this current density 
according to the electrochemical model follows a Butler-Volmer-type equation 
(Eqs. ( loa)  and ( lob) )  with a concentration-dependent exchange current 
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density, io, which is specific for hydrogen oxidation. For gas-phase reaction 
calculations it is convenient to simplify Eq. ( lob )  in the form of an effective rate 
expression having an empirical rate constant, k ~ 2 ,  reaction order, m3, and 
activation energy, EH2: 

drHz/dt(oxidution) = k ~ ~ p g i  exp(-EH,/RT) (19) 

Similarly, the rate of anodic oxidation of CO may be expressed by means of 
effective rate parameters: 

drco/dt(oxidation) = kcop;; exp( -Eco/RT) (20a) 

The change in the CO concentration can then be written as 

drco/dt = d r ~ ~ 4 / d t  + d&/dt - drf/dt - drco/dt(oxidation) (20b) 

Consequently, the rate of change of H20 concentration is 

dr~zo/dt = dr~z/dt(oxidation) + dn,/dt - drf/dt - d r ~ ~ 4 / d t  (204 

At the cathode, too, effective rate expressions for oxygen reduction, if 
available, may be convenient, but the gas-phase mass balances are basically 
simpler than those at the anode. When current density is known, the rate of 0 2  

loss is 

dro,/dt = i/4F (21) 

Assuming the current vector is everywhere transverse to gas flow direction, 
that is, perpendicular to the PEN element, Eq. (21) can be used to determine the 
variation of O2 in an air channel. Similarly, if there is no current component 
parallel to the PEN element 

dm2/dt(oxidation) + drco/dt(oxidation) = i/2F (22) 

Because numerical error is inherent in modelling software, for exact mass 
balance, i/2F - drH2(CO)/dt (oxidation) can determine drCO(H2)/dt (oxidation), or 
drH2/dt (oxidation) + drco/dt (oxidation) can determine i/2F. However, when a 
shift equilibrium reaction (1 5d) is achieved or assumed, the chemical 
equilibrium condition and Eq. (22) uniquely determine the sum of the rates of 
hydrogen and CO consumption. Therefore, separate rate parameter 
measurements for CO and hydrogen are not necessary. In fact, experience 
suggests that in most SOFCs the dominant anodic process is hydrogen oxidation, 
while CO is consumed by the shift equilibrium [lo]. 

Similarly, if CH4 is present and steam reforming is at equilibrium, chemical 
equilibrium conditions determine the rates of consumption of each fuel 
component uniquely for a given current production. 
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Combining the above rate equations and mass balances with the flow and 
thermal model equations presented in Section 11.2, detailed information about 
the variation of gas composition, fuel or oxidant utilisation. etc., in the flow 
channels may be generated. 

The reactions presented thus far assume that the fuel mixture is CH4/H20. The 
same approach would apply to other fuels such as Ha, CH30H, or dry CH4 with 
corresponding changes in the reaction paths. If pure H2 is used with a small 
amount of H20, the fuel composition and reaction mechanism are simplified. The 
number of experimental parameters and mathematical equations needed is 
reduced and the simulation is easier. 

The equilibrium theory is very useful in addressing fuel processing issues 
whether or not equilibrium is attained. For example, with an internal reforming 
fuel cell the carbon forming reactions, decomposition of methane according to 
CH4 -+ 2H2 + C, and Boudouard reaction, 2CO + C + C02,  can be suppressed by 
providing a proper molar ratio of water to methane. For the external reforming 
subsystem, the theory can determine the optimal fuel-to-air ratio and operating 
temperature to maximise stack fuel (H2 and CO) production while minimising 
equilibrium-predicted carbon formation. The equilibrium theory can also guide 
some cell design issues. Because steam reforming is an endothermic process, 
excessive cooling of the stack at the fuel inlet can occur with internal reforming. 
Nickel as an anode is known to be a good catalyst to promote cracking. A possible 
improvement is kinetic suppression of the cracking reaction using catalysts that 
are not as effective at promoting the cracking reaction. An alternative approach 
would use catalysts that promote electrochemical oxidation of hydrocarbons at 
lower operating temperatures. Figure 11.4 shows the equilibrium constant of 
the CH4 steam reforming reaction as a function of temperature. Clearly, 
temperature has a significant effect on the resulting CH4 content. CH4 is 
stable against reforming at lower operating temperatures. Because suppression 
of steam reforming is also beneficial in full utilisation of the chemical energy of 
hydrocarbons, resulting in higher energy efficiency, considerable interest 
exists in direct electrochemical oxidation of natural gas and other hydrocarbons 
[20-221 in SOFCs. 

Figure 7 I .4 Equilibrium constant of methane steam reforming reaction as afunction of temperature. 
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11.5 Cell- and Stack-Level Modelling 
The coupled continuum-level electrochemical, flow, and thermal models are 
usually discretised in a finite element mesh [23,24]. When the necessary 
material properties, geometrical parameters, operating parameters, and 
boundary conditions are supplied, cell- and stack-level performance can be 
analysed. The combined models can determine the cell/stack voltage, the total 
current output, temperature distribution, species concentration, etc. 

An important outcome of the combined models at the cell level is the 
cell efficiency, and at the stack level, the stack efficiency as well. The electrical 
efficiency of a cell and of the stack is defined as 

(23) 

for the cell in question, and for the stack, respectively. 
The electrical efficiency therefore depends to some extent on the definition of 

the fuel energy input and on whether power for gas pumping and the like is 
subtracted from the generated power. &,I may be expressed in terms of current, 
voltage, etc., as follows: 

E,I = electrical power output/chemical energy input per unit time 

eel = VI/(AHdn/dt) (244 

This can be considered the product of three additional fundamental efficiencies, 
namely the ideal or thermodynamic efficiency ( AG/AH}, the voltage efficiency 
{V/Eo}, and the fuel utilisation (Uf}: 

E,] = VI/(AHdn/dt) = {AG/AH}(V/Eo}(Uf} (24b) 

The fuel utilisation, Uf, is the ratio of the delivered current to the stoichiometric 
current equivalent to the fuel flow rate: 

uf = I/(2Fdn/dt) (244 

The ideal efficiency AG/AH may be considered a measure of the 
thermodynamic reversibility of the reaction and depends only on the operating 
temperature and fuel used. It is typically between 80 and 100%. The voltage 
efficiency and fuel utilisation, as well as the electrical energy efficiency, are 
useful measures for the success of the cell and stack design. 

Another important figure of merit predicted by the combined model is the 
power density of a cell, or of the stack as a whole. The power density of a cell is 
usually defined on the basis of the cell or electrode area, that is 

Pce.l = I(current).V(cell voItage)/A(area) (254 

The power density of a stack is conveniently defined on the basis of stack volume: 

Pstack = I(current) .V(staclr voltage)/V(stack volume) (297) 
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The cell- and stack-level models can improve understanding of the complex 
interactions between fluid dynamic, thermal, chemical, and electrochemical 
phenomena. The combined models can therefore help maximise efficiency or 
power density by optimising PEN element design, cell configuration, and stack 
architecture for a given set of operating conditions. Most SOFC modeIIing focuses 
on cell- and stack-level performance for exactly this purpose. 

Cell-level models simulate the performance of a single cell, also called a unit 
cell. This is the repeating unit of a stack and consists basically of a PEN element, 
an interconnect layer, and a gas channeI/current collector structure. The 
desired output is the current-voltage relationship, the temperature distribution, 
and the heat production in the cell. Cell-level models frequently treat the 
major cell components, the PEN element, the interconnect layer, and the gas 
flow, as two-dimensional (2-D) - having negligible thickness compared with 
the dimensions of the flow direction [12,25-271. When the continuum 
flow/thermal/electrochemical model is treated as a 2-D model, calculations of 
heat production at any point of the cell plane (node of the 2-D model) can be 
simplified substantially. In such a 2-D cell model (or quasi-2-D stack model), heat 
generation may be determined by evaluating the change in gas composition 
between the inlet and exit conditions. The total energy (heat and work) delivered 
per unit time at each control volume (node) is simply 

Etotal = (AH/nF)I (264 

where AH is the enthalpy of formation, representing the maximum chemical 
energy for the simplest H2 + 1/202 + H20 reaction. Note that Etotal is negative, 
in agreement with thermodynamic sign conventions for heat and work (heat 
positive when absorbed by, and work positive when performed on, the system). 
The heat generation, Qgen, is then determined by subtracting from the total 
energy generation the electrical work delivered per unit time externally, i.e., the 
electric power: 

P,, = -l.v (26b) 

Therefore, the heat generated per unit time at each node is 

Q,,, = (AH/nF).I + V.1 (2 6 4  

which is sometimes expressed in terms of the 'thermoneutral voltage' Vh" = 
-( AH/nF) as 

(264  thn I 
Qgen = (V - V )- 

The expressions (26c) and (26d) for Qgent because they are derived from the 
overall change in thermodynamic state, account for all the various kinds of heat 
generation, including Joule (or ohmic) heating, heating due to polarisation, and 
entropic (TAS) heat effects. The heat development at each node, Qgen(i,j), is 
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balanced by heat convection and conduction to and from adjacent nodes. Thus, 
all nodes in the 2-D model are thermally coupled to one another. Note, however, 
that in the 2-D model, the principal variable that determines the nonuniformity 
of heat generation, and therefore temperature, over the 2-D surface is the 
current I through each node (perpendicular to the 2-D plane). Applying the 2-D 
model to a planar stack with reasonably low in-plane electrical resistance 
(compared with the impedance of the electrochemical reaction), the variable V ,  
the voltage at a given node, is relatively constant from node to node. Because the 
term (V - Vhn) is then also relatively uniform, the nonuniformity of Iis the key to 
the temperature distribution. The principal cause of the nonuniformity of I, in 
turn, is the asymmetry of utilisation (hence of the local driving force, the local 
Eeq) imposed by the flow configuration of the planar cell. 

In the 2-D cell simulation, as well as in simplified (quasi-2-D) stack-level 
simulations, it is usually assumed that each side of the electrode/interconnect is 
at equal potential over the whole 2-D plane of the cell. As mentioned above, this 
is justified because the ohmic voltage drop in the plane of the electrodes and 
interconnect layer is usually much smaller than the ohmic voltage drop across 
the electrolyte and the combined polarisation of the two electrodes. 
Nevertheless, in such a quasi-2-D stack model, individual fuel cells in the stack 
may have different celI voltages due to different temperature, fuel distribution, 
and other factors. However, the total current flow through each cell (integrated 
over the plane of the PEN elements and the gas flows) must be the same. The total 
stack output voltage is the sum of each individual cell voltage. 

A true three-dimensional model [28-321 is necessary for a more accurate 
thermal analysis of a stack or for a detailed analysis of the temperature profile at 
the contact regions between PEN element, current collector/gas channel 
profiles. and the interconnect layer. In those cases, a more detailed heat source 
calculation is also needed. It is necessary to distinguish three different types of 
heat effects acting in specific components of the fuel cell: chemical, electrical, and 
electrochemical. 

Chemical reactions (reforming and shift reactions) take place at the anode 
side, and chemical heat effects represent an important heat source (sink) term for 
the anode and the fuel channel. 

The electrical heat effects are caused by resistance to current flow, which 
yields ohmic heating (also called Joule heating). Ohmic heating takes place 
throughout the solid structure wherever electrical current flows, for instance, 
from PEN element to interconnect layer. The total ohmic resistance can be 
decomposed into contributions from various cell components. If the component 
material has an ohmic resistivity yi (expressed in S2 m), the ohmic heat generated 
per unit volume of that computational region can be calculated from 

where i is the local current density. 
The electrochemical heat effect has two components: reversible or entro$c 

heat effect (positive or negative, endothermic or exothermic), and irreversible 
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heat generation (always exothermic). Reversible heat generation is associated 
with the change of entropy occurring as a result of the electrochemical reaction. 
It is generated at the two electrodes in unequal amounts. In the case of hydrogen 
oxidation, the reversible heat generation at the anode per unit of projected area 
of the anode is 

Here Si is the entropy of the species i; that is, SO2 is the entropy of 02, S& is 
the transported entropy of the oxygen ion, and SEI is the transported entropy 
of the electrons. The effect represented by Eq. (28a) is positive but relatively 
small [33]. The reversible heat generated at the cathode per unit projected area 

Qrev,c = T(S@ - $SO, - 2gJi/2F (28b) 

is much larger and negative. Because the sum of the effects is equal to 

it follows that almost the entire entropic heat effect of the hydrogen oxidation 
reaction is released at the cathode. In some designs (with relatively thick 
electrolyte or thick anode) this may lead to significant temperature gradients, 
especially because cathode polarisation is usually dominant over anode 
polarisation, which further contributes to local heating at the cathode. 

Conceptually, one can split the overall entropic effect, Eq. (28c), in two equal 
but opposite heat effects occurring at the two electrode-electrolyte interfaces. For 
example, the heat effect at the anode is 

Q w . a  = T(iS~o2 - rb - 2g!)i/2F ( 2 8 4  

while that at the cathode is given by Eq. (28b). In that case, the overall reversible 
heat effect due to hydrogen oxidation (Eq. 28c) must be accounted for separately 
in the anode fuel gas channel. The advantage of introducing such a symmetric 
expression for the reversible heat effect is that in principle it allows taking 
into account heat development due to diffusion effects in the solid electrolyte 
upon current passage. However, in an SOFC these effects are minor compared 
with the Joule heating due to the ohmic resistance of the electrolyte included in 

Irreversible heat generation due to the electrochemical reaction can be 
concisely represented by the local planar heat source for a two-electron reaction: 

Qohm (Eq. 2 7).  

Qirr = - ( ~ a  + ~c)i/2F (29)  

Using an approximate electrochemical performance model, as discussed in 
Section 11.2, or a more detailed electrode-level model, as will be discussed 
in Section 11.8, the polarisation components can be estimated and the heat 
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generation calculated. In an approximate 3-D cell or stack model, it is customary 
to use a lumped electrochemical heat generation: that is, one assumes a uniform 
distribution of the reversible and irreversible heat generation over the respective 
electrode. Using a more advanced electrode-level model, the distribution of heat 
generation in the electrodes can be analysed, which may yield important 
information for structural stability of the electrodes and their interfaces with the 
electrolyte and the current collector/gas channel profiles. 

The heat source terms discussed above are used in the energy balance 
equations of the flow and thermal models for both cell and stack simulations. To 
manage the computation cost, most simulations avoid the full CFD treatment of 
the flow. However, full CFD treatments provide more accurate and detailed 
information on the flow in an  SOFC system. With increased computing power, 
more and more full CFD simulations are expected to appear. 

Figure 11.5 shows sample cell modelling results: the steady-state temperature, 
current density, and species concentration distributions. As can be seen by 
comparison with Figure 11.2, the steady-state temperature distribution is quite 
different from that during the rapid startup. 

Figure 11.6 shows the steady-state modelling results for a tubular SOFC 
design, as reported by Ferguson et al. [29]. Clearly, the characteristic operating 

(4 0: mass fraction (e)  PEN temperature 

) HI mass fraction 

\.) HJQ massfraction 

Figure 1 1 . 5  Sample results for planar SOFC in cross-flow configuration: a ,  air temperature, max. 899"C, 
min. 625°C; b. current, A/cm2: max. = 1.46. min. = 0.300; c, H, mass fraction. kg lkg :  max. 0.0385, min. 
0.00472 (CO distribution similar); d ,  0 2  mass fraction. kglkg: max. 0.231, min. 0.182; e, PEN 
temperature. "C:  max. 911 ,  min. 643; f, H 2 0  mass fraction, kglkg: max. 0.224. min. 0.0387 (CO, 

distribution similar ). 
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Figure 11.6 ( a )  Three-dimensional section of a tubulardesign: ( b )  current density; ( c )  molarfraction of 02: 
( d )  temperatureat theoutlet section. 
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properties for tubular designs are very different from that of planar SOFCs. 
Dedicated efforts are required for each individual design. 

11.6 System-Level Modelling 
In a system-level model, stack models are combined with models of system 
components including reformer, contaminant removal unit, compressors, 
topping or bottoming turbines, inverters, etc. The principal objective of system 
modelling is to determine the energy efficiency and heat/power ratio of the 
system. Such a model is also an excellent tool for making initial sketches of 
the system design and for initial sizing of components [14,34-381. One example 
is the Excel spreadsheet model developed by Keegan et aI. [ 141. It combines models 
for gas preheater, reformer with recycle, stack, interface between stack and inlet 
gas, external reformer and exit gas, and combustor and uses heat balances and 
variable recycle ratio (with reformate composition as a function of recycle ratio) 
to evaluate (i) the overall system configuration and connectivity options, 
including various other recycle options, heat exchanger types, locations, and 
sizes; (ii) required energy transfer, resulting temperatures, and overall system 
efficiency, including pumping power and other parasitics, for the different 
proposed system designs; (iii) subsystem requirements associated with specific 
selected configurations, including required stream mass flows and allowable 
branch pressure drops; (iv) system performance at various load conditions; and 
(v) dynamic system performance during startup to determine additional 
constraining requirements, including allowable thermal mass and required heat 
transfer. The model also evaluates the system cycle efficiency, that is, the overall 
system performance as a function of the system start-up and shut-down cycling. 

Another example is the systematic analysis undertaken by Palsson et uZ. on 
combined SOFC and gas turbine cycles [36]. In combination with a robust and 
accurate 2-D SOFC model, the system-level model attempts to provide an 
unbiased evaluation of performance prospects and operational behaviours of 
such systems. The 2-D SOFC model was integrated into a process simulation tool, 
Aspen PlusTM, as a user-defined model, whereas other components constituting 
the system are modelled as standard unit operation models. Parametric studies 
can be carried out to gain knowledge of stack and system behaviour such as the 
influence of fuel and air flow rate on the stack performance and the mean 
temperature and the effects of cell voltage and compressor pressure on the system 
efficiency. The pressure ratio is shown to have a large impact on performance 
and electrical efficiencies of higher than 65% are possible at low-pressure ratios. 

Extensive system modelling for SOFC systems has been carried out and 
published by Winkler et al. [3 7,3 81. Their publications cover the methodology of 
system modelling as well as the effect of hardware design variations on efficiency 
and cost of integrated SOFC-GT hybrid systems. The market acceptance 
ultimately depends on the system cost, which is influenced by the process design, 
hardware design, production (materials and handling), and market (production 
quantity). Based mainly on the thermodynamics, the process design examines 
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issues such as the choice of heat engine and the integration of heat engine and 
heat exchangers. The hardware design examines the geometric effects on the 
system cost through its effects on the power density, thermal insulation, and 
the wall of the pressure vessel. Such analysis provides valuable information for 
design optimisation. 

These and other system modelling analyses show how strongly system 
characteristics such as efficiency depend on accurate input data for the 
electrochemical model used in simulating stack performance. On the other hand, 
these studies also show the strong effect of turbine operating parameters (e.g., 
pressure ratios and maximum allowable temperature) on the system 
performance. Such studies clarify that the ultimate design of the stack and the 
required accuracy of stack modelling are best determined after preliminary 
system design studies have been performed using rough stack, reformer, and 
turbine models. 

11.7 Thermomechanical Model 
Avoiding thermomechanical failure is critical to the applications of the SOFC 
technology. SOFCs are produced by processing at elevated temperatures. As the 
cells are cooled to room temperature, stresses due to mismatch in coefficients of 
thermal expansion (CTEs) are developed. Additional residual stresses develop in 
the stack during the assembly and sealing process. The factors that affect the 
magnitude of the stresses include (i) differences in CTEs of the material parts, (ii) 
the differentia1 between stress-free (processing) temperature and operation 
temperature, (iii) elastic constants of the components, and (iv) the thickness of 
the cell components. Because the cell thickness is much less than the Iateral 
dimensions, the elasticity problem may be approximated as 2-D and the state of 
stress is thus biaxial. For the state-of-the-art PEN materials, cathode (LSM) and 
eIectrolyte (YSZ) have simiIar CTEs, while the CTE of the anode (Ni + YSZ) is 
higher. Thus, when cooled from a high temperature, stresses in the electrolyte 
and the cathode would tend to be compressive, while stresses in the anode would 
be tensile. In an anode-supported cell, the tensile stress can cause a delamination 
crack between the anode and the electrolyte. 

The residual stress in a cell when cooled from stress-free temperature to room 
temperature can be calculated [39]: 

QI = (B2 - Pl)EIAT/[1+ hlEl/h2E21 (30) 

where pis the thermal expansion coefficient, AT is the change in temperature, his 
the layer thickness, and E is the biaxial modulus. The subscripts ‘1’ and ‘2’ denote 
two neighbouring layers of the cell. From Eq. (30) it can be seen that thin layers 
suffer higher residual stresses than thick layers. In the anode-supported cell, the 
electrolyte has a much higher residual stress than the anode. Fortunately, 
the electrolyte is strong against compressive stresses. For the anode, the tensile 
stressisaconcern.AssumingAT= lOOOI<,  p2- = 1.7 x 10-6/”C,E2=200GPa, 
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and hl/hz = 60, the residual stress is about 6 MPa. For cathode-supported cells, 
however, the anode residual stress could be one order of magnitude higher and is 
very undesirable. The anode residual stress is the highest in the electrolyte- 
supported cells. 

When temperature distribution in the cell structure is known, the finite- 
element structure model can analyse the thermal stresses. The thermal stresses 
dictate the process of heating and cooling required in SOFC applications. 
Thermal stresses also dictate how uniform the temperature should be in 
steady-state operations. Modelling results indicate that temperature gradient 
makes the largest contribution to overall stress. Moreover, it is important to 
maintain a uniform temperature gradient along the cell in minimising the 
anode/electrolyte/cathode stress. Figure 11.7 demonstrates the dramatic 
reduction in stress going from a parabolic temperature distribution to uniform 
temperature gradient. 

-I-cmpcl-atlll-e Y.: i Slress ( E l )  
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Figure 11.7. EfSect of temperatureprofile on SOFCstresx 

The probability of failure under stress (3 can be calculated from the Weibull 
function: 

W = 1 - e x p [ - ( a / ~ o ) ~ ]  (31)  
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The Weibull parameter m and the characteristic stress oo are material-specific 
parameters. 

Mechanical failure can be caused by various mechanisms. As discussed, the 
electrolyte and the cathode are subjected to compressive stresses due to thermal 
mismatch. For thin-film coating under compressive stress, a common failure 
mode is buckle-driven delamination, or blistering [40]. The failure entails the 
film first buckling away from the substrate in some small region where adhesion 
is poor or nonexistent. Buckling then loads the interface crack between the film 
and the substrate, causing it to spread. Another failure mode of the fuel cell 
structure is thermal shock spalling. During thermal cycling, biaxial tensile 
residual stress can develop in and spall the surface layer. The spall depth and 
the time elapse can also be analysed with the finite-element method once the 
temperature gradient is known. 

The mechanical strength of a metallic interconnect such as stainless steel 430 
decreases significantly at elevated temperatures. Modelling results indicate that 
the portion of the interconnect near the fuel cell edge often suffers from high 
tensile stress. Therefore, optimising designs and operating conditions to reduce 
the interconnect stress is also a focus of the modelling activity. 

The thermal stress consideration also limits the design and material choice for 
the seal. The seal is responsibIe for the gas-tight separation of the air and the fuel 
gas chambers and air manifold from the fuel electrode and fuel manifold from the 
air electrode porosities. In addition, to prevent gas crossover the sealant should 
be strong and stiff so that stacks are mechanically stable, can be handled, and 
can withstand pressure differences during operation. On the other hand, the 
sealant must be soft enough to reduce mechanical stresses during fabrication 
and operation. Moreover, the requirement of chemical compatibility with other 
cell components (electrolyte, electrode, interconnect) as well as stability in both 
oxidising and reducing gas atmospheres should also be satisfied. These 
considerations affect whether the design should be rigid glass seal: flexible, 
glass-free, compression seal: or a combination of the two [41,42]. 

Dimensional changes of components may arise due to a change in 
temperature. Nonstoichiometric oxides exhibit an expansion behaviour 
depending on oxygen stoichiometry due to reduction or oxidation upon changes 
in oxygen partial pressures. Interconnect and electrolyte are exposed to different 
oxygen partial pressures at the anode and cathode side, respectively. An 
expansion behaviour depending on oxygen nonstoichiometry can therefore lead 
to different expansions on each side of the interconnect. Bending and mechanical 
failure may result. As a simple one-dimensional example, the steady-state 
thermal stress, B, in an infinitely wide, free plate subject to a temperature 
distribution, T(z), which varies only in the direction of the thickness, z, can be 
expressed as [43] 
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where f3 is the CTE, E is the Young’s modulus, v i s  the Poisson’s ratio, and d is 
the half-thickness of the plate. Assuming that the lattice expansion-induced 
strain can be treated the same way as the thermal strain, PT, Eq. (32) can be 
recast into a stress-isothermal strain relation. The experimental data for the 
isothermal expansion characteristics can then be used to obtain the 
nonstoichiometry-induced strain. Consequently, the isothermal stress due to 
nonstoichiometry can be determined. Delamination will occur if the elastic 
energy release rate by crack formation exceeds a critical value where the 
critical value is an interface property and must be determined experimentally. 
Alternatively, mechanical failure occurs if the thermal stress exceeds a 
certain value. 

11.8 Electrochemical Models at the Electrode level 

Electrode-level models describe the performance of SOFC electrodes in detail. 
They take into account the distribution of species concentrations, electric 
potential, current, and even temperature in the electrode. Their purpose is to (i) 
interpret the performance (polarisation curve) of electrodes in terms of rate- 
limiting resistances such as kinetic (activation), mass transfer, and ohmic 
resistance: and (ii) predict the local polarisation in full-scale cell and stack 
models. 

To predict the local polarisation in a full-scale cell or stack at any point, its 
dependence on composition, pressure, and temperature of the gas flowing in the 
gas channel contacting the electrode must be known. In a large cell, these bulk 
gas properties vary from one point to the next. Electrode polarisation or 
overpotential - the difference between the local potential of the electrode under 
load and the potential at open circuit (equilibrium potential) - is also a local 
quantity because it depends not only on the bulk gas composition but also on the 
current density. In a large cell the current is usually distributed nonuniformly, 
as discussed in Sections 11.2-11.5. Similar to Eq. 7, one can express the local 
cell voltage under load, i.e., when current is passed, as the thermodynamic cell 
potential minus three loss terms: the ohmic loss, the cathode polarisation, and 
the anode polarisation: 

V(i) = E,, - iRi - qc - g~ (33) 

As discussed in Section 11.2, the total polarisation of each electrode consists of 
two contributions, activation polarisation (due to electrode kinetic resistance) 
and concentration polarisation (due to mass transfer resistance), so 

VC = VCa + VCc and VA VAa + VAc (34) 

For cell- and stack-level modelling it is necessary to have reliable values of the 
total polarisation of cathode, qc, and anode, qA, as a function of local bulk gas 
composition, pressure, and temperature, as well as the local current density. 
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In principle, one could make a large set of measurements of cathode and anode 
polarisations in a small-size cell with a reference electrode (three-electrode cell) 
and express the total polarisation as a function of local bulk gas composition, 
pressure, temperature, and current density. The essential condition is that the 
small-size cells (‘button cells’) use very little fuel gas and oxidant gas, so that the 
measured polarisation is representative for the bulk gas composition, pressure, 
and temperature at a given current level. The cell then functions as a differential 
reactor that provides data for the cell- and stack-level (integral reactor) 
modelling. Although small-size cell data are obviously useful and many such 
measurements are made. the effort implied in a full ‘polarisation mapping’ of this 
kind for each electrode is usually prohibitive. Moreover, the results are valid only 
€or the range over which the operating parameters are varied and for the 
electrode-electrolyte assembly microstructure and configuration used in the 
small-size cell. 

In lieu of an experimental ‘map’ of polarisation, it is often desirable to have an 
electrode model that provides reliable predictions of polarisation of either 
electrode over a wide range of operating and structural variables. This is the first 
purpose of the electrode model. But, conversely, to be a good predictor the model 
should be capable of interpreting available polarisation data for welI-defined 
conditions, that is, for small cells at low utilisation of fuel or oxidant. Thus, the 
second purpose of an electrode model is to enable a more efficient process of 
collecting, correlating, and interpreting polarisation data. The electrode model 
is capable of extracting the kinetic and mass transfer (diffusion) resistance 
information by fitting small-size cell polarisation data. It provides these 
resistance characteristics in a form suitable as input to full-scale cell and 
stack models. 

An electrode model is especially advantageous if it can be used to relate the 
kinetic and mass transfer resistance to electrode geometry and microstructure: 
for instance, to thickness, porosity, pore or particle size, contact areas of phases, 
and/or grain size of electrode and electrolyte materials. A well-tested and 
validated electrode model, therefore. may serve to assist in the design of 
optimised electrode structures or electrode/electrolyte interfaces to minimise 
polarisation loss. 

17.8.1 Fundamentals and Strategy of Electrode-Level Models 

The objective of an electrode model is to analyse the point-to-point distribution of 
the reaction in an SOFC electrode, leading to current, potential, and species 
concentration distributions. The result of the analysis is a prediction of the 
polarisation of the electrode due to (i) kinetic resistance, (ii) mass transfer 
resistance, and (iii) ohmic resistance. 

The analysis includes a whole set of material properties and structural 
parameters. In principle it is based on the same fundamental laws used in full- 
scale cell analysis. Thus, mass transfer is subject to mass balances (Eqs. (1). (2 ) ) ,  
heat flow to energy balances (Eqs. (5). (6)), and fluid flow to Eqs. ( 3 ) ,  (4), but it 
is usually negligible in the pores of the electrodes. In addition, current flow is 
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subject to the electrical conservation equation (under assumption of 
electroneutrality): 

(V-i) = 0 ( 3 5 )  

where i is the current density vector. This yields for the potential distribution 
Laplace’s equation: 

(02Q) = 0 (36) 

with the appropriate boundary conditions for conducting and nonconducting 
boundaries. Equations (35)  and (36) may be applied separately to the ionic 
current and its associated electric potential, respectively, and to the 
electronic current and its associated electric potential. This is very helpful in 
formulating the electrochemical rate at each point of the electrode/electrolyte 
interface by equating the local potential difference @electronic - @ionic with the 
total overpotential q = V - E,, at that point of the interface. This coupling of 
the potential distribution, which obeys Eq. (36), with the electrochemistry and 
thermodynamics of the electrode reaction leads to a generalised potential 
balance equation, of which Eq. (7) is a specific form valid for thin pIanar cells. 

In a similar manner, the species mass balance equations, Eqs. (l), ( 2 ) ,  may be 
coupled with the electrochemical rate at each point of the reaction zone (at or 
near the TPB). In the continuum-level modelling discussed in Section 11.2, the 
concentration polarisation of the electrode, qconc, was related to a limiting 
current of the reactant, e.g., Eq. (9). A more fundamental and general expression 
for the concentration overpotential (the term ‘overpotential’ denotes exclusively 
the local polarisation) at any point of the electrode reaction zone is the so-called 
Nernst equation; for example 

?k = RT/nF 1n[(C,.eIectrode/Gr,bulk)/(Cp,eIectrode/,~~~~)] (3 7 )  

This is valid for a simple electron transfer reaction r + ne- = p but may easily be 
generalised. Because the fundamental mass balance equations, Eqs. (l), (2), in 
the absence of convection become diffusion equations, the solution of the 
diffusion equations for species r and p yields the concentration overpotential, qc, 
at any point of the reaction zone. 

Once the local concentration overpotential is known, the activation 
overpotential, qa, is obtained by subtracting qc from total q. The local activation 
overpotential is the actual driving force of the electrochemical reaction. It is 
related to the local current density at any point of the reaction zone by an 
electrochemical rate equation such as the Butler-Volmer equation (Eq. (loa)). 
Therefore, the rate equation, the Nernst equation (Eq. (37)), and the potential 
balance in combination couple the electric field with the species diffusion field. In 
addition, the energy balance applies also at the electrode level. Although this 
introduces another complication, a model including a temperature profile in the 
electrode is very useful because heat generation occurs mainly by 
electrochemical reaction and is localised at the reaction zone. while the 
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strong temperature sensitivity of properties like electrolyte conductivity and 
electrode kinetics may skew the reaction distribution from that expected in 
isothermal operation. 

Thus, even at the electrode level the interactions between electrochemical 
reaction, mass transfer, ionic conduction, and heat transfer yield a very 
complicated set of equations. Of course. this has given rise to many attempts to 
use simplified models wherever possible. Some of these are summarised below. 
Several are based on an assumption of one or more dominant rate-controlling 
resistances. for instance, mass transfer or ohmic resistance or neglect of coupling 
conditions that complicate the reaction distribution. Others introduce linearised 
electrode kinetics and neglect mass transfer resistance. Of course, these 
simplifying assumptions must be validated. 

Validation by fitting empirical polarisation curves is helpful, especially if the 
objective is input for full-scale performance models. But it is of limited value if 
the parameter space of the fitted curves is restricted, especially when the 
objective is optimisation of electrode design. Benchmarking results of simplified 
models against a set of more complete model equations is also helpful but limited 
by uncertainty about some important coupling conditions. The important role of 
the reaction mechanism in determining kinetic rates has been recognised early 
and has led to specialised electrode modelling focused on this aspect of the 
electrode process. In addition, it has recently been realised that computational 
studies of the electrochemical reaction steps may contribute to greater insight in 
those aspects of the electrochemical rate process that are specific for the SOFC. 

The following summarises a few types of simplified electrode models proposed 
in the literature. 

11.8.2 Electrode Models Based on a Mass Transfer Analysis 

If the reaction kinetics of the electrode is assumed to be very rapid, mass transfer 
and ohmic resistance are the dominant resistances. Assuming a reaction zone 
that coincides with the electrode-electrolyte interface, the diffusion fluxes in 
stationary operation can be expressed simply in terms of bulk gas partial 
pressures and gas-phase diffusivities. This is illustrated schematically in Figure 
11.8, which compares anode- and cathode-supported cell designs for the simple 
case of a H2/02 fuel cell. The decrease in concentration polarisation at the 
cathode, qcc. is obvious in the case of an anode-supported cell, while the model 
shows that concentration polarisation at the anode, qAc, is relatively insensitive 
to anode thickness. The advantage of the mass transfer-based approach is that 
analytical expressions are obtained for the polarisation behaviour. These are 
rather simple if activation overpotential is excluded but may still become 
elaborate in the case of an internally reforming anode where a number of 
reactions (discussed in Section 11.3) may occur simultaneously within the pores 
of the anode. 

In further development of this model, a finite reaction zone ma57 be 
introduced and activation overpotential added to the polarisation [44-4 71. 
Kinetic resistance is believed to be particularly important for the cathode (qc, is 
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(a) Auode-Supported Cell 

(b) Cathwle-Supported Cell 

Figure I I .8. Schematicdiagram of(a)anode-and(b)cathode-supportedSOFCs[47]. 

not negligible); however, this adds further parameters of uncertain magnitude 
to the polarisation expressions and detracts from their original conciseness. The 
simplicity of the mass-transfer-based approach makes it attractive as a first- 
order approach in scale-up modelling [5,48,49] because it is axiomatic in 
practice that a good fuel cell electrode should have rapid kinetics. However, for 
analysis of transients other simplified models may be preferable, and for 
optimisation of electrode microstructure other specialised models may be 
equally suitable. 

11.8.3 One-Dimensional Porous Electrode Models Based on Complete Concentration, 
Potential, and Current Distributions 

Simplified models that do not make a priori assumptions about one or more 
dominant resistances are often of the 1-D macrohomogeneous type. The 1-D 
assumption is similar to that in mass transfer-based models. The assumption of 
macrohomogeneity, based on work by Newman and Tobias [SO], has proven 
useful in battery and fuel cell electrode modelling. It implies that the 
microstructure of the electrode is homogeneous at the level of the continuum 
equations governing mass transfer, heat transfer, and current conduction in the 
electrode (Eqs. (1)-(7) and (33)-(37)). This type of model can exploit solutions 
available in chemical reaction engineering practice and has been elaborated by 
several researchers in that field [ 5 1-5 51. 

Mathematically, the three phases, the solid electrocatalyst, the solid 
electrolyte, and the gas, are assumed to be present simultaneously at each point. 
The microstructure of the electrode, which produces the interface between the 
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three phases, is represented by a volumetric interfacial reaction area (designated 
by a,) with a meaning similar to that of the dimensionless interfacial area factor 
a in Eq. (lob). Across the interface represented by a,, the electrochemical 
reaction takes place, generating electronic and ionic current fluxes and their 
associated potentials, as discussed under Eqs. (35) and (36). The species 
concentration and ionic or electronic current fluxes are projected with respect to 
the macrohomogeneous electrode cross section. This implies that the volume 
fractions of electrocatalyst, electrolyte, and gas-filled pores are necessary 
structural parameters, in addition to a,. 

The simplification inherent in the 1-D macrohomogeneous model is that of 
the microstructure. For the model to be useful in optimising electrode 
microstructure, the parameter a, must be related to microstructural 
characteristics such as pore size and porosity. There are various techniques 
available from percolation theory to accomplish this and relate a, and other 
model parameters to empirical pore-size distribution and total pore volume. 

One of the advantages of the 1-D macrohomogeneous approach is that 
complete diffusion, reaction, and potential profiles are obtained, which is 
advantageous when the relative rates of competing reactions (for example, 
anodic oxidation of Hz compared with direct anodic oxidation of CO or even 
direct anodic oxidation of CH4) are compared. Another advantage is that no a 
priori assumption is made about the location of the reaction zone. The zones of 
maximum reaction are identified from the current and potential profiles and can 
be correlated with structural characteristics and operating variables. FinaIly, the 
very general formulation of the fundamentaI equations makes it possible to use 
dimensional analysis as a guide in correlating results and fitting against 
experimental data [ 5 51. 

To illustrate the detailed nature of results from such a model, Figure 11.9 
shows the distribution of local overpotential in the pore of an internally 

-0.021 4 I I I I I I I I 4 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

X/L (Distance to fuel channel) 

Figure 11.9 Distribution of local overpotential at the pore wall ofan internally reforming anode, withfuel 
gascontaining33%CH*, 66% H20 ,  balanceCOandHz,at0.2A/crnZ[51]. 
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reforming anode as a function of pore size. In extremely wide pores, the 
overpotential is negative over a large part of the pore wall (away from 
the interface with the electrolyte), indicating that the electrochemical 
process may be reversed away from the interface and hydrogen generation 
occurs not only by reforming but electrochemically if pore dimensions are 
not optimised. 

17.8.4 Monte Carlo or Stochastic Electrode Structure Model 

A third distinct type of electrode model developed in response to the need for 
modelling the composite structure of SOFC electrodes more accurately is the 
Monte Carlo, or stochastic structure, model. This model is based on a random 
number-generated 2- or 3-D structure of electrode particles, electrolyte particles, 
and holes (for gas pores). It has been shown to represent the composite 
conductivity quite well and may be able to model polarisation behaviour 
adequately [56-581. This is of interest because microstructure, and in particular 
hard-to-control variations in local microstructure, may have an important effect 
on overall polarisation, perhaps more so than the intrinsic kinetic characteristics 
measured at an ‘ideal’ interface. 

The Monte Carlo-type electrode model is also called the particle connectivity 
model because its physics is straightforwardly based on Kirchhoff‘s law for an 
electrical network, with particle resistance and interconnection resistances 
defined by a set of rules to mimic the current flow and electrochemical current 
generation within the microstructure. The electrochemical process is 
considered to take place with a constant resistance in agreement with 
intuitive notions about the mechanism. Variants of this concept attach 
correlated values to the resistances in the network to model polarisation more 
closely according to a percolation concept of active sites and passive 
connections [5 91. Other specialised types of electrode models are mentioned 
briefly below. 

11.8.4.7 Electrode or Cell Models Applied to Ohmic Resistance-Dominated Cells 
These models start from solving Laplace’s equation (Eq. (3 6)) with appropriate 
boundary conditions, sometimes including polarisation. The most important 
application is the correct design of test cells with reference electrodes because 
small deviations in reference electrode placement may cause appreciable 
deviations in polarisation readings [60-631. 

17.8.4.2 Diagnostic Modelling of Electrodes to Elucidate Reaction Mechanisms 
Because the electrode kinetics of both anode and cathode and their dependence 
on microstructure are so important for performance, much attention has been 
given to elucidating reaction mechanisms based on independent 
electrochemical measurements (usually with respect to a reference electrode). 
AC impedance measurements are particularly favoured. The interpretation of 
these measurements requires specialised models that reflect in part the 
hypothesised kinetics and in part the electrode structure. It seems certain that 
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eventually the results will be integrated with both macro- and molecular 
modelIing [64-691. 

7 1.8.4.3 Models of Mixed lonic and Electronic Conducting (MIEC) Electrodes 
These specialised electrode models usually consider the MIEC electrode in 
combination with the electroIyte and focus on correlating performance with 
the semiconductor characteristics of the electrode (and sometimes electrolyte) 
[70-721. Recent modelling of oxygen reduction and oxygen permeation at 
perovskite electrodes includes both MIEC effects and classical diffusion-type 
analysis [73-751. 

11.9 Molecular-Level Models 

Molecular-Ievel SOFC models aim to understand (i) the kinetics of the reaction at 
the interface between electrode and electrolyte, (ii) the conduction process in the 
electrolyte, and (iii) the conduction process in the electrodes. Catalytic activity at 
TPB, activation energy for oxygen ion transport, and surface exchange current 
are application examples for such models. 

Within the last two decades, enormous progress has been achieved in the 
ability to calculate the structures, the properties (e.g., thermodynamic, 
mechanical, transportation properties), and the reactivity of solids starting from 
atomistic approaches. The molecular-level models can be classified into three 
categories. 

0 Empirical interatomic potential models. Such simulations start from a 
given effective potentia1 that describes the interatomic forces in a 
system of atoms using essentialIy classical techniques. The simulation 
algorithms are based on static minimisation methods to calculate the 
structural configuration of the lowest potential energy. One popular 
approach is the molecular dynamics method. Classical molecular 
dynamics can use the simple interatomic potential as well as kinetic 
energy to simulate fast diffusion and high-temperature properties as 
well as other material properties. Molecular dynamics has been 
performed to investigate the grain boundary phenomena in cubic 
zirconia at constant temperatures up to 2673 K with a system of 1920 
atoms [76]. Simulations indicate that the interfaces between perfect 
zirconia crystals are sources of resistance in these ionic conducting 
systems. Another approach is Monte Carlo methods, computing 
random changes in the structure with results accepted or rejected on 
the energy criterion. Monte CarIo methods are suitabIe to treat 
disordered systems and, for example, the vacancy distribution and ion 
motions in heavily doped, fast ionic conducting fluorite oxides such as 
CeOz [77]. 

0 Quantum mechanical electronic structure calculations, or the ab initio 
methods. Ab initio methods are based, at some level of simplification, on the 
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self-consistent solution of the Schrodinger equation for a cluster (up to 
about 100) of atoms and a set of (usually periodic) boundary conditions 
[78-SO]. Ab initio calculations can be useful in furthering the 
understanding of the electrode process. For example, the computed barrier 
to desorption of H20ad on Ni may be used to see whether it is the rate- 
determining step. Calculations can also be used to understand the reaction 
of Had and Oad, Had and OH,d as well as adsorption and diffusion of H, OH, 
and H20 on the YSZ. This could be very useful in finding new catalysts 
capable of providing a current orders of magnitude larger than Ni as only a 
very small fraction of H a d  on Ni participates in the oxidation reaction 
[ 79,801. By effectively eliminating the need for the self-consistent iterative 
process, accurate and robust ab initio molecular dynamics are now 
available, and simulations for systems of more than 100 atoms can be 
performed in a single CPU [ 8 1,s 21. 

0 Hybrid techniques. These use, for example, quantum mechanical 
techniques or their simplified variants to provide the effective potentials 
needed for the simulation of interatomic forces [83]. The computational 
efficiency and accuracy of the hybrid methods fall between the ab initio 
methods and the empirical methods. 

With the improvement in hardware and software tools, the ab initio electronic 
structure calculations will gain importance because they can deal with 
increasingly complex systems and yield higher precision in the result. Along 
with this trend, the hybrid techniques will grow in relevance. It is expected that 
the hybrid methods will play an important role in the molecular-level modelling 
of SOFCs in the near future. 

11.10 Summary 
Modelling of SOFCs is advancing at a rapid rate, facilitating quick predictions of 
SOFC performance at a number of levels, and aiding the design of SOFC systems. 
Macroscopic flow and thermal models are the best known and have followed 
from straightforward chemical engineering principles of mass and energy 
balance. At the nanoscale of atoms and molecules, predictions of material 
behaviour and of interface interactions are also becoming possible. Most 
significant advances are now taking place in the understanding of complex 
composite structures of electrodes and three phase boundaries. Ultimately these 
should lead to predictions of cell behaviour which at present are measured 
empirically and inserted into stack models. Stack modelling has advanced to 
the point where acceptable start-up rates can be predicted and where 
overall performance can be optimised. The integration of these stacks into 
complete systems can also be predicted with some precision, leading to new 
design possibilities for hybrid SOFCs. In the immediate future, it is anticipated 
that models which combine the macroscopic and atomistic approaches will 
develop rapidly. 
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Chapter 12 

Fuels and Fuel Processing 

R. Mark Ormerod 

12.1 Introduction 

The high operating temperature (700-1000°C) of solid oxide fuel cells (SOFCs) 
has a number of consequences, the most important of which is the possibility 
of running the cells directly on practical hydrocarbon fuels without the need 
for a complex and expensive external fuel reformer that is necessary for 
low-temperature fuel cells. Low-temperature proton exchange membrane 
(PEM) fuel cells are poisoned by even a small quantity of carbon monoxide and 
require very pure hydrogen as the fuel, therefore placing significant demands, 
and hence cost, on a complex external fuel processor. This is shown 
schematically in Figure 12.1. By contrast, in an SOFC, the hydrocarbon fuel is 
catdytically converted (internally reformed), generally to hydrogen and carbon 
monoxide (synthesis gas) together with some carbon dioxide, within the cell 
stack, and the carbon monoxide and hydrogen are then electrochemically 
oxidised to carbon dioxide and water at the anode, with production of electrical 
power and high-grade heat. 

Hydrocarbon 
Reformer Reactor Stages Cell Sack 

Figure 12.1 Schematic offuel processing for a PEM fuel cell system showing the externnlfuel processing 
and the several renctor stages. 

Internal reforming of the fuel can either be achieved indirectly using a 
separate fuel reforming catalyst within the SOFC stack, or directly on the anode. 
This is shown schematically in Figure 12.2. Internal reforming of the fuel within 
the SOFC stack is preferred, since this both increases the operational efficiency to 
well above that of low-temperature fuel cells and reduces the complexity of the 
system, hence reducing cost [l-31. Thus fuel processing has been and continues 
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I SOFC Stack I 

Hydrocarbon 
Foe1 and Steam 

Indirect Internal Reforming 

Direct Internal Reforming 

Figure 12.2 Schematic of internal reforming in an SOFC stack showing both direct and indirect 
reforming approaches. 

to be extensively studied, and the development of a successful, cost-effective fuel 
processing strategy is vital for economic production of any SOFC system. 

The elevated operating temperature of an SOFC also leads to production of 
high-temperature heat as a by-product in addition to the electrical power. 
This high-quality heat is not wasted, but can be used in various ways, for 
example in combined heat and power (CHF') systems, or to drive a gas turbine to 
generate more electricity, in addition to providing the heat for the endothermic 
internal fuel reforming process. This significantly increases the overall efficiency 
of an SOFC compared to lower temperature fuel cells. Figure 12.3 shows the heat 
flows in an SOFC system, showing the utilisation of heat by the internal reformer. 

Another key advantage of SOFCs over other types of fuel cells is the flexibility 

Hydrocarbon - 
Fuel and Steam 

Heat 
hot water) 

Figure 12.3 Heatflows in an advancedinternally reforming SOFCsystem showing theabsorption of heat by 
the internal reformer. 

in the choice of fuel, which derives from the elevated operating temperature and 
the tolerance to carbon monoxide, and to some extent, other impurities in the fuel. 
SOFCs also show greater tolerance to other impurities in the fuel, which poison 
PEM fuel cells, and to variations in the fuel composition. This opens up 
opportunities for the possible use of renewable fuel sources such as biogas, 
vegetable matter and landfill gas in SOPC systems which are precluded for other 
types of fuel cells. The choice of fuel, in particular, and the operating temperature, 
which in turn can influence the choice of fuel, are to a large extent dictated by the 
intended application. The flexibility in the choice of fuel, and in particular 
the ability to operate SOFCs directly on practical hydrocarbon fuels, in addition to 
the modular nature of fuel cells, makes SOFCs ideally suited for small-scale, 
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stand-alone and remote applications, for example on gas pipelines and farms. 
Fuels such as coal or biogas are ideally suited for SOFC applications in larger 
combined heat and power (CHP) and multi-MW gas turbine hybrid systems. 

This chapter starts by discussing the range of possible fuels for SOFCs; a brief 
discussion on the possibility of using renewable fuels in SOFCs is also included. 
The remainder of the chapter is devoted to approaches in fuel processing in 
SOFCs, and some of the issues and problems inherent in such fuel processing. 
The possibility of direct electrocatalytic oxidation of the hydrocarbon fuels at the 
anode is also discussed. The chapter concludes with a brief consideration of 
future prospects. 

12.2 Range of Fuels 
The most common fuel (Figure 12.4), especially for stationary applications, is 
natural gas, which is low-cost, clean, abundant and readily available, with a 
supply infrastructure already in existence in many places. Natural gas varies in 
composition, being predominantly methane, but also containing significant 
quantities of higher hydrocarbons, the amount of which decreases 
logarithniically with increasing carbon chain length. Natural gas can be 
internally reformed by co-fed steam or oxygen within the SOFC stack at 
temperatures as low as 600°C, which means that even SOFCs operating at lower 
temperature can be run on natural gas without the need for a complex external 
fuel reformer. The presence of higher hydrocarbons and sulphur-containing 
compounds is significant in terms of deleterious carbon deposition and sulphur 

I Hydrocarbons I 
Bottled Gas 

(propane, butane) Ga7’ine Diesel 

Ethanol 
(Bio-ethanol) 

Butanol Formic Acid 

An 

L 

La 

irnonia 

Biomass 

ndtill Gas 

Figure 12.4 Rangeofpotentialpracticalfuels for SOFCs. 
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poisoning, respectively. An excess of steam or oxygen is generally required to 
prevent carbon deposition and coking, which results in deactivation and poor 
cell durability. Generally sulphur compounds which are added to the natural gas 
as odorants are removed upstream of the SOFC stack to prevent poisoning. 

In remote, small-scale, stand-alone applications where there is no existing 
natural gas supply, bottled gas (consisting of propane/butane) offers significant 
practical advantages over natural gas. Such bottled gas can be internally 
reformed within the SOFC stack just like natural gas, and a small tubular SOFC 
device powered by butane has recently been demonstrated (Figure 12.5) [4]. 
However, the problems of carbon deposition and coking are considerably more 
severe with higher hydrocarbons than with methane. Thus SOFCs operating on 
bottled gas are more susceptible to deactivation and poor durability due to 
carbon deposition, and thus the challenge to avoid carbon deposition is 
considerably greater. The SOFC power systems represent a viable alternative to 
conventional power generation methods in remote areas with no natural gas 
supply, where diesel is generally used, which is both inefficient and highly 
polluting. It is also likely that bottled gas will be used as an emergency stand-by 
fuel source for larger-scale SOFCs operating on natural gas, in the event of an 
interruption to the natural gas supply. 

SOFC Stack 

Internal COz + H D  + Power + Heat Butane 
and Air Reformer 

~ ~ 

Figure 12.5 Schematic ofa small-scale SOFCdevicepowered bg butane. 

Recently, dimethyl ether (DME) has also been tested as a fuel for SOFCs [SI. 
DME i s  an attractive fuel because, though it is a gas at room temperature, it is 
easily liquefied under practical conditions (it is liquid above 3 atm) making 
it easier to store and handle than hydrogen. 

In addition to being dictated by the specific application, the choice of fuel is 
also partly governed by the operating temperature of the cell. For intermediate 
temperature SOFCs operating at temperatures as low as 500"C, methanol is 
considered the most likely fuel, since these operating temperatures are below 
those at which natural gas and higher hydrocarbons can be effectively reformed 
to synthesis gas, whereas methanol can be efficiently reformed at 300-600°C 
[6]. Intermediate temperature SOFCs operating directly on methanol offer some 
potential for transportation and small portable applications. At such low 
operating temperatures, it is generally the cathode which limits the performance 
of the SOFC rather than issues of fuel processing if methanol is used as the fuel, 
though the development of composite cathodes is leading to cathode materials 
with improved performance at lower temperatures [ 7,8] .  
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There is also the possibility of utilising higher hydrocarbons such as gasoline 
and diesel, for internally reforming SOFCs. However, internally reforming such 
liquid fuels within an SOFC system represents a major challenge in terms of 
avoiding coking on any of the active components of the cell, though autothermal 
reformers have been developed based on platinum group metal catalysts, which 
can efficiently convert diesel into a hydrogen-rich fuel [3]. 

SOFCs can also be operated on the output from coal gasification systems [l]. 
The sulphur content of these gases poisons the anode, and can also poison any 
internal reforming catalyst, causing loss of performance and eventual cell 
deactivation. Thus the sulphur has to be at least partially removed from the gas 
prior to entering the SOFC stack. 

Recently, the possibility of using waste biogas generated from vegetable 
matter, and landfill gas, in SOFC systems has been demonstrated (Figure 12.6) 
[9,10]. At present the difficulty in utilising these gases, because of their variable 
composition and often low level of methane [l 11, means that large quantities are 
simply vented wastefully to the atmosphere, making a significant contribution to 
greenhouse gas emissions, whilst at the same time wasting a potentially clean, 
renewable energy resource, which is currently under-exploited. As with utilising 
the output from coal gasification systems, the high sulphur content of these 
gases is a problem in terms of poisoning and poor cell durability, and again the 
sulphur has to be at least partially removed from the gas prior to entering 
the SOFC stack [12]. Although the efficiencies of SOFCs operating on biogas, 
landfill gas or the output from coal gasification systems are lower than for 
SOFCs operating on natural gas, these provide the potential of significantly 
cleaner and more efficient power generation compared to combustion engine 
generators, as well as offer a valuable use for generally poor-quality biogas that is 
currently wasted. 

Desulphurisation 
unit > Anode 

- Bqw (+ Air) 
(predominantly 
CH, d COZ) 

I 

3 C Q  + &O+Power+Heat 

Figure 12.6 Schematicof small-scale SOFCpowered by waste biogas. 

The elevated operating temperature of SOFCs makes them particularly 
suitable for combined heat and power (CHP) applications, ranging from less 
than 1 kW to several MW, which covers individual households, larger 
residential units and industrial premises. For such applications, long-term 
durability of the fuel processing system is a key requirement. Figure 12.7 shows 
schematically the fuel processing scheme for the Sulzer CHP system running on 
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1 kWe cell stack: 
- 70 cells in series 
- 120 mm diameter 
- Area/cetl: 100 cm2 
- 950°C operating temperature 
- Thermally self sustaining 

Reformer: 
- Steam reformer 
- Themally integrated 

Burner: 
- Production of extra 
heat (ma. 10 kW) 

- Connection to conventional 
heating system 

into exhaust gas stream 

(not indicated. inverter, 
control units) 

Figure 12.7 Schematic of thefuelprocessing scheme for the Sulzer SOFC CHPsystem running on naturalgas. 

natural gas [12]. Another advantage of such CHP units for both residential and 
commercial use is the reliability in the fuel supply, which is becoming 
increasingly important, especially in premium power applications like 
computing. 

12.3 Direct and Indirect Internal Reforming 

Although solid oxide fuel cells can be coupled to a separate fuel processor, 
external reforming negates the major efficiency advantage and cost benefits of 
SOFC systems over low-temperature fuel cells. The ability to internally reform a 
range of practical hydrocarbon fuels within the SOFC, together with the ability to 
electrochemically oxidise CO, and their increased tolerance to other impurities 
in the fuel, including sulphur, represent significant advantages of SOFCs over 
low-temperature fuel cells [1,3,6,13]. Internal reforming of the hydrocarbon 
fuels in SOFC systems significantly increases the system efficiency by 
recuperating waste heat from the stack into the fuel supply, whilst at the same 
time substantially reducing the complexity and cost of the system by elimination 
of the external reformer and associated heating arrangements and by reduction 
in the stack cooling air requirements and associated equipment. Thus internally 
reforming SOFCs offer significantly higher system efficiencies and reduced 
complexity compared to lower temperature fuel cells, as well as offer flexibility in 
the choice of fuel. 

In principle, therefore, SOFC technology is both simpler, more flexible and 
more efficient than other fuel cell types, with potentially significant cost benefits. 
However, there are several major problems associated with internal reforming 
in SOFCs. which can lead to deactivation and a loss in cell performance, and in 
some cases materials failure, and hence result in poor cell durability. A particular 
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problem with internal reforming in SOFCs is that of carbon deposition resulting 
from hydrocarbon pyrolysis (Eqs. (1) and (2)), especially on the nickel cermet 
anode [3,14-171, as well as on other active components within the SOFC system. 
This is shown in Eq. (1) for methane (AH = +76 1cJ mol-') and in Eq. (2) for 
general higher hydrocarbons: 

CH4 + C f 2 H 2  (1) 

CnH2n+2 -+ nC + (n + 1)Hz (2) 

These reactions are inhibited by adding steam to the fuel. Hydrocarbon steam 
reforming (Eqs. ( 3 )  and (4) for methane and general higher hydrocarbons, 
respectively) is a strongly endothermic reaction: in the case of methane steam 
reforming (Eq. (3)), the heat of reaction, AH, is +206 kJ mol-'. This can give 
rise to potential instabilities in the coupling between the slow exothermic fuel 
cell reactions (Eqs. (5) and (6)) and the fast strongly endothermic reforming 
reactions (Eqs. (3) and (4)): 

CH4+H20 -+ COf3H2 (3) 

CnH2n+2 + nH2O + nCO + (2n + 1)H2 (4) 

H2 + 02- -+ H20 + 2e- (5) 

In addition, self-sustaining internal reforming is precluded during start-up 
from cold and operation at low power levels, where the heat available from the 
stack is insufficient to meet the endothermic requirements of hydrocarbon 
reforming [13]. There is therefore considerable effort being devoted to developing 
stable internal reforming approaches for the full range of possible SOFC 
operating conditions, namely from start-up and zero power, through operation 
at low power loads, to operation at full load. 

As water is formed as the product of the electrochemical oxidation of hydrogen 
(Eq. (5)) at the anode, this water can be recirculated and reintroduced into the 
hydrocarbon fuel feed, rather than continuousIy adding water to the system. 
This is shown schematically in Figure 12.8. In an SOFC where the exit gas 
from the anode is recirculated, the steam (and C02)/hydrocarbon ratio is 
governed by the fraction of the exit gas that is recirculated. 

Internal reforming of the fuel can be achieved either indirectly using a 
separate reforming catalyst within the SOFC stack, or directly on the nickel 
anode, or by a combination of indirect and direct approaches using a separate 
catalyst within the SOFC system to convert a significant proportion of the 
hydrocarbon fuei to synthesis gas with the balance of the fuel reforming 
occurring directly on the nickel anode. 
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Figure 12.8 Schematic of an internally reforming SOFC with recirculation of the anode exit gas. 

723.7 Direct Internal Reforming 

Direct reforming of the fuel on the anode offers the simplest and most cost- 
effective design for an SOFC system, and in principle provides the greatest system 
efficiency with least loss of energy [1,3,13]. In direct reforming, the anode must 
fulfil three roles: fistly as a hydrocarbon reforming catalyst, catalysing the 
conversion of hydrocarbons to hydrogen and carbon monoxide: secondly as an 
electrocatalyst responsible for the electrochemical oxidation of H2 and CO to 
water and COz, respectively; and finally as an electrically conducting electrode. 
Fulfilling all these criteria places severe demands on the anode, and hence the 
development of suitable anode materials for directly internally reforming SOFCs 
remains a major challenge. 

High-efficiency results from utilising the heat from the exothermic 
electrochemical oxidation reaction to reform the hydrocarbon fuel, which is a 
strongly endothermic reaction. A further advantage of direct internal reforming 
is that by consuming the hydrogen to form steam, which can then reform more of 
the hydrocarbon fuel, the electrochemical reactions help drive the reforming 
reaction to completion. However, one of the major problems with direct 
reforming is that it gives rise to a sharp endothermic cooling effect at the cell 
inlet, generating inhomogeneous temperature distributions and a steep 
temperature gradient along the length of the anode, which is very difficult to 
control and can result in cracking of the anode and electrolyte materials. 
Significant reductions in operating temperature of the cell due to the 
endothermic reforming reaction have been reported [3,18]. The kinetics of 
methane reforming over nickel/zirconia cermet anodes have been fairly well 
established, at least for high-temperature operation [3,18-2 11. There is some 
evidence of mass transfer influences on the reforming kinetics, and this has been 
used as an explanation for a reported dependency of the rate of reforming on the 
steam/methane ratio. 

Another problem in direct reforming is the susceptibility of the nickel anode to 
catalyse the pyrolysis of methane and higher hydrocarbons (Eqs. (1) and (2)), 
which results in deleterious carbon deposition and subsequent build-up of 
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Anode + 02- 

-> COi + H20 + Power 

1 
Anode + 02' 
-> H,O+Power 

Carbon 
bdd-up 

Figure 12.9 Possible reactionpathways in a directly reforming SOFC. 

deactivating carbon, and leads to rapid deactivation of the cell p ~ 4 - 1 7 ,  
22-24]. The possible reaction pathways which can occur on the anode in a 
directly reforming SOFC are shown in Figure 12.9. The high metal content of the 
anode precludes the use of expensive precious metals such as rhodium or 
platinum which are more resistant to carbon deposition than nickel [25]. Much 
research is currently being carried out to develop nickel-based anodes which are 
sufficiently active for hydrocarbon reforming under fuel cell operating 
conditions but are more resistant to carbon deposition, especially at lower 
steam/carbon ratios in the fuel feed [16,24,26-281. Approaches include the 
incorporation of small amounts of dopants such as gold, molybdenum and 
copper into the nickel anode [16,26,28,29], and the addition of ceria to nickel/ 
zirconia cermets [ 30-3 21. Another problem with hydrocarbon reforming 
directly on the anode is that high steam partial pressures can cause sintering of 
the nickel anode particles, resulting in a significant reduction in the catalytic 
activity of the anode and a loss in cell performance [3,3 3-3 61. This problem 
provides an additional incentive for developing anodes which are resistant to 
carbon deposition at lower steam/carborn ratios. 

72.3.2 Indirect lnternd Reforming 

In indirect internal reforming, a separate catalyst, which reforms the 
hydrocarbon fuel to synthesis gas, is integrated within the SOFC stack upstream 
of the anode. The heat from the exothermic fuel cell reaction is still utilised. 
Figure 12.10 shows schematically the reaction pathways in an SOFC with 

Anode 7 e- Refomer -> CO+Hz -> C02+H20+Paser  Hydrocarbon Fuel 
+ Excess Steam 

+ b o  , 
Anode + e- 

COZ + HzO + Power 

L 
COz + H P  

Figure 12.10 Schematicofreactionprocessesi~zanSOFC~~ithindirectintern~lreforming 
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indirect internal reforming. Although indirect internal reforming is less efficient 
and less straightforward than direct reforming, it still represents a significantly 
more efficient, simpler and more cost-effective approach than using an external 
reformer. 

The major advantage of indirect over direct reforming is that it is much easier 
to control from a thermodynamic standpoint. One approach involves the 
development of mass transfer controlled steam reforming catalysts with reduced 
activity [3 71. It is also easier to develop dispersed catalysts which do not promote 
carbon deposition to the same extent as the nickel anode. As the indirect 
reforming catalyst does not need to be electrically conducting, unlike the anode, 
more highly dispersed catalysts may be used, and so although nickel remains 
the metal of choice for cost reasons, the use of highly dispersed rhodium 
and platinum catalysts, which show greater resistance to carbon deposition and 
sulphur poisoning, can potentially be considered. 

Consequently, the majority of designs currently being developed employ a 
separate catalyst within the SOFC stack, upstream of the anode, to indirectly 
reform the majority of the hydrocarbon fuel, with some residual hydrocarbon 
reforming occurring directly on the anode. 

12.4 Reformation of Hydrocarbons by Steam, C 0 2  and Partial 
Oxidation 
Depending on the temperature and the steam to methane ratio, the water gas 
shift reaction (Eq. (7)) (AH = -42 kJ mol-l) can occur, whereby some of the CO is 
converted to C02,  with production of one mole of hydrogen for every mole of CO 
converted: 

CO+H2O + C02 +H2 ( 7 )  

The H2 and CO are then electrochemically oxidised to H 2 0  and C 0 2  (Eqs. (5) 
and (6)) at the anode by oxide ions electrochemically pumped through the 
solid electrolyte. 

Conventional steam reforming catalysis has been extensively studied and 
reviewed over the last two decades [38-411. Generally, in steam reforming 
catalysis, steam to carbon ratios of around 2.5-3 are used, i.e. well in excess of 
the stoichiometric requirement of Eq. (3), such that the equilibrium of the water 
gas shift reaction (Eq. (7)) lies to the right to maximise H2 production, and 
minimise carbon deposition through hydrocarbon pyrolysis (Eqs. (1) and (2)) 
and the Boudouard reaction (Eq. (8)): 

(8) 2co + c+coz 

Figure 12.11 shows the possible reaction pathways in an internally reforming 
SOFC running on natural gas and steam. In some SOFC appIications, especially 
small-scale and directly reforming systems, a lower steam to carbon ratio is 
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Figure 12.1 1 Possible reaction pathways in an internally reforming SOFC running on natural gas 
and steam. 

desirable because of the costs and complexity associated with using large 
quantities of steam, and the problem of sintering of the nickel anode particles at 
high steam levels [ 3 3-3 61. Consequently, there is considerable interest in 
developing catalyst and anode formulations which are resistant to carbon 
deposition at lower steam contents. 

Carbon dioxide, formed by the water gas shift reaction (Eq. (7)) and by 
electrochemical oxidation of carbon monoxide (Eq. (6)), present in the exit gas 
Ieaving the anode, can be recirculated in the fuel supply at the cell inlet. It is well 
known that C02 can act as an oxidant for hydrocarbons in the presence of 
a suitable catalyst, so called dry reforming (Eqs. (9) and (10) for methane and a 
genera1 higher hydrocarbon, respectively) [ 3  8,39,42,43]: 

CH4+CO2 + 2CQ+2H2 (9 )  

Carbon deposition is a particular problem with dry reforming, especially with 
nickel-based catalysts [4446] .  Platinum and rhodium based catalysts show 
greater tolerance to carbon deposition [47,48]. Therefore, in addition to steam, 
C02 can also reform the methane, though it also represents a possible source of 
carbon deposition. Like steam reforming. dry reforming is also a strongly 
endothermic reaction. In the case of the dry reforming of methane (Eq. (9)), the 
heat of reaction AH is +248 kJ mol-'. 

In certain applications, especially in small-scale devices being developed for 
stand-alone or remote applications, oxygen, or simply air in many cases, is used 
as the oxidant rather than steam, because of the cost and complexity associated 
with using large quantities of steam, Recent work has demonstrated the 
feasibility of using partial oxidation in SOFCs running on natural gas and bottled 
gas (propane/butane) [4,49-511. Using oxygen, or air, is much simpler, more 
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convenient and less costly in terms of system configuration. However, it does 
lead to a lower electrical efficiency due to the energy loss in oxidising the 
hydrocarbon, partial oxidation being an exothermic reaction, in contrast to 
the strongly endothermic steam reforming reaction, which can utilise the heat 
from the exothermic fuel cell reactions. Further, in order to maximise the power 
output from the SOFC, it is necessary for the internal reforming catalyst or the 
anode to be selective for the partial oxidation of the hydrocarbon to synthesis 
gas. This is shown in Eqs. (11) and (12) for methane and a general higher 
hydrocarbon, respectively: 

CH4+1/202 -+ CO+2Hz 
GH2,-,+2 + n/202 -+ nCO + (n + 1)Ha 

The catalytic partial oxidation of hydrocarbons has been studied over many 
years [52-621. A particular problem is to develop a catalyst and operating 
regime where high selectivity to the partial oxidation products is obtained at 
sufficiently high activity, whilst avoiding carbon deposition on the catalyst via 
Eqs. (1) and (2) [53,61,63,64]. For cost reasons, supported nickel catalysts are 
generally preferred, although highly dispersed platinum and rhodium catalysts 
are also commonly used because of their greater activity and resistance to 
carbon deposition [ 5 5,59,62]. Clearly carbon deposition is very undesirable both 
in heterogeneously catalysed hydrocarbon conversion processes and in 
internally reforming solid oxide fuel cells. However, if an excess of oxygen is 
used, then there is a marked tendency for complete oxidation (combustion) to 
C02 and H20 to occur (Eqs. (1 3) and (14)): 

CH4+202 -+ C02 +2H20 
C&bn+2 + (3n + 1)/202 + nCO2 + (n + 1)H20 

C02 and H20 cannot be electrochemically oxidised, so there is a further loss of 
efficiency compared to using steam as the oxidant, if any complete oxidation 
products are formed in the catalytic oxidation process. Figure 12.12 shows 
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Figure 12.12 Possible reactionpathwaysinaninternally reforming SOFCrunningon naturalgasandair. 



Fuels and Fuel Processing 345 

possible reaction pathways in an internally reforming SOFC running on natural 
gas and air. Recent work has shown that nickel-based anodes can have excellent 
selectivity for the partial oxidation of methane with minimal carbon deposition 
[29,49]. Figure 12.13 shows the exit gas composition from a nickel/zirconia 
anode exposed to a methane/oxygen gas feed at 900°C. The high selectivity 
towards partial oxidation, and hence synthesis gas formation, can clearly 

COP, H,Q 

00000 01424 028:48 om12 057:36 

l ime (hcminsseo) 

Figure 12.13 Exit gas composition resulting from a nickellzirconiaanode exposed to a methaneloxygen gas 
feed a t  900°C. showing high selectivity towardspartial oxidation and synthesis gas formation. 

Although for most SOFCs under normal operation, steam (and C02) will be 
used to internally reform the natural gas, self-sustaining internal reforming is 
precluded during start-up from cold and operation at low power levels because of 
the strongly endothermic nature of steam (and COz) reforming. Partial oxidation 
of hydrocarbons is an exothermic process: in the case of the partial oxidation of 
methane (Eq. (lo)), the heat of reaction, AH, is -37 kJ mol-l. The complete 
oxidation of hydrocarbons to C 0 2  and water is considerably more exothermic, 
with the heat of reaction for the total oxidation of methane (Eq. (12)) being 
-193 kJ mol-I. Partial oxidation, and the use of oxygen as the oxidant, therefore 
offers the potential for start-up and self-sustaining operation of internally 
reforming SOFCs running on natural gas and other hydrocarbons at low power. 
It is likely that a combination of partial oxidation and steam reforming will be 
used as the basis for operation from zero power through low power loads to 
operation at full load: at zero and self-sustaining low power operation, partial 
oxidation will be used, and at high load, i.e. normal operation, exclusively steam 
(and COz) reforming will be used, whilst in between there m7ill be a balance 
between the exothermic partial oxidation and endothermic steam reforming, so 
called autothermal reforming. Using partial oxidation in this way removes 
the need for any external source of heat, and provides the basis for much faster 
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start-up times than steam reformers. In addition the system can be started 
without the addition of steam, which means that the fuel can be supplied to the 
cell before steam is generated, and thus if the anode exit gas is recirculated, there 
is no need for any external steam. Autothermal reformers which utilise precious 
metal-based catalysts have been developed which can convert diesel into a 
hydrogen-rich fuel whilst avoiding carbon deposition [3]. 

12.5 Direct Electrocatalytic Oxidation of Hydrocarbons 

In principle, SOFCs can operate on natural gas or other hydrocarbon fuels 
without the addition of any oxidant to the fuel, instead directly oxidising the 
hydrocarbon fuel on the anode using the oxide ions which have passed through 
the solid electrolyte from the cathode [65-711. The hydrocarbon can either be 
partially oxidised by the oxide ions to carbon monoxide and hydrogen (Eqs. (15) 
and (16)), or fully oxidised to C02  and water (Eqs. (1 7) and (18)), or undergo a 
mixture of partial and total oxidation: 

CH4 + 02- --+ CO + 2Hz + 2e- 

CnHZn+2 + no2- + nCO + (n + 1)Hz + 2ne- 

CHq + 402- -+ C02 + 2H20 + 8e- 

CnH2,+2 + (3n + 1)02- -+ nCO2 + (n + 1)H20 + 2(3n + 1)e- 

(15) 

(16) 

(1 7) 

(18) 

The possibility of directly oxidising hydrocarbon fuels on the SOFC anode 
without any added oxidant is an extremely attractive one [65-711. This is 
especially true if the hydrocarbon is partially oxidised to CO and H2 (Eqs. (15) 
and (16)), rather than fully oxidised to COz and H20 (Eqs. (1 7) and (18)), since 
this results in synthesis gas from which other useful chemicals can be produced, 
in addition to electricity and heat. In this case the SOFC can be viewed as an 
electrocatalytic reactor [72,73]. 

The major problem with direct electrocatalytic oxidation of the hydrocarbon 
fuel at the anode is the marked tendency towards carbon deposition via 
hydrocarbon decomposition (Eqs. (1) and (2)). It is extremely difficult to avoid 
carbon deposition in the absence of a co-fed oxidant. However, some recent 
studies have reported anodes which show considerable promise for the direct 
electrocatalytic oxidation of hydrocarbons [29,68,69]. The conditions under 
which these anodes can be used may present problems for their widespread 
application, whilst their long-term durability with respect to carbon deposition 
must be established. Electrically conducting oxides have also been proposed in 
recent years as having potential for use as anodes for the direct electrocatalytic 
oxidation ofhydrocarbons [67,70,74]. 

The concept of using an SOFC as an electrocatalytic reactor for chemical 
cogeneration has attracted much interest [72,73], offering the possibility of 
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achieving higher product selectivity using electrochemically pumped oxide ions 
compared to gas-phase oxygen, whilst at the same time using air rather pure 
oxygen as the oxidant, which would bring significant cost benefits, since 
generation of pure oxygen from air constitutes a significant cost. In addition to 
synthesis gas, it has also been shown that oxidative coupling of methane to 
ethene and ethane can be carried out in an SOFC electrocatalytic reactor [73] 
(Eqs. (19)-(21)): 

2CH4 + 02- -+ C2H6 + H20 + 2e- 

2CH4 + 202- -+ C2H4 + 2H20 + 4e- 

CzHs -+ C2H4 + H2 

(19) 

(20) 

(21) 

12.6 Carbon Deposition 

Nickel in particular is well known for its propensity to promote hydrocarbon 
pyrolysis and the build-up of carbon [14-17,22,38,39,75]. Figure 12.14 shows 
an electron micrograph showing the formation of carbon filaments on a 
supported nickel catalyst following exposure to a hydrocarbon feed [3 91. 

Carbon deposition can also occur on the reforming catalyst and anode in the 
SOFC via the disproportionation of CO (the Boudouard reaction) (Eq. (8)), and by 
reduction of CO by H2 (Eq. (22)): 

CO+H2 -+ C+H2O (22) 

The build-up of carbon (coking) on either the internal reforming catalyst or on 
the anode, or indeed anywhere else in the fuel supply inlet manifold, is a critical 
problem to be avoided, or at least minimised, since over time this can lead to a 
loss of reforming activity and blocking of active sites on the reforming catalyst 
and the anode, and a loss of cell performance and poor durability. In extreme 
cases, growth of carbon filaments or whiskers can restrict the gas flow in the fuel 
supply system and result in actual physical blockages [3,75]. The phenomenon 
of carbon deposition on steam reforming catalysts has been extensively studied 
[3 840,751. Carbon deposition through hydrocarbon decomposition is most 
prevalent at the inlet of the reforming catalyst or directly reforming anode where 
there is almost no hydrogen present, and the carbon-forming reactions proceed 
at a faster rate than the carbon-removal reactions. 

It is well known that higher hydrocarbons are more reactive and show a much 
greater propensity towards carbon deposition than methane [3,39,75]. Coke 
formation occurs by cracking of the hydrocarbon to the corresponding alkene, 
followed by subsequent formation of a carbonaceous overlayer, which 
undergoes further dehydrogenation to form coke. In reality, it is the presence of 
these higher hydrocarbons in natural gas, rather than the methane itself, that 
represents the most likely source of deleterious carbon build-up in SOFCs 
operating on natural gas. 
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I 

Figure 12.14 Electron micrographshowingfilamentouscarbongrowthonasupported nickelcatalyst. 

It is clear, therefore, that the problem of carbon deposition and deactivation 
becomes more severe if bottled gas (propane/butane) is used as the fuel, and more 
acute still if gasoline or diesel is being contemplated as fuel. To counter the 
problem of carbon deposition from higher hydrocarbons, a low temperature 
pre-reforming stage, a t  250-500°C, is often employed to remove the higher 
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hydrocarbons. At these temperatures, pre-reforming of higher hydrocarbons can 
be carried out with no resultant carbon deposition [ 3  1. 

Much research has been devoted to studying and characterising carbon 
deposition and carbon build-up on reforming catalysts and SOFC anodes 
[14-16,24,2 6,3 8,3 9,75,76]. and in establishing oxidant/hydrocarbon 
operating envelopes which do not give rise to carbon formation on the reforming 
catalyst or on the anode surface at a given operating temperature. Activity has 
focused on developing catalyst and anode formulations which show greater 
resistance to carbon deposition [1 5.1 6,23,24,26,2 9,761. Resistance to carbon 
deposition becomes especially important if the aim is to run at lower oxidant/ 
carbon ratios to lower operating costs and prevent sintering of the anode, 
whilst carbon deposition is the principal barrier which must be overcome in the 
development of SOFCs operating on pure hydrocarbon fuels with direct 
electrocatalytic oxidation of the hydrocarbon at the anode. For nickel-based 
catalysts, this is generally achieved by the addition of small quantities of 
dopants. Dopants that have been added to nickel anodes include gold, copper, 
ruthenium and molybdenum [16,26-281. It has been demonstrated that the 
incorporation of small amounts of gold or molybdenum into nickel/zirconia and 
niclieI/ceria anodes can result in significantly improved resistance to carbon 
deposition when operating at low oxidant/carbon ratios [16,24,26,28.29,76]. 
Table 12.1 shows the amount of carbon deposited on gold-doped nicltel/zirconia 
anodes following reforming at temperatures in the range 700-900°C. The effect 
of gold in reducing carbon deposition can clearly be seen. Incorporation of ceria 
into niclrel/zirconia anodes has also been shown to give significantly improved 
resistance to carbon deposition [30-32,771. Potassium is generally added to 
commercial nickel steam reforming catalysts to minimise carbon deposition 
[3,40]. and the addition of small quantities of gold to nickel catalysts has been 
shown to be particularly effective in preventing carbon deposition when using 
fuel mixtures with a low oxidant/carbonratio [28,78]. 

TabIe 12.1 Influence of gold doping of nickelhirconia anodes on the amount of carbon 
deposited during reaction of a 2:l methane/02 gas mixture at different reaction 
temperatures 

Reaction Carbon deposition (a.u.) 
temperature ("C) 

Undoped 2 mol% Au-doped 5 mol% Au-doped 20 mol% Au-doped 
Ni anode Xi anode Ni anode Ni anode 

700 4.3 0.7 0.3 0.0 
800 4360.0 90.0 5.9 0.4 
850 3500.0 175.0 15.0 1.4 
900 440.0 364.0 150.0 46.0 

Electrically conducting oxide materials have been investigated as potential 
anode materials. One of the main attractions of such materials is their resistance 
to carbon deposition compared to nickel cermet anodes under direct reforming 
conditions [67,70,74,79,80]. Rhodium, platinum and ruthenium have also 



350 High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

been shown to exhibit very good activity for steam reforming and partial 
oxidation of hydrocarbons but, unlike nickel, carbon filaments are not formed 
[3,39,75]. They are, however, still susceptible to deactivation by carbon 
deposition on the metal surface, which blocks active sites, under conditions 
where hydrocarbon decomposition occurs. The major disadvantage of rhodium 
and ruthenium compared to nickel is their high cost which precludes their use as 
anodes, and essentially requires them to be present in a highly dispersed form. 
Despite this cost disadvantage, highly dispersed rhodium, platinum and 
ruthenium catalysts are used in some catalytic reformers, especially smaller 
scale autothermal reformers [3]. 

Carbon formation on catalysts and anodes can be determined using the 
technique of temperature-programmed oxidation [15,16,24,2 6 ,763  1,821. This 
method can be used to determine safe operating envelopes for avoiding carbon 
deposition in terms of oxidant/carbon ratio, oxidant and operating temperature 
for each reforming catalyst or anode [15,16,24,26,76]. Furthermore 
the technique is quantitative, enabling the amount of carbon deposited on the 
catalyst or anode to be precisely determined, and carbon build-up to be followed 
as a function of operating time. In addition, the temperature at which the 
carbon is removed from the catalyst gives an indication of the strength of 
interaction of the carbon with the material, and hence how easily it may be 
removed during fuel cell operation [83]. Figure 12.15 shows the results of a 
typical temperature-programmed oxidation (TPO) experiment carried out 
following reforming over an anode. The figure shows the carbon removed, as COz, 

400 500 600 700 BOO 900 I000 4100 
Temperature I K 

Figure 12.1 5 Typical temperature programmed oxidation profile obtained following reforming of a 
methanelsteam mixture over a nickellzirconia anode at 900°C. The jgure  shows the carbon removed from 

the anode as C02.  
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from a nickel/zirconia anode, following reforming of a methane/steam mixture 
over the anode at 900°C. Figure 12.16 shows the TPO spectrum following 
reaction of a 2:l methane/02 gas mixture over a 2 mol% gold-doped nickel/ 
zirconia anode and the corresponding undoped nickel/zirconia anode at 800°C. 
The effect of gold in dramatically increasing the resistance to carbon deposition 
can clearly be seen [29]. 
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Figure 12.16 Post-reaction temperature-programmed oxidation following reaction of a 2: 1 methane!02 
gas mixture over a 5 mol% gold-doped nickelfzirconia anode and the corresponding undoped nickelfzirconia 

anodeat 800°C. 

12.7 Sulphur Tolerance and Removal 

Sulphur-containing compounds such as dimethyl sulphide ((CH3)2S), diethyl 
sulphide ((C~HC,)~~), ethyl mercaptan ((C2H5)HS), tertiary butyl mercaptan 
((CH3)3CHS) and tetrahydrothiophene (C4H*S), are added to natural gas as 
odorants at the level of -5 ppm of sulphur, whilst hydrogen sulphide (H2S) and 
carbonyl sulphide (COS) are also frequently present in natural gas at low levels. 
Although at the elevated operating temperature of SOFCs, the nickel anode, and 
any internal reforming catalyst, show some tolerance to sulphur [3,84,85], 
generally the majority of the sulphur is removed from the natural gas prior to 
entering the SOFG to prevent poisoning of the anode and the reforming catalyst. 

At low concentrations of sulphur-containing compounds, the adsorption of 
sulphur on nickel is reversible, and thus low concentrations of sulphur in the 
feed gas can be tolerated, especially at higher operating temperatures, since 
the tolerance of the anode and reforming catalyst to sulphur progressively 
increases with temperature [3,84,85]. Any adsorbed sulphur can be removed, 
and the activity restored to the original activity, by switching to a sulphur-free 
fuel feed or by a short exposure to steam. However, at higher sulphur 
concentrations, irreversible sulphidation of the catalyst or anode can occur [ 3 ] .  

Sulphur can be removed by various methods. These include high-temperature 
desulphurisation (hydrodesulphurisation) [3,86-881, whereby sulphur- 



3 52 High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and Applications 

containing organic compounds are reduced to hydrogen sulphide and the 
corresponding hydrocarbon by adding a small quantity of hydrogen to the fuel 
feed and passing this over a molybdenum or cobalt catalyst supported on alumina 
[3]. This is shown in Eq. (23) for diethyl sulphide. The hydrogen sulphide is then 
removed by adsorption on zinc oxide (Eq. (24)). Hydrodesulphurisation is 
generally carried out in the temperature range 3 50-400°C. 

(CzH5)2S + 2H2 + 2C2Hs + H2S (23) 

H2S+ZnO -+ ZnS+HZO (24) 

Low-temperature desulphurisation catalysts have also been developed which 
remove organic sulphur compounds and hydrogen sulphide at room 
temperature [3]. 

In smaller SOFC systems, sulphur can be removed by adsorption methods, 
most frequently using activated carbon or molecular sieves [3]. The ability of 
activated carbon to adsorb H2S can be enhanced by chemically impregnating it. 
Such adsorbent systems can be reactivated by thermal treatment. However, their 
use becomes impractical for larger scale SOFC systems because of the large 
quantities of adsorbent required and the subsequent problems associated with 
adsorbent reactivation and disposal of the desorbed sulphur [3]. 

12.8 Anode Materials in the Context of Fuel Processing 
The zirconia component in a Ni cermet anode can be considered as essentially 
analogous to the support in a supported metal catalyst, and hence may influence 
the catalytic behaviour of the anode. There is currently considerable interest in 
studying the catalytic properties of nickel-based anodes, and modifying and 
optimising their composition [ 15,16,2 3,24,2 6,2 9,8 9,901, particularly for 
directly internally reforming SOFCs that avoid carbon deposition during 
operation, whilst having sufficiently high hydrocarbon reforming activity. There 
is also an incentive to develop anodes which are more resistant to carbon 
deposition at lower oxidant/carbon ratios, since higher steam levels have been 
shown to cause increased sintering of the nickel anode particles [3,33-361, in 
addition to adding to the cost and complexity of the system. Similarly, the 
development of anodes which show a greater tolerance to sulphur is highly 
desirable since this places less severe demands on the sulphur removal system, 
both in terms of the sulphur level to which the fuel has to be desulphurised and the 
frequency at which the desulphurisation unit has to be regenerated or replaced. 

The kinetics of methane reforming over nickel cermet anodes have been fairly 
well established for high-temperature operation [3,20,2 11. It has been found 
that different nickel cermet anodes can have markedly different reforming 
activities [ 3,24,2 6,76,9 1,921. 

A number of researchers have studied nickel/ceria cermet anodes for both 
zirconia and ceria-gadolinia electrolyte-based SOFCs [30,93-961. Nickel/ceria 
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cermet anodes have been shown to still give sufficiently good performance in 
ceria electrolyte-based SOFCs operating at temperatures as low as 500°C. Ceria 
has also been added to nickel/YSZ anodes to improve both the electrical 
performance and also the resistance to carbon deposition [30-32,77,93,97]. 
Although cobalt and ruthenium offer potential advantages over nickel, 
including high sulphur tolerance, and in the case of ruthenium, higher 
reforming activity and greater resistance to sintering, and cobalt/YSZ and 
ruthenium/YSZ anodes have been developed. the cost of these materials 
effectively precludes their use in practical SOFCs [13,98]. 

Various dopants have been incorporated into nickel/zirconia and nickel/ceria 
anodes, in an attempt to modify their behaviour. Dopants that have been studied 
include molybdenum, gold, ruthenium and lithium [16,26-291. The effect of 
gold in dramatically increasing resistance to carbon formation and build-up was 
previouslyshowninTable 12.1 andFigure 12.16. 

Electrically conducting oxides, which are stable under both oxidising and 
reducing conditions have been actively studied in recent years as potential 
alternative anode materials to nickel [30,67,70,74,79,80]. In principle, the use 
of such oxides as anodes would overcome many of the problems associated with 
nickel cermet anodes for use in direct reforming SOFCs, in particular those of 
carbon deposition, sulphur poisoning and sintering and the possible undesirable 
formation of nickel oxide under oxidising conditions. Such oxides also offer 
potential for direct electrocatalytic hydrocarbon oxidation. Oxides that have 
been investigated include materials based on LaMn03 [67], LaCr03 [99-1021, 
and SrTi03 [102-1041. In the case of LaCr03, calcium, strontium and titanium 
substituents have been used [101,102], e.g. Lao.7Sro.3Cro.8Tio.z03, whilst 
for SrTi03, niobium and lanthanum substitution has been investigated, 
e.g. Sro.6Tio.zNbo.~03 andLa0.4Sro.6Ti03 [ 102,1041. Doped titanium oxides have 
also been studied in this context. Mixed conducting oxides such as terbia- and 
titania-doped YSZ [105,106] and yttria- and gadolinia-doped ceria [101,107- 
15.11 have also attracted interest as potential anode materials for direct methane 
oxidation, with laboratory tests showing some promise in the temperature 
range 800-1000°C. Ruthenium-doped ceria anodes have also been studied 
[95,112,113], with therutheniumdopant enhancing thecatalytic activity. 

Recent studies have also identified some alternative anodes, one being copper- 
based and incorporating significant quantities of ceria in addition to YSZ 
[68,114] and the other adding yttria-doped ceria to nickel and YSZ [69], both of 
which have been reported to show considerable promise for the direct 
electrocatalytic oxidation of the hydrocarbon fuels, without the need for any 
co-fed oxidant. However, the conditions under which such anodes can be used 
for direct hydrocarbon oxidation may be a problem for their widespread 
application, whilst their long-term performance in terms of deactivation 
resulting from carbon deposition remains to be investigated. 

Another approach that is currently being investigated to give greater control 
of the reforming reactions in the SOFC is the development of mass transfer 
controlled steam reforming catalysts/anodes with reduced activity i3 71. The 
development of such materials would minimise the temperature gradients 
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within an SOFC and hence reduce problems due to cracking of the anode and 
electrolyte materials. This is particularly true for planar designs of SOFCs where 
even small temperature gradient across the plane can induce mechanical 
cracking of the cell components. 

12.9 Using Renewable Fuels in SOFCs 
SOFCs can be run directly on biogas and landfill gas [9,10]. Biogas is 
predominantly a mixture of methane and carbon dioxide, the composition of 
which varies both with location and over time, which presents major difficulties 
in its use, especially at low methane levels. At C 0 2  levels which are too high for 
conventional power generation systems, SOFCs could, in theory, still extract the 
power available from the methane content of biogas, however low the methane 
content. Furthermore, as C02 is inherently present in biogas in addition to 
methane, in principle biogas may be used directly in an SOFC without the 
addition of either steam or oxygen. It has recently been shown that SOFCs can be 
run on biogas over a wide compositional range of methane and C02,  with 
internal dry reforming of the methane by the C 0 2  in the biogas (Eq. (9)) [9,10]. 
Figure 12.17 shows the power output from a small tubular SOFC running 
on biogas at 850°C as a function of the methane content of the biogas, whilst 
Figure 12.18 shows the corresponding exit gas compositions from an identical 
but unloaded SOFC, which shows clearly that internal dry reforming of the 
methane by the C02 in the biogas is occurring. Power can still be drawn at even 
the lowest methane contents. Thus at methane contents below which 
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Figure 72.1 7 Power output from a small tubular SOFC running on biogas at 850°C as a function of the 
methane content in the biogas. 
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Figure 12.1 8 Exit gas compositions from an unloadedsrnall tubular SOFC running on biogas a t  850°C as 
a functionof themethanecontent in the biogas. 

conventional heat engines would have long since stopped working ( ~ 4 5 % ) ,  the 
SOFC is able to still produce useful power from poor quaIity biogas, which is 
presently disposed of by simply venting wastefully and detrimentally to the 
atmosphere. For any practical application using biogas, its high sulphur content 
requires an efficient means of at least partial sulphur removal prior to it entering 
the SOFC. Biogas can also contain other impurities, such as halides, which can 
poison the anode and any reforming cataIyst, causing deactivation of the SOFC. 

'12.10 Summary 

The elevated operating temperature of SOFCs, combined with the ability to utilise 
carbon monoxide, means it is possible to operate SOFCs directly on a full range of 
practical hydrocarbon fuels without the need for a separate external fuel 
processor, such as that required for low-temperature PEM fuel cells. The fuel 
of choice for SOFC systems for most applications is natural gas due to its low 
cost, abundance, and the existing supply infrastructure, though bottled gas 
(psopane/butane) offers significant practical advantages in certain small-scale 
applications where there is no natural gas supply infrastructure. There is 
currently interest in developing methanol powered SOFCs for operation at 
temperatures as low as 500"C, with possible uses including transport and 
portable applications. In addition, there is considerable interest in developing 
internally reforming SOFCs, running on fuels such as diesel, gasoline and 
kerosene. Recently, the possibility of using waste biogas in SOFCs has emerged: 
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biogas is cheap, readily available and totally renewable and is at present an 
under-exploited energy resource. 

Direct reforming of the fuel on an SOFC anode, although offering the simplest 
and most cost-effective design for an SOFC system, remains a major challenge. 
Significant problems need to be overcome including the susceptibility of the 
nickel anode to carbon build-up and subsequent deactivation, and sintering of 
the nickel anode particles, together with the problem of steep temperature 
gradients across the cell caused by the strongly endothermic nature of the 
reforming reaction. 

Some small-scale SOFC devices are currently being developed which use 
oxygen rather than steam as the oxidant, using partial oxidation to convert the 
hydrocarbon fuel to syngas. Whilst this confers significant advantages in terms 
of system cost and convenience for small-scale stand-alone and remote 
applications, catalytic partial oxidation is a much more difficult process than 
steam reforming in terms of achieving high selectivity towards syngas, rather 
than combustion products, whilst avoiding any carbon deposition. Autothermal 
reforming approaches to methane conversion in internally reforming SOFCs 
which use a combination of exothermic partial oxidation and endothermic steam 
reforming are currently being developed, since partial oxidation removes the 
need for any external source of heat and provides the basis for much faster start- 
up times than any approach based solely on steam reforming. 

There is much interest at present in the development of anodes which are 
resistant to carbon deposition at lower oxidant/carbon ratios in the fuel feed. 
Recent studies using doped nickel cermet anodes and certain electricaIly 
conducting oxide materials show great promise. The development of such 
anodes is particularly important for SOFCs using co-fed oxygen as the oxidant or 
small quantities of steam added to the fuel. Furthermore, the possibility of 
developing SOFCs with such anodes which can run directly on practical 
hydrocarbon fuels, without any co-fed oxidant, something which has long been 
regarded as an ultimate goal for SOFCs, is now receiving renewed and vigorous 
effort, with some encouraging results. 
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Chapter 13 

Systems and Applications 

Rob J. F. van Cerwen 

13.1 Introduction 
There has not yet been a commercial, cost-effective application of the solid oxide 
fuel cell (SOFC) technology for power generation. The closest commercial 
application of the solid oxide electrolyte technology at present is the oxygen 
sensor, which is used to control the operation of the exhaust catalyst in an 
automobile; this is essentially a single fuel cell based on yttria-stabilised zirconia 
electrolyte, which gives a small voltage output related to the oxygen 
concentration in an automobile’s exhaust gas stream. Similar oxygen sensors 
are also used in the food, metal and burner industries, in which oxygen 
measurement is of prime importance. 

Yet numerous potential opportunities exist for using SOFC systems at various 
power levels, as shown in Figure 13.1. At low power levels, around 1-10 W, 
small SOFC devices could be used as battery replacements on remote sites, where 
the cost of recharging or replacement batteries is high but where fuel for fuel cells 
is readily available. This is the market where thermoelectric generators are now 
employed, e.g. on pipelines or gas rigs [l]. At a somewhat higher power level, 
from about 100 W to 1 kW, military applications requiring lightweight portable 
power sources to be carried by troops for communication and weapon power 
become possible: batteries are too heavy and short-lived at present. Similar 
products could also be used in leisure applications, such as yachting and 
camping, where navigation systems, computers and telephones are required. In 
military applications, power may cost up to $30,00O/kW. Another high price 
market for SOFC technology is in the production of high-purity oxygen, for 
laboratory and respiratory applications. On a larger scale, SOFCs can be used to 
produce oxygen for the chemical industry (for production of syngas), metal 
industry, and for coal gasification. 

A major application of SOFC systems is perceived at the 1-10 IrW level to 
supply power to residential buildings and as auxiliary power units in vehicles 
and trucks. A number of projects are underway at present to show the feasibility 
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Figure 13.1 PotentialapplicationsoftheSOFC technology. 

of this concept, in which the capital cost of the SOFC system needs to be in the 
range of $400-1000/kW. The potential market for such SOFC systems 
worldwide is very large, approaching several hundreds of billions of dollars 
annually, once the technical and economic criteria are met. At the larger end of 
this market is the distributed power generation and the cogeneration (combined 
heat and power, CHP) sector, which, a t  present, is served by combustion engines 
such as diesels or small turbines, with outputs of about 10 kW to a few MW. For 
commercial acceptance, the SOFCs must be reliable and should have low 
maintenance to compete with diesel engines, which are relatively low in cost but 
detrimental to the environment. Above this power range, greater than 1 MW, 
SOFC systems can augment existing turbine power plants to improve efficiency 
and reduce emissions. Integrated with gas turbines, large SOFC hybrid power 
systems could be up to 70% efficient in converting fuel to electricity. 

For SOFC commercialisation, it is important to identify suitable applications 
and realise successful demonstrations early in light of the concept of an  early 
market and a mainstream market for any new technology: Moore 121 discussed 
the concept of a chasm between these two markets. The early market is formed by 
people who are enthusiastic about the technology and people who see 
possibilities for its exploitation (visionaries): this market is usually relatively 
small and quickly saturated. On the other side of the chasm is the mainstream 
market, where pragmatists expect reliable systems at  a competitive cost now 
with only a little concern about any bright future. Therefore, identifying suitable 
SOFC applications, demonstrating system reliability and lifetime, and lowering 
system cost is vital in order to convince the pragmatists to buy and thus to enter 



Systems and Applications 365 

Crossing the Chasm: 
reduce system costs 
demonstrate system reliability and lifetime 
identify niche markets T 

The 
Chasm a 

Figure 13.2 The main challengefor the SOFC technology is to cross the chasm between the early market 
and the mainstream market [2]. 

the mainstream market. Crossing the chasm (Figure 13.2) is, at the moment, the 
main challenge for solid oxide fuel cell technology. 

This chapter first considers the trends in the energy markets that are driving 
towards utilisation of SOFC technology for electricity generation in various 
applications. Then SOFCs are compared with combustion engine generators and 
the potential application areas of SOFC systems are explored in detail. Designs 
and performance of SOFC systems are then analysed, followed by examples of 
SOFC systems and their demonstrations. 

13.2 Trends in the Energy Market and SOFC Applicability 

Three major trends currently dominate energy markets: liberalisation, growing 
environmental concerns, and a move towards distributed power generation. 
Liberalisation of the energy markets leads to less predictable energy prices. A 
power generation capacity shortage, or maybe just an  apparent shortage, may 
lead to high electricity prices as was the case in California in 2000. A surplus of 
generation capacity, as existed in Europe in the same year, causes a fall in 
electricity prices. Industrial electricity prices in European countries dropped 
more than 30% in the 1995-2000 period [ 3 ] .  This resulted in many combined 
heat and power generation (CHP or cogeneration) projects becoming 
economically unfeasible, especially those projects that were heat load following, 
meaning that the system was sized to deliver base heat load and surplus 
electricity was sold to the grid. During night time, the price received for 
electricity delivered to the grid was barely higher than the avoided fuel cost for 
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large power plants and not nearly enough to pay the on-site fuel cost. As a result, 
Germany and the Netherlands now subsidise electricity delivered to the grid by 
certain cogeneration systems with 0.6 to 2.6 US cents per kWh. 

Our environment is closely affected by power generation. Use of fossil fuels is 
the major source of emissions of carbon dioxide and the so-called regulated 
pollutants: particulate matter (PM), oxides of nitrogen (NO,), oxides of sulphur 
(SO,), and unburned CO and hydrocarbons (HC). On local, regional and global 
levels, these emissions are harmful to our health and our climate. Reducing 
global use of fossil fuels in order to reduce emissions is the most sensible option 
but that is not likely in the foreseeable future. The US Department of Energy [3] 
expects the world energy consumption to rise by 60% from 1999 to 2020, to 650 
trillion MJ. Of this, electricity consumption will increase 66% to 22 trillion kWh. 
Use of renewable energy is another desirable option to diminish carbon dioxide 
emissions and, in the case of solar and wind power, emissions of regulated 
pollutants. Although the use of renewable energy is expected to increase more 
than SO%, its share in total consumption is expected to drop from currently 9% to 
less than 8%. As both reducing the world energy consumption and increasing 
the share of renewable energy seem unfeasible, other options must be 
envisioned. Clean, highly efficient fossil power plants, combined heat and power 
generation, and C02 abatement are considered feasible options [3,4]. 

Another effect of liberalisation of energy markets has been that electricity 
from the grid and natural gas have become commodities. Customers are free to 
buy their gas or electricity from anywhere they want. They pay separately for 
the generation and for the transmission of electricity. Before liberalisation of the 
markets, the cost of the transmission of electricity through the grid was more or 
less included in the electricity price. Now, a connection to the grid might be seen 
as an investment that must be weighted against the investment in an on-site 
generation system. Reliability of power supply is another decision factor with 
respect to the choice between on-site generation and a connection to the grid. 

Distributed power generation, the on-site generation of electricity rather than 
buying it from the grid, also impacts the electricity market. Reasons for 
implementing distributed generation include [ 51: 

0 Power reliability. Businesses such as computer centres, mail distribution 
facilities, credit card processors, and industries with high start-up or shut- 
down cost for their processes, are potential implementers of reliable 
distributed generation. The reliability of the grid is three to four ’nines’ 
(99.9-99.99%. meaning 1-9 hours of outage per year). The reliability 
of distributed generation using SOFCs could be five to six nines, that is 
30 seconds to 5 minutes of outage per year, due to trading the electricity 
grid for a less vulnerable gas supply that does not require immediate 
balancing. Reliability required for ‘digital power’ for computer centres, 
etc., is nine to ten nines, i.e. 3-30 ms outage per year [6]. 
Power quality. Some industries, for instance chip manufacturers, are very 
sensitive to disturbances in the electric power quality. One way to solve 
this problem is to generate high quality, on-site power using fuel cells. 

0 
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0 Absence of a grid in certain areas automatically leads to a need to install 
on-site power generation capacity. 

0 Solar and wind power are also distributed sources of electricity 
which can readily be connected to the grid to minimise environmental 
concerns. 

SOFC systems fit well with these trends in the energy markets. Although 
liberalisation of the markets means more uncertain electricity prices, the higher 
efficiency of these systems lowers the marginal cost of the generated electricity, 
making it easier to compete with the grid. The environmental benefits from SOFC 
technology are evident and fit remarkably well with the trend towards clean, 
highly efficient fossil power plants, combined heat and power generation, and 
C 0 2  abatement. Reliability of SOFC systems has to be proven yet, although 
prospects are very favourable. The quality of the power delivered from the 
SOFC systems is generally high, due to the advanced power electronics used. In 
short, the SOFC systems, from a technological point of view, are extremely 
promising with respect to present energy market trends. However, their cost- 
competitiveness with other established power generation technologies remains a 
major issue: this is discussed in the next section. 

13.3 Competing Power Generation Systems and SOFC 
Applications 

Figure 13 .3  shows the electrical efficiency of different power generation systems 
versus the system size. Advantages of fuel cell systems are a high electrical 
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Figure 1 3.3  The electrical efficiency versus size for conventional andfuel cell power systems. 
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efficiency, even in small systems, plus the best electrical efficiency in fuel 
cell/turbine hybrid systems. 

Table 13.1 gives a more detailed overview of the main competitors of the SOFC 
systems. The cost range for gas turbines and gas engines is large: the lower costs 
are for systems in the higher system sizes and vice versa. The same is true for the 
efficiency. Emissions of CO and hydrocarbons are not included in Table 13.1 but 
scale more or less with the NO, emissions. 

Table 13.1 Overview of competitive conventional natural gas-fired power generation 
systems [7-111 

Microturbine Gas engine Gas turbine Combined cycle 

Power range 25-100 kU7 
Electrical efficiency (%) 2 6-3 3 
Lifetime (year) > 10 

Investment cost ($/kW) 1000-2000 
NO, emission (g/GJ) 20-50 

Maintenance and operational 1.0-2.0 
cost (cent/kWh) 
Technology Developing 

25kW-5MMr 3-1OOMW > l O W  
20-40 3 0-4 2 50-58 
15-20 15-20 15-2 5 
100-150 20-50 15-3 5 
500-1200 500-1100 400-600 
1.0-1.5 0.3-0.6 0.2-0.3 

Mature Mature Mature 

The gas turbine/steam turbine combined cycle is the main competition to large 
SOFC/turbine hybrid systems from a cost-of-electricity point of view. Specific 
investment costs and maintenance costs are low, resulting in a very low cost of 
electricity (approximately 2.5 US cents per BWh). This can be regarded as a 
reference commodity price for electricity from the grid. Gas engines like diesels 
and gas turbines have a lower electrical efficiency together with higher 
emissions and higher maintenance cost, but the installed cost is attractive. 
Microturbines are still under development; their power range will probably 
extend to that of a conventional gas turbine, providing serious competition for 
the gas engine. It is expected that the cost of microturbines will eventually go 
down to the $500/kW range [12]. A distinct advantage of the microturbine, the 
gas engines and the conventional gas turbines, as compared with the SOFC 
systems, is the shorter start-up time. Dynamic properties (control range and 
control speed) might also be better, although the electrical efficiency 
significantly decreases at part load, whereas SOPC systems generally show an 
increasing efficiency at part load. 

Thus, SOFC/turbine hybrid systems are better than conventional combustion 
systems in terms of electrical efficiency, part-load efficiency, and emissions. 
Reliability and maintenance cost of mature SOFC systems will probably be 
comparable with gas turbine systems and certainly better than gas engines. 
Attributes of SOFC systems in the field of control speed, control range, 
investment cost and lifetime have yet to be fully established. The longer start-up 
time of SOFC systems is a clear disadvantage for certain market applications, for 
instance, the uninterruptible power supply market and the auxiliary power units 
for the transportation market. 
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SOFC prototype systems of up to 1 MW size are currently planned [13], 
with further SOFC systems going up to 20 MW size [14,15]. In the higher 
size range, the competition from gas turbine/steam turbine combined cycle 
systems will probably be too strong, but in the lower size range, two important 
markets can be anticipated: distributed power generation and combined 
heat and power generation (CHP). Other markets like uninterruptible power 
and peak shaving are not as attractive for SOFC systems because they require 
fast-starting, low-investment systems, whilst efficiency and emissions are of 
less importance. 

The market for distributed power can be divided into a residential market 
(1-10 kW), a commercial market (50-500 kW), and an industrial 
market (1-20 MW). Residential market includes single-family homes and 
apartments, etc. Commercial market includes computer centres of financial 
institutions, insurance companies, stock exchanges, etc., hospitals, nursing 
facilities, department stores, restaurant chains, airports, traffic control centres, 
military bases, and police stations, etc. A typical example of an industrial market 
is the microchip industry where distributed power is one of the top priority areas 
[12]. In 2010, at least 20% of the newly installed capacity in the USA is expected 
to be distributed generation. Given an average yearly US capacity increase of 
10.5 GW from 2000 to 2010 [16], this means at least 2.1 GW of distributed 
capacity per year. In Europe, the average yearly capacity increase for this period 
is 7.5 GW, resulting in a distributed generation potential of 1.5 GW yearly, also 
assuming 20% distributed generation. 

In the USA, CHP accounts for approximately 7% of the total generation 
capacity [ 121. The industrial market (most importantly chemicals, paper, 
refining, food and metal) accounts for 90% of the current CHP installations, 
the commercial market for the other 10%. The CHP potential in the USA is large: 
88 GW for industrial cogeneration and 75 GW for commercial cogeneration. If 
only a 2-3% of this potential is realised per year, it means a yearly CHP potential 

In 1997, the European Commission set a target to double CHP output as a 
proportion of electricity generation from 9 to 18% by 2010 [19]. A scenario 
study showed that in the most pessimistic case this percentage would not 
increase at all, while in the most optimistic scenario gas-fired CHP would 
increasefrom35 GWin 1997to 135 GWin2010, anaveragegrowthrateof4.2 
GW per year. According to this optimistic prediction, approximately 22% of 
the total electricity output in the European Union will be CHP-based by 
2010. The conclusion E191 was that this percentage could only be achieved with 
the creation of a significant cogeneration market in the residential sector. 

Residential cogeneration is seen as a relatively low-risk market (Figure 13.4 
[19]), partly because development times required for small systems are shorter 
and the investment level is lower. Retail prices for residential electricity are 
relatively high. In countries with many rural areas and a weak or unreliable 
grid, cogeneration will significantly increase the reliability of the electricity 
supply and will, in most cases, be less costly than upgrading many miles of 
transmission and distribution lines. In the US, the nation’s 900 rural electric 

of 3.3-4.8 GW. 
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Figure 13.4 Perceived risk towards thedevelopment ofcogenerationplants versus thesize of theplants[ l9] .  

co-operatives sell 8% of the total electricity but own nearly 50% of the electric 
distribution lines [20]. The market for CHP in these areas is estimated to be 
several hundreds ofMW [20]. 

Besides these stationary power markets, mobile applications can be predicted 
in ships, locomotives and auxiliary power units for automobiles, trucks, and 
recreational vehicles. One of the significant advantages of SOFC technology in 
these applications is the fuel flexibility. 

13.4 SOFC System Designs and Performance 

In the SOFC systems, fuel and air enter the SOFC stack, and electricity, exhaust 
gas and possibly hot water or steam exit the system. Such systems include 
atmospheric SOFC CHP systems: pressurised SOFC/turbine hybrid systems; 
atmospheric SOFC residential and auxiliary power systems: and oxygen 
separating systems. The difference between an SOFC stack and an SOFC system is 
generally referred to as the balance-of-plant (BOP). BOP equipment may differ for 
each application, depending on the size of the system, the operating pressure, 
and the fuel used. 

13.4.7 Atmospheric SOFC Systems for Distributed Power Generation 

Figure 13.5 shows an example of the main balance-of-plant equipment for an 
atmospheric SOFC system; it is a simplified scheme of a system built by the 
Siemens Westinghouse Power Corporation by using tubular SOFCs and 
demonstrated in Westervoort, the Netherlands [2 11. In this example, the SOFC 
stack is integrated with a pre-reformer for reforming higher hydrocarbons in the 
natural gas and a catalytic burner into a single SOFC generator module. 
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Figure 13.5 The main components of a typical atmospheric SOFCsystem 121 1. 

Figure 13.5 shows that fuel is desulphurised before it enters the SOFC stack. 
Sulphur in m y  form is harmful to the SOFC stack; it poisons the nickel- 
containing anode and reduces the stack performance. The sulphur level must 
generally be below 0.1 ppm to avoid a performance loss [22]. However, any 
performance loss due to low concentrations of sulphur in the fuel is a reversible 
process [23,24]. Natural gas contains far less sulphur than oil-derived 
liquid fuels, but generally a sulphur-containing odorant (mercaptans or 
tetrahydrothiophene) is added to a level of approximately 4-5 ppm [22,25]. A 
common way to remove sulphur compounds is to hydrogenate them in a 
catalytic reactor with hydrogen to hydrogen sulphide and absorb hydrogen 
sulphide at an elevated temperature (up to 450OC) in a separate reactor 
containing zinc oxide. Absorbing sulphur compounds by means of activated 
carbon is easier because it works at room temperature, but it is almost ten times 
as costly [22,26]. 

The heavy hydrocarbons in the fuel must be pre-reformed to methane, carbon 
monoxide and hydrogen to avoid carbon formation in the SOFC stack. Generally, 
steam reforming is used. Recirculating part of the SOFC exhaust stream, as 
shown in Figure 13.5, can be used to supply steam to the reformer and this has 
the additional advantage that the overall fuel utilisation increases. 

Due to the cell voltage drop as a result of the decreasing fuel concentration 
towards the exhaust side of the stack, only a certain percentage of the available 
fuel can be electrochemically converted to electricity and heat. An overall 
utilisation of 85-90% is considered a practical maximum. At higher fuel 
utilisations, nickel may oxidise locally. A catalytic burner is used to burn the 
remaining fuel from the anode side with the surplus air from the cathode side. 

The exhaust gas is led through a recuperator to heat the air before it enters the 
stack. A temperature of at least 500°C is necessary to avoid thermal shock that 
may cause possible irreversible damage to the stack. An additional heat 
exchanger is used to produce hot water. By positioning this heat exchanger 
between the two recuperators, as shown in Figure 13.5, process steam can be 
generated instead of hot water. 
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An SOFC stack produces direct current (DC). An inverter is used to convert the 
DC to grid-quality alternating current (AC). State-of-the art inverters are based 
on fast switching semi-conductors. In general, a two-step converter is used. The 
first step is a DC-DC stabiliser to transform the stack voltage to a stable DC 
voltage. In the second step, DC power is converted to grid quality AC power. Most 
inverters are able to supply as well as to take in reactive power. Reactive power 
or idle power is typical for alternating current grids. It refers to power flows with 
voltage and current in opposite phase. Just like normal power flows, reactive 
power flows must be balanced in the grid. Reactive power flon7s are caused by 
capacitive and reactive loads in the grid, such as electric motors and strip lights. 
Fast switching semiconductor inverters can be used for locally balancing the grid 
and maintaining the required grid voltage. The inverter efficiency typically 
ranges from 94 to 98% [22,26,27]. 

Additional SOFC system components are: 

0 

0 

0 

0 

0 

0 

A blower to supply air to the system (the only source of noise, and a major 
parasitic electricity consumer). 
Air filters: the air does not have to be particularly clean, and therefore a 
common air filter suffices. 
An air heater, to start the SOFC generator module and sometimes used to 
run at low load, when stack temperature may be low. 
Control equipment and user interface for remote load control, reactive 
power control and grid-independent operation. 
Purge gas systems to avoid damage to the stack during start-up or to flush 
the stack during an emergency shutdown. 
Start-up steam generator to supply steam to the pre-reformer. 

For such atmospheric CHP systems, an electrical efficiency of 45-50%. based 
on lower heating value (LHV) of the fuel, is considered the upper limit 
[21,26,28], while a total thermal and electricalefficiency of 8 5 9 0 %  is feasible. 

Emissions from such natural gas-fuelled SOFC systems are negligible except for 
COz. This is partly due to the fact that a clean fuel is used, with a desulphuriser to 
remove sulphur from natural gas, leading to very low levels of SO, and 
particulates. But the main cause of low emissions is the lower operating 
temperature of an SOFC stack compared with a conventional burner, preventing 
the formation of NO, from oxygen/nitrogen reaction which typically starts 
above 1000°C. Higher hydrocarbons are converted to hydrogen and carbon 
monoxide at the stack inlet and catalytic burning of the spent fuel at the stack 
exit removes all remaining carbon monoxide. 

Another concept for atmospheric SOFC systems is a multi-stage fuel cell 
generator. In this concept, the SOFC stack is divided into different stages, 
operating at different temperatures and fuel utilisation. In theory, a higher 
stack voltage at a higher fuel utilisation can be obtained. Some sources 
calculate efficiencies of 75-80% for multi-stage SOFC systems [2 7,291, 
although other sources predict only a small efficiency gain compared to a 
single-stage stack [22,26]. 
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AIR- 

13.4.2 Residential, Auxiliary Power and Other Atmospheric SOFC Systems 

Residential and auxiliary power units (APUs) are also atmospheric systems: at a 
power level of 1-10 kW, pressurisation is not useful. The general layout of 
these systems does not differ much from the atmospheric system outlined above. 
Figure 13.6 shows the main sub-systems of a 5 kW size auxiliary power unit 
fuelled by gasoline [30]. Typical of this small system is the close thermal 
integration as relative heat losses increase with decreasing size and the use of a 
partial oxidation fuel reformer to pre-process the gasoline. Partial oxidation 
reforming is generally less efficient than steam reforming, but needs a much 
smaller reactor. The APU unit in Figure 13.6 also includes a battery to provide 
for peak power and to level the load of the SOFC stack. An electrical efficiency of 
up to 30% may be expected from such gasoline-fuelled APUs. As for residential 
systems operating on natural gas, this efficiency is expected to be up to 40%. 

ProcessAlr & 
i Fuel Reformer __f - 

T soFc 
Stack 

FUEL 

i Waste Energy 7 Recovery - 
Figure 13.6 The main subsystems of an SOFCauxi~iarypower unit 1301. 

Power Electronics: 42 VDC -p System Controllers + 
3-5 kW and Battery 

The SOFCs can also serve as an excellent generator of synthesis gas [ 3  1-3 31. 
This ‘syngas’ is a mixture of carbon monoxide and hydrogen and is used as a raw 
material in many chemical processes, for instance in the production of hydrogen, 
methanol and other liquid fuels from natural gas. The traditional way of 
cryogenic separation of oxygen from air is an important fraction of the cost 
of syngas production (25-45%). So, the application of SOFC technology for the 
combined production of power and syngas, or the combined production of heat. 
power and syngas is promising. 

It is relatively easy to separate carbon dioxide from water in the anode exhaust 
stream. thus opening the possibility for carbon sequestration. In a conventional 
natural gas combined cycle plant, the electrical efficiency drops from 55 to 
4 7 4 8 %  if C02 is captured. The investment cost also almost doubles due to C 0 2  
capture measures, thus increasing the cost of electricity by about 1 US cent per 
ItWh. The penalty for separating C02 from SOFC anode gas is far lower (in both 
investment and electrical efficiency). A C02 separating SOFC system based on a 
pressurised SOFC generator combined with a gas turbine is expected to hardly 
lose any efficiency when C 0 2  is captured, with the additional advantage that 
pressurised C02 becomes available for other applications [3 41. 
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The key to C02 capture from an SOFC is omitting the conventional 
after-burner. Instead, the fuel side is sealed from the air side and the anode 
exhaust gas is electrochemically oxidised in a special after-burning section 
through an oxygen-selective ceramic membrane. Cooling the exhaust gas 
separates the water vapour from carbon dioxide (Figure 13.7). Developing an 
effective high-temperature seal and a suitable oxygen-selective membrane are 
the challenges for this design. Another challenge is to design and control for 
exactly 100% oxidation ofthe anode gas [34]. 

+ Air side 

* Fuel side 
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13.4.3 Pressurised SOFClTurbine Hybrid Systems 

Combining a pressurised SOFC stack with a gas turbine [18,27,29,35,36] 
promises very high electrical efficiencies (60-75%), even at a relatively small 
1 M W  scale, with negligible harmful emissions except for C02. Figure 13.8.1 
shows the simplest design for a gas turbine (GT). A compressor compresses air to 
3-30 bar: fuel is burned with the compressed air (typically 3 to 4 times the 
stoichiometric amount): and exhaust gas (800-1300°C) is expanded in a turbine 
that is mechanically coupled to a generator and to the compressor. Due to the 
expansion in the turbine, the exhaust gas temperature decreases to 2 50-600°C. 
The higher the pressure ratio between the turbine inlet and exhaust, the lower 
the exhaust temperature. The overall electrical efficiency ranges from 20% for 
small size turbines to 3 5% for large industrial turbines. 

Figures 13.8(2)-13.8(6) show several configurations for conventional gas 
turbines [36,37] that can be used for hybrid SOFC/GT systems as well. In 
principle, all that has to be done is to replace the conventional combustion 
chamber in a turbine with a (pressurised) SOFC generator. The different 
configurations in Figure 13.8 are discussed below. 

0 Configuration 2: using a recuperator decreases the amount of natural gas 
necessary to heat the air, thus increasing the electrical efficiency to 40% or 
higher. However, it is a more expensive and complicated system, and there 
will be a slight loss in maximum power due to the pressure losses in the 
recuperator. 
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Pigure 13.8 Possible gas turbine configurations 136,371. Configurations 2 to 6 can be used for hybrid 
systems bg replacing theconventional burner with a (pressurised) SOFCgenerator. 

Configuration 3: this configuration uses an indirectly fired turbine. The 
main advantage is that the SOFC generator (replacing the conventional 
burner) operates at atmospheric pressure, avoiding expensive 
pressurisation of the generator and a more complicated control system. 
Configuration 4: by using an intercooler between consecutive compressor 
stages, the compression becomes more efficient as it approaches ideal 
isothermal compression. It also means a trade-off between a higher initial 
investment and a higher electrical efficiency. 
Configuration 5: at the turbine side, an ideal isentropic expansion can 
be approached by reheating the exhaust gas between turbine stages. 
Again, it is a trade-off between a higher initial investment and a higher 
electrical efficiency. 
Configuration 6: to obtain a more flexible part-load behaviour, a separate 
power turbine can be used. Generally, the part-load efficiency is higher 
in the case of a double-axis gas turbine than in the case of a single-axis 
gas turbine. 

It is important to rearise that the air inlet temperature of an SOFC generator 
must be at least 500-650°C [22,27,36] to avoid thermal shock and possible 
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da.mage to the SOFC stack. Therefore, heat recuperation is necessary. The choice 
of the pressure ratio between the gas turbine inlet and outlet is also limited 
because at high pressure ratios, the exhaust gas temperature becomes too low to 
heat the air to the required inlet temperature of at least 500°C. A pressure ratio of 
2-4 is necessary, unless there is additional heating by conventional burners. 
Without additional heating by conventional burners, the SOFC stack delivers 
about 6 540% of the total electrical power output of the hybrid system. 

The efficiency of a SOFC/GT hybrid system depends on the system size, the 
configuration used (Figures 13.8(2)-13.8(6)), the use of additional heating by 
conventional burners and the performances of the particular SOFC and gas 
turbine technologies used. Efficiencies may range from 55 to 60% for a small, 
simple SOFC/GT system in the 250  kW to 1 MW range to almost 68% for a 
5-10 MW SOFC/GT system with intercooler and reheating by a separate SOFC 
generator. A total efficiency (thermal and electrical combined) of 8 5 9 0 %  may 
be expected. Emissions of NO, mainly depend on whether a conventional burner 
is used in the hybrid system, but will, in any case, be considerably lower than 
that for a comparable conventional gas turbine. 

Another interesting hybrid concept consists of an SOFC combined with a low- 
temperature (polymer electrolyte) fuel cell. The basic idea is to generate a 
mixture of carbon monoxide and hydrogen (syngas) in the SOFC stack. This 
syngas is then converted with steam to produce hydrogen by using a shift reactor 
and then used in the polymer electrolyte fuel cell stack to produce additional 
electricity. Any remaining carbon monoxide in the feed gas must be removed 
first, for instance by preferential oxidation. At lower temperatures less than 
1OO"C, the conversion efficiency of hydrogen to electricity is considerably higher 
than at higher SOFC generator temperatures. At an operating temperature of 
80"C, the intrinsic maximum efficiency for a hydrogen fuel cell is 93% whereas at 
1000°C it is only 73% [23]. 

13.4.4 System Control and Dynamics 

When controlling SOFC systems, the main control parameter is the electrical 
power output of the system. This AC output is determined by the inverter 
connected to the SOFC stack. The fuel supply to the stack must follow the DC 
power demand by the inverter, which is needed to deliver the required AC power. 
This is more complicated than controlling gas turbines, whose power output is 
related directly to the fuel flow. In the case of a SOFC/GT hybrid system, power 
control is even more complicated since both the gas turbine generator and the 
SOFC stack deliver power. A major concern in load following is the risk of 
retaining residual unburned hydrogen and carbon monoxide in the stack, due to 
a sudden load drop [3 51, which can be difficult to handle. 

If grid-independent operation is required, a more complicated control system is 
necessary. A frequency control must be added. The inverter has to be able to 
supply as well as to demand reactive power. Especially when an asynchronous 
generator (the most common type of generator) is used in a hybrid system, the 
inverter must supply reactive power for grid-independent operation. 
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Synchronising the unit to the grid, when going from grid-independent operation 
to operation parallel to the grid, is necessary. If several SOFC systems are used to 
support an independent grid, a load sharing control is necessary. 

Closely related to the power control is the fuel utilisation control. At the same 
power level, different levels of fuel utilisation are possible. If the fuel utilisation is 
too low, a relatively large amount of anode exhaust gas is burned in the catalytic 
after-burner. This may cause problems with overheating and thermal shock. If 
the fuel utilisation is too high, the oxygen partial pressure at the anode side may 
locally become so high that nickel might oxidise, causing irreversible damage to 
the nickel anode. Both effects limit the fuel utilisation within certain limits. With 
respect to system efficiency, there is an optimum fuel utilisation. At a lower 
utilisation. the efficiency decreases because fuel is burned in the after-burner 
instead of being electrochemically converted to DC power. At higher fuel 
utilisation, the cell voltage drops, also causing an efficiency drop. A generally 
used level of fuel utilisation is approximately 85%. 

Another important control is the SOFC stack temperature control. 
Theoretically, there is an optimum stack temperature. Lowering the stack 
temperature means a more favourable electrochemical conversion of hydrogen in 
the stack: increasing the stack temperature means a lower electrolyte resistance. 
At the optimal stack temperature, these effects are balanced. A higher stack 
temperature also increases the stack degradation, and in practical applications 
there ~ i I l  be an economic trade-off between a higher system efficiency and 
replacement cost of the SOFC stack. Changing the amount of cooling air through 
the stack controls the stack temperature. At lower power levels, less cooling air is 
needed. As the stack efficiency increases at lower power levels, the required 
amount of cooling air decreases more than proportional to the power level. As for 
small SOFC systems, it is, therefore, possible that heat losses at part-load may be 
higher than the internal heat production and additional heatingmight beneeded. 

To avoid carbon formation in the SOFC stack, a minimum steam-to-carbon 
molar ratio of 2.5-3.0 is needed [7]. This ratio is maintained by controlling the 
amount of recirculation of H20-rich anode exhaust gas. 

As for SOFC/GT hybrid systems, it is important to avoid surge in the 
compressor. There will be surge when the air flow is low in relation to 
the pressure ratio over the compressor. If the air flow is too low to maintain the 
upstage pressure level, the flow suddenly collapses, causing the output pressure 
to drop to a lower level. Pressure will then build up again until the air flow 
collapses once more. This causes repeated jolts in the compressor which can 
mechanically damage it. 

Important dynamic features of an SOPC or SOFC/GT system are control 
speed, control range and start-up time. Control speed is mainIy limited by the 
inertia of the rotating machinery (for hybrid systems), the fuel gas volume in 
the stack and the fuel ducts up to the fuel control valve, and the tuning of the 
power control loop. Load excursions can, depending on the duration, be 
handled by the fuel cell alone or, in case of hybrid systems, by the total system 
[35]. Control range is important in case of load following applications (for 
instance grid independent operation). The danger of surge in the compressor 
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may limit the control range of an SOFC/GT system. Reducing the power to 
60-70% of full load does not seem to pose any problems [24,38,39]. In 
order to extend the control range further down, additional air or exhaust 
bypass/bleed valves may be needed. 

Due to a high SOFC stack mass, heating the stack from the ambient 
temperature to an operating temperature of approximately 1000°C can take 
several hours. Using an SOFC for stand-by power is only possible if the unit is kept 
at a minimal operating temperature at all times. Depending on the system size, 
this might cause considerable stand-by losses. It is estimated that it will still take 
several minutes to proceed from hot stand-by to actual power delivery. 

73.4.5 SOFC System Costs 

There is a large potential market for distributed power and CHP that can be 
fulfilled by SOFC systems. The high SOFC system cost is the main obstacle to 
penetration of this market. A capital cost of $1000-$ 1500 per kW is very often 
quoted for SOFC systems to be competitive. Current capital costs are considerably 
higher, although these costs are continually coming down as the development 
proceeds. 

In order to accelerate the commercialisation of solid oxide fuel cells, the US 
Department of Energy initiated the Solid State Energy Conversion Alliance 
(SECA) programme in 2001. It is a collaborative effort between the funding 
agencies (primarily the department of energy), US industry, and universities 
and other research organisations. SECA programme’s strategy is based on 
developing a common 3-10 kW size SOFC module that can be mass-customised 
for use in multiple products for stationary, transportation and military 
applications. The combined large volume in these multiple applications is 
expected to lead to a reduction of cost to $800 per IrW in 2005 and $400 per kW 
in 2010 [40]. 

The total SOFC system cost consists of the costs of the cells, the generator 
(taking the cells and connecting them with interconnects, seals, etc., and 
building a stack with thermal insulation), and the balance-of-plant. At present, 
all three costs are high, although the main emphasis in cost reduction has 
been on reducing the cost of the cells. The cost of cells depends on the cell 
geometry, particular materials used (e.g. metallic or ceramic interconnect), and 
the particular fabrication processes used, and varies widely. The estimates for 
raw materials costs vary from generally $70 per kW for planar SOPC stacks with 
metal interconnects to $300 per kW for planar all-ceramic SOFC stacks 1117,411. 
However, such cost estimates are very approximate and depend on a large 
number of assumptions. It is fair to say that one needs to reduce the cost of every 
item in a SOFC system and simplify the system as much as possible to meet the 
commercial cost targets for the various SOFC systems. 

The main operational costs for a SOFC system are desulphuriser absorbent and 
catalyst replacement: regular gas turbine maintenance (including air filter 
replacement) for hybrid systems: SOFC stack replacement: and plant operation 
and administration. Siemens Westinghouse expects Operation and Maintenance 
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(O&M) costs for hybrid systems from 0.45 to 0.56 cents per kWh [22,26]. This 
includes stack and gas turbine replacements. It might be expected that O&M 
costs ofhybrid systems will be comparable to those of gas turbines (0.3-0.6 cents 
per kWh, Table 13.1), as the cost of desulphurising fuel is not very significant. 
Therefore, an O&M cost estimate of 0.45-0.56 seems realistic. O&M costs for 
atmospheric systems will be lower since only the air blower needs to be 
maintained. 

73.4.6 Example of a Specific SOFC System Application 

This section shows an example of the economic feasibility of using a SOFC/GT 
hybrid system for greenhouse cultivation of roses. Greenhouse cultivation is an 
interesting market for fuel cells because it needs heat, electricity and C 0 2  to 
stimulate the growth of flowers or vegetables. All three can be supplied by a 
SOFC/GT hybrid system. In this specific application, the greenhouse has a fairly 
constant need of electricity for assimilation illumination for 4000 hours per year 
[42]. As assimilation illumination is mostly needed in the evening and at night 
time in order to extend the growth period of the roses, the system delivers 
electricity to the grid during daytime when the price for electricity delivered is 
higher than during night time. The generated heat and exhaust gas can be used 
to heat the greenhouse and for C 0 2  fertilisation. In this calculation, the avoided 
C02 and NO, emissions compared with a conventional gas engine CHP are 
capitalised. The maximum cost of avoided C02 is estimated to be $50 per ton, 
based on abatement cost for central power stations [43,44]. The cost of avoided 
NO, is $1700-S2800 per ton, based on cost for NO, removal technologies for 
central power stations [45]. 

Figure 13.9 shows a sensitivity diagram regarding the cost of electricity. The 
electrical efficiency of the SOFC/GT hybrid system is assumed to be 60%, and 

Cost of Electricity ($/kWh) 
parameter values 0.03 0.04 0.05 0.06 

specific investment (1500 $/kWe) 1000 2000 2ss= 5% 80% -7 0% 1 5% 

natural gas cost (4 S G J )  

depreciation time (1 0 year) 

capital recoveryfactor (10 96) 

heat utilization (50 %) 

avoided cost of NOx emission (1.7$/kg) 

COn utilization (25 %) 50% 

0.0046 0.0056 
50.0 x” avoided cost of COz ernisslon (25 $/ton) 

maintenance cost (0.0051 $/kWh) 

Figure 13.9 Cost ofelectricity (COE)  for a SOFC/GT hybrid system in a greenhouse application. For every 
parameter, the sensitivity of the COE for this parameter is shown, including the assumed minimum and 

maximum parameter values. 
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the thermal efficiency 30%, with 8000 operating hours per year. The SOFC 
system cost is estimated to vary between $1000 and $2000 per kW. Other 
parameter values are shown in Figure 13.9, which shows that the cost of 
electricity (COE) is approximately $0.048 per kWh at average parameter values. 
As might be expected, the COE mainly depends on the specific investment cost 
for the SOFC/GT hybrid system and the natural gas price. Also, the cost of 
electricity depends more on the financial appreciation of the investment (capital 
recovery factor and depreciation time) than on the cost of avoided COz and NO, 
emissions. The avoided COz and NO, emissions account for a decrease in the 
electricity price of $0.004 per kWh. In other words, the capitalised avoided 
emissions correspond to a capital cost benefit of $200 per kW for the SOFC 
system. At current costs, this is insignificant, but it may tip the balance in the 
future market penetration. 

13.5 SOFC System Demonstrations 

Table 13.2 lists the major SOFC system manufacturers worldwide; this list does 
not include research institutes, universities, and manufacturers of solely ceramic 
components. Many of these manufacturers have built and tested SOFC stacks in 
their own facilities. Only Siemens Westinghouse, Sulzer Hexis and a few other 
companies have built fully integrated SOFC systems, and operated them at 
customer sites: these systems are described in this section. 

73.5.1 Siemens Westinghouse Systems 

Since 1986, Siemens Westinghouse has tested at least 12  fully integrated SOFC 
systems on customer sites, ranging from 0.4 kW to 220 kW [47]. The most recent 
demonstrations were a 100 kW atmospheric SOFC system, operated in 
Westervoort, the Netherlands, by a consortium of Dutch and Danish energy 
companies and a 220 IrW SOFC/GT hybrid system, installed and tested at the 
National Fuel Cell Research Center on the campus of the University of California- 
Irvine for Southern California Edison [48-5 11. These two systems are discussed 
below. 

73.5.1.7 100 kW Atmospheric SOFC System 
The 100 kW atmospheric SOFC system layout was shown in Figure 13.5: Figure 
13.10 shows a photograph of the system. This system delivered electricity to the 
Dutch grid and hot water to the local district heating system. The SOFC stack 
consisted of 1152 tubular cells, in 48 cell bundles of 24 cells each, with eight 
cells in electrical series and three in parallel. Each cell had an active area of 
834 cm2 and produced approximately 110 W AC at nominal power conditions. 
System operation started in February 1998. In June 1998, the system was shut 
down because of observed voltage degradation from the stack. Inspection 
revealed a broken baffle between the depleted fuel plenum and the combustion 
zone, fuel leakage around the active stack area, and separation of some nickel felt 



Table U.2 

Country Achievcd Year Attributes and status Manufacturer 

Acumentrics Corp. USA 2 kW 2002 Microtubular SOFCs, 2 kW systems for uninterruptible power 
Adelan UK 200 W 1997 Microtubular, rapid start-up and cyclable 

SOPC manufacturers and status of their technology [13,46] 
~- .- --_____-- 

-- -- __ ___ - 

Ceramic Fuel Cells Ltd Australia 5 kW 199 8 Planar SOFC, laboratory stack testing, 600 operating hours for 5 kW stack, 
25  kW 2000 developing 40 kW fuel cell system 

Delphi/Battelle USA 5kW 2001 Devcloping 5 kW units based on planar cells 

Fuel Cell Technologies (with Siemens Canada 5 kW 2002 
Westinghouse Power Corporation) 

2 kW 2002 

5 kW prototype SOFC under test, 40% electrical efficicncy. Several field trials 
planned in Sweden, USA, Japan, etc. 

General Hlectric Power Systems USA 0.7kW 1999 Planar SOFCs. atmospheric and pressurised operation, laboratory stack 
(formerly Honeywell and Allied Signal) 1 kW 2001 testing, devcloping atmospheric and hybrid systems 

Global Thermoelectric Canada 1kW 2000 Planar SOFCs, 5000 hours fuel celI test 

MHI/Chubu Electric Japan 4kW 1997 Planar SOFC, laboratory stack testing. 7500 opcrating hours 
1 5  kW 2001 

MHI/Electric Power Devcloprnent Co. Japan lOkW 2001 Tubular SOPC, pressurisedoperation. 10 kW laboratory testing for 700 hours 

Rolls-Royce UI< 1 kW 2000 Planar SOFC, laboratory testing, developing 20 kW stack for hybrid systems 

Siemens Westinghouse Power USA 25 kW 1995 Tubular SOFC, several units demonstrated on customer sites. More than 
Corporation l l 0 k W  1998 

220kW 2000 
1 6,000 single stark operating hours, first hybrid SOFC demonstration 

(0 5 
SOFCo (McDermott Technologies and USA 0.7kW 2000 Planar SOFC, laboratory tcsting, 1000 operating hours, developing 2 
Cummins Power Gcneration) 10 kW versatile SOFC unit R 

n. s 
TOTO/I<yushu Electric Japan 2.5 1W 2000 Tubular SOFC, laboratory testing. developing 10 kW system for 2005 5’ 

Sulzer Hexis Switzerland 1 kW 1998-2002 Planar SOPC, field trials ofmany units 
Planar design, laboratory testing = 1.7kW 1998 

2 
Tokyo Gas Japan 

(ri Powcr/Nippon Steel 
w 
03 
F 
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Figure 13 .10  Siemens Westinghouse 1 0 0  kW CHPsystem in Westervoort, the Netherlands. (Photograph 
courtesy of EnergieNed.) 

Table 13.3 
tem in Westervoort, the Netherlands [48-511 

Target and actual performance of the Siemens Westinghouse 100 kW SOFC sys- 

Nominal performance 

Target 

Average cell current (A) 
Average cell voltage (V) 
SOFC generator DC power (kW) 
Net AC system power (kW) 
Thermal power (kW) 
Electrical efficiency (YO) 
Thermal efficiency (%) 
Operating hours" 

150 

123 
103 

54 
47 
25 

0.71 

Actual 

167 

127 
109 

64 
46 
27 

12,600 

0.66 

a Excluding 4035 hours before modification of the SOFC stack in 1999. and more than 4000 operating 
hours in Essen, Germany. 

pads used to connect the cells together. After repair, the SOFC system was 
restarted in February 1999 and operated, without any measurable performance 
degradation, until the contractually agreed end date in November 2000. 
Table 13.3 shows the target and the actual performance for this system. 

During the second operating period, the system underwent nine thermal 
cycles. The most promising of this demonstration period was the fact that the 
SOFC stack hardly showed any degradation at  all. After the demonstration 
period ended in the Netherlands, the system was transferred to Essen, Germany, 
and restarted in August 2001, where it was run for more than 4000 operating 
hours, again without any significant performance degradation. This system has 
proven the technical feasibility of atmospheric SOFC systems for power 
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generation; however, their high cost remains a barrier to widespread 
commercialisation. 

13.5.1.2 220 kW Pressurised SOFCICT Hybrid System 
The main components of the 220 kW hybrid SOFC/GT system (Figure 13.1 1) are 
an SOFC stack, similar to the one in the Westervoort unit, but in a pressure vessel 
and a modified 75 kW Ingersoll-Rand microturbine. The micro turbine is a 
recuperated, double-axis system with neither inter-cooling nor reheating. The 
Site Acceptance Test started in May 2000. After 154  hours of operation, a power 
lead failure caused an  automatic shutdown. Inspection disclosed that fuel, 
bypassing the stack, burned outside the stack and overheated the power lead. 
After repair, the system was restarted in January 2001 and operated for 514 
hours. A low voltage in one of the stack rows required a second shutdown. The 
system performance during this operating period is shown in Table 13.4. There is 
a significant difference between the targeted and the actual performance; this is 

Figure 13.1 1 Siemens Westinghouse 220 kW SOFC/GT hybrid system. (Photograph courtesy of 
Siemens Westinghouse.) 

Table 13.4 Target and actual performance of the Siemens Westinghouse 220 kW SOFC/GT 
hybrid system at the National Fuel Cell Research Center, California [48-511 

Nominal performance 

Target 

Average cell current (A) 
Average cell voltage (V) 
SOFC generator DC power (kW) 
Turbine ACpower (kW) 
Net AC system power (kW) 
Electrical efficiency (%) 
Operating hours 

267 

187 
47 

220 
57 

3000 

0.61 

Actual" 

234 

172 
22 

181 
52 

667 

0.64 

a During the site acceptance test. 
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mainly a result of the SOFC’s need for a t  least 1000 operating hours to reach full 
performance. Furthermore, the nominal power of the microturbine was too large 
for this system, and one of the cell rows showed abnormal voltage degradation. 
This system demonstrated the concept of integrating a pressurised SOFC stack 
with a turbine; however, much additional development is required to produce a 
viable, reliable SOFC/GT hybrid system. 

Based on the above two systems and earlier operating experience, Siemens 
Westinghouse plans to develop two to three types of commercial SOFC systems in 
the 250 kW to 1 MW range [13], although the 1 MW hybrid system 
demonstrations are having difficulties finding a suitable, commercially available 
gas turbine. The near-future planned demonstrations include 250 kW size 
atmospheric SOFC systems for Kinectrics Inc. (Canada), BP (Alaska), Norske 
Shell (Norway) and Stadtwerke Hannover (Germany); 300 kW size SOFCIGT 
hybrid systems for RWE Energie (Germany) and Edison SpA (Italy); and possibly 
1 MW size SOFC/GT hybrid systems for the US Environmental Protection 
Agency’s Environmental Science Center in Maryland (USA) and for EnBW 
(Germany). The majority of these customers are either electric utility companies 
or oil companies. At the current high system cost, they represent the early 
market of visionaries. However, the potential for a significant cost reduction 
offers possibilities for entry of SOFC systems into the mainstream market. 

13.5.1.3 Other Systems 
Siemens Westinghouse, together with several partners, also plans to develop a 
3-10 kW size CHP system for residential and other distributed power generation 
applications. Figure 13.12 illustrates a 5 kW size unit, about the size of a 

Exhaust Heat 
Data - ’ Exchanger 

Display 

IO kW DCiAC 
Inverter -- 

Inlet Air Filter -.- 

I 
Control 

Computer and 
Electronics 

LeadiAcid 
Battery Pack - 

Siemens- 

5 kW Cell Stack 
/ Westinghouse 

. Gas Control 
Valve for 

Startup Heater 

Desulfiirizer 
--. 

, Cell Stack Gas 
Shut-Off Valve 

Primdry and 
Backup Air 

Blowcrs 

Figure 13.12 Fuel Cell Technologies’ 5 kW system, built using Siemens Westinghouse tubular cell stack. 
(Courtesy ofFuel Cell Technologies.) 
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refrigerator, that Fuel Cell Technologies of Kingston, Ontario, Canada, is 
developing using Siemens Westinghouse cell stack. The early prototype 
units employ tubular cell stacks: a few of such units have been produced and 
delivered to customer sites: however, at present, their cost is high. The later units 
are expected to use flattened ribbed cells [ 5 2 ]  and direct internal reformation of 
natural gas on the anode surface to drive down the system cost to about 
$1000per kW. 

13.5.2 Sulzer Hexis Systems 

Figure 13.13 shows a 1 kW residential SOFC unit developed and marketed by 
Sulzer Hexis of Switzerland. Its SOFC stack consists of 70 circular planar cells 
separated by connecting pieces that serve as current collector, an  air duct, a fuel 
duct and a heat exchanger. Low-pressure desulphurised natural gas is fed to the 
stack’s inside. At the stack circumference, unreacted natural gas and air 
combust together to generate additional heat. A steam reformer is thermally 
connected to the stack. The system is equipped with a condensing boiler to 
generate additional heat. Other system components are a heat storage tank and 

Figure 13.13 Sulzer Hexis 1 kWe residential unit basedon planar SOFCs (A: thermal insulation: B: planar 
SOFC stack: C: heat exchanger: D: heat storage tank: E :  control: F :  auxiliary burner: G: DC/AC converter: 

H:gasdesulphurisation unit; I: water treatment;J:exhaust). 
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heat exchanger, an inverter, an ion exchanger and a power management control 
system. Table 13.5 presents performance data of the Sulzer Hexis system. 
Laboratory stack tests have demonstrated 12,000 hours of operation with 
negligible degradation. 

Table 13.5 Performance of Sulzer Hexis 1 kW residential CHP system [53,54] 

Performance 

Average cell current (A) 
Average cell voltage (V) 
SOFC stack DC power ( I N )  
SOFC stack heat output (kW) 
Electrical efficiency (96) 
Total (electric plus thermal) efficiency (%) 
Operating hours 

27 
0.56 
1.1 
2.5 
25-30a 
85 
6400-15,700 

a 40-50% at 0.5 W. 

Sulzer Hexis started its SOFC development in 1989 [53,54]. In the period 
19 8 9-1 99 7, two proof-of-concept systems were demonstrated in Winterthur, 
Switzerland, at Sulzer Hexis facilities and in Dortmund, Germany (Dortmund 
Energy and Water utility company DEW). This proof-of-concept phase was 
followed by a field test on six customer sites in Switzerland, Japan, the 
Netherlands, Spain and Germany. Together, these field test units accumulated 
65,600 operating hours. The field test phase was finished in 2000 and currently 
the market entry phase has started. SuIzer Hexis has orders for more than 400 of 
its HXS 1000 Premiere fuel cell units. The customers are utility companies, 
mainly located in Germany, Austria and Switzerland. Systems will be delivered 
from 2003 onward [55]. Sulzer Hexis expects to sell 10,000 units in 2005 and to 
increase annual sales to 260,000 units by 2010. 

135.3 SOFC Systems of Other Companies 

Acumentrics Corporation of Westwood, Massachussetts, USA, has produced 
several 2 kW size fully integrated rapid-start SOFC systems using microtubular 
cells, and delivered them to prospective customers. These systems operate on 
natural gas, and the intended application is as uninterruptible power supplies for 
broadband, computer and telecom backup. 

Several other manufacturers are developing SOFC systems based on planar 
SOFCs. Figure 13.14 shows a photograph of a portable 50 W system, developed 
by GE Power Systems (formerly Honeywell) that incorporates a planar SOFC 
stack and other components for a self-contained power unit [56]. GE Power 
Systems also plans to produce larger size atmospheric and hybrid SOFC systems 
using planar cells. 

Global Thermoelectric of Calgary, Canada, has also produced a few 2 kW size 
prototype residential SOFC units using planar cells for operation on natural gas 
or propane [ 5 71. 
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Figure 13.14 A 50 Wportable unit employingplanar SOFCs built by GE Power Sys tems  [56]. 

Delphi/Battelle designed and built an  initial 5 kW auxiliary power unit (APU) 
using four planar cell stacks, each 1.5 kW, from Global Thermoelectric, as is 
schematically illustrated in Figure 13.6. A photograph of such a unit is shown in 
Figure 13.15. This unit was installed in the spare tire well in the trunk of a 
luxury automobile and operated on gasoline. Though the testing was successful, 
this initial unit did not meet the specifications. An improved version (Figure 
13.16) with much lower weight and volume has now been designed and built 
using Delphi/Battelle twin 30-cell stack. Further developments on such units are 
expected to decrease the start-up time and reduce cost. 

P 

Figure 13.1 5 A 5 kWprototypeauxiliargpower unit built by Delphi/Battelle us ingplanarce l l s /58 / .  
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Integrated 
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Figure 13.1 6 ImprovedversionofDelphi/Battelle5 kWAPUwith reducedmassandvolume[59]. 

13.6 Summary 

Solid oxide fuel cell technology is very promising because of its intrinsic 
simplicity and efficiency. Several markets for SOFC systems have been identified 
including residential, commercial and industrial CHP, distributed generation, 
auxiliary power units for the transportation sector, and portable power. Benefits 
of SOFC technology are consistent with current trends such as liberalisation of 
energy markets, growing environmental concerns and shift towards distributed 
utilities. The most promising features of SOFC systems are high efficiencies, fuel 
flexibility and negligible harmful emissions like particulate matter, oxides of 
nitrogen, oxides of sulphur, unburned CO and hydrocarbons. Competitive 
systems, e.g. gas engines, gas turbines and combined cycle units, are setting the 
base-line for economic and technical specifications. SOFC hybrids are better than 
existing technologies with respect to electrical efficiency, part-load efficiency and 
emissions: however, their control speed, control range, investment cost and 
lifetime have yet to be fully established. The longer start-up time of SOFC systems 
compared to gas engines is a clear disadvantage for certain market applications. 

High SOFC system cost is the principal obstacle to successful 
commercialisation. A capital cost of $1000-$1500 per kW is very often quoted 
for SOFC systems to be competitive, but current capital costs are considerably 
higher although these costs are continually coming down as the development 
proceeds. Several manufacturers aim at development of small systems (1-10 kW) 
with shorter lead times and a versatile market. The US DOE SECA programme 
projects cost reduction to $800 per kW in 2005 and $400 per kW in 2010. 

Many companies are involved in developing and testing SOFC systems. Two of 
them, Siemens Westinghouse Power Corporation and Sulzer Hexis, have tested 
many units a t  customer sites and appear closest to commercialisation. Other 
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manufacturers are still testing early prototype units at their own test facilities. 
The majority of customers are energy companies: gas, electricity, or oil. 

The major obstacle towards commercialisation is the chasm between the 
visionaries and the technology enthusiasts in energy companies, oil companies 
and governmental bodies on one hand and the pragmatists and conservatives on 
the other. Crossing this chasm is the main challenge for successful SOFC 
commercialisation which requires reducing system costs, demonstrating system 
reIiabiIity and lifetime, and identifying niche markets. 
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