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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 kW 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 cell designs are being investigated and many new collaborative
programs are being initiated in the United States, Europe, and Japan; noteworthy
among these are the Solid State Energy Conversion Alliance (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 internationally 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, engincers,
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 of the 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 Kevin Kendall
Richland, Washington, USA 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 [1-3] 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 clectrons, 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,

Fuel (¢.g. hydrogen) [———-— Oxygen

Solid oxide
electrolyte
Porous anode | Porous cathode

I'uel oxidation

| O jons Oxygen reduction
H: + O -2e=>H.0 O+2e >0
. Intereonnect
— wires
Llectrons o external circuit Flectrons from external cireunt

Figure 1.1~ Schematic of solid oxide fuel cell (SOFC).



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

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 ocutput from the SOFC to gasify coal,
ortodrive a heatenginesuchasaStirling 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 [1-3]. 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
eventhen [4].



Introduction to SOFCs 3

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 [5]. 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 (Fe;04) 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 obtainced power from the
devicc 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 . In addition, the electrodes were inadequate,
especially the cathode Fe;0,4 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 1950s 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 + clectrodes L'urnace
i \ = ) / Cells
| f N
| |
l'uel R Oxidant

o SO | | Eem—

Interconnects

Anode Cathode leads
a b

Figure 1.2 (a) Flat plate test cell; (b) planar stack of cells and interconnects.
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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 to 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 A-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:

e There was much less zirconia in it, about 2.8 g;
e The thinner ceramic electrolyte gave much faster response;
e 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 controllers, 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 1970s, pointing the way 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 inthe productionof ionic conducting yttria-stabilised zirconia powder.

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 2010.

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 (ZrSiO4). In terms of cost, the greatest difficulty is purifying this raw
material, especially to remove SiO, 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 o 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:

e It mustbedense 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 um thick electrolyte [8]. 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
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Figure 1.4 Schematic of three electrolyte fabrication processes: (a) electrochemical vapour deposition: (h)
Lape casting: (¢) extrusion,
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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 [10]. The interconnect
strip could also be formed from magnesia-doped lanthanum chromite by the same
principle [11]. 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 [12] especially using organic solvents. A slurry of the YSZ powder,
with solvent and dispersing agent, for example methyl ethyl ketone/ethanol
mixture with KD1 (Unigema), 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 821A, 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 [15]. 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 um 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 1.5  Three-layer anode made by printing three inks of different composition onto YSZ[12].

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 10~%/K whereas nickel expands
much more at 13.3 x 107%/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 10~%/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 at 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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1973 by lanthanum manganites. Typically, La sSri >MnO; (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 1300°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 1000°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 Q for 1 cm? of electrode [21]. Alternatively, various doping layers
such as ceria can be applied to the YSZ electrolyte before printing on the
electrode composition.

‘ YSZ clectrolyte

g
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LSM cathode /
3 phase boundary - / oxygen
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Figure 1.6 Coneeptof extended three-phase houndary at cathode felectrolyte interface.

The clectrode 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 pum. It is advantageous to reduce the number of
fabrication steps by adopting composite processes whereby several layers are



Introduction to SOFCs 11

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 [23].

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 107%/K. For systems
operating at lower temperatures, 700-850°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 [11]. 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 results of Figure 1.7 [25]. In particular, strontium
doped material can expand by 0.3% in length, sufficient to cause large distortion
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Figure1.7 Expansionof Lag 7987y 20CrOs as the oxygenis extracted by hydrogen[25].
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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 [26]. The reaction mixture fluffs up
into a line 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. 10~'2 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 [28].

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 1.1. 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 electrical 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 elcctrolyte 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/cm? [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)? which gives
0.6 kW/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.

$—__ Micro-tubular
Sulzer

Westinghouse

0 10 20
electrolyte spacing mm

Powecr density of stack kWe/litre

Figure 1.8  Power density of three different stacking geometries.

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:

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

Emissions are low

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 25% 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 m? 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], Adelan, 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 Air blower Heat utiliser
A 4
Controls air preheater | Spentair | Combustor
A
Power L_ SOFC stack Spent fuel
conditioner i
y
Fuel supply —»| Fuel — Fuel recycle
processor

Figure 1.9  Flow sheet showing the BOP surrounding the SOFC stack.

The main moving part in this plant is the air blower, together with a fuel pump
if 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 aready market.

1.10 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 [35]. Also, methane can react on the
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anode but requires ceria or other catalysts to provide suitable sites for direct
oxidation [36].

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

CHy +H,0 — CO+ 3H;

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+H;0 — CO2+H;

It was demonstrated in the 1960s that hydrocarbons could be injected directly
into SOFCs if steam was supplied [37]. 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:

2CO0 — CO,+C
CHy — 2H,+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 below 1100 K 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 1% 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 fue! 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
A
Air compressor SOFC stack »| Gas turbine -
dynamo
A Y
Power converter »| AC Electricity

Figure1.10 Combination of SOFC with a gas turbine generator.
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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 57% [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 SOFC is eminently suited to integration with a
coal gasifier plant in large power stations and should result in highest overall
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:

e itcanrunonthesame 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;

itismuch more efficient than the existing electrical system; and

it has low emissions.
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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%.

1.13 SOFC-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 al [47-54], and the Proceedings of the European SOFC
Forums [55-59].

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 Gas Cells

Starting in 1800, Davy carried oul 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 [1]. 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 (1851)
devoted himself to this special problem and proved that Ag,S 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 1854. Using mercury, zinc amalgam, various solid
metals, carbon, and pyrolusite (MnO-) 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 polarisability.

A short period before, Gaugain [9] and Bequerel [10] 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 [11]. 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 all the
characteristic features of an aqueous-electric cell’, and thus he discovered in
1853 galvanic solid electrolyte gas cells.

Towards the end of the nineteenth century the term ‘solid electrolyte’ wasin 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’ [13]. 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 ZrQ, 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.



History 25

Figure 2.1 shows one of the many designs of the Nernst lamp [21]. 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 Nernstrod 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 m and I and then the Nernst rod carried all the current and
emitted light due to resistive heat generation.

Figure 2.1 Arrangement of a Nernst glower inalamp (DRP 114 241, filed 9 April 1899).

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 [16]. 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 Walther Nernst who
died on 18 November 1941) 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-workersin 1905. From 330 to 570°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, CO; and O, [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 themigration ofions caused by current, he proposed toexchange the
gasesin 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
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Figure 2.2  Firstdiagram (Haber, 1905) of a fuel cell with solid electrolytes. Generator gas passed from 1 to
2 through chamber A (440°C) with parallel glass tubes g covered on both sides with thin layers of noble metal
and swept inside by air.
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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 cells 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 solids by Frenkel, 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
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Figure 2.3 Solid electrolyte fuel cell specified in a patent by Siemens and Halske (inventor Schottky, 19353).

W walls of a closed electrically isolating casing, E solid electrolyte discs with a thickness in the order of mum, e}

chambers with O, or air, R chambers with gas mixtures containing CO and CO,. o and r gas lines to the
chambers O 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 1937 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 (Fe;04, Figure 2.4), which oxidises at 1000°C in
air to form poorly conducting Fe,05 [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.’
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Figure 2.4  Fuel cell arrangement of Baur and Preis (1937 ): (a) Investigated cells with Nernst mass as solid
electrolyte (F); (b) Proposal for the realisation of stacks of such fuel cells.

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 (SOFCs).
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2.3 First Detailed Investigations of Solid Oxide Fuel Cells

In 1951 Hund confirmed, with X-ray crystallographic and pycnometric
investigations, the existence of oxide ion vacancies in the Nernst mass [37].
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 (ZrO,—Y,03, ThO, and CeO,
with Y,03; and La,03). After Hauffe had left for Berlin, Peters finished his
thesis in Rostock in 1953 [39] and in 1954 gave Mdobius the task of furthering
the subject by investigation of galvanic cells using mixed-oxide phases.

The investigations [40], using model fuel 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
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Figure 2.5 (a) Cross-section of galvanic cells with oxides as solid electrolyte investigated by Peters and
Mébius. (b) Design of an SOFC plant as a basis for calculations (1958).
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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 strcam of oxygen on a support stack of Al,03/MgAl,04/ThO, in alumina
tubes using a Tammann carbon tube furnace. ZrO, for this investigation was
available at that time only in the form of a mixture with Y,03 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 ThO,. In 1948, Ryschkewitsch [42] pointed out that a large-scale
technical application of ThO, 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 ThO, are crystallographically simpler
than those with Zr0O,. Some stocks of ThO, 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% LaO; 5 the ion transport number 1 was reached,
admittedly only with reducing gas on both electrodes (in CO,CO, concentration
cells); in the oxygen/air cell even at 10 mol% LaQ; s this number was only near
0.8. A perfect disc of Cep gLag 107 .95 broke into pieces in CO,C0O,/0, between
700 and 840°C, reaching the mean ionic transport number 0.8. For the
available ZrO, solid electrolyte (with 50 mol% YO s5) 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
Thg.ol.ap,101 95 as solid electrolyte in the cell CO,C,Fe/Fe0,C0O,CO,, 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 ZrO, solid electrolyte in a CO,CO;,Fe30,/Pt,05 cell, the CO,
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 1958 [44]. The first calculations of oxygen partial pressures in
purified nitrogen, using the measured cell voltages of solid oxide cells, were
performedin 1955.

In 1957 Kiukkola and Wagner reported thermodynamic investigations on
metal/metal oxide systems, for the first time using CaO-stabilised ZrO, (especially
Zrg.35Capn.1507.85) 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 Thy ¢Lag 10 95
solid electrolyte were performed using reference electrodes with CO0,CO,
mixtures [47].

The electronic part of conduction of ThO, 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



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

(100)

(1)

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 {rom 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) [51]. 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 Kiukkola 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. Zrg.g5Ca0.1501 35
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, arapidly 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 [53-57]. The first
publication in English about this subject, ‘A Solid Electrolyte Fuel Cell’ by
Weissbart and Ruka came outin 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

Electrodes

Cell 2

Anode 2f
Cathode 22

Shunt Current
Path 1

i (0" flow in opposite

Air direction!

Fuel

Shunt Current
path 2

Cell ]

Cathode la

TN IR TSNS NSY

Anode If

SR SRAA RIS YNAANY

Electrodes

Figure 2.7 Cross-section of two solid electrolyte fuel cells of the bell-and-spigot type with shunt current
paths in the seal region developed at Westinghouse (196 3)
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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 1958 Palguyev and Volchenkova published conductivity
measurements on 3Zr0,2Ce0, + 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 al.,
starting in 1959 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 Zrg gsCag.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 [S51]. 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 (ZrO,-Y,03-Yb,03 [73],
Zr0,-Y,0:-MgO [74]). As a rulc, Al,05 was added to achieve gastight, dense
sintering products [72-75]. This provoked investigations of the effect of grain
boundary conductivity in electrolyte materials [76].

The mobility of the oxide ions in ZrggsCag.1501.85 was determined using
the *80/1°0 isotope exchange between solid and gas phase by Kingery et al. 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 Zrg g5Cag.1507.85 [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 of the cations and oxide ions in the lattice changed to an ordered state
[80,81]. 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—-85]. These results
and also the determination of the ion mobilities in Na,S, which possesses
antifluorite structure and reaches the highest known sodium ion conductivity
[86]. supported the space-geometrical considerations [48] corresponding to
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the ‘excluded volume model’ [87]. Doubts concerning the rapid intermixing
of the different cations of oxide electrolytes and oxide electrode layers were
resolved by investigations with radionuclides [88-90], 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 10° even at 1700°C).

Athigh 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 Zrq g5Cag 1501 g5 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] were
tested in air. The harmful oxygen permeability was measured potentiometrically
in1965[92].

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 at 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 O, and CO for the regulation of the air/
fuel ratio in cars [95].)

Another less well-known by-product of SOFC development was the
electrochemical thermometry; i.e. the determination of elevated temperatures on
the thermodynamic scale with CO,CO3, H3,H,0[96] or O, concentration cells[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
[69], Grenoble [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 Ce>03 in
Ce0,) 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 Bauerlein 1969 [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[100].
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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 [101].

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 electronic 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 [103] and
led to high current densities {104]. An optimised material with polyvalent
uranium ions in mixed oxides with fluorite structure suitable for sintering on
solid oxide electrolytes without phase boundaries was developed by
Tannenberger in 1967 {105, 106]; it proved to be a favourable interlayer in
cathodes and anodes[107, 108].

Indium oxide with different additives was proposed as a cathode material in
1966 [109] and frequently used {e.g. [110, 107, 108]). However, electronically
conducting perovskites soon began to dominate the developments for both
cathode and interconnect. The use of La;_,Sr,CoQ3 for the air electrode of solid
oxide fuel cells marked the beginning [111], followed in 1967 by
recommendations of PrCo05; [112] and of mixtures of the oxides of Pr, Cr, Ni and
Co [113]. Strontium-doped lanthanum chromite, even now the most important
ceramic interconnection material, was proposed by Meadowcroftin 1969 {114].
For cathodes, the situation in 1969 was summarised [115] as: ‘It is apparent that
a fully satisfactory air electrode for high temperature zirconia electrolyte fuel
cellsis 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 CO, and H,0 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
mm. thick) and for the first time mixed oxides of Zr and Sc [117] were used.
Flat-plate designs of SOFCs had been proposed earlier (Figure2.9[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
[120]), 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 [121-123). 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[124].

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 [123]. 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
(Figure 2.11[125]).

Figure2.11  Proposals for connecting self-supporting tubular solid electrolyte cells in series (1974).

2.5 On the Path to Practical Solid Oxide Fuel Cells

By 1970 theresults 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 674 references [126]. But
commercial activity was confined to potentiometric oxygen sensors . In the USA,
the programme for development of SOFCs ran out in 1970. 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 {127].

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, 129]). LaNiO3 doped with Bi,03; and LaMnO;
doped with SrO proved to be particularly suitable, and from 1973 onwards,
Lag g4Srg.16Mn0O3 was used exclusively. With that, today’s most commonly used
cathode material was found. Special investigations were also devoted to the
interconnection material [130]. 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 25 series-connected cells), the development was not continued
after 1975 because the cost for the necessary manufacturing processes did not
seem to be sufficiently economic[131].
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A significant step forward was made by Isenberg in 1970 with the
development of the electrochemical vapour deposition (EVD) method [127].
Then in 1978, 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 kW 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 1990s, an increasing
number of SOFC developments focused on planar designs [135]. In 1983 co-fired
monolithic stacks of flat cells were fabricated and investigated at the Argonne
National Laboratory [136]. 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 cm?) 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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All SOFC concepts would benefit if the cell stacks could be operated at
intermediate temperatures of around 700-850°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, 139]. 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 Ceq 9Gdg 10195
(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 (1991); microtubular
cells with high thermal shock resistance suitable 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 10%, 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 3.5.

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

Cp temperature-dependent heat capacity

e elementary charge

e specific exergy of the component i

F Faraday constant

A'G Gibbs enthalpy or free enthalpy of the reaction

H enthalpy

H enthalpy flow

A'H reaction enthalpy

h* specific enthalpy related to the standard state

I electrical current

K equilibrium constant

LHV lower heating value

m mass flow

Na Avogadro constant

n* constant molar flow at the fuel cells anode

n quantity of released electrons related on the
utilised fuel

e molar flow of electrons

ng molar quantity of the supplied fuel

n molar flow

n molar quantity

p total pressure

Po standard pressure

P electrical power

Per specific electrical power

pi partial pressure of the component i

Ploss power loss

Piev reversible electrical power

Q heat

q specific heat

R electric or ohmic resistance

R, universal gas constant

s* specific entropy related to the standard state

S total entropy

ATS reaction entropy

As entropy production

T absolute temperature

Uy fuel utilisation

Vv voltage or potential

Vy Nernst voltage

AV voltage loss

v specific volume

-W, technical work
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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

FC
FFC
FGC
FH

GT
H,.H,0
HEG
HEX
HP
HPA
HPF

1]
INEX
irr
LP

0>

PH
ref
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
econolmiser

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)
heatexchangers

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

Ui

i
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SH superheater
ST steam 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 Xn;H; to the fuel cell and the total
enthalpy Xn;H; leaves the cell with the non-mixed products. Furthermore the
heat Qgcrr 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. Qpcre. is defined as a
positive number if it is transported to the fuel cell. The reversible work —Wrcrey
is delivered by the fuel cell. An idealised description of this model is given in
Figure 3.1.

il .

_:_’ fuel cell II trev
|

process environment T, p
Figure 3.1 The reversible fuel cell, its energy balance and its system 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
qrcrev + Wipcrey = ATH. (1)

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

}z{ds =0. (2)

The reaction entropy A’S is a result of the reaction itself and must be
compensated by the transport of the reversible heat gpc,., to the environment
and Eq. (2) gives
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arg - e _ g, (3)
Trc

Equations (1) and (3) give the reversible work w:¢,ev

Wi ECrey = A'H — T]:(‘ -A'S. (4)
The reversible work w,.¢,., of the reaction is equal to the free or Gibbs enthalpy

A"G of the reaction

Wi Crev = A'G=A"H - T]:C -A'S. (5)

The reversible efficiency ny.¢,., 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

A'G  AH~—Tpc- A'S

¢
ATH ATH (6)

MCrev =

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.

electric work

anode electrolyte cathode

[H,+1/20, - H,0

Figure 3.2 Transport processes withina SOFC.
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The oxidation of hydrogen follows the equation

1
H, +j)—02—>H20. (7)

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 reaction@ on the anode is

Hy — 2H* +2¢ . (8)
The reaction @ on the cathode is

1
EOZ + 2 — 02_. (9)

The oxide ion 0%~ is conducted through the electrolyte and arrives at the
anode. At the anode, water forms @ according to the reaction

2H* + 0* — H,0. (10)

As Figure 3.2 shows, the product H,0 is mixed with the anode gas and its
concentration increases with increasing fuel utilisation Uy. The fuel utilisation Uy
is the ratio of the spent fuel flow and the inlet fuel flow and is defined by

MEARO

U=1-—
/ mrr

(11)

where rig; is the fuel mass flow at the cell’s inlet and g a,0is 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 Uy — 0. Equation (8) shows that the molar flow of the electrons is
twice that of the molar flow of hydrogen, thus

Mg = 21y (12)
The electric current I'is a linear function of the molar flow 11,; of the electrons or

the molar flow of the spent fuel - in this example the molar flow of 1, the spent
hydrogen

T=rf-(—€) -Ny=—fg-F=—2ny, F. (13)
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InEq. (13) weintroduced the elementary chargee
e=(1,60217733 £ 0,00000049) - 10~1°C. (14)
and the Faraday constant F

F=¢-Nsg=(96485,309£0,029)C/mol (15)

asthe product of the elementary charge and the Avogadro constant N 4. Equations
{(13)and (15) show that the electric current I is 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 Vpcrer and the current I as well as a product of the molar
flow of the fuel ny»> and the free enthalpy A”G of the oxidation reaction

Prcrev = Vicrey - I = N2 - Wipcrew = gz - A'G. (16)

The reversible voltage Vic,., results from Egs. (13) and (16)

—hyy - A'G
VFCrev 2—%21_["— (17)
e

Equation (12) shows the ratio between the molar flow of the electrons and the
spent hydrogen as 2. This can be generalised and n° 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. (11)

nﬂl — Tnd_ , (18)
bf + Npy

and finally for the reversible voltage V.., of the oxidation of any fuel gas

—-A'G

. 19
ne! . F ( )

VEcrev =

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

A'G(T.p) = A"H(T,p) — T - A'S(T, p). (20)
Using the common assumption of the ideal gas we get

A'G(T, p) = ATH(T) — T - A"S(T, p) (21)

and we can write, with dS = (dH — v.dp)/T , for the entropy S; of any component j
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T
S(T,p) = S + / &%(i)dt Ry ln(%). (22)
To

where Cp; is the temperature dependent heat capacity of the component j.
The pressure dependence of Cp; can be neglected in this common assumption,
Eq.(21). Using Eq. (22), we can write for the reaction entropy A"S(T,p)

ATS(T, p) = ATS(T) — Ry - In(K) (23)

with the equilibrium constant K (see, e.g., [1])

K=n (ﬂ) g (24)

j \Po
v; is the fuel-related quantity of the component j in the equation of the oxidation
reaction and pg is the standard pressure (1 bar):

po = lbar. (25)

Using Egs. (21)—(24) we get
A'G(T,p) = A'G(T) + T - Ry - In(K). (26)
This use of the assumption of an ideal gas allows one to express the Nernst
potential or the Nernst voltage Vy by using Eqs. (18), (19) and (26) as

o _ —AG(D) Ry -T-In(K)
N= ne « F nt . F '

(27)

The following reversible oxidation of hydrogen (H;), of carbon monoxide CO
and of methane (CH,) can be analysed as examples by using Eq. (27):

1
H, +§Oz - H>0. (7)
1
CO-{-EOz—-)COz. (28)
CH4 + 20; — 2H,0+ CO;. (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 Egs. (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, Egs. (26) and (27). The values of the reversible cell voltage are
calculated for the standard state 0, at 1000°C/1 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 hydregen, carbon monoxide and methane

Fuel H, co CHy
ATH" in k] /mol ~241.82 -282.99 —802.31
A'S"in J/(mol K) —44.37 —-86.41 -5.13
A'G in kJ/mol -228.59 -257.23 —800.68
A"G*at 1000°C, 1 bar in kJ/mol —185.33 ~172.98 —-795.68
nt! 2 2 8
VWinVv 1.185 1.333 1.037
V*at 1000°C, 1 barinV 0.960 0.896 1.031
In(K)at 0.1 bar 1.1513 1.1513 0
In(K)at 10 bar —-1.1513 —-1.1513 0
V*at25°C, 0.1 barin V 1.170 1.318 1.037
V*at 1000°C, 0.1 barin V 0.897 0.833 1.031
V*at 25°C, 10 barin Vv 1.199 1.348 1.037
V*at 1000°C. 10 barin V 1.024 0.960 1.031

Voltage in V

300 600 900 1200 1500
Cell temperature in K

Figure 3.3 The reversible cell voltage of different fuels at different states (p.T) of the environment (linearised
model and assumption of ideal gas ).
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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 O 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 O [1].
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

AV =1-R (30)
and for the power loss
Plass =AV-I= 12 -R= TSOFC . Uf . hFI . ASm-. (31)

Equation (31) shows that the irreversible entropy production of an ohmic loss
P 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

. 2
U'HFI-R- nel-F
ASgry = - (e B)" (32)
SOFC

Equation (13) was generalised here as

I=—n®-Us-ng -F. (33)

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. (27) 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 p; as the partial pressure of the component i we get

bi=Yi-p, (34)

writing y; for the molar concentration of the component i and p for the total
pressure of the system. Using Eq. (11) we can write

 YF1* Nanl — YFO - Nano

U :
/ Yrr - Nanr

(35)

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 O of the
anode side An. Uswill be used as a variable thus the outlet O can be interpreted as
a space variable along the axis of the parallel flowing fuel and air defined by a
certain Uy to be obtained. The local Nernst voltage V(Uy) depends on the local
gas concentration. The molar flow on the anode side is constant in our example
ofthe hydrogen oxidation and we get

flAnI = flAnO =n (36)
and Eq. (35) yields

Upz=1— sz.o. (37)
YH2,1

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 O

2.0 = RH20,0 (38)

if the used hydrogen is dry (yy2,; = 1). This yields

Ngav  AH20,0

= . 39
e o YH20.0 (39)

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

. 1 .
no2,u = 5 *NH2u- (40)

Practical SOFC systems operate with air instead of oxygen and with an excess
airk > 1. The incoming air flow is defined by the inlet flow of the cathode
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R S
lea =54 0.21

The outlet flow of the cathode can be calculated by

Neao = 5+ A - === — = - Nu2,U-

N
=
o] ¥
o
[ 9]

The molar oxygen flow at the inlet is

. 1 -
”oz,1=5'}~'"

and the molar oxygen flow at the outlet is

No2.0 = 5 (A. - — g2.y).

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

N A gyl 1 A U
M0 =75"""\0,21" & ) 2" "\o,21~ "™

and

02,0 = % A (A - hH.Z_‘U> =
Now we can express y; as a function of the fuel utilisation Uy
yu20 =1 —Um2
ym20,0 = U2
and

A — Ufﬂg _ hOZ,O
Yo,21 - Upz  fica0

Yo2,0 =

Using Egs. (24), (27) and (34) we get for the equilibrium constant X

1/2
_ Um- (A/o, 21— U.er)
(1 - Upa) - [(x = Upa) -]

(41)

(43)

(44)

(45)

(50)

We can use Eqgs. (50) and (27) to calculate the ideal Nernst voltage Vy as a
function of the fuel utilisation Uy Using Eq. (33) we see that the current I is

proportional to the fuel utilisation Uy
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I
Uy

=—. 51
Sond-np - F GD

The number of electrons n* depends on the fuel (2 for H,), the Faraday
constant F is a constant value and the fuel inlet flow is the only variable that
influences the relation between fuel utilisation Uyand current I. Any curve of the
voltage V depending on the current I can be expressed by any curve of V
depending on the fuel utilisation U,at the same fuel inlet flow.

Considering Eqs. (50) and (27) we see that V — + oc for Uy — 0 and V — —o0
for U;— 1 respectively. But the model of the ideal gas gives a good approximation
for 0 < U; < 1intheregime of the real SOFC operation. This model allows one to
evaluate the principal influences of the different parameters, system pressure p,
SOFC temperature Ogopc, excess air A and fuel utilisation Uy, on the Nernst
voltage V.

Figure 3.4 shows the Nernst voltage Vy as a function of the fuel utilisation Uy
in a SOFC with H, fuel and with the system pressure p as a parameter. The excess
air and the SOFC temperature are fixed. The interesting area between Uy = 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 Vy between Uy = 0.1 and U; = 0.9 by about more than 200 mV. An
increase of the system pressure from 1 to 10 bar increases Vy by about 70 mV. An
increasing SOFC temperature decreases Vyasshownby Egs. (27)and (50).

1,2 | fuel H, in
_ e | , | SOFC
S _~ Vsorc = 1000°C
i A=2.0
>z 0,8
® ——p=1bar
o)
3 0.6 —— p=2bar
g 04 —~—p=4bar
- ——~p=8bar
c
o 0.2
P4
0 5
0 0102 03 04 0506 0,7 08 09 1
fuel utilisation U, [-] calculated

Ligure 3.4 The calculated Nernst voltage Vy as afunction of the fuel utilisation Uy,

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

An increasing excess air A increases Vy slightly. But this influence of the excess
air A on V decreases with an increasing excess air. An increase of the excess air
A at values > 2 does not really influence Vy any more. In the range 1 < A < 2
the voltage increase is ~30 mV. The calculation shows that a certain fuel
utilisation Uy leads to a certain V. The maximum power P, of one cell is
determined by the Nernst voltage Vyy and the corresponding current I,
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Figure 3.5  The calculated Nernst voltage Vi as a function of the excess air .

depending on the fuel utilisation Uy, at the outlet O according to Eq. (51) and can
be written as

Pomax = VN() : I()- (52)

Figure 3.6 (left) illustrates this. It shows the power from a cell as given by the
curve of the Nernst voltage Vy as a function of fuel utilisation Uy. The current I is
proportional to Uy, see Eq. (51), 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 Vy 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.

|1 cell —P 9cells |

L

area = | .
:VN M . :.V.” Vi |additional power |

I

... ‘
U —> () Uro U= () Uro

Figure 3.6 Theincrease 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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Figure 3.7 The power 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 O of the anode side AnO and of the
cathode side CaQ. 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 aB) delivers

Hpr + Har = Qpc + P+ Hop. (53)

The total enthalpy flow H;;, of the fuel includes the reaction enthalpy (or in
technical terms the LHV) as well. The enthalpy flow of the incoming air is H ;.
Both these enthalpy flows have to cover the energy output of the SOFC module
consisting of the produced power P, the generated heat Q. and the enthalpy
flow of the flue gas Hg,.. We get with Eq. (53) the respective mass flows and the
respective related enthalpies h*

tpr - (LHY + By) + titag - Wy = Qpe + Por + 1gas - hsp- (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, ®) — ho(1bar, 25°C). (55)
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These equations are sufficient to calculate the necessary excess air A for a given
heat extraction —QOgc of the module, or vice versa to calculate the necessary SOFC
cooling by the heat extraction —Qgc for a defined excess air A as shown below.

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

Her + Hap = Qpc + Po + HAnO + Heqo- (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

Hyy = ringy - (LHV + hyy) (57)

and the enthalpy flow of the incoming air is

HAI = IhAI . hj” = ﬁ'lpl <A pag - h/*il‘ (58)

The stoichiometric specific air demand p4q 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 riig; of the incoming fuel allows
a generalised consideration. The generated heatis

Qrc = gy - grc- (59)
The produced power is
Pep = 1iigg - Pel. (60)

With the fuel utilisation Uy

_ MEano

U =1 o (11)
the enthalpy flow at the anode outlet is
Hano = titgy - (1 = Uy) - (LHV + K} gn0) + MG - ygano- (61)
The flow of the reaction product gas RG is
tgg = 1 - Uy + oz = gy - Uy - (1 + 1o2o)s (62)
with
moz = Uy - Mgr - fozo- (63)

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 CO, and H,0. 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 pgs. We finally get for
the enthalpy flow at the anode outlet

HA”O = mm : [(1 - U’) ' (LHV + h;’AnO) + Uf ’ (]‘ + “020) ’ h*RGAnO] . (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

Heao = mar - Ry ca0 — Moz + hppcg0- (65)

Equations (58) and (63) yield with Eq. (65)

Heao = titpe [+ a0 - Wyeao — Ur - 1020 * Wypcgo) - (66)
The specific generated heat gporesults from Egs. (56)-(66) as

grc = Up - LHV + by — (1 = Uy) - hj g0 — Dei—
-U- [“020 ' (h;{GAnO - thCao) + h*RcAno] (67)
+ o (A By =3 Rieqo]-

The use of Eq. {6 7) depends on a constant excess air X as probably regulated by
a oxidation control by an O, measurement after the burner. The necessary excess
air A to cool the cell for a fixed heat extraction gz can be calculated by
rearranging Eq. (67) as

- Ur - [LHV = 11020 - (Mrgano = Moaceo) = Mrgano) + M n
Hro - (hjactzo — k)
—qFC — Pel — (1 - Uf) im0
teo - (Macao — Miar) '

(68)

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 Uy — 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 Ty,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 Thereversible fuel cell-heat engine hybrid system.

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 Tq,pq 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 A’S < 0.
The fuel cell FC delivers the reversible work w,gcrey

WipCrev = AN'G=AH- TFC <A'S (5)

and the reversible heat qpcyev

qrerer = Trc - A'S. (69)

FCis the heat source of the Carnot cycle CC and delivers reversible heat ggcyey.
The reversible work w,c,., of CC is defined by

T T,
WecCrev = QFCrev * (1 - T:?) =Tpc-A'S- (1 - FOC) (70)
and the reversible heat grcyey
T
qCCrev = qFCrev * EOC‘ - TO -A'S. (71)

The heat pump HPF has to deliver the reversible heat qypr,., to heat the fuel

gHFyev = hz‘pc = WiHPFrev + qHPFrev- (72)
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HPF has to be supplied reversibly with the work wypg,., that is equal to the
exergy eprc of the fuel with the thermodynamic state of the fuel cell and the heat
quprrev from the environment

WerpErev = €prc = hppe — To - Sppe = (hepe — hro) — To - (Srpe — Sro) (73)
qHPFrev = To - S;‘Fc- (74)

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 w;yp,

Witparev = MA " €AFC = HA (h;FC —To- S;Fc) (75)

and the reversible heat engine HEG for the cooling of the flue gas G delivers the
Work WiyeGrey

WirgGrer = —(tta + 1) - egre = —(ug + 1) - (hEFc —To- SEFC)' (76)

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

Wigystrev = WeECrev + WiCCrev T WiHPEFrey + WiHPArev + WiHEGrey (77)

Using Egs. (5), (70), (73) and (75)—(77) we get

Wisystrev = ArHO —Tg - A"SO — AI'GO (78)

The reversible work wgysry 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"G 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 A"H(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  Simplified fuel cell-heat engine hybrid system as areference cycle.

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

W

Sy (79)
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Figure 3.10 The system efficiency of the ideal and the real fuel cell-heat engine hybrid system with an
exergetic efficiency tyg = 0.7 and the oxidation of hydrogen.

The cell temperature Tgc is equal to the temperature T of the process
environment but more illustrative for further discussion. The work w,cc
produced by the Carnot cycle CC increases with increasing Trc and the work
Wircrer Produced by FC decreases with increasing Tpe as expected. There is a
compensation of both effects and the work w,,s of the system is independent of
Trc (or nearly independent in the case of the simplified process). ¥C 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
{isdefined as

_ Wereal

R— (80)

Wirev
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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 55 and 65% but there is no significant
difference caused by the cell temperature Tre 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 work w;p¢,, properly. Real
high-temperature fuel cells use their potential work reasonably well. The
exergetic efficiency of fuel cells is described in [5] for the H, fuel. It can be shown
easily that the SOFC has the best exergetic efficiency here. The exergetic
efficiency {gc (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 m,y, of any real hydrogen-fuelled combined fuel
cell-heat cycle is plotted against the cell temperature Tr¢ in Figure 3.10 (right).
The exergetic efficiency of the fuel cell £¢¢ is the parameter (0.7; 0.8; 0.9; 1.0)
and the exergetic efficiency of the heat engine { gy, is kept constant at 0.7.

The system efficiency ngys increases with an increasing cell temperature T
for all exergetic efficiencies {z- < 1.0 until a maximum is reached. The location
of the maximum of g shifts with increasing exergetic efficiencies {pc to
decreasing Trc. But there arc no big changes in the region of the maximum if we
change Ty at constant {yc. The influence of the Carnot cycle dominates at lower
temperatures Ty.c and lower exergetic efficiencies {¢c.

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 of Energy since 1999 [6]. It appears useful to operate
the cell at the lowest possible cell temperature Trc in the region of the maximum
of Msyse for reducing material costs of the heat engine and the heat exchangers.
An increase in Tyc leads to only a negligible increase in the system efficiency
MNsyst:

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)

CH, + H,0 — 3H, + CO, (81)

ATH(750°C), /= +14065, 1k] /kgchs. (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 3.11 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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flue gas

water

Figure 3.11  Process model for integrated reforming in SOFC systems.

be described by {rc < 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

Trcz Trer > Tevap‘ (83)

This can be assumed for any SOFC system.

A reversible heat transport between these different temperature levels 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
Cue (Eq. (80)) 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 Ty to the
evaporator temperature T,,,, and the saturated steam is superheated from T,y
to the reformer temperature 7,,,. The reactant (of reforming) methane is heated
in the fuel heaters FH1 and FH2 from T, to T, and finally the products (of
reforming) hydrogen and carbon monoxide (+ steam) are heated from T, to the
Tsorc in the product heater PH. The required heat is supplied by the cooling of
the second pass of the flue gas (FGC) from Tgopc to a waste gas temperature > T,
by the SOFC directly (for PH), by the waste heat of HE1 (for T < T,,) and by
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the waste heat of HE2 (for T < T,.4,). 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 1)
_ 'Qused (84)
qupplied

to describe any real heating process (heat exchanger, burner). The internal
reforming in the SOFC is included in this modelling of the system (Tsopc = Tyep).
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 fixed at 2 to avoid coke
formation [9].

Table 3.2 Standard parameters for analysis of SOFC-heat engine hybrid cycles

SOEC temperature Tsopc 900°C
Reformer temperature T,y 750°C
Evaporator temperature T,yq, 200°C
Ambient temperature T 25°C
Excess air A 2
Water surplus ny, 2
Exergetic efficiency SOFC {sorc 0.60
Exergetic efficiency heat engine {yy; 0.70
Efficiency of air heater 144 0.90
Efficiency of heat exchangers nggx 0.98

The system efficiencies nys; of combined SOFC cycles with integrated and
external reforming have been calculated and compared [7,8]. The possible
system efficiencies 1y, 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 ns,s 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 A and the efficiency 1,y of the air heater (Eq. (83))
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are the main operational and design parameters. The system efficiency mgys:
is plotted against excess air A in Figure 3.12 with msy as a parameter. The
basic chemical thermodynamics shows that A"G — and therefore wgcrev (EQ. (5))
and Wigysrev (Eq. (78)) — is independent of the excess air A. This can be used
to prove the model because Ty is independent of A for nay = 1 as expected.
TNsyst decreases with increasing A for all may < 1. The influence of My
increases with increasing A. The behaviour of the system for nugz = 0.85 is
shown Figure 3.12,

-~

O 80 . . | . .
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g 70 o1 AH:(E\
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= F\;' 60 | HES (environment) = X 7 0.90
o o~ out of service | =C= I AH=0.95
E = 50 I J|* I =" T —t= nAH:'I.D
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efficiency
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g-sopc =0.8, $He= 0.7
water surplus nw =2 integrated reforming
Tsorc =800 °C, Tref =750 °C, Tevap =200°C

Figure 3.12 The influence of the excess air / and the efficiency nau of the heat transfer in the air heater on
the system efficiency Nsys. of the SOFC—heat engine hybrid cycle.

First m,,s¢ decreases slightly with an increasing A, 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 ny,,, becomes
sharper for an excess air A & 3 because the heat engine HE3 goes out of service by
alack of available heat. The total waste heat of the SOFC must be used to supply
the heatengines 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 n,y with an
increasing A in the region 3 < A < 6 by a decreasing supply of work by HE1 and
HE2. In the region A > 6 there is no heat engine in operation, All further heat
losses (increasing with increasing excess air A) must be compensated by the
auxiliary burner. ngys 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 A.

The system efficiency mys; is influenced by the exergetic efficiency of the heat
engines (HE1, HE2, HE3) {yp;, Cupz, Cups as well. ng,,, is plotted against {yp for
each of the three heat engines in Figure 3.13. The maximum difference of about
9% in T y5 occurs if Cyg s (heat sink environment) is varied between O and 1. The
difference is only about 2% if {5 (heat sink reformer) is varied. The variation of
Cue2 (heat sink evaporator) leads to differences in Mgy of about 8%. The order
of magnitude of these differences corresponds to the difference of the respective



Thermodynamics 77

_heat sinks :

80

system efficiency

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

exergetic efficiency S [

‘;OFC =0.6, fue=0.7 (Variation HE1/2/3) integrated reforming
excess air A = 2, excess water n,, =2
Ugore= 900 °C, ¥y =750°C, 9, =200°C

Figure 3.13 The influence of the heat engine design on the system efficiency nsys of SOFC-heat engine
hybrid cycles.

temperature differences between the SOFC and the heat sinks. This result
confirms that entropy recycling by integrated reforming is more important to
achieve high efficiencies than the power generation in the heat engine HE1. But
the heat engine between the SOFC and the evaporator is important especially
with a good exergetic efficiency {xg». The shape of 1y of the variation of {yg»
seemns to be unexpected compared with the variations of {yg; and {ygs.

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 Qgopc to operate the heat
engines (HE1, HE2 = HEprocess) and to supply the processes (reformer or
evaporator) with the necessary heat Q,.ocess

Qprocess ( 8 5)

Osorc = 7
1 — EHEprocess + CHEprocess - +Process Tsorc

This result is governed by the exergetic efficiency of the heat engine {nyrprocess
and the relation of the temperature of the heat sink T),ocess and the temperature of
the heat source Tsorc (T in K). Table 3.2 shows that the relation Tyrocess/Tsorc
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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Figure 3.14 Possibilities of system integration in SOF C—heat engine hybrid cycles.
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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 [10]. A further option
might be the conversion of heat to electricity by an AMTEC process [11]. 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
[14-16]. 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-modules 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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Figure 3.15  Cooling strategies for SOFC modules by GT cycles.

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[17,18].

Table 3.3 Comparison of the INEX and the EXCO design

INEX EXCO
1 SOFC waste heal extraction 2-npressure levels (systems) 1 pressure level (system)
(sub-systems)
2 Pressuredifference HEX walls Maximal pressure difference Only pressure loss
3 Limit for air inlet temperature Gas turbine outlet temperature SOFC temperature
in SOFC
4 Size of HEX surfaces Min. 1/2.5 of ambient system Min. 1/7 of ambient system
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.

2 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.

3 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.

4  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.



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

5  The electric efficiency of an INEX 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 [21].

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 SOFC is smaller than in another
low-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 ZrO, containing 15 wt% Y,03
(yttria-stabilised zirconia or YSZ) by Nernst [1] in the 1890s. In 1937, Baur and
Preis [2] 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 Takahashi [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 [5] show the highest conductivity and several
other formulations are also superior to YSZ, particularly at temperatures below
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Figure4.1 Temperature dependence of electrical conductivity for selected oxide ion conductors.

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 structurelike 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, stabilised by addition of divalent or trivalent (i.e. 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 ZrO, and CeO,, 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.



Electrolytes 85

The dissolution of yttria into the fluorite phase of ZrO- can be written by the
following defect equation in Kroger—Vink notation [8]:

Y,05(2r0;) — 2Yj +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, 2[Yz. | = [V,~], implying that the vacancy concentration
is linearly dependent on the dopant level. The ionic conductivity, o, can be
expressed by

o=eny (2)

where n is the number of mobile oxide ion vacancies, p 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,"]~!. To move through the
crystal, the ions must be able to move into an unoccupied equivalent site with a
minimum of hindrance, thus

o = A/T[V;]([V;) ™ Jexp(—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 et al. [10] for the
Zr0,-M,03 (M=Sc, Yb, Y, Dy, Gd or Eu) systems.
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Figure4.2 Composition dependence of the electrical conductivity at 1000°C for ZrO,~M ;03 compositions.
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Attempts to explain this conductivity behaviour have been made by Baker et
al. [11] and Hohnke [12], 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 ZrO,-M,03 system [10] 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, Zr**, shows the highest conductivity and the highest dopant content at
the maximum conductivity. Similar conductivity dependence on the dopant
level was observed in the CeO, system. The highest conductivity was found at
10 mol% for Sm;03 and at 4 mol% for Y,05 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].
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Figure4.3 Dopant concentration exhibiting the highest conductivity dependence on dopant cation radius in
Zr0;—M,03 systems.

Based on the comments of Nowick [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, M¢./, in CeO»:

Vs + M, = (VoMg,) (4)

and

Vo + 2Me, = (Vy2Mg) (5)

Manning et al. [17] suggested that (V. Mc.') is more likely to occur because of
the expected random distribution of M¢,'. Kilner 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

VoM >> [V¢] (6)

and

[Vs] = (B/T)exp(—Ea/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 CeO>,~M,03 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.
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Figure 4.4 Calculated and experimental vacancy association enthalpy for oxygen conductivity in doped
ceriaplotied against the ionic radii of the dopant ions.

Arachi et al. [10] reported dependence of the association enthalpy on the
dopant ion radius in ZrO,-M, 053 systems. The activation energy for conduction,
E, in Eq. (3) is expressed as the sum of the enthalpy for motion, Ep and the
association binding energy, E,, thus
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E:Em+Ea (8)

At higher temperatures the complex (V;-My,')- 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, Ey,
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
1000°C.
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Figure4.5 Ionmigrationenthalpy and association enthalpy versus dopant fonic radius.

The Sc3*-doped zirconia shows the lowest ion migration enthalpy and highest
association enthalpy because Sc3* has the closest ion radius to Zr**. 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
Zr** 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 f{or doped
zirconia, defined with respect to the total energy of isolated defects that enter the
associate. The calculated values were 27 kJ/mol for (V;Yz') and 16 kJ/mol for
(V;Gdz'). The experimental results were in good agreement with the calculated
values in both ZrO,-M,03 and CeOQ,-M,05 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. [t has monoclinic structure at room
temperature, changing to tetragonal above 1170°C and to the cubic fluorite
structure above 2370°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 Zr0,-Y,05 [23] (shown in
Figure 4.6) and Zr0,-Sc,03 [24] systems.
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Figure4.6 PhasediagramofZrO,-Y ;03 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 of YSZ at 1000°C.

InFigure4.7, the thickness oftheelectrolyte possessing aresistance of 0.2 Qcm?
is shown on the right-hand side of the vertical axis. The 0.2 Q cm? resistance
corresponds to 0.1 V lost due to the electrolyte resistance at 0.5 mA/cm?, where it
is assumed that the cell voltage should be 0.7 V to maintain a total energy
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Figure4.7 Temperature dependence of the electrical conductivity in the ZrO-M,0j systems. 9SSZ, 9 mol%
S¢205-Zr0,; 9YbSZ, 9 mol% Yb,03~Zr0,; 9YSZ, 9mol% Y ,03-Zr0;.

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 al an operation
temperature of 700°C, the thickness of the electrolyte should be less than 50 pmin
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 thelatter 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 [26,27]. ZrO, with
8 mol% Sc,03 exhibited a significant aging effect with annealing at 1000°C. Its
conductivity of 0.3 S/cm at 1000°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 ZrO, with 9 mol% Y,03. On the other hand, ZrO, with 11 mol% Sc¢,03
showed no aging effect on annealing at 1000°C for more than 6000 h. ZrO,
with 11 mol% Sc,03 shows a phase transition from the rhombohedral structure
(low-temperature phase) to the cubic structure (high-temperature phase) at
600°C with an accompanying small volume change. The cubic phase is
stabilised at room temperature by the addition of a small amount of CeQ, [28]
and Al;05 [29]. The conductivity of SSZ with CeO, and Al,0j3 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 Zr0,-M,0; system by annealing at 1000°C for 1000 h are 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.
(MPa) coeff. (1/K x 10%)

Assintered  After annealing

Zr0,-3 mol%Y,0; 0.059 0.050 1200 10.8

Zr05-3 mol%Yb,0; 0.063 0.09

Zr0,-2.9 mol%Sc,0, 0.090 0.063

Zr0,-8 mol%Y,03 0.13 0.09 230 10.5

Zr0,-9 mol% Y,03 0.13 0.12

Zr0,—8 mol%Yb,0; 0.20 0.15

Zr0;-10mol%Yb,04 0.15 0.15

Zr0>-8 mol%Sc, 04 0.30 0.12 270 10.7

Zr0,-11 mol%Sc,0; 0.30 0.30 255 10.0

7r0,-11 mol%Sc,0,-1 wt% 0.26 0.26 250

A1203

mechanical properties as YSZ. ZrO, with 11 mol% Sc,03 and 1 wt% Al,O3
appears as one of the best candidates for an intermediate temperature SOFC
because of its high oxide ion conductivity, phase stability and excellent
mechanical properties.

SOEC electrolytes should of course be stable under fuel conditions, such
that the electronic conductivity remains negligible 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 10730 atm, the electronic conductivity can be comparable to the
ionic contribution, but this oxygen pressure is far below the normal SOFC
operating range of 0.21-10~20 atm.

700°C 800°C 300°C /

D ‘ 1 /
—_ — 7= : ?
— z i /.:

or

log o/Scm™!

’
[( g PIAANEANRN
7 ~
11 . e NI N { |

0 -10 -20 -30 -40 -50

LOG OXYGEN PARTIAL PRESSURE, atm (1.01 x 10° Pa)

Figure4.8 Electrical conductivity of YSZ as a function of oxygen partial pressure.
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4.4 Ceria-Based Oxide lon Conductors

Doped ceria has been suggested as an alternative electrolyte for low temperature
SOFCs [6, 31, 32]. 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 Ce*" 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 (CeQ3)1 _(Sm>03)y
system as reported by Yahiro etal. [35]is shown in Figure 4.9.

O(S-cm™)

Figure4.9 Concentration dependence of electrical conductivity for CeO,-Smy03. (Q) 900°C: (A) 800°C;
(1) 700°C; (@) 600°C; (A) 500°C; (----) (ZrO02); _»(Ca0), at 900°C.

The maximum conductivity is observed at around 10 mol% Sm,0s3. The
conductivity of the Ce0,—Ln;03 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. CeQ,—
Gd,03 and Ce0,-Sm,03 show an ionic conductivity as high as 5 x 1073 S/cm at
500°C, corresponding to 0.2 @ cm? 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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Figure4.10  Dependence of ionic conductivity for (CeO,)g.g(Ln203). ; at 800°C on ionic radius of Ln?~.

Table 4.2 Electrical conductivity data for CeQ,-Ln,0;

In,0; Conductivity (S/cm) Activation Reference
energy (k]J/mol)
Mol% 700°C 500°C
Sm,0;, 10 3.5 x 10-2 2.9x10°3 68 33
10 4.0 x 1072 5.0x 1073 75 31
Gd,0, 10 3.6 x 1072 3.8x1073 70 33
Y,03 10 1.0x 1072 0.21 x 1073 95 31
Ca0O 5 2.0 x 1072 1.5 %1073 80 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 4.11, total electrical conductivity (ionic and
electronic) of Ceq gSmg >0, 9_g at diflerent temperatures is shown as a function
of oxygen partial pressure.

Godickemeier and Gauckler [37,38] analysed the efficiency of cells with
Cep sSmg .20, ¢ 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 Ceqg gSmy, 05 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 cn the
anode side [39]. However, interdiffusion at the YSZ/ceria interface could then

be an issue.
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Figure4.11 Total electrical conductivity of Ceg gSmg 201.9_s as a function of oxygen partial pressure.

4.5 Fabrication of ZrO,- and CeO,-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 [41].

POROUS
SUBSTRATE

Figure4.12 Principle of electrochemical vapour deposition (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, isrelated to the deposition time, t, by the following equation:

12 = 2kt (9)

where k, 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 107> to 3.8 x 1073 cm?/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)MnO; tubes, 22 mm in diameter and
900 mm in length [42] 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 et al. reported
that a dense YSZ film was obtained on a porous Ni-YSZ tube of effective area
20 cm? at a withdrawal speed of 22 mm/s. A YSZ film of approximately 20 um 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 um thick have been fabricated using this

sup

DOCTOR BLADES

CARRIER FILM

\TEMPERED GLASS BED

Figure4.13  Schematic of the tape-casting process.
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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 pm, 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 um thick tape cast Ni/YSZ anode and co-sintered at about 1350°Cfor 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 um have been fabricated. The total cell resistance
with a 4 um thick electrolyte was 0.105 € cm? at 700°C which corresponds to a
1072 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
(hm)

Stemens Westinghouse EVD (La,Sr)Mn0O; YSZ 40 [41]
AlliedSignal Tape casting Ni-YSZ YSZ 1-10 [4]
Argonne National Tape casting Ni-CGO CGO 30 [46]
Laboratory

ECN Screen printing  Ni-YSZ YSZ 3-30 [45]
Toto Slurry coating  (La,Sr)MnO; YSZ [42]
Toho Gas Slurry coating  Ni-YSZ ScSZ 20 [47]
KIER Slurry coating  Ni-YSZ YSZ 20-30 [43]
Pacific Northwest National = Tape casting Ni-YSZ YSZ 7 [48]
Laboratory

4.6 Perovskite-Structured 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 (YZr,0;)and gadolinium titanate (Gd,Ti,0-) [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 cells, ferroelectrics,
superconducting materials and oxidation catalysts [51] because the total charges
on AandB(+6) can be achieved by the combinationsof1 + 5,2+ 4, and 3 + 3, and
also in more complex ways as in Pb(B’;2B”1,2)03, where B’ = Sc or Fe and B” = Nd
or Ta, or A’y ;5A";,,TiO; 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, perovskites display a wide variety of properties. Many
display both ionic and electronic conductivity and so are useful as electrodes in
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SOFCs [52]. Only few perovskites are purely ionic in their conduction behaviour.
Properties of selected ionic-conducting perovskites are discussed below.

4.6.1 LaAlO;

Over the past 35 years, Takahashi and Iwahara have measured oxide ion
conductivity in many different perovskites [53]. They first reported fast
ion conductivity in Ti- and Al-based compositions and continued to measure a
range of perovskite formulations as shown in Figure 4.14. From this figure, it is
clear that Al or Mg doped CaTiO; exhibits the highest conductivity.
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Figure 4.14 Arrhenius plots of the oxide ion conductivity in perovskites in air (numbers in figure
corresponds to the following materials: (1) LaAlOs, (2) CaTiO3, (3) SrTiO3, (4) Lay ;Cay 3AI03, (S)
Lap 9Bay.1AlO3, (6) SrTip.yAlp.103. (7) CaTip 9sMgo.0503. (8) CaTip 5Alg, 503. (9) CaTig 9Aly 303).

Figure 4.15 shows the (ranspori number of oxide ions estimated f{rom
experiments with H,—0O, gas concentration cells. Although a high transport
number is obtained in CaTig ¢5Mgo 0503 at intermediate temperatures, in the
range from 500 to 800°C, Ca-doped LaAlQs3 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 LaAlO; based materials. For example,
Mizusaki et al. [54] reported the oxide ion conductivity and defect chemistry of
La,_.Ca,AlO; single-crystal samples with x = 0.0027-0.008, prepared by a
floating zone technique. They reported that the nonsteichiometry in the oxygen
content with Pg, 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 Pp,'/# and the activation
energy for migration of oxide ions is 0.74 *+ 0.05 eV. Perovskite-structured
LaScO3; has also been reported to be an oxide ion conductor [55-57]. Although
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Figure 4.15 Transport number of oxide ion in perovskites (numbers in figure correspond to the same ones
as in Figure 4.14 and broken line and solid line are the data obtained by Os—air and O,~humidified H,
cells respectively).

the unit lattice volume of LaScQs; is similar to that of LaGaQs, 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 ABOj3; 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 large 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 4.16 which shows the effect of atomic radii
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Figure 4.16  Owxide fon conductivity at 1223 K and activation energy for conduction as a function of ionic
radii in A site of Al-based perovskite oxide, Lng 9Cag 1 AlO3.
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of A site cations on the oxide jon conductivity and its apparent activation energy
in Lng 9Cag ;AlO3. 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 PrAlO; 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 [60].

4.6.2 LaGaO3 Doped with Ca, Sr and Mg

Arrhenius plots of the electrical conductivity [61] of Ca-doped LnGaO; (Ln = La.
Pr, Nd, Sm) are shown in Figure 4.17.
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Figure4.17  Arrhenius plots of the electrical conductivity of Ca-doped LnGaQOj3 (Ln= La, Pr, Nd, 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 LaGaQs5 is low and the secondary phases, SrGaO; or LasSrO- , form
when Sris higher than 10 mol%. Thus there is only a limited gain in conductivity
from increasing the dopant level.
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Figure4.18 Effectsof alkaline earth cation (M) in La site of Lag gMg,; GaOs.

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 LaGaO3 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 LaGaO; based oxides is obtained with the composition
Lag gSrp.2Gap.sMgo.203 (LSGM).

Since the initial work [62], LaGaO; 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 Lag gSrp,2Gag.gsMgp.1503. On the other hand, K. Huang et 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,
67] wasbetweeny=0.15and 0.2 in Lag gSr.2Ga;_,Mg,05.

The oxide ion conductivity of Sr and Mg doped LaGaO- is higher than that of
typical YSZ or ceria based materials and somewhat lower than Bi,O;-based
oxides. However, electronic conduction and thermal instability are problems for
Bi based electrolytes. Doubly doped LaGaO; 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 LaGaO;. Although the
crystal structure of such a secondary phase is not confirmed, it appears to be
LaSrGaO4. Some additional phases such as LaSrGaz0- have also been reported.
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Majewski et al. [63] and Hrovat et al. [68] have investigated the phase diagram
in the system La,0;-SrO-Mg0O-Ga,0; at 1623-1673 K in air. Figure 4.19
shows the phase diagram in the plane LaGaO;-SrGaO;-LaMgQO;. The system
La;0;-SrO-Mg0O-Ga,0; exhibits complex phase relations. Compared to the
ternary La,0;-SrO-Ga,0; system, the combined solid solubility of Sr and Mg in
LaGaQ; is significantly enhanced in the quaternary La>0;-SrO-Mg0O-Ga,O;
system. In order to obtain a single phase LSGM, great attention is required in its
preparation. Huang et al. have investigated the synthesis of Lag ¢Sty 1 Gay sMgg.205
by the alkoxide method [69] and reported that almost single phase LSGM can be
obtained at a temperature as low as 1270°C by this method.
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Figure 4.19  Contour plots of the conductivity at 107 3 K in LaGaQ; 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 LaGaQ; based electrolytes.
They pointed out that this LaGaO; material is slightly weaker in bending
strength compared to YSZ. Mechanical property measurements for
Lag oSrg.1Gag gsMgy.205 at room temperature and at 1173 K give average
strengths of 162 + 14 MPa and 55 + 11 MPa, respectively, which are similar to
strengths of CeO,-based electrolytes [70]. Creep resistance of LSGM has been
reported [72] as being worse than that of YSZ. As a result, additives such as
Al;O;, 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 of LSGM
is greatly improved by adding Al,Q; 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 LaGaO ;-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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Figure 4.20 Estimated hole and electron conductivity and oxide ion conduction in LSGM as a function of
oxygen partial pressure.
estimated hole and electron conduction in L.SGM as a function of oxygen partial
pressure [76]. It is seen that Pg, dependence of hole and electron conductivities is
Po>1’* and Pg,~'/?, respectively, obeying the Hebb-Wagner theory. The
polarisation method clearly suggests that LaGaO3 exhibits almost pure oxide ion
conduction over awiderange of oxygen partial pressures (10° > Pg, > 1072% atm).
Kim et al. [77] also investigated the temperature dependence of hole and
electronic conductivity in Lag oSrg1Gag gMgo 203z using the polarisation
method. Figure 4.21 shows the evaluated boundaries of the electrolytic
domain of Lag¢Srg1GaggMgo.20; in the plane of log(Py>/atm) versus
reciprocal temperature. The lower boundary of the electrolytic domain (defined
as tion > 0.99) for LSGM is 10723 atm at 1000°C further indicating its suitability
as SOFC electrolyte.
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Figure4.21 Evaluatedelectrolytic domain (t; > 0.99) of LSGM with polarisation method.
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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 [ 76]. 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 elecirolyte
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 existsfor each electrolyte material ata given
temperature and current density. For example YSZ operating at 700°C has an
optimum thickness of about 10 um. The benefit of LSGM is that its highest
efficiency with a thickness near 5 um is achieved around 450°C. Thus LSGM
appearstobe 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
Smg.sSrg.5Co03 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/cm?
at 1000°C and about 0.1 W/cm? at 600°C with 0.5 mm thick LSGM electrolyte.
In other investigations with LaGaO; based electrolyte [80-82] similar large
power densities have been reported at intermediate temperatures with
Lag ¢Srg.4C005 cathode and Ni-CeO, doped with La cermet anode.
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Figure 4.22 Temperature dependence of the maximum power density and the open circuit potential of the
cell using LSGM for electrolyte.

Reactivity of LaGaOs with electrode materials has also been investigated
[81,82]. Platinum seems to be easily reacted with gallium oxide to reduce Ga**
to Ga2* which is volatile. As for the stability of LaGaQOs-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
Ga0. However, the vapour pressure of GaQ 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
SOFCs 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 107%/K 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 80 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 Comparison of mobility of oxide ion in selected fluorite and LSGM oxides at
1073 K [85]

D {cm?/s) B.(eV) 8 [Vi](em™3)  D{cm?/s) p{cm?/Vs)

Zro.s1Y0.1902 6.2x10°% 1.0 0.10  2.95x10%! 1.31x107® 1.41x 1073
ZrosssCacia202  7.54x 1079  1.53 0142 4.19x10?! 1.06x10-7 1.15x10°¢
Zro.s3Ca0.1502 1.87x10°% 1.22  0.15 4.43x10?! 249x1077 2.69x10°S

Ceo.9Gdo.102 2.70x107% 0.9 005 1.26x10' 1.08x10"% 1.17x1075
LSGM(9182) 3.24x 1077 074 015  2.52x 102! 640x10-% 6.93x10°°
LSGM(8282) 413x1077 0.63  0.20 3.34x10*! 6.12x10"¢ 6.62x 105

D, tracer diffusion coefficient; E, activation energy; 8. oxygen deficiency; [VO], oxygen vacancy
concentration; D, self-diffusion coefficient; p, mobility.

4.6.3 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% [87]. Baker et al. [75] investigated the effects
of Cr and Fe on the oxide ion conductivity of LaGaO3. Doping Cr or Fe on the Ga
site induced hole conduction in the LaGaQs, resulting in decreased stability
against reduction. On the other hand, Ishihara et al. [8 7] 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 LaGaO3
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 et al. [88] also found
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Figure 4.23  Arrhenius plots of electrical conductivity of the LaGaOjz-based oxide doped with some
transition metal cations for Gasite.

that in LaGaygMgg 03, 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 cell with LSGM electrolyte [91]. The OCV decreased
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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 pum thickness the maximum power
density was 1.58 W/cm? at 800°C and 0.5 W/cm? at 600°C. Larger cells of 150
mm diameter using Lag gSrg.>Gag.gMgo.15C00.0503 electrolyte have also been
investigated recently [92].

4.7 Oxides with Other Structures

4.7.1 Brownmillerites (e.g. BayIn,0y)

Anther perovskite-related structure, which is interesting from the viewpoint of
oxide ion conduction, is brownmillerite with a general formula of A;B'B"O5 or
A>B,05. This structure can be viewed as a perovskite with oxygen vacancies
ordered along the [101] direction in alternate layers. Such vacancy ordering
results in an increased unit cell relative to the perovskite. In other words, lattice
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(X) o (S/cm) Compound T(K) o(S/cm)
Ba,In,03 973 5x1073 BasIn,HfOg 673 1.0x 1073
1223 1x 107! Sr3In,HfOg 973 1x107%
BaZrO; 973 1x10-6 Ba3Sc,ZrOg 973 7 x 1073
BaZrg slng 502,75 973 1x10-2 Ba,GdIng gGag 205 873 5x 1073
BazIn,ZrOg 973 5x 1073 Ba,GdIng,,Gag 405 873 5%x1073
Basln, 77Zr 30515 973 5x10-2 Ca,yCr;05 973 5x1073
Ba,Ing 337rg.670s5.33 973 1x1073 SryScAlO5 973 1x10~7
Bazhll‘75c€0,2505,125 973 9x 1073 Sl'zSCL_}AIojoS 973 1x1073
1223 6x 1072 SryScAlp gMgy.204.9 973 5x 107
Ba;In,TiOg 973 7x107% Sr3ScAlg gZng 2049 973 2x 10
Ba;In,ZrOg 673 6.8 x 1073 SraScg.5Y0.2A105 973 1x 104

Ba;3In,CeOg 673 1.5x 1073 Sry gBap 2ScAlO; 973 1x107%
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high compared with those of fluorite-structured oxides. Among these, Ba,In,0s
is attracting much interest from the viewpoint of SOFC electrolyte.

Figure 4.25 shows a comparison of oxide ion conductivities in Ba,In,05 and
Ce-doped Ba,In,Os in an Arrhenius plot. The Py, dependence of Ba,In,Os
suggests that hole conduction is dominant in this oxide at Pg, higher than 10~3
atm whereas oxide ion conductivity becomes dominant with decreasing Pg;.
Ba,In,0; 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 Bi,O;
electrolytes. Oxide ion conductivity in Ba,In,Os is comparable with that of YSZ
at temperatures above 900°C.
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Figure4.25  Arrhenius plots of the oxide ion conductivity in BaIn,0s and Ce-doped BayIn,0s.

In an attempt to eliminate this order/disorder transition and to stabilise the
structure down to lower temperatures, the effects of dopants on Ba;In,05 have
been studied by several groups. For example, Figure 4.26 shows the temperature
dependence of the conductivity of Ce-doped Ba;In,0s. 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 Ba,In,0s, La doping on the Ba site is the most
promising for increasing oxide ion conductivity. The Arrhenius plots [95] of the
ionic conductivity in (Baj_xLax),In»0s 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% Y,05-stabilised ZrO,.
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Figure4.26  Arrhenius plots of the conductivity in (Ba; _xCey)2In,0s.

The simulations of Fisher et al. [96] on the defect energies of Ba,In,05 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 [001] direction. Ba;In,0s5 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 Ba,In,0s 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
Bazlnzos.Hzo.

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, La;(Sig0,, and Nd;¢Sig0,7, reported by
Nakayama etal. [99, 100]is interesting.

Figure 4.27 shows a comparison of oxide ion conductivity in La;gSig0,7 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, La;oSig0,; exhibits higher oxide ion conductivity than
that of conventional oxide ion conductors. Sansom et al. [101] studied the



Electrolytes 109

Temperature /°C
800 400 200 100 50

BaTh, oGd, ;04

2t ® La,Si,0,, i
O Ndg 53(Si0,)s0,
1+ single crystal e
A (Bi,04)0,75(Y204)q 25
o 0t B (2r0,)0.52(Y203)o 08 .
“.E 0O YSY prepared by
5 L Daiichi Kigenso ]
12
|_
L Lt -
[=>}
o
3L .

-4 b (Z102)0,615(Y203)0.087
single crystal

L 1 1 1 A

] 15 2 25 3 35
1000/T/K

Figure 4.27 Comparison of the oxide ion conductivity in La;nSic02; and Nd;SisO,,-based oxide with
conventional oxide ion conductors.

relationship between crystal structure and oxide ion conductivity in this oxide.
The refined crystal structure of La,4Sig0,¢ belongs to the hexagonal space group
P-3 (no. 147), witha =b =972.48 pm, ¢ = 718.95 pm. This suggests that the
La;oSig026 has a unique oxygen channelling structure, such that the high
oxygen conductivity could be assigned to disorder of these channel sites [101].
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 Po, range [102] of limited interest to SOFCs.

La-deficient La,GeQOs also exhibits fast oxide ion conductivity over a wide
range of oxygen partial pressures [103]. La,GeOs 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 GeQ,4 tetragonal unit and the other is bridged
between La and GeQ4. 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
La,_.GeOs_g. The oxide ion transport number in Lay;GeOs was estimated to be
unity from H,-0, and N,-0, gas concentration cell measurements. The
comparison shown in Figure 4.28 clearly reveals that the oxide ion conductivity
ofLa; 4;Ge0Os_g is much higher than that of Y,03-stabilised ZrO, and almost the
same as that of Gdg_13Ceq. 3502 or Lag oSrg,1Gag sMge.»03 at temperatures above
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Figure 4.28 Comparison of the oxide ion conductivity in La>GeOs-based oxide with those of the
conventional oxide ion conductors.

700°C. However, at low temperatures, the oxide ion conductivity of
Laj 41Ge0s_s5 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 La; ¢1GeQ;5_; 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 BaCeO3-based compositions
[104], with high conductivity obtained by doping BaCeQs; with rare earth
cations on the Ce sites. However, proton conductivity in doped BaCeQs5 is still
smaller than oxide ion conductivity in LaGaO; or Sm-doped CeQO, and the
chemical stability of BaCeQ3 formulations, particularly in CO,, is poor.

Mother compounds like SrCeOs; or BaCeO; 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 SrCeq ¢5Ybg.0503 in dry airis 0.01 S/cm at §00°C.
When this oxide is exposed to humidified air, protons as charge carriers are
generated in the lattice by the following reaction

H, + 2h" = 2H"

and the electrical conductivity is increased due to proton conduction. The
conductivity of SrCeygs5Ybg o503 in humidified atmospheres was around
0.002 S/cm. Figure 4.29 shows the comparison of proton conductivity in selected
perovskites[105].In general, proton conduction increased in the order BaCeO3 >
SrCe03 > SrZrO;3 > CaZrQ;. On the other hand, chemical stability deteriorated
in the opposite order, SrZrO; exhibiting the highest stability. Consequently, {or
fuel cell application, SrZrO; would appear to be the most stable option.
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Figure4.29 Comparisonof proton conduction in perovskite oxides.
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BaThO; and BaTbO; doped with Gd are also reported as possible proton-
conducting electrolytes for intermediate temperature SOFCs [106, 107}
Sammells et al. reported that BaThg ¢Gag 103, Sr2Gd20s. and Sr.Dy,0s were



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

possible fast proton conductors [108]. Although detailed measurements of
proton conduction in these oxides have not been reported, proton conductivity
up to 8.7 x 10~2S/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
SOFCelectrolytes.

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 acceptable 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 preferrcd at temperaturcs
below 700°C, if the cost of scandia was acceptable.

Ceria-based electrolytes could be used at 550°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 LaGaO; doped with Sr and Mg. Other possible
perovskites are Ba, In,05 doped with Ce or La. Other ionic conducting oxides
have also been found including La(Sig0, ¢ composition. Proton conductors such
as SrCeOs, SrZrOs; or BaCeOs; doped with Y or Yb may also be effective
electrolytes, but reaction with CO, 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 cclls (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 [1] also possess the required properties and have
consequently attracted much interest. In 1969, LaCoO; 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
moved tolanthanum manganite (LaMnO5;)-based materials. Although degradation
of lanthanum manganite cathodes was not as severe, some potential reactions
with 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
[5]. To utilise this process successfully, any chemical interactions between
cathode and YSZ electrolyte 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 La,Zr,0, formation, A-site (La)-deficient LaMnO; was proposed for
the cathode. Its use inhibited La,Zr,0O- formation and resulted in better cathode
performance, as confirmed by Dokiya et al. [ 7] on test cells and by Ipponmatsu et
al. [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 [10]. For use with ceria-based electrolytes [11], a (La,Sr)(Co.Fe)O;
(LSCF)-based cathode has been developed [12].

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 La,Zr>0-
formation. Cathodes for the intermediate temperature SOFCs are discussed in
relation to the conventional LaMnO;-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, ABO3, is shown in Figure 5.1. This oxide
consists of three elements, namely the large cations, A", the small cations,

Figure 5.1 Schematic representation of lattice structure of perovskite, ABO ;.

B'®~"* and the oxide ions, O*~, where n is the positive charge on the A ions.
Cations B‘®~™" are surrounded by 6 oxide ions, whereas cations A"* have 12
oxide ion coordinates; the sites with 12 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:
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t=(ra+ro)/[2Y*(rs -+ ro)] (1)

where ra, rg, and rg are the effective ionic radii of A, B, and O ions, respectively.

Usually, this factor is evaluated from Shannon’s ionic radii [13] 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 LaMnQO3z shows orthorhombic structure at 25°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 Sr®* and Ca’*) or A-site deficiency increases the concentration of
Mn#** in the LaMnO; lattice. This eventually decreases the transformation
temperature. Although the cubic structure does not appear in pure LaMnQOj3, it
appears around 1000°Cin (Lag, 7Srg.3)MnOs.

The most interesting features of LaMnO3-based perovskites are their oxygen
nonstoichiometry and related defect structure [15-24]; that is, in addition to the
oxygen deficient region, the ‘oxygen-excess’ region [15] appears asillustrated in
Figure 5.2a. Figures 5.2b-d show oxygen contents of La;_.MnO; and
La;_.Sr,MnQO; as a function of oxygen partial pressure [15]. For La;_,MnQO;
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Figure 5.2 Oxygen nonstoichiometry of LaMnO; as a function of oxygen partial pressure [13]. (a)
Schematic representation of oxygen nonstoichiometry. (b) Oxygen content of LaMnO3+4. (¢) Oxygen content
of Lag gSrp ,Mn0O3.44. (d) Oxygen content of Lag sSrp. sMnOsz+q.
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and x < 0.4 in La;_,Sr.MnOs, 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 III 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 model is
appropriate. For example, Roosmalen and Cordfunke [17-20] tried to interpret
the defect structure of the oxygen-excess composition by the following
assumptions: [Mny,,|(=[Mn**]) is constant independent of the Sr content, and
oxygen nonstoichiometry and oxygen incorporation in the oxygen-excess region
involves the oxidation Oan;\/[n(: Mn*T) to Mnfy, (=Mn3*):

3 ! i it
502 + 6Mny, — LaMnO; + Via + Vg + 6Mny, (2)
Vi Vg M, 1°
KO)(P(OZ)3/2 — [ La][ Mn,]u\d6 Mm] (3)
[MnMn]

Results of their calculations can reproduce the thermogravimetric results
fairly well. However, their assumption that [Mn3, }(=[Mn**]) is constant may
not be accurate. Their assumption implies that with decreasing oxygen
potential, the concentration of Mn3* becomes lower than that of Mn**. 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 La;_,MnOs;_; 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 > 0.4in
La; _,Sr.MnOs44. 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'I’_'a), this
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space covers the space of nine unit cells, while for the Sr; , 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 [Mng,, [(=[Mn**]) was not corrected.

With decreasing oxygen partial pressure, La;_,Sr,MnQs;,,; 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
2Mny, + 05 = 2Mngy, + V5 +35 02 (4)

Here again thereduction from Mn** to Mn2™ appears to be improper.

5.2.2 Electrical Conductivity

LaMnO;-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™! at 700°C. The electrical conductivity is enhanced by replacing La3*
with lower valence cations (such as Ca?*, Sr?*) or doping with other cations
(Mg?2*, Co®*, etc.) for application as a cathode material [21-23, 26].

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 Sr?* ion, an electric hole is formed on the Mn3* site to maintain
electroneutrality and this leads to an increase in electrical conductivity:

LaMnO; 9 Ladt Sr2*Mnit Mn#* O; (5)

Figure 5.3 shows temperature dependence of the electrical conductivity [26].
Straight lines in this plot suggest the small polaron hopping conduction, which is
generally expressed as follows:

oT = (aT)°exp<—f—;) = (h:o)c(l - c)exp(— f—;) (6)

where (cT)° and E, are the pre-exponential constant and the activation energy,
respectively. A censtant, ¢, is the carrier occupancy on the sites and therefore
¢{1 — ¢) 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 LaMnO;+4 as afunction of inverse temperature 26 |.

The electronic band structure has been employed to explain the relationship
between hopping conduction and Mn mean valence. In the oxygen-excess
Laj _.Sr,MnQOs.4 (d > 0), the conductivity is about the same as that of the
material with stoichiometric oxygen content, d = 0. In the oxygen-deficient
La;_,Sr.MnOs.4(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 e, T level of Mn [26].

Any A-site deficiency from the stoichiometric composition (La;_,MnOs.g4,
0 < x < 0.1) also affects the conductivity. According to Mizusaki et al. [27],
La-deficient LaMnQ3 exhibits lower electrical conductivity. Figure 5.4 shows
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Figure 5.4 Nonstoichiometry, electrical conductivity, and Seebeck coefficient of La; _xMnOz.q (x = 0,
0.05,0.1) as a function of oxygen partial pressure [ 27 ].
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nonstoichiometry, electrical conductivity, and Seebeck coefficient of
La;-yMnOs., (x =0, 0.05, 0.1) as a function of oxygen partial pressure. In the
oxygen excess region, the conductivity () and the Seebeck coefficient (Q) 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, LaMnQ3;. 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 LaMnO3 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 LaMnO; is 11.2 + 0.3 x 10-% K~! in the
temperature range 35-1000°C [28]. Table 5.1 summarises the TECs of undoped
and doped LaMnO; [28,29].

Table 5.1 Thermal expansion coefficients of several LaMnO;-based perovsiites [28,29]

Composition Thermal expansion coefficient
(10-6K™1)
Lag 99MnO; 11.2
Lag,948rp,0sMn03 11.7
Lag gySrp.10Mn03 12.0
Lap,795rp.20Mn03 12.4
Lag.695r0.30Mn03 12.8
LaMnOs; 12.5
Lag,¢8rp,1MnO3 11.2
T.ag.gSrn,2MnO3 11.3
Lag, 7819, 3Mn03 11.8,12.0
Lag ¢Sto.4MnO3 12.6
LaO;)Cao_anO; 10.6
Lag gCagMnO5 10.0
Lﬂo(7caoA3l\({nO3 10.5
Lao_;,Cao_41\«{nO3 11.7

In the slightly A-site-deficient LaMnO; (Lag.9oMnO3), 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 Lag 99MnOs;. 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 107¢ K1 and 11 x 107¢ K! for
Lag gCap 2MnOs and Lag oSrg.1MnOs, 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.

LaCoO;-based cathodes show TEC values of about 20 x 10~% K—! 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.

5.2.4 Surface Reaction Rate and Oxide lon 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
160/18Q isotope exchange technique provides very meaningful data on these
parameters [30-37]. During 80 isotope annealing, the net isotope flux crossing
a 0,/solid surface is directly proportional to the difference in isotope fractions
between the gas and the solid. This flux is equal to the 80 flux diffusing away
from the surface into the solid. This leads to the following boundary condition:

LaC .
_D'EE x:0= k*(Cg — Cs) (7)

where D* and k* are the 80 diffusion coefficient and surface exchange
coefficient, respectively. Cq and Cs are the 80 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]:

Cx, t) = Clxt) — Coy _ erfc[ < ]

Cg - Cbg 2/ Drt (8)
, X
— |exp(hx + B*D"t) x erfc<—+ hw/Dﬂt)]
Pl ) AT

where C'(x,t) is the 130 fraction after being corrected for the natural isotope
background level of 80 (Cp, = 0.2%) and for the isotope enrichment of the gas
(Cg = 95-98%); t is the corrected time of the isotope exchange, and h is a
parameter, h=k*/D*, The labelled stable 20 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 importantrole both for surface oxygen exchange and oxide ion diffusion.
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Figure 5.5 Relationship between isotope oxygen diffusion coefficient (D") and surface oxygen exchange
rates (k") (h-plane plots) for selected perovskites { 30].

The measured diffusion coefficients and surface oxygen exchange coefficients
for LaMnOj3 and selected other perovskites are listed in Table 5.2 [33-37]. The
oxygen diffusion coefficients for LaMnOs-based perovskites are scattered over
one or two orders of magnitude, and the values range in the orders of 102 to
10~ ¢m? s~! at 1000°C at p{0,) = 1 atm. These values for diffusivity are low
compared with the values required for mixed conducting oxide cathodes. This
implies that when doped LaMnO; is used for a cathode, oxygen will be
transported through the gaseous phase or on the surface of the LaMnOj3 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 LaMnO3 because the oxide ion vacancies can be formed at
the lower oxygen potentials. This oxide ion flow could contribute to the
electrochemical reaction [39—41]. Such oxygen diffusion inside the lanthanum
manganite was confirmed with 180 labelling and SIMS analysis [42]. LaCoO3-
based oxides show higher oxide ion diffusivity and larger surface exchange
coefficients than the LaMnQOs-based ones as listed in Table 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 LaMnOQ3-based perovskites [32,35]

Composition Temperature  P(0,) Isotope oxygen Oxygen surface Ref.
(¢C) (atm) diffusion coefficient, exchange coefficient.
D (cm?s~1) k* (cms~1)
Lao_gssro_osl\{no::, 900 1 2.44 x 10_11 - 32
Lag.90Sr0.10MnO; 1000 1 4.78 x 10~12 - 32
Lao‘g(_)sro‘zoh’an:), 900 1 1.27 x 10—12 - 32
Lao_gosro_zoi\-’ln03 1000 1 1.33 % 10_” - 32
Lag.goSro2oMnO; 1000 1 6.60 x 10713 5.62 x 108 35
Lag.g0Sra.20Mn0; 900 1 1.60 x 1013 1.78 x 108 35
Lao.gosro‘zol\dno:}, 800 1 4,00 x 1015 5.62 x 10_9 35
Lag.goSrg.20Mn03 700 1 3.10x 10186 1.01 x 10~° 35
Lag goSrg.20C003 1000 1 9.01 x 108 5.64x10°° 35
Lao‘sosro_20C003 900 1 1.03 x 10-8 2.02 x 1076 35
Lag goSrg.20C005 800 1 9.87 x 10~10 6.31x 1077 35
Laovgosr0‘20COO3 700 1 1.04 x 10-1° 1.58 x 10-7 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 O,/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 (130,) 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)Co0O5

l!o/(lﬁo+|ﬂo) loo
In gas phase

10°

0 200 400 600 800x10°
x /nm

Figure 5.6  Oxygen isotope and elemental diffusion profiles from a dense LaCoOj3 cathode layer surface into
CeO; electrolyte. 130, annealing for 240 s at 800°C, p(130,) = 0.01 bar [43].
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(LSC) layer into a {Ce,Ca)0,-based electrolyte layer [43]. Although some cation
diffusion is observed across the interface, the LSC/CeO, 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 CeO,, 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
atthe O,/LSC surface; that is, step (i) is the slowest among the elemental steps.

For the LaMnO,/YSZ system, the oxygen transport is different than in the
LSC/doped-CeO, system. Figure 5.7 shows depth diffusion profiles of the oxygen
isotope and other elements around a dense Lag ¢Srg 1 MnO3 layer/YSZ interface
[44]. For isotope oxygen diffusion, a small decrease of isotope oxygen
concentration is observed between the gas phase and the dense Lag 9Sry ;MnO4
surface. A gradual decrease of isotope oxygen concentration is observed in the
dense Lag oSrg.1MnOs layer followed by a flat profile at the interface. This
suggests that the oxygen diffusion in the Lag oSrg1MnOj; 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 Lag oSro 1 MnO3 layer/YSZ interface

[44] (a): wide view of the LSM/YSZ interface, (b): interface region of LSM/YSZ. Samples were anncaled at

973 X. The concentration of 180 is defined as the ratio of secondary ion signal counts: Crg0(x)=1(1207)/

{L(180~)+I(10~)} at adepth of x, and the ratio of the other coupling metal secondary lons at adepth of x were
defined as Ryg1 no(x)=1( M160~)/{I(150~)+1(1607)}.



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

5.3 Reactivity of Perovskite Cathodes with ZrO,

5.3.1 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 (Eg. (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 small 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 [arger 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 Y,0s3, the oxide ion vacancies are formed preferentially around the
zirconium ions, which leads to stabilisation of zirconia in the cubic phase.

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

5.3.1.71 Reaction of Perovskites with the Zirconia Component in YSZ

The La,03 component in perovskite can react with the zirconia component in
YSZ to form lanthanum zirconate, La,Zr,0-. 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:

LaMOs3 + ZrO, = 0.5LasZr,07 + MO + 0.2 502(g) (9)
LaMO; + ZrO; = 0.5La,Zr,07 + 0.5M,03 (10)
LaMO; + Zr0O; + 0.2502(g) = 0.5LayZr,0; + MO; (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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0.2V035 + (2r03)( ¢(YO1.5), , = 0.8ZrO;(monoclinic) + 0.2YVO,4 (12)

The driving force for this reaction is the large stabilisation energy of YVOy.
This can be categorised as the salt formation between an acidic oxide (V,05) and
a basic oxide (Y,03). Since yttria, which is the stabiliser of the cubic phase, is
cxtracted, thisreaction leads to serious destabilisation of YSZ.

5.3.1.3 Interdiffusion between Perovskite and Fluorite Oxides
Both perovskite 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/20*~ = Mn™" (in fluorite)

. (13)
+ m/20° + (n—m)/20,(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 LaCoO; (>1173 K)
and LaNiOj are unstable against reaction (9). Similarly, alkali earth transition
metal oxides (ACoO3, ACrOs, AFeO3;, A = Ca, Sr, Ba) are unstable against the
reductive reactions. Also, although the thermodynamic data show that LaMnO3
is stable against the reactions (9), (10), and (11), experimental results do show
some reactions. This can be accounted for in terms of the lanthanum
nonstoichiometry in LaMnOs. The reactivity with YSZ can be represented by a
composition diagram as shown in Figure 5.8. The thermodynamic analysis

/3 Mn304
(2

2r0; La,Zr,04 /2 10,0,

Figure 5.8 Compositional diagram for the La-Mn-Zr-0 system.
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without consideration of La nonstoichiometry indicates that LaMnO; and ZrO,
do not react and can coexist. This is shown by the tie line between LaMnO3 and
Zr0O,. On the other hand, LaMnOj also has a tie line with La,Zr,0;. When
LaMnO; 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 LaMnOs reacts with ZrO, to form the three-phase combination
among Zr0O,, La,Zr,0-, and an A-site-deficient La; _,MnO3, whereas the A-site-
deficient La;_.MnO3 does not react with YSZ. In other words, the reaction of
non-A-site-deficient LaMnQO3 with ZrO, can be written as follows:

LaMnOs + x(ZrQ; + 0.250;) = 0.5xLa,%r; 07 + La; —yMnO; (14)

In this reaction, manganese ions are oxidised and oxygen is involved as a
reactant. For the A-site-deficient La;_ MnO3, the manganese solubility in YSZ
increases. However, the manganese dissolution does not change the conduction
characteristics very much [4 7].
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Figure 5.9 Chemical potential diagram for the La—Mn—Zr—0 system.

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, La,Zr,0;, at high temperatures. In addition, they also found the
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interdiffusion of manganese, lanthanum and strontiwm 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, La,Zr,0- is formed between LSM and
YSZ, and that after 24 h the La,Zr,0, 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 La,Zr,0- 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 [10].
Another step forward has been the use of an activation process to reduce the
polarisation loss at the electrode [51].

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. [7] 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, Y,03; content = 3 mol%) on the clectrochemical
performance of cathodes with different dopants and their concentrations [52].
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 [53]. 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 X, 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
ovcrpotential. 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 with a doctor-bladed electrolyte with an A-site-deficient
lanthanum manganite, (La,Sr)g.oMnOj 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/Electrolyte Reactions and Cell Performance

For both catalytic activity and compatibility with YSZ electrolyte, the
lanthanum manganite-based perovskites are currently the best cathode
materials for SOFCs. The most important issue associated with these materials is
the optimisation of their composition. Initially, (Lag g4Srg16)MnOs was
developed as a cathode material for SOFCs, whereas (Lag sCag s)MnO;
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 (Lag sCag s)MnOs3, the zirconate forrnation
can be avoided, whereas some zirconate formation will be expected for
(Lag.g4Sro.16)Mn0O3. This difference can be explained from thermodynamic
considerations in zirconate formation. As given in Eq. (14), the La,Zr,0,
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 [56]. These considerations lead to the conclusion
that La,Zr,0- 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 5.11 Composition diagram for (La,Sr.Ca)MnQO; cathode |55]. Westinghouse developed
(Lagy 44Sro. 16)MnQO; for fuel cells, while Dornier developed ( La,y sCag s )MnQj; for water electrolysers.

to the more reducing side. On the other hand, on anodic polarisation (e.g. in
water electrolysers), the La,Zr,0; formation is enhanced. Note that the
(Lag.sCag s)MnO; electrode is just outside of the composition region for
the La,Zr,0; formation as shown in Figure 5.11.

When La,Zr,0; phase is avoided, better initial performance is expected in
SOFCs. With the use of A-site-deficient lanthanum manganite cathode (and
therefore no La,Zr,0; 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 of a cell with a thin film 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 a function
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 [10,57-59].
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 La,Zr,0;. During the fabrication of the
composite cathode, some La,Zr,0; may form shifting the composition of LSM to
where no further formation of La,Zr,0, occurs. When such a composite cathode
is placed on a YSZ electrolyte, no La,Zr,0- is formed at the interface of LSM
particles in the composite cathode and the YSZ electrolyte. This helps in
obtaining a LSM/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) Some composite cathodes exhibit good performance even at low
temperatures such as 800°C.

(i) 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.

(iif) 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 (i) 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 LaCoQ5 with YSZ disappears below
1173 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 CeO, compared with
ZrQ,; Lay03 or SrO component can be regarded as basic oxides so that the
interaction with ZrO, or CeO- 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 perovskites 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)CoOs3
still has a high thermal expansion coefficient (16—22 x 107 K—!) compared
with doped ceria (about 12 x 10~% K—1). Consequently, {La,Sr)Co0; 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)O5 cathodes have been optimised for use
with CeO,-based electrolytes [11,12], a typical composition being
(Lag 6Sro4)(Cog.sFeq 2)0s (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)MnOs5 and (La,Ca)CrO; 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 eflect’ leads to a driving force to form
LaCrO; and AMnOs3 (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)CrO; (LCC) that had excess Ca0
to enhance its air sinterability:

(i) With porous manganite cathode, the elemental distribution across the

cathode/interconnection interface suggests the following replacement
reaction because of the above second driving force:

LaMnOs(in LSM) + CaCrO3(in LCC) = LaCrOs(in LCC)

+ CaMnO; (in LCC) (13)
Here, LaCrOj is formed as a dense layer next to the original LCC while
CaMnO; is formed as a porous layer next to the LaCrQ; 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 Metallic Interconnects

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 chromijum
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, 1, as follows:

r{degradation) o< Alogap(= 27F/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 with
the cathode lifetime.
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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
CrO,(OH); 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 al. 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 [59]. 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 givesrise 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
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Figure 5.14  Chromium poisoning for different electrode/electrolyte combinations [65].
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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 (L.SM) 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. La,O; 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 LaCrO; is larger than LaCoO3;.

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 LaCrO;
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
K 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 {abricating entire anode/electrolyte/
cathode assembly [75]. In this approach, cathode layers are deposited onto a
porous metallic felt substrate.



Cathodes 143

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 perovskites 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)O;
has been widely investigated for intermediate temperature SOFCs. Recent
attempts have focused on (La,Sr)FeOs 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 resuiting 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 [1] 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 clements 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 — nickel for electrons, yttria-stabilised zirconia for oxide ions. The reactive sites are the contact
zones of the two conducting phases which are accessible to fuel through the porosity | 2 |.

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 at 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 Moébius [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 f{raction. 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 HCl is somewhat better than that for H,S, 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 2500 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 [1]. 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].

Figure 6.2  Scanning electron microscopy images of a Ni—YSZ cermet with elemental resolution. showing
(a) nickel distribution, (b) overall cermet morphology, and (¢ ) zirconia structural skeleton | 6 |.



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

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 1550°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/cm?,
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, NisZr,
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 [ 10].

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 325 mesh screen, with non-connected inclusions of 10 pum 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 [7]. Nickel
oxide of grain size around 1 pm is now used, while the zirconia component often
contains a proportion of coarse powder 25 pm or larger [11] to form the anode
structural skeleton and inhibit the nickel aggregation, mixed with 0.5 um fine
powder to promote sintering. The powder mixtures are applied to form the
electrode layer on the YSZ electrolyte substrate, 150 um 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 matcrials 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 [13]. 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 cither side of the dense

electrolyte is a fine-structured ‘functional layer’ for the electrocatalytic promotion of the electrode reactions.

The full thickness of the cathode layer is imaged, but only a small section of the anode substrate (bottom).
(Reproduced by courtesy of the Research Centre, Jiilich (FZ]).)
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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 difficult to distinguish from the behaviour of the fuel cell as a whole. In
standard liguid-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 (H,, CO) and combustion
product gases (H,0, CO,), 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 equilibrium 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[16]), at 950°C, with variation of hydrogen partial pressure: ( Q) P,y =0.19 bar, Py, 0) = 0.05 bar;

(1) P,y = 0.48 bar, Py, ) = 0.05 bar: (A) Py = 0.48 bar., Py,0) = 0.12 bar. Reference electrode Pt on
air side: note displacement of equilibrium potential according to Nernst relationship.
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Figure 6.5 Steady-state current density (j)—overpotential (An) characteristics [16] under invariant
Nernst gas composition conditions, Py,) = 0.48 bar, P,y = 0.05 bar, for temperatures: () 725°C. (V)
780°C. (Q) 845°C. () 890°C, () 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;,) 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 Qverpotential referred to equilibrium (AU) determined by Nernst conditions. Reaction order m
as determined for hydrogen. mH,, with Pyy,a) = 0.05 bar, at temperatures ((J) 725°C and (A) 950°C.
indicates a change of limiting 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) [17]. 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 cell.
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% H,0. 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 of the overall spectra. The anodes differin
that one consisted of 0.4 pm YSZ powder with bidispersed NiQ, 0.4 and 10 um, 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% YSZ.
By detailed investigation of some experimental model anode systems,
however, a consensus is emerging on the interpretation of anode impedance
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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 €2, and the reactive component, the interfacial capacitance,
should be around 10 puF/cm? [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 [19],
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 IT 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 of clectrochemical impedance spectra with increasing overpotential n at 700°C, PiHy)
=0.13 bar, pru,0) = 5 % 107% bar, on thin screen-printed Ni/YSZ cermet anode (after [21]). Note the low-
frequency 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 [23] presented impedance
spectra on a cermet anode at 1000°C, with P,y = 1.0 bar, Py, = 0.03 and
0.0022 bar with corresponding values of Pg,) = 4.5 x 1078 and 6.5 x 1072}
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. Sakai et al. [24] 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:

Hésoad"f_vo” — 2H1+ +ISO;

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 107> moles of water equivalent per mole
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Figure 6.9 Impedance spectra on a cermet anode at 1000°C, are dependent on water partial pressure, Py, o)
=0.03 and 0.0022 bar with Py, = 1.0 bar: the oxygen partial pressures, P(o,). are 4.5 x 10~ 1% and 6.5 x
1021 bar for these ratios of fuel to reaction product. Rg = ohmic resistance of materials; R;, = charge transfer
resistance; Rg = mass transport resistance [22].

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 fuel 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.

H\O/H T T
z/ \Zr + H20 —— Zr/ \Zr —_— Z‘r L
N 7 N

Figure 6.10 Model for hydroxylation of a zirconia surface by chemisorption of 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 pum, of the order ol 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 hydroxyl sites, which can
then pair and desorb water.

This model raises the issue of the effective thickness of the electrochemically
active portion of the anode structure. Primdahl and Mogensen [20] found no
correlation between polarisation effects and electrode thickness down to 20 pum,
and in more recent work [26] a depth of 10 um 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 Mathematical modelling of dependence of polarisation on electrode thickness (after [29]). .1 =
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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 [31-34].

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. Verifving that the role of carbon dioxide is analogous to
that of water in hydrogen-fuelled cells, Aaberg et al. [35] observed a minimum



Anodes 165

in interfacial polarisation with 55% CO, 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 Pcoy = 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

Po,) = KP(zcoz) / P(ZCO)

a reaction order of 0.5 for CO, 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 + CO,, with occupation of CO
adsorption sites by carbon, followed by the reaction with CO- or electrochemical
oxidation to remove it.

When after reaction of hydrocarbon fuel with steam, both hydrogen and CO
with traces of CO, 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 shiftreaction being faster than either [38]. 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 1000°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 hydrocarbon fuel does present a balance of plant requirement
impacting on investment, maintenance and overall 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(o,) 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 [30] 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.

COHILO™> CO, 1 I,

CHL 1 elL,0
Cll

catalvst /‘\

anode L |

Figure 6.12 Schematic of distributed processing of humidified 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 at 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 6.14  Stability of ceria-catalyzed copper cermet under different fuel conditions contrasts with rapid
irreversible deactivation of nickel cernmet [4 3 ).

Refractory 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 ABOs, 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 1020 bar near
an open-circuit anode to atmospheric or even pressurised conditions on the
cathode side, and with sufficient electrical conductivity. Lanthanum chromite
is electrically 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 partially 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 CO, 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 [50]. In fuel cell operation the low
surface coverage of metallic nickel avoids carbon deposition while providing the
selective sites necessary for fuel activation [ 51]. Finally, mention should be made
of exotic options, like the vanadium carbide anode for oxidation of gas-entrained
solid fuel [52].

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
electrolyte 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 um. 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
electrocatalytic 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
900-1000°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 [1]. However,
typical requirements are:

High electronic conductivity with low ionic conductivity
Chemical stability in both fuel and air

Thermal expansion match to other cell components
High mechanical strength

High thermal conductivity

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
800°C, the only oxides that fit these criteria are the doped rare earth chromites.
In particular, compositions from the system (La,Sr,Ca)(Cr,Mg)O5 are the leading
interconnect materials. However, compositions from the system (Y,Ca)CrO; 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)

7.2.1 Electrical Conductivity

The electronic conductivity for an interconnect to perform adequatcly should be
greater than about 1 S/cm at 1000°C. For either YCrO; or LaCrOs 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 Rel.
{mol%) at 1000°C(S/cm) (eV) (k] /mol)

None 0 1 0.19(18) 2

Mg 10 3 0.20(19) 3

Sr 10 14 0.12(12) 4

Ca 20 35 0.14(13) 5

Ca, Co 20 Ca, 10 Co 34 0.15(14) 6

Table 7.2 Electrical conductivity data for Ca-doped YCrOj; (in air)

Ca Electrical conductivity Activation energy Rel.
content at 1000°C(S/cm) (eV) (k] /mol)

{(mol%)

5 4.5 0.17 (16) 7
10 7.7 0.18(17) 7
15 13.0 0.18(17) 7
20 15.5 0.18(17) 7
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how the electrical conductivity changes with oxygen activity for both of these
chromites [2, 6]. What makes the chromites useful as interconnects is that at
1000°C and 1071 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
LaCrO; doped with either Ca or Sr has sufficient conductivity in fuel atmospheres
toexceed 1 S/cm and therefore is preferred to Mg-doped LaCrOs.

There has been some concern about the oxygen ion conductivity in
(La,SrCa)Cr0;, particularly under reducing conditions, but studies by
Yokokawa et al. [9] and Singhal [10] suggest that this is not a serious
problem since at 1000°C the oxygen diffusion coefficient appears to be less than
10~7 cm?/s. This would yield an jonic 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
LaCrO; and YCrO; 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 [10-18]. For example, at
1000°C, when exposed to hydrogen, LaCrggsMgp.1503 and Lag gSrg>CrOs
expand about 0.1% and 0.3%, respectively (Figure 7.4). The amount of
expansion due to oxygen loss is directly related to the oxygen vacancy
concentration. Several studies have shown that this expansion can be minimised
by the addition of elements such as Al and Ti, but it is difficult to completely avoid
this behaviour without the loss of other desirable properties, such as the
electrical conductivity [16, 18]. Thus, it is important to allow for this expansion
in the cell and stack design.

Table 7.3 Thermal expansion coefficients of LaCx03 and YCrO3 [1-13]

Composition (nominal) Thermal expansion coefficient
(x 10-8/K)
LaCr0; 9.5
LaCr,9Mgo.103 9.5
Lag 98rp,1Cr0O3 10.7
Lag §8rg.2Cr03 11.1
Lag ¢5Cag.35Cr03 10.8
LaCr,9C00.103 13.1
Lag.sCag,2Crg.9C00,104 11.1
YCrOs 7.8
Yo.9Caq,1Cr0s 8.9
Yq.5Cap, 2Cr03 9.6

YSZ 9.4-11
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Figure 7.4 Percent expansion as function of oxygendeficiency in LaCrOz at 1000°C[11-17].

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 particularly 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 variable. This low strength and variability

Table 74 Mechanical strength of LaCxQ; (MPa)

Dopant (mol%) Temperature (°C) Ref.
25 1000 (air) 1000 (H,)

10% Mg 390-418 20
20% Mg 300 20
10% Sr 268 166 20
10% Sr 245 77 20
20% Sr 234 19
20% Sr 100 140 21
10% Ca 140 36 20
15%Ca 80 40 13
20% Ca 100-150 20-60 50-60 13,22
30% Ca 100-140 60-130 20 13

YSZ 200 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 LaCrQj itself. Thus, improvements in
processing can alleviate this problem.

7.2.5 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, 23]. For LaCrOj3, 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 1071°-10~2 bar range [24]. Under
these conditions the Cr-O volatility is suppressed, thus minimising the
evaporation—condensation mechanism and thereby allowing densification to
occur. They showed that densification of stoichiometric LaCrO; 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 LaCrOj;.
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~O reaction, the LaCrQO3
dissociates to Cr metal both at the C/LaCrO; 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—O 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 LaCrOj; 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)O; sintered well and
yielded nearly theoretically dense structures at temperatures as low as 1350°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 [21].
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In an effort to alleviate the Co migration problem, a number of investigators
have studied the (La,Ca)Cr;_,03 and (La,Sr)Cr;_,O3 systems [12, 17, 26~-29].
What has been found is that when powders of these compositions are prepared at
temperatures below 700°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 LaCrO; 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 1980s, 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, 37].
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.

7.3.1 Chromium-Based Alloys

After a screening of different chromium-based alloys, Metallwerke Plansee AG
proposed a chromium alloy containing 5 wt% iron and 1 wt% yttria (Cr 5Fe
1Y,05), theso-called Ducrolloy, for use with electrolyte-supported SOFCs[38].Ina
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 of YSZ and the two materials differ in TEC at
1000°C by 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].
Typically, Cr 5Fe 1Y,03 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 1Y,0; is done by powder
metallurgical methods and starts with the alloying of Cr flakes with Fe and Y,0; by
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Figure 7.5 Thermal expansion curves of CrFe5Y,031, the ferritic steel X10CrA118 and for comparison a
nickel-based alloy (Ni 20Cr, VA Chromium) as well as the two mostly used supporting components in planar
SOFCs, the electrolyte (8YSZ) and the anode substrate (NiO/YSZ).

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
[38,45]. 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], Ducrolloy interconnects remain an expensive stack component.

Use of near-net shape processing of interconnect parts has also been tried for
tubular 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 0.3T1 0.5Ce0; and Cr 5Fe 0.5Ce0, resulting in a contact
resistance of about 30 mQ cm? after 1400 h of exposure in air and using
Lag gSrp.2MnQs 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 1Y,0;, 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 [49-51). 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 X10 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.
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Figure 7.6 Corrosion products (circles) at the edges of an interconnect coated with LaCoO ; after 3000 h of
operation at 800°C and a constant power density of 0.22 W/em?.

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 Al 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 Al
and Si. Once a compositional threshold is reached, alumina and silica layers
arc 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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Lag.¢Srg.4Feq.gCoq. 203 strongly increased with time for those steels containing
Al and Si in the range 1-2 wt%. Lowest contact resistances were obtained with
X3 CrTi 17 and X2 CrTiNb 18 steels, remaining below 10 mS cm? after 4000 h of
exposure in air. In corrosion experiments, both of these steels formed scales
composed of chromia and Fe-Mn~Cr spinels together with an internal oxidation
of the stabilising elements Ti and Nb [54].

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
[55, 56]. By adding various alloying elements in the range 0.1-2.5 wt% to alloys
with 17-25 wt% chromium, it was learned that:

e Nidoesnotsupport a stable and protective scale formation

e Ti leads to higher oxidation rate due to enhanced growth rate of the
chromia scale and formation of internal Ti oxides

e Y, La, Ce, and Zr reduce the oxide growth rate independent of Cr content;
especially La promotes very thin oxide scales

e 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 a chromia scale

This systematic study led to an optimised steel composition — at laboratory
scale — with small additions of Mn, La, and Ti but without any Al and Si. This
steel forms the desired thin and electrically conductive oxide scales [55, 56],
good contact resistances with ceramic coatings [57] (Figure 7.7), and reduced
permeability for volatile chromium species [58].
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Figure 7.7 Change of electrical resistance of ferritic steel/perovskite ceramics combinations during
exposure inair at 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. Also,
in contact with lanthanum manganite, a Cr—Mn spinel/Cr,0; double layer
isformed.

Honegger et al. [60] investigated powder metallurgically made model steels
containing 22-26% Cr and minor additions of Mo, Ti, Nb and Y,0;. After
oxidation in air, all matertals showed a double-layered oxide scale composed of
chromia directly in contact with the alloy and Mn—Cr spinel at the outer surface.
[n humidified hydrogen (20 vol% H,0), the corrosion experiments also revealed
a Cr,03/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/Lag Sry 4Co0O5 paste/Lag gSro-MnO;
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 Y503 and FeCr
26 Mo 2 Ti Y,03), a contact resistance of 20 mQ cm? for 40,000 h could be
deduced from the parabolic rate observed.

To achieve acceptable power densities in terms of W/kg and W/dm?, 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 chremium

Table 7.5 Stack developer and the interconnect materials used

Company Interconnect Interconnect Method to avoid Ref.
material thickness (mm) poisoning of the
cathode by volatile
chromium species

Sanyo Electric Inconel 600 5-6 Addition of La,0O5 to cathode 35

Siemens Cr5Fe 1Y,0;3 ca.3.5 Wet coating of LaCoO4 39

Siemens Cr5Fe1Y,05 ca.3.5 Plasma-sprayed coating 64,65
of (La,Sr)CrO;

Sulzer Hexis Cr5Fe 1Y,05 High-velocity oxygen 66

flame (HVOF)-sprayed
coating of (Y,Ca)MnO;

Sulzer Hexis Cr5Fe1Y,0; HVOF-sprayed coating 47
ofLag gSrg.2MnO3

Forschungszentrum Ferritic steel 6 LaCoO; coating 49

Jiilich

Ceramic Fuel Ferritic steel 3 Al,O; coating in gas 50

Cells Ltd 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 Lag ¢Srg.4Co03 did not
change significantly and remained below 10 m cm?, although SrCrO4 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 [67]. Nevertheless, properties of austenitic steels and
Ni-based superalloys for use in SOFC stacks continued to be explored. Linderoth
et al. [69] investigated the oxidation resistance and the corrosion products of
Fe~Cr—Ni steels (Haynes 230, Inconel 601), Ni-Cr steel {Incone! 657), Fe-Cr—Al
steel (APM-Kanthal), and the Plansee Ducrolloy. Among the Ni-containing
steels, the Haynes 230 showed the best oxidation resistance and the oxide scale
composed of Cr,03 and spinel might have better electronic conductivity than a
pure chromia scale.

England and Virkar [70. 71] 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 230 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 FeCrAlY 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
interconnects

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, H,Cr'VP0, [37, 74], 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'D [74]. This results in an increase in cathode polarisation [75, 76].
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 La,05 [35] in the cathode or
by applying protective coatings of lanthanum chromites [64, 65], 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%/
1000h[78].

Matsuzaki and Yasuda reported that Lag ¢Srg 4Feq sCog 205 cathodes are
much more stable against Cr poisoning than LagygsSrgisMnO; or
Prg ¢Srg.4MnO; cathodes [79], especially when ceria-based solid electrolytes are
used, and no enrichment of chromium was found at the Lag ¢Srg.4Feg §C0g.203/
ceria interface (after 10 h). A possible explanation might be the different
overvoltages of the cathodes for oxygen and H,Cr'VD0, 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 [74,80]. 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 1Y,0s,, the best contact material for the cathode was found to be
LaCoO; [64] before protective layers of (La,Sr)CrO; were applied to avoid Cr
evaporation. LaCoQ3 was also successfully used in combination with ferritic steel
[49], 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), LaCoQOsz 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 SOFCs with only ceramic components {83, 84], the bond between the cell
and the LaCrOs 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 1Y,03 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,
86] leading to progressive decomposition of the perovskite 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) Lag Srg4Co03, (iii) LaggsSrg.1sMnOz +
Lag.gSro.2Gag s3SMgo.1703 — onto an un-oxidised Fe-based alloy with
composition similar to X18 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 X10CrA118. The stack was
operated for 3700 h at 800°C. The pores along the outer part of the wires were formed during start-up of the
stack due to partial oxidation of the Ni mesh and subsequent reduction of the oxide layer by the fuel gas[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 76 Current issues of ceramic interconnects

Ofmost importance Of next mosl importance

1. Fabrication and processing costs 1. Thermal expansion match to YSZ

2. Material costs 2. Chemical compatibility to YSZ and sealing glass or cement
3. Expansion due to loss of oxygen
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
[1,31,32,63]}.

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 [1], 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, 3]. Figure 8.1 shows an example of typical
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Figure 8.1  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.

(i) 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.

(ii) 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.

(iii) 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
Blectrical Minimal ohmic loss Short current path
performance Good electrical contact and sufficient
contact area

Current collector design for uniform and
short current path

Electrochemical Full open circuit voltage Insignificant gas leakage or cross-leakage
performance (no or minimal sealing)
No electrical short
Low polarisation loss Uniform gas distribution between cells

and across cell
Easy gas access to reaction sites

Thermal Cooling and uniform Simple and efficient means for cooling
management temperature distribution Appropriate gas flow configuration
Highest possible Design to withstand thermal stress

temperature gradient
across stack

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 of flowfield designs in planar SOFCs [ 3].

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 [5-7]. 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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Figure 8.4 Examples of external manifolds.

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 [8]. 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 um) YSZ electrolytes (e.g., anode-
supported cells), the cell can operate at reduced temperatures ( < 800°C). 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 Micrograph of a planar cell on porous metal substrate [ 8 |.
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Table 8.2 Teatures of planar single-cell configurations

Cell configuration

Advantage

Disadvantage

Self-supporting
Electrolyte supported

Anode supported

Cathode supported

External supporting
Interconnect supported

Porous substrate

Relatively strong structural
support from dense electrolyte
Less susceptible to failure due
to anode re-oxidation

Highly conductive anode
Lower operating temperature
via use of thin electrolytes

No oxidation issues
Lower operating temperature
via use of thin electrolyte

Thin cell components for lower
operating temperature
Stronger structures from
metallic interconnects

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

Higher resistance due to low electrolyte
conductivity

Higher operating temperatures required
to minimise electrolyte ohmic losses

Potential anode re-oxidation
Mass transport limitation due to
thick anodes

Lower conductivity
Mass transport limitation due to thick
cathodes

Interconnect oxidation
Flowtield design limitation due to cell
support requirement

Increased complexity due to addition

of new materials

Paotential electrical shorts with porous
metallic substrate due to uneven surface

8.2.1 Cell Fabrication

The fabrication processes selected for each planar SOFC cell/stack 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 SOFCs 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.

8.2.1.1 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 [10]. 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 making 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
um YSZ fabricated by the tape calendering process.

Fracture Surface

LaMnO, Zr0, NiO/Zro,
Cathode Electrolyte Anode

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 [11].

Dip coating. Porous substrates are immersed in YSZ slurries of colloidal size
particles. Deposited films are then dried and fired [12].

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 [13].

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 [15].

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.

Asdiscussed 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 (LaCr0Os). 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 [3]. 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 [19].

8.2.2 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/cm? at 800°C and
0.8 W/cm? at 650°C have been obtained for anode-supported planar cells with
hydrogen fuel and air oxidant (Figure 8.9) [20].
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Figure 8.9  Performance of anode-supported cell with hydrogen fuel and air oxidant [ 20].

Figure 8.10 shows examples of planar SOFC stacks [6,21-23]. Planar stacks
have been operated for thousands of hours, and operation of multi-cell stacks at
multi-kW 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 1-25 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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Figure 8.10  Examples of planar SOFC stacks.
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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.In ordertoreduce suchimpedance to air flow, the wall thicknessofthe
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 adoped LaMnO3; 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-wall 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
length (the length of the interconnection) was increased from 30 c¢m 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 8.13 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 30-35% 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,
28]. 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 ditfusion 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:

2MeCl, 4+ yH,0 = 2MeO, > + 2yHCI (1)
4MeCly + yO, + 2yH, = 4MeOy,» + 4yHCI (2)

Interconnection ~__

Electrolyte

Air
Electrode

Air -~

-
Flow = Fuel Electrode

Figure 8.13  Schematic illustration of a Siemens Westinghouse tubular SOFC[26].

Figure 8.14 Photograph of a single tubular SOFC. (Courtesy 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 8.15.
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Ligure 8.15  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 um 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 at 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 c¢cm diameter, 150 cm active
length cell at 900, 940, and 1000°C with 89% H, + 11% H,0 fuel (85% fuel
utilisation) and air as oxidant (4 stoichs) are shown in Figure 8.16.
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Figure 8.16  Voltage—current density and power—current density plots of a commercial prototypical tubular
SOFC. (Courtesy of Siemens 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 8.17 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.
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Figure8.17 Effect of pressure oncell powerat 1000°C[26].

8.3.2 Tubular Cell Stack

To construct an electric generator, individual cells are connected in both
electrical 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 bundles 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 8.18  Three-in-parallel by eight-in-series tubular cell bundle [ 26 |.

Figure 8.19  Photograph of a 100 kW tubular cell stack, showing 48 bundles of 24 cells each. (Cowrtesyy of
Siemens Westinghouse.,)

The stack is partitioned in clevation 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 850°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.
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Combustion Plenum
Depleted Fuel Plenum

Exhaust ~—

- Thermocouple

Thermocouple ‘| Internal Reformation Zone

Pre-Reformer
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Figure 8.20  Thermal and hydraulic features of the 100 kW SOFC stack [ 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 [30-34]. 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, 3], 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 10 kW size stacks have been built and tested,
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Figure 8.21  Schematic illustration of the segmented-in-series tubular cell design | 3],

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

both under atmospheric and pressurised conditions, using such segmented-
in-series cells [ 35].

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/cm?) compared
to planar cells (from up to 2 W/cm? for single cells to at least 0.5 W/cm? 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
SOFEC generators, alternate geometry cells are under development [36]. 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,



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

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 of the tubular and the HPD-SOFCs.
The ribs reduce the current path length, which in turn reduces the internal

(e I 1[ )

Figure8.23  Cross-sections of tubular and flattened ribbed HPD cells | 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 theoretical performance for 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 1 3.

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, 40]. 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. Thisis 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 um 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-Smm
[ucl 4+—>
_’ \ ; B
__0 , | Anode
A : / “Cathode
‘ YSZ
Anode wire Wire conneetion

Electrolyte support tube
Cathode couling
Cathode wire

Q) b)

Figure 8.25  Microtubular fuel cell design: (a) arrangement of cell on electrolyte support tube; (h) cross-
section of the electroded cell region.
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the tube to a thickness of around 50 um, 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
pum 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 [41-44]. 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 scal Catalyst
!‘ SOFC
i ' i N hot exhaust
fucl YSZ electrol bes
plus £ clectrolyte tubes
air cold zone hot zone ‘
insulation /V‘

Figure 8.26  Microtubular SOFC system showing the YSZ electrolyte tube sealed with a rubber connector,
with the electroded cell region in 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
glow 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 [44-50] 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 [51-53]. 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, 55]. 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 [56]. However, in a novel
process developed in 1996, a high surface area YSZ was bead milled in water
with ammonium polyacrylate surfactant, cellulose polymer was added, filtered
at 1 um 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 [57]. 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 [ 58].

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 um 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 um 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 substantial
microcracking across the layers. An outer cathode of lanthanum strontium
manganite was pasted on and fired, and the performance of such cells was
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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. (b) Improvement 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 800°C, 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 350 um in
extent. Thus any microtubular cell design with co-extruded interconnect will
require much further development to be successful.

8.4.1 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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Figure8.28 Cross-sectionof a 1000 microtubular cells 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 kW 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 built 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 case 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].

heater

furnace control

gas supply —!—"’—\Ml mass

system ‘ [ ] spectrometer
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Figure 8.29  Apparatus for measuring fuel reactions ina microtubular cell.

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/cm?) and volumetric (W/cm?) 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 lvers-Tiffée and Anil V. Virkar

List of terms

AG
bi

F
®
Ny
Ji

Irpp or Lipp

B

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 o
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
Three phase boundary length
Transfer coefficient of symmetry factor
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Rads Rate constant for adsorption
Kies Rate constant for desorption
kred Rate constant for reduction
ko 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 H, and CO, with appropriate amounts of H,0 and CO, present
in the fuel to prevent the deposition of solid carbon. The SOFC thus can use CO as
a fuel in addition to H,. Even in the case of SOFC, however, the largest
component of the fuel mixture is H,. 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 H, to form H,0, namely,

H,(gas, anode) +10,(gas, cathode) — H,0(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]

AG AG° RT o RT. (P p% 2
E=—-or=- —=In| —2=5 | = E° +——In| 22 2)
2F 2F 2F (P?{z v, 72 4F T\ pho’ (

where pp,, is the partial pressure of oxygen in the cathode gas, p%, and py, o are
respectively the partial pressures of H, and H,0 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, pj,, pf,, and pf,, , 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
Nernst potential

!
ocv / } gas consumption
K } ohmic foss
activation /
polarisation cell voltage / polarisation losses
[ conot_entrglion J
l polarisation
|
|

current density

Pigure 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 electrolyte/electrode interface
becomes a limiting factor for the cell reaction.

Equation (1) also gives the maximum possible electrical work that can be
derived, wpm,, = 2FE = —AG [1]. 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 7(i), then

E = V(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) + n(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 5(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 below.

9.2 Ohmic Polarisation’

All matters (except superconductors, of course) offer a resistance to the motion of
electrical charge, and this behavior, in the simplest 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, 1oum, given by

Tohm = (pele + pele + pala + Rcanlacl)i (5)

where p,, p., and p,, are respectively electrolyte, cathode, and anode resistivities,
and L, I, and 1, are respectively electrolyte, cathode, and anode thicknesses, and
Reontace 18 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 5y, 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 LaMnO;, 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 ~10~2 Qcm and that of
the Ni + YSZ cermet is on the order of 10~™* 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

1 The term ‘ohmic polarisation’ is often referred to as the ‘ohmic loss, and is part of the overall loss,
n(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 H, (or H, + CO), and at
the cathode O,. At the anode, H; (or Hy + CO) must be transported from the fuel
stream, through the porous anode, to (or near) the anode/electrolyte interface.
Hydrogen (or H, + CO) then reacts with oxide ions transported through the
electrolyte, at or near the anode/electrolyte interface, to form H,0 (or H,0 + CO,),
and release electrons to the anode, for their subsequent transport to the cathode,
through the external circuit. The H,0 (or H,0 + CO,) formed must be transported
away from the electrolyte/anode interface, through the porous anode, to the fuel
stream. This transport of H, (H, + CO) and H,0 (H,0 +CO,) must be consistent
with the net current flowing through the cell, adjusted for appropriate charge
balance/massbalance parameters. In steady state, the following equality
o]+ icol = ol + licos| = 2joy| = =2 (6)
must be obeyed, where jy, and jco are respectively the fluxes of hydrogen and
carbon monoxide through the porous anode to the anode/electrolyte interface,
jm,0 and jco, are respectively the fluxes of water vapor and carbon dioxide
through the porous anode, away [rom the anode/electrolyte interface, jo, is the
flux of oxygen through the porous cathode, to the cathode/electrolyte interface,
and Ny isthe Avogadro’s number.
For simplicity, the following discussion is confined to pure hydrogen as the
fuel. Thus, equation (6) reduces to

iNa

>F (7)

|sz' = IszOI = 2|j02| =
Transport of gaseous species usually occurs by binary diffusion, where the
effective binary diffusivity is a function of the fundamental binary diffusivity
Dy, —m,0, and microstructural parameters of the anode [3, 4]. In electrode
microstructures with very small pore sizes, the possible effects of Knudsen
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, 1%, and is a function of several
parameters, given as

7ne = f(Du,-m,0. Microstructure, Partial Pressures, Current Density) (8)
where Dy, _n,0 is the binary H»-H,0 diffusivity. It is assumed here that the effects

of Knudsen diffusion, adsorption/desorption and surface diffusion are negligible.
The n?,,. 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. H,, 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, iz, has the following form [6]

2Epg, Da(epr)
. 2Epy, Dy 9
bas RTI, (%)

where Dy 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 H, and H,0, Dy, _p,0, the volume
fraction of porosity, V. and the tortuosity factor, 7, [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]

RT i RT P, i
@ = n{1-—) s 2
Neone oF 111( ias) + oF In (1 +l7‘;.1101'as> (10)

Note that as the current density approaches the anode limiting current
density, that is when i — i, the first term approaches infinity. The maximum
value of #%, . is limited by the OCV. Thus, the maximum achievable current
density will always be less than i ;. 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 n? ..
From the standpoint of fuel gas composition, the lower the partial pressure of
hydrogen, pf;,, the higher is the n%,. The temperature dependence is
complicated. It is seen that ips o< V2, since Dygeqpy o< T2, which would mean %,
increases as temperature decreases. At the same time, as seen from equation
(10). 7gpn, 1s linearly dependent on temperature, which would mean n?,.
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decreases with decreasing temperature. In general, the 1}, 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:

12

(11)

Eeharacteristic ~

Diterry

For a typical anode-supported cell, I, is 0.5 to 1 mm, and Dy(efyy is ~0.1 to ~0.5
cm?/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 small
pore sizes [ 7]. Despite the fact that a high tortuosity factor cannot be justified on
geometric arguments alone, it still is a wuseful parameter for describing
concentration polarisation.

Concentration polarisation at the cathode similarly is related to the transport
of 0, and N through the porous cathode. The net flux of O, from the oxidant
stream, through the cathode to the cathode/electrolyte interface, is linearly
proportional to the net current density. In this case also, gaseous transport is a
function of the fundamental binary diffusivity, Dg,_n,, 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, n¢,,.., and is given as

Neone =1 (Do, -x,, Microstructure, Partial Pressures, Current Density) (12)

The 75, 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:

12

(13)
Deegry

~

teharacteristic

where D is the effective diffusivity through the cathode, and I, is the cathode
thickness. For an anode-supported cell, for a cathode thickness of ~200 microns,
and effective cathode diffusivity, Dy of ~0.05 cm?/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. O,, 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,
ics. has the following form [6]

_ 4Fp, Degepy)

4

The effective cathode diffusivity contains the binary diffusivity of the relevant
species, Do,-n,, the volume fraction of porosity in the cathode, V,y, and
tortuosity, 7.. In terms of the current density, i, and the cathode limiting current
density, I, cathodic concentration polarisation can be given by [6]

RT i
nﬁonc = _Eln(l - _) (15)

Ies

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 H,-H,0,
Dy,-n,0 2, is about four to five times greater than the binary diffusivity of 0,-N,,
Do, —-n,, due to the lower molecular weight of H, compared to the other species;
(2) Typical partial pressure of hydrogen in the fuel, pf, , is much larger than the
typical partial pressure of oxygen in the oxidant, p, . 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., iy >> iz.
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., I; >> I, and in such a case, often
les > 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
polarisation were experimentally measured.

Similar anode concentration polarisation curves can be generated using
equation (10) for various anode effective diffusivities. In practice, the fuel almost
always is a reformed (at least partially) hydrocarbon. In such a case, internal

2 Or for that matter that of H,-CO (Dy,—_co ) and H,-CO» (Dy,—co,)
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Figure 9.2  Estimated cathodic concentration polarisation vs. current density for a 50 micron thick cathode
withdifferent amounts of porosities [8 ]. The open porosity ranged between ~15% and ~4 3%.

reformation and shift reactions, as well 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 CO and CO, are
present. With pure hydrogen as the fuel, for an anode thickness on the order of
~1 mm, with fresh fuel the i,; can be as large as 5 A/cm? 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 electronically 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 SOFC 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 [9-20]. 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 usually 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.

1)

2)

3)

Surface adsorption® of oxygen molecules on the electronic conductor,
which also is the electrocatalyst,

(electrocatalyst)

ads

1
%Oz(gas) — 502

Dissociation of adsorbed oxygen molecules into adsorbed atoms,

1
—2—Oznds(electrocatalyst) — Oggs(electrocatalyst)

Surface diffusion of adsorbed oxygen atoms to a three phase boundary
(TPB) between the electrocatalyst (e.g. LSM) — electrolyte (e.g. YSZ) —
gasphase,

Oqas(electrocatalyst) — Oggq(electrocalayst/electrolyte TPB)

Formation of oxide ions by electron transfer with incorporation of these
ionsinto the electrolyte

Ouas(electrocatalyst/electrolyte TPB) + 2¢'(electrocatalyst)
+ V§°(oxygen vacancy/electrolyte) — Of(electrolyte)

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 '80 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

3 Surface adsorption of oxygen molecules may also occur on the surface of the electrolyte, YSZ,
followed by its dissociation into oxygen atoms and their surface diffusion to a TPB.
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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 continuum
modeling has been conducted in order to analyse various reaction steps
[15,17,20,21]); experimental methods used in these studies include
steady-state current-voltage characteristics and electrochemical
impedance spectroscopy. The importance of the role of TPB in
Laj4(Sr,Ca),Mn0O3; and La; Sr,MnO; 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 La;_ Sr,MnO;
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 lack 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 Weberetal. [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 step?. 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, 7¢.,, and the current density is usually nonlinear, except at very low
current densities. In general,

n' = f(material 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.



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

A phenomenological theory, which gives a quantitative relation between
current density and 7%, is known as the Butler-Volmer equation, and is of the
form [2,26]

i= l'g{exp [ﬁzgcht] —exp [_ (l — ﬁ);anwt:] } (l 7)

where Bis 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 n¢,, and i is
nonlinear and implicit, that is, it does not allow an explicit determination of n;,
as a function of current density. Rather, the equation gives net current density
for a given n¢,,. However, limiting forms of the Butler-Volmer equation allow one
to express 7, as a function of current density, i. The low current density and
high current density regimes are described in what follows. .

In the low current density limit, it is possible that ﬂz—g.’;“ﬂ << 1 and
‘% << 1.Insuch a case, the Butler-Volmer equation can be simplified as

F C
e (18)
or
RT
e 19
|nact| ZFigl ( )

The term 2% has the units of area specific resistance, Qcm?, and is referred to
as the charge transfer resistance, denoted by R, and is given by RS, = Al . An
important point to note here is that a linear relationship between n%,, and the
current density, i, in the low current density limit 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 75, 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,
equation can be approximated by

| o
ﬂz—i?ﬁ“‘ >> 1 and the Butler-Volmer
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RT RT
ﬂ—zﬁlnig—ﬁlni%a+blni (20)

Mot &
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 TPBis characterised by a line, extending along the electrolyte surface,
and has the dimensions of cm/cm? or cm™*. 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 (i.e. oxygen). That is, the exchange current
density. i, 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

if = f(TPB, partial pressure of oxygen in the atmosphere, oxygen

vacancy concentration in the electrolyte, oxygen vacancy (21)

mobility in the electrolyte, electron concentration in the
electrocatalyst, and temperature)

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

£ = [(partial pressure of oxygen, oxygen vacancy concentration
in the MIEC, oxygen vacancy mobility in the MIEC,
electronic defect concentration in the MIEC,
and temperature)

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 a possible charge transfer reaction for (a) purely electronically conducting cathode
material, and (b) MIEC cathode material.
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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, 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 Qcm?. For a LSM particle size of ~1 micron,
and the volume fraction of porosity in LSM of ~50%, the TPB is on the order of 2 x
10% cm~1. It is convenient to define a charge transfer resistivity, o, in terms of

the charge transfer resistance and TPB length by an equation of the form [27]

0f
Rit = L (23)
Irpg

Then, approximate value of g, is ~40,000 Qcm. An estimate of pf, 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 o 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, pf,, free of microstructural
effects (e.g. Irpg), which defines the charge transfer process for any set of
materials. Nevertheless, this estimate shows that for reducing the charge
transfer resistance from ~2 Qcm? to ~0.2 Qcm?, 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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9.4.1 Cathodic Activation Polarisation

Much of the early work on SOFC cathodes has been on Sr-doped LaMnOs; (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 La;_,Sr,MnOs, with x = 0.15 ... 0.25. These materials
exhibit a diffusion coefficient of oxygen D on the order of 10712 ¢cm?/s and a
surface exchange coefficient k... of about 10~7 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™!,
(equivalent to 50% surface coverage of 1 micron LSM particle size), and typically
< 5,000 cm™1, 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 [18,27,30].

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 LaCoOj3 (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 Schematic of a porous MIEC electrode with possible reaction pathways and involved species for
the oxygen reduction reaction for SOFC application (adsorbed oxygen species Oc(ad): Oy, o4, Oute O ate O 0a).

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 {lexibility 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 Bi,03;, LSGM, etc., can be used; and a host of electrocatalysts, such as
LSM, Sr-doped LaFeO; (LSF), Sr-doped LaCoO; (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 [18,27,30-34].
While the particulars of the models vary from model to model, general features of
the porous MIEC clectrodes can be summarised as follows: (1) Gaseous species
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(02, N, in the cathode; H, H>0 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 transfer®
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 fine, 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 al for composite cathodes are given to illustrate the role of various
parameters [27]. 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 [22]

R¢,dpf
Reery = Ro ™[y —pey

PV (-

5 Inthe case of a single phase MIEC, the reaction may be regarded as that of oxygen incorporation (or
removal) rather than that of charge transfer.

(24)
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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 pf is the ionic resistivity
(inverse of ionic conductivity, 1/0f) 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, Rf,
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, of is ~50
Qcm, and if the cathode interlayer porosity, V¢ is ~0.25, and if RS, is ~2 Qcm?,
then the effective charge transfer or polarisation resistance (using equation (24))
turns out to be ~0.12 Qcm? — that is a reduction by a factor of 16. The critical
distance, A, similarly, depends upon various parameters, and has the form [27],

Ay o L(:;‘_V) (25)

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 ~17 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 al [27]) or the effective
charge transfer resistance is essentially the same as R%, or ~2 Qcm? in this
illustration. That is, with single phase LSM, the reaction zone is confined to the
physically distinct cathode/electrolyte interface, and the polarisation resistanceis
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 Qcm? 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 An 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 microstructire
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 collecting 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)CoQ3) 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
of more than 1000 h and at a current density of 0.4 A/cm?in air [35].

D, - PN
reaction nanoporous MOD
sites  YSZ thin film cathode-layer

a) b)

Figure 9.6 Cathode/electrolyte interface structures: (a) standard interface with smooth electrolyte surface
and restricted mumber of active reaction sites and () structured electrolyte surface with nanoporous MOD
thin film cathode lager leading to an enhanced reaction zone with improved performance and durability,
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Figure 9.7 Efficiency vs. power density for electrolyte supported single cells with different types of cathode
materials and cathode/electrolyte 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, k.,
instead of 1/R¢, in the case of composite MIEC cathodes[36-38].

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, k.., as well as
the nature of porosity and microstructure. Equations similar to (24) for the
effective polarisation resistance, and (25) for the extent to which reaction zone
spreads, can be readily written for single phase MIEC, wherein the RS, is replaced

by 1/k.., 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
applicable to anodes. Traditionally, however, the typical 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-
SrTiO3 [40, 41]. 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:

0*~(electrolyte) + Hy(fuel gas) — H,O(fuel gas) + 2¢'(anode)

One of the scenarios could involve the following steps:

1) Adsorption of H, on the surface of YSZ or Ni from the anode
H,(fuel gas) — H,,, (YSZ or Ni)

2)  Surface diffusion of adsorbed H, to TPB
H,,,. (YSZ or Ni) — H,_, (TPB)

3) Anodicelectrochemical reaction

O (electrolyte) + Ha,, (TPB) — H,0 (fuel gas) + 2¢'(anode)
+ V3’ (electrolyte)

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,

n%., = f(material properties, microstructure, temperature,

(26)
atmosphere, current density)

Assuming a phenomenological model, anodic polarisation can be described
using the Butler-Volmer equation, and its low 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:

(o
Iu -

S(TPB, partial pressure of hydrogen in the atmosphere,

oxygen vacancy concentration in the electrolyte, (27)

oxygen vacancy mobility, and temperature)

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
O})(electrolyte) — EOZ(fuel gas) + 2¢'(anode) + V' (electrolyte)

followed by

1
5())_(&161 gas) + H,(fuel gas) — H,O (fuel gas)

Fuel Gas

H,O
Nickel Hopge ?

w 4

Electrolyte
Oxygen

Ton

Oxygen
Vacancy

Figure 9.8  Schematic of anodic 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 H, as the
fuel, and the difference cannot be attributed to differences in concentration
polarisation {42]. Tt is possible that the differences may be due to differences in
the adsorption characteristics of H, 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 [5]. 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. [n 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 mllz 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 multitude 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(w), on the y-axis and real part of impedance, ReZ(w), on the x-
axis; or alternatively a plot of the imaginary part of the admittance, B(), 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
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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 of measurements;
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 [43-45].
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 electrodesis 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 planar fuel
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 Rg and the polarisation resistances
Zeath + Zanoa = Zyor. 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 Zpo;, Zearn and Zgpeq, 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 (i.e. electrode misalignment < < electrolyte 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 [20,47].

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, only 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

kﬂ S
02(g) + 2s Td_' 2044 (27)
des
where ki, and kg are the rate constants for adsorption and desorption of
molecular oxygen, ‘s’ is a vacant active surface site for oxygen and O, 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
krc L]

Oad+V6'<—ki'>Oé+S+2h (28)
and transfers into the electrolyte bulk. Here, k.. 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 (27) and (28) yields

kadsp(oz)[slz = kdes[oad]z (29)
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kreal044l[VS'] = Kox[O5] 5] (30)

The concentration of adsorbed oxygen [O.] and the corresponding surface
vacancy concentration [s] depend on the oxygen partial pressure in the gas
phase p(0,) for given rate constants kags, Kox» Kges and keeq. Their actual values
depend on the microstructural properties of the cathode surface and the
interface and on temperature while the oxygen concentration [0,*] and
the oxygen vacancy concentration [V,**] in the electrolyte are given by the
compositions of the materials. The reaction rate constants kg and ko, consist of
a potential-dependent and a part given by the activation potential AGJof the
form

BB A @, + —R—L_AGO
kred = Kenom,rea® X7 (8 ”)§ Renem,rea ~ € 7T (31)

where B is the symmetry factor of the interface and the other constants have
their usual meanings. Therefore, the net Faradaic current ig that passes through
the interface depends exponentially on the overvoltage » (Butler Volmer-type
behavior [26]).

In the model, the quantity x = [0,,]/No denotes the oxygen surface coverage.
Ng = [s] + [0aq] 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

dx
3¢ = 2Kaasp(02)No(1 — %)° — 2kaesNox? (32)

+ kox [OB](1 — x) — krea([V*]x
fp = 2FNolppW * {kox[05]1 — x) — krea[Ve"]x} (33)

where F is the Faraday constant, Iypg 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 equilibrinm potential difference, A®,, and known rate constants, the
equilibrium surface coverage x is determined using the above relations.
According to this model, the static characteristic ig(n) 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 [16,48] and literature referenced there in.

The evaluation of the non-linear ip(n)-characteristics given by equation (33) is
mathematically difficult. Therefore, the static polarisation curves are usually
linearised and subjected to Fourier transformation that yields an expression of
the Faradaic impedance Zg of the interface for the given operating point.
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_ (6} Rads
Zp(a)) = —{T(t)—} ~ Ree + ﬁm (34)

where R is the charge transfer resistance for oxygen incorporation at the
interface and Rags and C,q45 contain the influence of the adsorption process on the
impedance for a pure ac input signal®. The values of Rg. Rags and C.4s are
functions of the reaction rates, the oxygen partial pressure, operating conditions
and materials parameters that are part of the model [16]. The ratio Re/R.ds
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.

-Im{Z;}

charge transfer
controlled

i

R charge transfer resistance R, @dsorption resistance Re{Z}

Figure 9.10 Nyquist plot of the Faradaic impedance Zy: of the oxygen reduction reaction simulated from the
above reaction model and corresponding equivalent circuit. The model describes a competition between surface
adsorption and incorporation, depending on the ratio of the rate constants for the respective processes.

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 p(0,). The series of distribution functions is then compared to
distributions obtained from electrochemical impedance measurements carried
outunder the same variation of experimental conditions as shownin Figure 9.11.
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

" ® Ttis assumed that capacitance associated with the charge transfer process is small enough so that it
is not reflected over the frequency range considered.
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Figure 9.11  Variation of the cathodic oxygen partial pressure (pO, = 0.1 atm ... 1.0 atm): distribution

Junctions of relaxation times (a) calculated from an impedance measurement series and (b) simulated from the

physical sub-model. The sinudation 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 dominating peak in the measurement series,

internal resistance of the cell determine their dynamic behavior over a widce
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.
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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 [46 ].
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9.6 Summary

Electrode polarisations cause large voltage losses in SOFCs and need to be
reduced tolow 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 (> 100 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
hasdropped 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 10

Testing of Electrodes, Cells and
Short Stacks

Mogens Mogensen and Peter Vang Hendriksen

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 [1-3], 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 [4-12].

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 [13-19], 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
ofreference 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. [20-26], 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 [27]. It should be noted that the contact resistance between the
electrodes and the interconnect is usually significant [25], 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 elecirodes 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 [30-33] but the electrodes
under investigation appeared not to be polarised; the short explanation is that
the reference electrodes were not working. The geometric requirements for the
position of electrodes in three-electrode set-ups have been treated in detail by
several researchers [34-39], 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 10.1a. 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 10.1b, 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
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Figure 10.1  (a) A typical sketch of an electrode-supported cell. Note that such an illustration is ot of scale

because the gap between the top electrodes should be 50 times greater than the electrolyte thickness. (h)

Expanded view of electrode 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 um/10 pm) times smaller than the current density of the cell,

The correct position of the reference electrode would be inside the electrolyte of the cell and some distance away
fromthe corner, but this isdifficult ina 10 um thick electrolyte.

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 at 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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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 10.2¢ 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 potential curves in
Figure 10.2c 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 electrode 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 [39].

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 three-electrode set-ups based on a cylindrical YSZ clectrolyte pellet. The pellet is

mounted onan alumina tube. (A) and ( B) illustrate material choices and details suitable for anode studies and

{(C) and (D) likewise for cathode studies. Using two three-electrode pellets pressed against a common Nimesh

as depicted in (BB), one may eliminate the impedance due to gas conversion. (C) In the case of a very well

conducting electrode material, the current is picked up directly from the working electrode using a Pt bead. (1))

I the case of a not-so-well conducting electrode, an improved current pick-up may be obtained by an
unsintered LSM foil incontact with a dense. channeled LSM pellet | 36,40,
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Figure 10.4. A symmetrical two-electrode cell arrangement for 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 propertiesin this case. However, its use is limited to investigations close
to open circuit voltage (OCV), where the electrode loss does not depend on
whether itis 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 10.5c 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 10.6. 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 of the gas manifolding arrangement for single-cell tests.

Results of a recent cell test at Rise 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
of the 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 (170 1/h) and hydrogen

with 5% water (9 1/h). The cell temperature was 84 5°C. The agreement between the fuel utilisation calculated

from the oxygen potentials of the fuel in and out. and the FU derived from the measured current using

Faraday’s law, is good over the entire range from 0 to 90 % FU. A maximum power density of 0.65 W{cm?
(0.61V x 1.07A/cm?) was obtained at 80% FU. Cell area: 16 cm?,

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.
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Figure 10.8 Cell voltage, U, as a function of current density with the fuel utilisation (FU) kept within 80—
90%. The cell was operated on hydrogen containing ca. 5% water vapour at the inlet and the air flow was kept
constantat 170 I/hr. The cell temperature was 8 35—-840°C. The solid line is the ‘best fit’ straight line.
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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 at 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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Voltage difference
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Figure 10.9  Voltage degradation with time of a cell tested at constant current density (0.5 Ajem?) ina

hydrogen/water 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 collection foil and
the Ni/YS7Z gas distributor plate, which evidently accounts for the observed loss 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 [19] 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
testis 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/cm?) 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

i

ASR = (1)

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 1050°C), the cell may be
characterised, with fair approximation, by only two characteristic numbers,
namely ASR at one temperature and E 4.

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. (1), 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 significantly the Emf of the hydrogen/water fuel gas
versus air, e.g. if the inlet gas contains 0.1% H,0 and the fuel utilisation is 0.1%,
this changes the H,O/H; 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, R, 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 [41]. The electrode polarisation resistance is further divided into
contributions from the various rate-limiting steps. Thus, ASR can be broken
down in five terms:

ASR = Relyl + Rcannecl + Rgﬁelchem + Rp,diff + Rp.canver (2)

where R,y is the electrolyte resistance calculated from the measured specific
conductivity and the thickness; Reonnec: = Rs — Reyye 1s the resistance due to non-
optimised contact and current collection; Ry, cichem 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; R, 4 is the contribution from the gas phase diffusion; and Ry, conyer 1S
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, Ry 4 +
Ry .conver is dominating. In an electrode-supported cell, the limitation of gas
diffusion through the support is a cell-relevant resistance, whereas Ry, 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).
R.1,: is calculated using a specific conductivity of YSZ of 0.045 S/cm, R punect i an
estimation, R, cichem is the sum of typical anode and cathode polarisation resistances
measured in separate electrode experiments, R, 5 is calculated using a diffusion
coefficient of 10 cm?/s, 30% porosity, a tortuosity factor of 3 and a thickness of 0.1cm, and
Ry.comver is calculated using Eq. (10) with i = 0.5 A/cm?

Resistance type Contribution to ASR (Q cm?)

5% FU 85%FU
Relyt 0.06 0.06
Rcmmact ~0.1 ~0.1
Rp.clchcm 0.15 0.15
Rp.aiff 0.06 0.02
Ry conver 0.06 0.31

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,
ASR,,, 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

Emfa, — U '
jatig (3)
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]

,. o dxy N
Reor = { = )
ASRcor {X;_I2 — Xloﬁ‘/;( Emf(XHz) -U (4)

o
Hy

ASRcor =
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where

RT bo+ Xl — Xu, i
2F XHz\/ _ Nl’ X;—I;_ _ XH;) \/P,,/atm

Emf(Xy,) = E° — (5)

Here X is the molar fraction, P, is the air pressure and superscripts i, o signify
inlet and outlet, respectively. Nrand 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 niore
complex than just co-flow. Even so, if the fuel utilisation is large, ASR,, derived
from Egs. (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 arigorous 3-D modelling of the cell test.

For purposes of evaluating Eq. (4), the integral may be approximated by a
sum [44]:

i N1 1 B
ASRer = {ﬁgm} ’

2

where Emf(X,(j)) is given by Eq. (4) with

+1 .
XH~, (}) XHZ N2 (Xﬁlz - sz) (7)

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

P
Emfy,, = E® — 5@ln S R (8)

2F 1_’H2 \/ Po, /atm

where the bar indicates ‘average’, i.e.

B P§-120+P?-IZO I‘) Pin+P‘I)-Iz T . bz+P81

PHZO:—Z-——, H, :——2—'— and POZ ————2— (9)

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, Ry, conver may be calculated using the concept of Emf,y:

Entfinter — Emfavg

: (10)

Rp,conver =

However, the anisotropic nature (temperature, gas composition, current flow)
of a real cell under current flow 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 R, 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 iV characteristics (right-hand scale) of an anode-supported cell tested in hydrogen with

different amounts of water vapour in the fuel. Dashed lines are the ASRs as deduced from Eq. (1), and the solid

lines are the cell resistances after correction for conversion of the fuel, ASR o, (Eq. (3)). The cell temperature

was §50°C and the fuel flow was 24 I/l in the case with 5% H,Oand 20 Ifk for the 2 1% H-0 case. The air flow
was 170 1/h. Cellarea: 16 cm?>.
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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 (Egs. (6) and (7)). The
correction is largest for the dry gas, where Ry, conver i ca. 0.12 € cm?, reflecting
the gas composition dependence of the Nernst voltage.

After correcting for 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 overvoltage), 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 (E,). Selected ASR values from tests on cells
and stacks from various sources, with apparent activation energies (E,) derived
by linear approximations of i-V curves for both low current deasity
(<100 mA/cm?) and mid current density (100 <i< 1000 mA/cm?) 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.

Values for RAHO[IE' RCathode (Rp.elchem = RAnode + RCathade) and RElyLe derived from
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, for ASR

Table10.2 Apparent thermal activation of cells and stacks as reported in the literature [46]

Ea(eV) Tinterval ASR (Qcm?)atT
(°C (°C)

Rise (thin electrolyte) 0.6-0.8 (mid i)* 650-850 0.30 at 850
Rise (thick electrolyte) 0.6-0.9 (mid i} 800-1050 1.1at850
Allied Signal [47] 0.50 (low i) 700-1100

0.55 (mid i) 700-900 0.5at 800
Northwestern 0.77 (low ) 550-800 2.0at 700
University [48]
Forschungszentrum 0.45 (low ) 800-950
Jiilich [49] 0.45 (mid 1) 800-950 1.2at800
Lawrence Berkeley 0.80 (low i) 650-800
Laboratory [530] 1.10 (mid ) 650-800 0.20at 800
Westinghouse [51] 0.45 (mid i) 900-1000 1.0at 900

Low i i <100 mA/cm? mid i: linear i-v in the range 100 < i < 1000 mA/cm?.
8 Often lower E 5 at higher temperatures.



Table 10.3 Resistances and apparent activation energy E, for sclected single electrodes, that is Ni-YSZ cermet anodes, LSM-YSZ composite

cathodes, and for selected electrolytes from the literature [46}

Electrode type Ranode Ea, anode Reathode L4 cathade REI,ut EA.EIML
(Qcm?) (eV) (2 cm?) (eV) (Qcm?) (eV)
Rise anode-supported cell 0.06 (850°C) [52) 0.8-0.9[53] 0.08 (1000°C) [54] 1.4[54} (.05 (850°C)* 0.82
technology
Riseelectrolyte-supported ~ 0.11(850°C)[52]  0.8-0.9{53]  0.12(1000°C)[54] 1.8{55] 0.33 (850°C)® 0.84
cell technology
Northwestern University ; 2 1.25(700°C) [56] 1.5-1.6[56]  0.24(640°C)[48)  0.93 (> 640°C) 48]

# Measured on symmetric Ni-YSZ/YSZ/Ni-YSZ cells, 650-800°C.
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values obtained in tests of Rise anode-supported thin-electrolyte cells [57] 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
Rise thick electrolyte-supported cells with bi-layer cathodes [58]. This is
comparable to the E 4 of the electrolyte and the anode, whereas the cathode has a
substantially higher E ,.

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 E 4, if a range is listed. Despite a
well-documented E 4 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 10.11 Measured ASR values based on data in Table 10.2 (open symbols, lines) compared to ASR
values calculated from the electrode data in Table 10. 3 (filled symbols).
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10.5.1 Non-activated Contributions to the Total Loss

Evident causes of the big difference between Ea . and Ea cathode are
contributions to ASR which are fairly constant with temperature such as R, conver
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, observed for Rise cells (as stated
under Table 10.2). A similar tendency is seen in the analysis of Allied-Signal data
[38]. 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, with
increasing current i. Part of the explanation is the relative importance of
Ry.conver Plus Ry gy Correction for this effect would increase E, at low i
From Tables 10.2 and 10.3, the difference between E, 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 10.11; it is not likely that this effect could be due to uncertainties and
non-linearities.

10.5.2 Inaccurate Temperature Measurements

Another reason for the cell E5 values being much smaller than E, 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 cm? 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/cm? 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 Rise 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 B, 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,4 of cell ASR compared to E4 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 Rise
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
polarisations 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

~C—Total, calculated

-O- Electrolyte

—— Cathode ‘
—X- Anode ‘

— Ditfusion

-0 Cell resistance, measured

ASR (Qem?)

Temperature (°C)

Figure 10.12. Temperature dependence of the ASR of an anode-supported thin-film cell and an estimated

breakdown of ASR into individual components. The fuel flow was 24 I/h (94% hydrogen, 6% water vapour)

and the air flow was 170 I/h. The following values were assumed: Eq cq. = 0.94 €V, Eg an = 0.8 €V, Ey etoetrolyee

= 0.9 ¢V and Rm['gggc =012 Q sz, Ran,SSOC =0.06 Q sz , Re’gc[ralyte'gsoc = 0.06 Q Cn12 and
Raigusion.s50c = 0.07 Qem?,
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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 cell 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 (850°C) 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 resultin a larger E5 cen.

1.5

—e— 650
—x— 700}
1.0 i

“c\ —8— 750

0.0 0.5 1.0 1.5 2.0 2.5
Current density (A/cm?)

Figure 10.13  Area-specific cell resistances corrected for fuel utilisation (ASR.,,) measured at various
temperatures of an anode-supported cell. The fuel was hydrogen with ca. 5% water vapour at a flowrate of 301/
hand the air flow was 140 I/ h. Cell area: 16 cm?.

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 technigue 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 (Rs = Rayt + Reonnect) 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 8 50°C with different fuel gases. Two

measurements were performed in hydrogen/water vapour gas mixtures with either 24 or 6% water vapour

and two measurements were performed in diluted hydrogen, with either nitrogen or helium as the diluent. The

water vapour content in the diluted gas experiments was ca. 6%. R, is invariant to changes in the fuel but both
the water vapour content and the type of diluent strongly affect the low frequency semicircle.

measure of Ry 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 N, is used as the diluent, showing that it is related to gas
conversion and gas diffusion.

10.6 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 H is
converted to H0. If the OCV value is used in Eq. (1) instead of the Emf of the inlet
gas, an ASR of 0.16 Q cm? at 1000°C is calculated. However, an ASR between
0.3 and 0.4 Q cm? is well established for this type of cell at 1000°C. Using the Emf
instead of the OCV and the current density at the cell voltage of .75 V, an ASR of
~0.35 Q cm? 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 1=V curve for a 'thick electrolyte’ Ni-cermet{YSZ/LSM cell in a test with a significant leak of
air into the anode gas stream [44 ]. The cell was tested in the set-up described in [19], where gold wires are
used for 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.

10.6.1 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 O, entering to convert H, to H,0, 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 850°C are given
in Figure 10.16 [46]. From a given feed percentage of H,O0, the loss of H, can be
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Figure 10.16  Observable deviation (OCV — Emf in mV) translated into percent loss of feed hydrogen as a
function of water concentration in the fuel gas, H,/H,O mixtures at 850°C [46].

estimated from the OCV-Emf deviation. Reading the curve in another way, a
given loss of H; (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
isonly SmV.

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% H, in N, outside the test compartment as
illustrated in Fig. 10.5a. This would reduce the pH, gradient to well below one
order of magnitude, and prevent incoming leakage of O,. At the same time the
potential of the cathode gas is far less sensitive to reaction of O, with H, and
production of H,O0, for example, a 5% injection of H; in air reduces the potential
by only 7mV 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 cell 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 Emfand a cell voltage in the range 0of 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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Chapter 11

Cell, Stack and System Modelling

Mohammad A. Khaleel and J. Robert Selman

List of terms

¢ mass fraction of species i

Cp specific heat

Cr.electrode reactant concentration at electrode

Cr bulk reactant concentration at gas channel

Cp.clectrode product concentration at electrode

Cp.bulk product concentration at gas channel

d half-thickness of the plate

D, hydraulic diameter

Dy;, Do w2 binary diffusion coefficients

Duz-n20

Dim multicomponent diffusion coefficient of speciesiin a
mixture

Defi(a) anode effective diffusion coefficients

Degi(c) cathode effective diffusion coefficients

dry/dt rate of mole change of species y (y = H,, 0», H,0, CO,
C0O,,CHy)

drg/dt rate of change due to forward reaction

drp/dt rate of change due to backward reaction

E Young's modulus

E, orE° the equilibrium (open circuit) voltage

Eqo activation energy

Etotal total energy (delivered per unit time)

EK turbulentkinetic energy

F Faraday constant

g acceleration due to gravity

AG° standard free-energy change of a reaction (eq.8a)

AG?W[ standard Gibbs free-energy change of the shift reaction
h heat transfer coefficient
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h,andh,
AH
I,i

Io
a2
io2

i

k]_
Ko
kco
Kshife

Lo 1.

my, My,
ms3, Mg
m

n

PH2

PH20
Po2:Po2.c

Po2,a
P

Pcell
Pstack
Pex

p

Q
Qgen
Qohm
Qirr.
Qrev.a
Qrev,c
Qrev,total
Qvis
R

R;

Re

r

Si

T
Tsand Ty
AT

t

U;

Uy

A\

thickness oflayer 1 and 2, respectively
enthalpy of formation

current density

the exchange current density

limiting current density due to H, transport
limiting current density due to O, transport
concentration limiting current

rate constant for shift reaction

rate constant for H; oxidation

rate constant for CO oxidation

equilibrium constant for the shift reaction
the length of the flow path

thickness of anode and cathode, respectively
reaction order parameter

Weibull parameter

unit vector normal to the boundary

H, partial pressure in the anode fuel channel
H,O0 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 irreversible 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 speciesi(i=0,,0%, el)
temperature

solid and fluid temperatures

change in temperature

time

diffusion velocity of speciesi

fuel utilisation

voltage
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Ve cathode porosities

Va anode porosities

ythn ‘thermoneutral voltage’

v fluid velocity

\%% Weibull function, the probability of failure

WY viscous work

Z number ofelectrons participatingin the electrodereaction

Greek letters

A anodic transfer coefficient

B thermal expansion coefficient

Yi resistivity

€l fuel cell electrical efficiency

n overpotential or polarisation

Na anode polarisation

Na activation polarisation

Nc cathode polarisation

Ne concentration polarisation

Tca- Nice: Naa  cathode activation, cathode concentration, anode

and Na. activation, and anode concentration polarisations,
respectively

A thermal conductivity

e effective viscosity

v Poisson’s ratio

ol density of the species i

O, electronic conductivity

Ceff effective ionic conductivity

Cion ionic conductivity

G, G, Gx Oy
Co

thermal stress
material-specific characteristic stress of the Weibull
function

T,and 1¢ anode and cathode tortuosities

T non-Newtonian viscous losses

P electrical potential

o rate of production of species i

Qy kth 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
SOFC 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/molecular-level via the cell component-level, the cell-
levelto 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 mode