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Preface
Following the success of our previous book, Advances in Fuel Cells, this 
closely related volume continues to provide in-depth coverage of the 
newest, most important developments in the general field of fuel cells, 
this time specifically focusing on the pivotal area of Micro Fuel Cells. 
Each chapter in this book deals with a significant, emerging topic by 
beginning with fundamental physiochemical considerations and then 
proceeding in a logical fashion to the forefront of recent developments 
and future challenges. The contributing authors are a combination of 
young, upcoming experts and well-established leaders in the field.

A growing number of increasingly ubiquitous portable consumer elec-
tronics, such as personal digital assistants (PDAs), laptop computers, and 
cellular phones, demand small, lightweight power sources with high 
power density and energy capacity. Over the past few years, a number of 
different types of micro fuel cells have been developing at a rapid pace in 
order to meet this demand. This book pays particular attention to these 
recent developments, including electrolytes for long-life, ultra low-power 
direct methanol fuel cells, MEMS-based micro fuel cells, microfluidic fuel 
cells, micro tubular solid oxide fuel cells, enzymatic fuel cells, and glu-
cose biosensors that mainly focus on diabetes management.

The editorial board expresses their appreciation to the contributing 
authors of this volume, who have maintained the high standards estab-
lished in Advances in Fuel Cells. The editor is grateful to Dr. Zhenxing 
Liang and Dr. Erdong Wang for their assistance in preparing this book. 
Last, but not least, the editor acknowledges the efforts of the professional 
staff at Elsevier for providing invaluable editorial assistance.

T.S. Zhao
The Hong Kong University of Science & Technology

Hong Kong, China
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Portable direct methanol fuel cells are potentially excellent 
power sources for small electronic devices because of the high 
energy density of pure methanol. For example, wireless sensors 
are valuable in monitoring and control situations. The ability of 
wireless sensors to form self-assembled networks may provide 
rapid growth for the technology. In each of the small electronic 
applications, the cost, lifetime, size, and weight of the power 
source is a critical part of the value of the overall system. These 
devices may require tens of milliwatts for milliseconds to acquire 
or transmit data, and tens of microwatts for long periods in sleep 
mode. This style of operation (low intermittent power over a long 
time period) is far different from the power sources for transpor-
tation, high-power electronic devices, or electric power. The fuel 
cells must have very low energy losses, including low methanol 
permeability, and must allow the use of highly concentrated fuels. 
In this chapter, the existing fuel cell technologies are examined in 
light of these new requirements.

1.1  Introduction

The fuel cell market can be divided into different segments of 
our energy infrastructure based on power level and end use. These 
areas (with example power levels) are (i) stationary plug power 
(hundreds of megawatts), (ii) back-up power (tens to hundreds of 
kilowatts), (iii) traction power (portable supplies at 10 to 100 kW), 
(iv) small portable power (1 to 100 W) and (v) mini or micro power 
(10 W to 1 W). Fuel cells have the potential to provide clean, effi-
cient, sustainable power in all market segments. However, in each 
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market segment, there are multiple energy conversion devices 
available. Heat engines (Rankine & Brayton cycles of stationary 
power and Otto & Diesel cycles for traction) are highly competi-
tive in high power-density applications where device size and fuel 
infrastructure are not primary concerns. However, at smaller sizes, 
electrochemical devices become more competitive because they 
are simpler than heat engines, requiring no moving parts, while 
providing higher energy densities since they scale as a function of 
their surface area, not volume.

1.1.1  Potential Applications for Micro Fuel Cells

Energy sources for portable devices, such as electronic devices, 
are under continual pressure to decrease both consumed power 
and weight. The scaling of electronic devices has produced prod-
ucts with higher functionality (requiring more power) and smaller 
form-factors. The increase in popularity of portable electronics has 
continued to put pressure on increasing the energy density and 
lowering the cost of portable power sources. The average power 
can range from microwatts to watts, depending on function and 
duty cycle.

One growing market segment is the use of electronic sensors. 
Some devices communicate wirelessly and are deployed in loca-
tions where plug-in power is difficult or impossible to implement 
and a portable power source is essential to its implementation. 
Among these, industrial sensors are the largest market segment. 
Sensors such as temperature, pressure, gas composition, smoke, 
motion, humidity, and light are needed in mining, construction, 
utilities, manufacturing, transportation, and warehouse locations. 
A second area where wireless sensors will have an impact is in 
commercial buildings. The sensing and control of heating, venti-
lation, and air-conditioning systems will improve the energy effi-
ciency and make buildings more environmentally benign. Also, 
wireless security systems can be easily added to commercial and 
residential properties.

A third technological area where small wireless sensors are valu-
able is in the implementation of automated meter readers, such 
as water and gas meters. The ability of wireless sensors to form 
self-assembled networks allows utilities to accurately monitor and 
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bill communities at low cost. A fourth area of interest is in home 
automation. Wireless sensors can be used to monitor remote door 
opening as well as smoke, gas, flame, and water situations. Again, 
energy efficiency can be improved by monitoring and selectively 
controlling heating, air conditioning, and lighting.

Finally, wireless sensors, especially those forming networks, 
are valuable in environmental and homeland security situations. 
Simple sensors can be implemented for the detection of biological, 
chemical, and radiation hazards. In addition, environmental sen-
sors can be used for weather forecasting, agricultural monitoring 
(fertilizer and water monitoring), and motion tracking at borders 
and other secure locations.

In each of these applications, the cost, lifetime, and size and 
weight of the power source are a critical part of the value of the 
overall system. Many of the monitor-style sensors, as described 
above, have low duty cycles (need to acquire data only occasion-
ally) and require low power to operate due to their simple function. 
Devices may require tens of milliwatts for milliseconds to acquire 
or transmit data, and tens of microwatts for long periods in sleep 
mode. This style of operation—low, intermittent power over a long 
time period—is far different from the power sources for transporta-
tion, high-power electronic devices, or electric power. The general 
approach for low-power applications is for the fuel cell to provide 
the constant power for the sleep mode (e.g., tens of microwatts), and 
a secondary storage device, which is maintained by the fuel cell, 
provides the burst-power for events including sensing and trans-
mission [1]. Thus, the design parameters for the fuel cell shift from 
the traditional high-power mode, to low-power and high energy 
efficiency. The parameters which affect energy efficiency will be 
explained in the following section, and the ability of existing PEM 
systems to provide high efficiency during ultra low-power opera-
tion will be the subject of the remaining sections of this chapter.

1.1.2  Direct Methanol Fuel Cells

In the direct methanol fuel cell (DMFC), liquid methanol is fed 
directly to the anode compartment of the PEM fuel cell. This pro-
vides several advantages over its hydrogen counterpart, namely 
that 1) liquid methanol has a higher volumetric energy density than 



	 1.1  INtroduction	 �
hydrogen and 2) the generation, storage, transportation of metha-
nol is facile. However, unlike the hydrogen oxidation, the direct 
oxidation of methanol requires a considerable amount of water in 
the anolyte since the water is oxidized along with methanol to form 
carbon dioxide (Eq. 1.1).

	 CH OH O CO H e3 2   
2 6 6→ 	 (1.1)

Equivalent to the PEM fuel cell, the proton in Eq. 1.1 is trans-
ported through the electrolyte membrane as a hydrated ion and the 
electrons travel through an external circuit (the device). The pro-
tons then meet molecular oxygen at the cathode, forming water via 
the acidic oxygen reduction reaction (Eq. 1.2).

	 O H e H O2 24 4 2   → 	 (1.2)

This process is illustrated in Figure 1.1.
Theoretically, a 17 M methanol anode feed is possible. However, 

in conventional systems, the highest currents and powers are 
achieved with dilute methanol solutions in the 0.5 M to 2 M metha-
nol range [2]. The concentration optimization is a balance of three 
effects. First, if the methanol concentration is high, permeation of 
fuel through the electrolyte is prohibitive. Second, if the methanol 
concentration is too low, the reaction kinetics reduces and mass 
transport of the methanol reactant to the anode limits the current 

Polymer electrolyte
membrane

Gas flow channel Catalyst layer

Gas diffusion layerFlow field/current collector

CH3OH � H2O → CO2 � 6H� � 6e�

O2 � 4H� � 4e� → 2H2Oe�

H�

Figure 1.1  DMFC schematic.
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density. Finally, up to 15 water molecules can be transported by 
electro-osmotic drag from the anode to the cathode for each meth-
anol molecule oxidized [3]. This dilution of the fuel is highly unde-
sirable because it decreases the energy density of the cell and can 
cause water management problems.

1.1.3  Energy Efficiency and Device Life

Fuel cells have very high theoretical energy densities because 
concentrated liquid fuels with high equivalence (e.g., six electrons 
from methanol) can be used, and the oxidizing agent (species to be 
reduced at the cathode) does not have to be carried within the cell if 
oxygen from air is reduced. The theoretical energy density of pure 
methanol is 6100 Whr/kg whereas lead-acid and nickel-cadmium 
batteries offer 30–85 Whr/kg, and lithium ion generally offers 
between 110–160 Whr/kg [4]. However, 6100 Whr/kg is not achiev-
able because one cannot discharge a methanol fuel cell at the theo-
retical thermodynamic voltage and pure methanol is not acceptable 
in the PEM fuel cell since water must also be provided as a reactant 
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at the anode, thus diluting the fuel. A more realistic goal may be a 
discharge voltage of 0.5 V and use of 12 M methanol. Under these 
conditions, one would have an energy density of over 1200 Whr/
kg. Figure 1.2 shows the lifetime of such a cell as a function of 
duty cycle and average power level. One milliliter of fuel theoreti-
cally could last 10 years at an average power of 100 W and 10%  
duty cycle.

However, there are two primary energy loss mechanisms which 
must be considered and mitigated in order to achieve long operat-
ing life. The first is the permeation of fuel, methanol in the direct 
methanol fuel cell, through the electrolyte. In this case, the mass 
transport of methanol from the anode to cathode results in not 
only a simple fuel loss, but the electrochemical performance of 
the cathode is decreased as well. Second, the ionic conductivity of 
the electrolyte is important as ohmic-type heating losses must be 
minimized.

An expression for the energy conversion efficiency of a fuel cell 
can be derived by considering the energy available relative to the 
energy delivered. The useful energy delivered from a fuel cell, EU, 
is given in Eq. 1.3.

	
E iVU op 	 (1.3)

where i is the fuel cell current and Vop is the operating volt-
age. Resistive loss caused by ionic transport through the proton 
exchange membrane, ER, is expressed by Eq. 1.4:

	
E

i
AR 
2

1

1











	 (1.4)

where  is the ionic resistivity of the electrolyte, 1 is ionic path 
length, A1 is the electrochemically active area.

Fuel can be lost by permeation through the electrolyte, often 
referred to as methanol crossover. This loss, Ex, is given by Eq. 1.5.

	
E

P pA
nFVx ocv 1 2

2









 	 (1.5)
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where P1 is the permeation coefficient of the membrane, p is 
the pressure drop across the membrane, A2 is the exposed mem-
brane area available for fuel transport through the membrane, 2 
is the electrolyte thickness, n is the number of electrons transferred 
in the reaction, and F is Faraday’s constant. It should be noted 
that generally 1  2; however, A1 and A2 need not be the same. 
Appropriately engineering the electrode structure may block the 
membrane from crossover loss while maintaining a large mem-
brane area for low resistive losses (i.e., A2  A1).

Combining Eqs. 1.3–1.5, the energy efficiency, , is given by Eq. 1.6.

	

ε






 

iV

i
A
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nFV iV
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2
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




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







 	 (1.6)

Fuel loss from permeation through the PEM membrane is espe-
cially important in ultra low-power fuel cells compared to interme-
diate and high-power cells because 1) the rate of fuel consumption 
through electrochemical oxidation is orders of magnitude lower;  
2) the ohmic loss is significantly reduced since it is a function of 
the square of the operating current; and 3) the electrolyte aspect 
ratio (  A/) is high. That is, the current in the numerator of Eq. 
1.6 is smaller (can be much smaller) than in high-power systems, 
making it more important to have tight control of losses (terms in 
the denominator of Eq. 1.6), especially the permeation losses.

It should be noted here that the device life is a significant func-
tion of the chemical stability of the components used. Though the 
chemical stability of the electrode-electrolyte interface will not be 
discussed in detail in this review, a few examples are listed below. 
The most common limitation observed in the DMFC is the chemi-
cal stability of the solid electrolyte membrane. In many cases, the 
polymer backbone is degraded by either heat treatment or contact 
with peroxide radicals generated at the cathode. Second, it has 
been found that the PtRu anode catalyst degrades during DMFC 
operation. Evidence suggests that the ruthenium is electrochemi-
cally oxidized, transported in its solvated ionic form through the 
electrolyte and electrodeposits on the cathode [5]. This leads to a 
loss of activity for both the anode and cathode. DMFC lifetime can 
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also be affected by the corrosion of the carbon catalyst support at 
each of the electrodes. When the carbon support is oxidized, espe-
cially at the positive electrode, the platinum or other alloy particles 
peel away from the support and electrical contact is lost, resulting 
in an increase in electrode resistance [6]. This process is exacer-
bated at high currents, high temperature, and low relative humid-
ity conditions.

1.2  Perfluorinated Polymer Proton  
Exchange Membranes

Several fluorinated membranes have been developed for use as 
proton exchange membranes in both the PEM and DMFC systems. 
The fluorinated polymers are typically synthesized by copolymer-
ization of tetrafluoroethylene and a perfluorinated vinyl ether with 
sulfonyl acid fluoride. The sulfonyl fluoride groups, 2SO2F, are 
converted to sulfonic acid (2SO3

H) by consecutive soaking in 
hot sodium hydroxide (to yield 2SO3

Na), hydrogen peroxide, 
and sulfuric acid. The resulting polymer contains a fluorocarbon 
backbone, which is hydrophobic, and perfluoroether side chains 
containing hydrophilic sulfonic acid ionic groups. The sulfonic 
acid groups form internal clusters so that small channels (ca. 4 nm) 
form. When hydrated, these channels provide ionic pathways for 
protons [7]. The general structure for the fluorinated membranes is 
presented as Figure 1.3.

The coefficients in the generalized structure, x, y and z, can be 
adjusted to tailor the various physical properties of the membrane, 
including its molecular weight, hydrophobicity, and acidity, which is 
commonly expressed as equivalent weight (grams of polymer/mole  
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Figure 1.3  Chemical structure of perfluorinated proton exchange membranes.
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H). For Nafion®, by far the most common proton exchange mem-
brane at every power level, y  1, z  1, and x is adjusted between 
6 and 10. The adjustment in x yields the various equivalent weight 
(EW) membranes that are available from DuPont, including Nafion 
120 (EW  1200), Nafion 117, 115, and 112 (EW  1100), and Nafion 
105 (EW  1000).

Dow has also developed a fluorinated proton exchange mem-
brane that has been extensively studied [8, 9]. In the Dow Hyflon 
membrane, x is varied between 3 and 10, y is equal to zero, and z 
is equal to one. In its most popular form, the resulting equiva-
lent weight is around 800. Asahi Glass Company has marketed its 
Flemion membrane [10]. The Flemion membrane has a structure 
quite similar to the Dow membrane where x is varied between 3 and 
10, y is around 0.1, and z is varied between 0 and 3; however, the 
equivalent weight of the Flemion membrane is much greater than 
the Dow membrane, around 1000. Asahi Chemical has reported the 
Aciplex-S proton exchange membrane with the same general struc-
ture to the other films [9]. In the Aciplex-S, the structure and equiv-
alent weight is similar to Nafion, where x is varied between 2 and 
14, y is 0.3, and z is either 1 or 2. Finally, two additional fluorinated 
membranes are popular, Neosepta-F (Tokuyama) and Gore Select 
(W L Gore and Associates Inc.), though their exact structures have 
not yet been reported. This is summarized in Table 1.1.

All of the perfluorinated electrolytes tend to have similar perfor-
mance characteristics, namely enhanced ionic conductivity at room 
temperature (10 mS/cm) and good chemical and electrochemical 
stability. However, they all also tend to suffer from high methanol 
crossover and poor ionic performance at low relative humidity con-
ditions [11–14]. It appears that both of these are linked to the need 

Table 1.1  Structure of various commercial fluorinated 
proton exchange membranes

Membrane Manufacturer x y z

Nafion DuPont 6–10 1 1

Hyflon Dow Chemical 3–10 0 1

Flemion Asahi Glass 3–10 0.1 0–3

Aciplex-S Asahi Chemical 2–14 0.3 1 or 2
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for a high degree of solvation of the sulfonic acid groups to impart 
ionic conductivity. A detailed discussion on the ion transport and 
methanol permeability of perfluorinated Nafion and Nafion com-
posite electrolytes is given in the following two sections.

1.2.1  Nafion®

Nafion was created by E.I. DuPont de Nemours and Company 
in the 1960s in response to the need for a more robust cation 
exchange membrane for the electrochemical production of chlorine 
and sodium hydroxide (chlor-alkali industry). In the 1990s, Nafion 
became the membrane of choice for both PEMFCs and DMFCs. 
This is mostly due to the perfluorination of the polymer backbone, 
which greatly improved the chemical stability of Nafion compared 
to its predecessors, though degradation through reaction with per-
oxide radicals generated during fuel cell persists [15]. Tang et al.  
showed that Nafion soaked in hydrogen peroxide solution in the 
presence of trace amounts of iron, chromium, and nickel ions 
degraded from the ends of the main chain and resulted in the loss 
of polymer repeat units and formation of voids in the membrane 
[15]. This process occurs more readily when hydrogen is used as 
the fuel because the humidified hydrogen can react directly with 
oxygen in the membrane.

It is well known that the ionic conductivity of Nafion signifi-
cantly improves with membrane water content. Unfortunately, 
as the water content of the membrane increases, its permeability 
to methanol also increases. This is caused by an increase in both 
mass transport mechanisms, diffusion, and electro-osmotic drag. 
The crossover is influenced by the membrane aspect ratio, oper-
ating temperature, current density, cathode feed humidity, and 
methanol concentration in the fuel. Nakagawa et al. measured the 
crossover flux of methanol for Nafion 112, 115, and 117 [16]. The 
thinnest membrane, Nafion 112, had a crossover flux of 0.02 g/m2s 
using 4 M methanol at 297 K. If one were to convert this flux into 
an equivalent current (the current resulting from that oxidation of 
this flux of methanol), it would correspond to a crossover current 
of 38 mA/cm2. This is especially important for low-power, long-
life fuel cells because this crossover alone is orders of magnitude 
higher than the device operating current. Blum et al. measured the 
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crossover current as a function of discharge voltage and methanol 
concentration. The maximum crossover current calculated was 
25 mA/cm2. Liu et al. note that the crossover current is approxi-
mately linear with methanol feed concentration at the anode [3]. 
The crossover decreased from 32 mA/cm2 at 2 M to 11 mA/cm2 
at 4 M. Ling et al. measured the concentration of methanol reach-
ing the cathode as a function of Nafion thickness and concentra-
tion of methanol at the anode [17]. Typically, the methanol reached 
0.01 M at the cathode for Nafion 112 when 0.5 M fuel was used, 
and reached 0.14 M when 3 M fuel was used.

These experimental values can be used to estimate the metha-
nol permeability coefficient through Nafion, which is estimated as 
2.67  106 mol-cm/cm2-day-Pa. Using this and the accepted value 
for the ionic conductivity of fully hydrated Nafion, 0.083 S/cm, 
we can estimate the efficiency of a 1 cm2 active area micro DMFC 
with 100 A operating current discharged at 0.5 V and a membrane 
aspect ratio of 102 (Nafion 112) using Eq. 1.6. The fuel loss due 
to methanol permeability alone in this system is over 99.9%. This 
indicates that a micro DMFC operating with a conventional Nafion 
electrolyte would have an efficiency less than 0.1%. This agrees well 
with both Nakagawa and Liu, whose experimental values for the 
methanol crossover current estimate the fuel loss in a 100 A device 
as 99.7% and 99.1%, respectively [3, 16]. This is clearly unacceptable 
and alternative electrolytes with lower methanol permeability must 
be developed if micro DMFCs are to be commercially realized.

1.2.2  Nafion Composite Membranes for Direct  
Methanol Fuel Cells

Due to its high ionic conductivity under fully hydrated condi-
tions, several groups have explored modified Nafion membranes 
for DMFCs. In this alternative approach, many research stud-
ies have proposed the modification of the perflurosulfonic acid 
matrix of Nafion by i) impregnation with acids that have low solu-
bility, ii) solution casting with solubalized oxygenated acids, and  
iii) composites of nonconducting polymers with Nafion. Each of 
these proposed methods can potentially combat Nafion’s short-
comings while providing proton conductivities similar to the host 
material.
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Nafion/Silica Composites
As mentioned previously, the most serious challenge to using 

Nafion in ultra low-power DMFCs is its high methanol permeation 
rate. Methanol crossover through the proton exchange membrane 
reduces the kinetic efficiency of oxygen reduction at the cathode 
and leads to a loss in the lifetime of the device due to the diminu-
tion of methanol fuel. Therefore, it is essential to incorporate mate-
rials that can potentially reduce the crossover rate of methanol 
without compromising the conductivity of the proton exchange 
membrane. One approach is to impregnate Nafion membranes 
with hydrous tetravalent oxides such as SiO2 (silica). Over years, 
tetravalent oxides have been known for their ability to conduct pro-
tons. The OH terminated silicon end groups, caused by incom-
plete condensation of the silicate precursors, leads to ion transport 
in these oxides. According to Prakash et al., the proton conductivity 
of silicate glasses can be explained on the basis of proton hopping 
from one OH site to another, much like the Grotthuss mechanism 
[18]. Results provided by the authors showed that plasma enhanced 
chemical vapor deposition of phosphorus-doped silicate glasses 
has conductivity in the range of 104 S/cm. Although this value is 
lower than the reported Nafion conductivity, the authors have pro-
posed the inclusion of silica particles to act as a barrier for methanol 
transport. The resultant composite Nafion/SiO2 membrane consists 
of a thin layer of phosphorus-doped silica glass (3–6 m) to act as a 
methanol barrier resulting in an overall improvement of DMFC.

A more popular method of incorporating silica particles in the 
Nafion matrix is thorough sol-gel chemistry. Compared to plasma 
deposition, the wet chemical process provides a lower cost alterna-
tive for making glass. In sol-gel processes, precursors of hydrous 
tetravalent oxides (siloxane) are reacted in the presence of acid to 
form a continuous matrix of silica and are thereafter impregnated 
in Nafion matrix. Shao et al. have used a similar method of prepar-
ing Nafion-silica composite membranes where commercial Nafion 
membranes were immersed in silica sol-gel to allow impregnation 
of membranes with inorganic composites [19]. Adjemian et al. also 
fabricated sol-gel glass using TEOS (tetraethoxy ortho siloxane) 
[20]. The authors reported silica loading of 10% with TEOS while 
maintaining the mechanical rigidity of Nafion matrix. It has been 
shown that silica-impregnated Nafion membranes maintain their 
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high conductivity with increasing temperature unlike Nafion. 
The authors explained this observation based on the water reten-
tion of the composite membrane. As a result, the composite mem-
branes showed better conductivities than Nafion. At temperatures 
higher than 100°C, the conductivity of hybrid membranes ranged 
between 0.2–2 ohm-cm2.

In a similar work done by Muaritz et al., Nafion membranes 
were impregnated with silica using a sol-gel synthesis [21] (see 
Figure 1.4). Unlike the previous study, where an acid catalyzed sol-
gel reaction took place, the study conducted by the authors reports 
a base-catalyzed sol-gel reaction. In this case, the pH of the Nafion 
solution was adjusted between 8 and 13. The authors have sug-
gested that in base-catalyzed sol-gel reactions, it is easier to control 
the amount of silica acquired by the Nafion matrix. As a result, the 
proton exchange membranes can be customized to have hydro-
philic (silica) and hydrophobic (PFSA) regions within their matrix. 

To study the behavior of these hybridized and customized 
Nafion-silica matrices, Adjemian et al. conducted a comparative 
study between commercial Nafion/silica and hybrid Nafion/ 
silica membranes [22]. In this study, commercially available Nafion 
membranes were impregnated with silica by soaking them in a 
sol-gel solution of TEOS. The performance of this membrane was 
compared with recast PFSA composite with TEOS using solution 

O

OH
H

H

H
H

HO

H
OH OH

HO

HO

OH
OH OH OH

OH

H

O

H

O
H

O
H

OH
OH OH OH

OH

OH

OH

H

H

H

H
HO

O
HH

O

O

O
H

H
O

H
O

H
O

O
H

H
O H

OH

HO
H

H HO

O
H

O
H

H
O

H
H

OH

OH

O
H
H

SiO2 [1�X/4][OH]X
SiO2 [1�X/4][OH]X

OH

H
H�

H�

H�

H�

H�

HO

Figure 1.4  Proton hopping between the hydrophilic pathways through the silicate 
nanoparticles that are encapsulated within hydrophobic Nafion clusters [21].



	 1.2 perflu orinated polymer proton exchange membranes	 15
casting. The authors have reported 50% lower resistivity for the 
recast membranes. It is believed that the low resistivity observed 
in the case of recast PFSA-silica hybrid membrane is a direct result 
of the continuous pathway available for faster proton transfer 
within their matrix.

With advances in nanotechnology and nano-scale understand-
ing of materials, there has been interest in using this technology 
for fuel cells. Recently, incorporation of nano-sized silica particles 
for fabricating Nafion-silica hybrid membranes has drawn much 
attention. The silica nanoparticles are found to be well dispersed 
in the Nafion matrix and are both thermally and mechanically sta-
ble, even at high temperature. As studied by Shao et al., the nano 
silica particles are mixed ultrasonically with Nafion solution before 
being cast into Nafion/silica membranes [23]. In this work, the 
authors have reported that the conductivity of Nafion-silica com-
posite membranes increases with increase in temperature due to 
their higher water uptake, much unlike the behavior of Nafion. 
The incorporation of silica particles not only improved the thermal,  
mechanical, and proton conductivity of the hybrid membrane, but it  
also lowered the methanol permeability. Not only were the Nafion-
silica hybrid membranes more robust regarding their electrical, 
mechanical and thermal properties, they also showed decreased 
methanol permeability. Also, Nafion membranes that were recast 
from a solution mixture of 5 wt% Nafion inomer with dispersed sil-
ica particles showed a lower methanol crossover rate [24].

Further, it has been shown that optimization between conduc-
tivity and methanol permeability can be achieved by integrating 
hydrophilic silica particles in such a way so as to alter the trans-
port properties of perflurosulfonic acid membranes [25]. According 
to the authors, the higher water uptake observed in the case of  
silica-Nafion composite membranes is mostly because of the inter-
action of sulfonic groups with hydrophilic sites of silica particles. 
The transport properties of sulfonic acid backbone are highly 
influenced by the formation of ionic clusters in the polymer matrix 
due to the increased water uptake. As a result, hydrophilic and 
hydrophobic clusters are formed in the polymer matrix that can 
potentially lower methanol crossover rate without reducing con-
ductivity. The authors reported a resistance of 0.02 ohm-cm2 which 
is lower than Nafion’s 0.75–0.15 ohm-cm2 [25].
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Though the silica particles increase the composite film conduc-
tivity compared with Nafion alone, they alone do not have signifi-
cant conductivity. However, they can be functionalized in order 
to improve their conductivity [26] (see Figure 1.5). In the reported 
work, silica particles were functionalized to form sulfonated silica-
nanoparticles (S-SNP). The composite membranes were thereafter 
solution cast from a dispersion of S-SNP and Nafion. It was shown 
that membranes formed with functionalized silica particles cross-
linked in Nafion matrix showed higher conductivity than pristine 
Nafion at all temperatures. At room temperature, the measured 
conductivity of pristine Nafion was reported to be around 4 mS/cm 
while that for the composite membranes was in the range of 5–6 mS/
cm and was also reported to exhibit lower methanol crossover rates. 

While most popular methods of incorporating silica structures 
in Nafion membrane involve incorporating nanoparticles of silica 
in the Nafion matrix by either sol-gel or by impregnation of Nafion 
membranes with silica particles, a completely different and novel 
approach has been suggested by Chen et al. [27]. In this work, a 
blending procedure is proposed where polysiloxane structures 
form covalent bonds with Nafion the matrix. According to the 
authors, one of the biggest advantages of this methodology is that 
the resulting hybrid membrane retains the desired properties from 
each of the components in the blend. It is believed that this cross-
linking framework allows better mixing of perfluorinated hydro-
phobic moieties with the extrinsic species without compromising 
on proton conductivity and mechanical stability. In this work, 
the authors have explored the usage of triply crosslinked hybrid  
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membrane that includes Nafion with 4,4’-methylenedianiline 
(MDA) and 3-glycidoxypropyltrimethoxy silane (GPTMS) [27]. In 
the resulting hybrid membrane, the polymer framework facilitates 
the interaction between Nafion and polysiloxane, allowing them 
to form a continuous network. The best performing hybrid poly-
mer network showed better water bonding within the matrix that 
allowed continuous pathway proton mobility, leading to a con-
ductivity of 0.034 S/cm. This conductivity is 25% lower than their 
reported conductivity of Nafion 117 (0.045 S/cm); however, the 
methanol permeability was three orders of magnitude lower than 
Nafion with 15 wt.% polysiloxane [27]. Despite this quite significant 
decrease in the methanol permeability, only very slight improve-
ments in the device efficiency are realized using Eq. 1.6. A 100 A, 
0.5 V DMFC with a Nafion-polysiloxane composite electrolyte 
(aspect ratio  1.0) still shows a fuel loss of 97%. This is a signifi-
cant improvement over Nafion alone; however, it is unlikely that 
such an electrolyte can be utilized in an ultra low-power DMFC.

Nafion-Hetropoly Acid Composites
Hetropoly oxygenated acids, like phosphotungstic acid (PWA), 

have been known to have high proton conductivity (0.02–0.1 S/cm).  
However, since they easily dissolve in water, their use as an elec-
trolyte membrane for fuel cell applications is limited. To overcome 
this, hetropoly acids have been immobilized on silica particles 
before being incorporated in Nafion the matrix through an in situ 
micro emulsion process [28]. The resulting membrane was homo
genous with well-distributed inorganic regions. The authors have 
reported proton conductivities comparable to pristine Nafion and 
have explained the proton conductivity based on the Grotthuss 
mechanism, where interconnected hydrophilic channels are formed  
due to the well dispersed PWA, providing a continuous pathway 
for proton transfer. It was also observed that the methanol perme-
ability for composite membranes was around half that of Nafion, 
which is not significant enough for consideration in an ultra low-
power device.

In a similar work done by Shao et al., PWA/SiO2 particles were 
ultrasonically mixed with 5% Nafion solution to form electrolyte 
membranes by solution casting [23]. They reported lower conduc-
tivity than Nafion at low temperatures and similar conductivity at 
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higher temperature for composite membranes, and a lower acti-
vation energy has been observed for the composite membranes. 
However, at low relative humidity, the composite membranes 
showed higher conductivities than Nafion membranes. At 110°C 
and 70% RH, the conductivity of recast Nafion/SiO2/PWA mem-
branes was observed to be 2.67  102 S/cm in comparison to 
8.13  103 S/cm for Nafion.

In another approach, Nafion/SiO2/PWA composite membranes 
were prepared by immersing Nafion 117 membranes in TEOS solu-
tion followed by treatment with PWA solution [29]. In this study, 
the authors have reported lower methanol permeability for Nafion/
SiO2/PWA composite membrane. The reported conductivity for 
Nafion/SiO2/PWA composite membrane was 24  mS/cm.

Hydrated oxides, such as Ta2O5·nH2O, have also been reported 
to exhibit proton conductivity. Yang et al. in their work have sug-
gested incorporation of nanoparticles of these pentavalent oxides 
into the fuel cell electrolyte as well as on the active electrode lay-
ers [30]. It was observed that the inclusion of nanosized particles of 
Ta2O5·nH2O facilitated water retention at intermediate temperatures 
and hence demonstrated steady cell performance. The observed 
conductivity was found to be higher with the composite mem-
branes at all temperatures than Nafion by itself. The authors have 
explained that, at low temperatures, vehicle mechanism dominates 
the proton conduction in these membranes, which is facilitated by 
the presence of large numbers of physically absorbed water mol-
ecules on the surface of the membrane. Nafion, on the other hand, 
does not have such absorbed water and hence fails to demonstrate 
similar conductivities. The presence of Ta2O5·nH2O particles pro-
vides strong hydrogen bonding in composite membranes, which 
leads to faster proton conduction compared to Nafion.

Nafion-Zirconium Composites
Zirconium phosphates are Brønsted acids due to their ability to 

donate protons. Unlike hetropoly acids, zirconium phosphates can 
immobilize themselves directly in the polymer matrix, ensuring 
adequate anchoring. This lessens the probability of leaching out 
as is often observed in the case of polymer/hetropoly acid com-
posite membranes. Along with their moderate proton conductivi-
ties, 103 S/cm, these inorganic oxides are known for their high 



	 1.2 perflu orinated polymer proton exchange membranes	 19
thermal stability and are hygroscopic. Because of this increased 
structural stability, these inorganic additives have become a popu-
lar additive in the design of Nafion composite membranes. These 
materials incorporate a molecular sieve-type material within the 
polymer matrix such that methanol transport through the poly-
mer can be hindered and provide higher stiffness to the Nafion 
backbone.

In studies conducted by Bauer et al., Nafion-zirconium phos-
phate composite membranes were formed by immersion of Nafion 
in ZrOCl2 and H3PO4 solution [31]. The resulting membranes 
showed higher mechanical stiffness than Nafion with low water 
content; however, the stiffness was similar to Nafion at high water 
content. In a similar study, Yang et al. incorporated zirconium 
phosphate in Nafion matrix by carrying out ion exchange such that 
protons are replaced by zirconium ions which are subsequently 
reacted in place by phosphoric acid [32]. According to the authors, 
water uptake was higher for the composite membranes and did not 
depend significantly on the temperature. It was further observed 
that at low water activity, Nafion 115 showed higher conductivity, 
while at high water activity, the proton conductivity of the com-
posite membrane was higher. It is suggested that, with increasing 
activity of water in the membrane, the sulfonic acid groups dis-
sociate themselves from the matrix, increasing the proton concen-
tration, which leads to an increase in conductivity. Furthermore, 
at elevated temperatures, the performance of fuel cells with com-
posite membrane was an order of magnitude higher than that of 
Nafion 115 membrane. It was also observed that the effect of MEA 
resistance for composite membrane was lower than Nafion both at 
low and high water activity.

In another study conducted at Princeton University, two differ-
ent Nafion/zirconium composite membranes were fabricated [33]. 
In the first case, like those previously shown, Nafion membrane 
was immersed in ZrOCl2 solution followed by immersion in phos-
phoric acid to anchor ion-exchanged zirconium ions in the matrix. 
The second approach taken by the authors involved solution cast-
ing of Nafion solution mixed with sulfonated zirconia particles. 
The authors observed no significant difference between Nafion 
and Nafion/sulfonate zirconia particles mostly due to nonhomo-
geneous distribution of sulfonated zirconia in the polymer matrix. 
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While Nafion/zirconium phosphate formed a continuous pathway 
bridging different ionic clusters between the Nafion backbone, 
particles of zirconia in Nafion/sulfonated zirconium were discon-
tinuous and did not provide any added advantage over Nafion. 
This is shown in Figure 1.6, where the conductivity of the compos-
ite membrane was lower than that of Nafion.

It was also desired that the incorporation of these solid inor-
ganic particles in the polymer matrix could potentially lead to the 
formation of a barrier layer to the transport of methanol through 
the polymeric membrane. In order to investigate the performance 
of the DMFC with a composite membrane fabricated with Nafion/
zirconium phosphate, studies were conducted by Bauer et al. and 
it was observed that zirconium phosphate particles imbedded in 
Nafion matrix act as a diffusion barrier for methanol transport and 
also provide stronger mechanical structure to the membrane [34]. 
In comparison to Nafion, which showed a diffusion coefficient of 
1.1  105 cm2/s for methanol, Nafion/zirconium phosphate com-
posite membranes showed diffusion coefficients of methanol in 
the range of 7  106 cm2/s with 35 wt% zirconium phosphates. 
Like others, Bauer et al. have also suggested the strong interac-
tion between ionic clusters of Nafion backbone and the embedded  
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zirconium particles, therefore forming a continuous pathway for 
proton hopping.

Nafion/PTFE Composites
One of the initial efforts made in the modification of Nafion was 

motivated by its high cost. One suggested cost reduction method 
is to simply reduce the amount of Nafion in the film, while main-
taining desired mechanical rigidity and proton conductivity.  
To this effect, Nafion can be incorporated into a microporous struc-
ture of compatible frameworks formed by fluorine-free or partially 
fluorinated membranes. By doing so, the framework could provide 
high rigidity without loading an excessive amount of Nafion and 
reduce the overall thickness of the membrane electrode assembly. 
This could result in significant cost reduction and higher area con-
ductance. Few of such networks include Celgard (polypropylene 
and polyethylene resins), Gore-Select membranes, microporous 
network of poly(vinylidene fluoride) (PVDF), poly(tetrafluoro eth-
ylene) (PTFE), and microporous silicon membrane. The adhesion  
of Nafion membrane with the microporous support can be 
increased by the addition of various surfactants.

In a study conducted by Nouel et al., Nafion-impregnated 
microporous support membranes were investigated [35]. In this 
investigation, Nafion/Celgard membranes showed conductivity 
in the range of 21–27 mS/cm, while that for Nafion/PTFE ranged 
around 104 mS/cm, which was lower than Nafion 112 (144 mS/cm)  
reported in [35]. Tang et al. report a more reasonable conductiv-
ity for Nafion/PTFE composite membranes ranging between  
47–61 mS/cm in comparison to Nafion 112 at 91 mS/cm [36]. It was 
also observed that the overall performance of the impregnated 
membranes improved with chemical alteration of PTFE (making 
it more hydrophilic). In a very similar approach taken by Tang  
et al., the proton conductivity of Nafion/PTFE hybrid membranes 
was found to be around 81 mS/cm, which was significantly higher 
than Nafion (30 mS/cm) [37]. Along with higher conductivity, the 
authors also report that the new membranes exhibited very high 
chemical durability, mostly because of strong grafting of Nafion in 
the microporous support structure.

Although many research studies have reported the effect of using 
microporous-supported Nafion on the conductivity, not many have 
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been reported regarding its effect on methanol permeability. Huang 
et al. fabricated similar Nafion/PTFE hybrid membranes, but they 
treated this composite membrane with an additional hybridiza-
tion process where they coated the Nafion/PTFE membrane with 
a layer of silicate via a sol-gel process of TEOS [38]. The OH termi-
nated ends in the silica matrix allow proton hopping from one site 
to another, and have often been associated with proton conductiv-
ity through the Grotthuss mechanism [18, 39, 40]. Thus, this addi-
tional layer could potentially act as a barrier to methanol transport 
and still be able to conduct protons. In the work done by Huang 
et al., conductivities in the range of 3  103 S/cm were obtained 
as compared to the conductivity of 1.01 mS/cm for Nafion 117 
[38]. It was also observed that the addition of a silica layer did not 
adversely affect the conductivity of the composite Nafion/PTFE 
matrix. Furthermore, in methanol crossover measurements, it was 
observed that the methanol crossover rate for silica coated Nafion/
PTFE hybrids was lower than Nafion 112 membranes, though the 
reduction was modest.

Nafion/Imidazole Composites
In most of the Nafion composite membranes discussed previ-

ously, the presence of bound water allows proton conduction via 
the conductive pathways though ionic clusters of polymer back-
bone. Water molecules grafted in the polymer backbone can easily 
hydrogen bond with neighboring polar sites, thus increasing the 
mobility of protons within the polymer. Because of the high vola-
tility of water, which leads to dehydration of membranes at higher 
temperature, few studies have been carried out to replace water 
with a nonaqueous solvent in the polymer matrix that will be able 
to provide proton carrier characteristics and can also act as a bar-
rier for methanol transport. In the case of Nafion/imidazole mem-
branes, proton conduction is carried out by nonvolatile imidazole 
solvent which provides protonated and nonprotonated nitrogen 
functions that can act as proton donors and acceptors.

One of the biggest challenges in the design of the Nafion/imidaz-
ole membrane is to overcome the absorption of imidazole on plati-
num [33]. Therefore, the performance of Nafion/imidazole hybrid 
membranes showed a strong dependence on membrane prepara-
tion technique. It was elucidated that Nafion impregnated with 
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molten imidazole showed high conductivities (10 mS/cm) at tem- 
peratures above 90°C. However, they lost their mechanical rigid-
ity at low temperatures. In another fabrication method, the authors 
used a recast Nafion and imidazole membrane and observed con-
ductivities in the order of 100 mS/cm at elevated temperatures. 
Since, at high temperatures and anhydrous conditions, water is lost 
from Nafion, its conductivity declines. At elevated temperatures, 
proton transfer is facilitated by the presence of donor and acceptor 
sites along with the realignment of the imidazole chain [41, 42].

In order to address the issue of catalyst poisoning by imidazole 
and mechanical rigidity at room temperatures, Fu et al. prepared 
Nafion/imidazole composite membranes that were doped by 
phosphoric acid, which showed slightly better conductivities than 
Nafion at all temperatures [43]. Suppression of poisoning of Pt cat-
alyst was shown to be somewhat possible with the new membrane; 
however, the overall performance of the fuel cell was observed 
to be weaker than Nafion cells. Alternatively, replacing Pt with  
Pd-Co-Mo catalyst showed better tolerance to the hybrid mem-
brane [43].

Nafion Composites with Other Additives
Modifications of the Nafion backbone to address methanol cross-

over and high temperature operation have led to the introduction of 
very novel additives in the polymer matrix, although their overall 
performance in fuel cell conditions is yet to be clearly defined. Jia 
et al. impregnated Nafion membranes with poly(1-methylpyrrole)  
by in situ polymerization [44]. This lowered the methanol crossover 
by 50% compared to untreated Nafion, though the conductivity  
was slightly compromised.

Lin and coworkers observed that Nafion blends with Teflon- 
fluorinated Ethylene-Propylene (FEP) prepared by melt-processing 
and hot pressing resulted in membranes that showed significant 
reduction in the methanol crossover rate along with high thermal, 
mechanical, and chemical rigidity [45]. Because of the inclusion of 
FEP in the polymer matrix, methanol experiences a more tortuous 
pathway for its transport. Apart from this, Teflon-FEP blend also 
provides a structural support and minimizes membrane degrada-
tions due to swelling. At 60% loading of FEP blend, the diffusion 
coefficient of methanol through hybrid membrane was observed to 
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be 4.36  109 cm2/s in comparison to 3.6  106 cm2/s for Nafion 
membrane. In DMFC operating with 10 M methanol solution, 
it was observed that a 100 m thick Nafion-FEP membrane out-
performed Nafion 117 mostly due to the reduced crossover rate. 
This is confirmed by Eq. 1.6, which shows efficiencies as high as 
11% for the micro DMFC, a significant improvement over Nafion, 
though still too low for serious consideration.

Lee et al. have also addressed the issue of methanol crossover 
by introducing functionalized montmorillonite (MMT) in Nafion 
matrix [46]. At 5% loading of Nafion matrix with functionalized 
MMT, it was observed that methanol permeability decreased by 
approximately 30% compared to Nafion 115, without a compro-
mise in the conductivity.

In another class of proton conducting materials, recent attention 
has been given to fullerene acids. Sony first developed polyhy-
droxy hydrogen sulfated fullerenes (PHSF), C60(OH)n(OSO3H)12n
(n6), which showed conductivities on the order of mS/cm range. 
Since these materials are incapable of withstanding high tempera-
ture due to chemical instability, Wang et al. have suggested incor-
porating them in Nafion matrix [47]. Addition of super acids in 
proton conducting sulfonated membranes like Nafion can help 
improve the proton conductivity without having to compromise 
on the membrane structure. Novel fullerene/Nafion composite 
membranes (HC60(CN)3-C60(TEO)5-Nafion) were fabricated where 
C60(TEO)5 was used as a dispersant to improve the uptake of 
hydrophobic fullerene in Nafion. At low humidity conditions, the 
composite fullerene membranes showed conductivity more than 
three times that of Nafion alone. Unfortunately, studies pertaining 
to methanol permeability are yet to be conducted to fully verify 
their performance in DMFC applications.

1.3  Non-Nafion Polymer Proton Exchange 
Membranes

Though several advances have been made in Nafion-based pro-
ton exchange membranes, no candidate materials have surfaced 
which provide acceptable efficiencies for micro direct methanol 
fuel cells and it seems highly unlikely that the Nafion family of 
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fluorinated polymers will ever be able to provide proton exchange 
membranes with sufficiently low methanol permeability. With this 
in mind, many groups have developed nonfluorinated membranes 
with the goal of decreasing the methanol permeability. Several 
approaches have been tried for the synthesis of low methanol 
crossover polymer membranes for the direct methanol fuel cell 
including the blending of ionic and non-ionic polymers, sulfonat-
ing poly ketones, sulfones, imides and their derivates, acid-doping 
of polybenzimidazole, and forming organic/inorganic compos-
ites. In this section, we will summarize the work that has been 
done with non-fluorinated polymeric materials for use as proton 
exchange membranes in direct methanol fuel cells.

1.3.1  Polyvinyl Alcohol Blends

Poly(vinyl alcohol) (PVA), Figure 1.7, has been used as the base 
material for several DMFC electrolyte investigations. PVA has 
received a significant amount of attention due to its high selectivity 
in the separation of water and ethanol [48, 49]. The low permeability 
of ethanol through the PVA film in the presence of copious amounts 
of water suggests that this polymer may act as an effective barrier 
for other low molecular weight polar compounds, including metha-
nol. Though the decreased methanol permeability of PVA is promis-
ing, PVA is not an efficient ion conductor, limiting its usefulness as a 
proton exchange membrane. Therefore, PVA has been blended with 
various other materials in order to increase the ionic conductivity 
while maintaining reduced methanol crossover through the film.

The most straightforward PVA blend for fuel cell applications is 
PVA/Nafion. DeLuca and Elabd have recently investigated PVA/
Nafion blends for the DMFC [50]. Though fuel cell data was not 
presented, the ionic conductivity and methanol permeability was 
investigated with a 50:50 blend composition over a wide range of 
annealing temperatures. It was found that the conductivity of the 
prepared films was nearly independent of annealing temperature 

OH
n

Figure 1.7  Structure of poly(vinyl Alcohol)
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and quite high at 20 mS/cm, nearly equivalent to their measured 
value for Nafion 117 (26 mS/cm). On the other hand, the metha-
nol permeability of the prepared films was a strong function of the 
annealing temperature, varying by more than an order of magni-
tude. The lowest measured permeability was found with an anneal-
ing temperature of 230°C and was only three times lower than 
Nafion.

PVA blended with polystyrene sulfonic acid (PSSA) has also been 
investigated as possible proton exchange membranes with reduced 
methanol permeability. The ionic conductivity and methanol per-
meability has been studied over a wide range of PSSA content and 
annealing temperatures [51]. The best performing membrane was 
achieved at 17 wt% PSSA and an annealing temperature of 177°C. 
In this case, the methanol permeability was reduced by half com-
pared with Nafion, though the ionic conductivity was compro-
mised at only 4 mS/cm. It was believed that membrane swelling 
contributed to both the lower conductivity of the polymer film and 
the modest reduction in the methanol crossover. In order to address 
this, a ternary component, maleic acid, has been added to the PVA/
PSSA blend. It was found that the membrane swelling was signifi-
cantly reduced and the methanol permeability was decreased by 
an order of magnitude and an ionic conductivity of 95 mS/cm was 
demonstrated [52].

Poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS), 
stabilized with poly(vinylpyrrolidone), has also been added to 
PVA films [53, 54]. PAMPS is particularly promising due to its 
ionic performance in other devices including humidity sensors and  
Li-ion cells [55, 56]. Also, its water content per sulfonic acid group 
is significantly lower than the fluorinated membranes [57, 58]. 
Qiao et al. reported an ion exchange capacity of 1.61 meq/g for a 
50:50 polymer film. This yielded an excellent proton conductivity 
of 88 mS/cm. Also, methanol permeation was reduced by three 
times compared with Nafion. The chemical stability was also 
found to be quite good in hydrogen peroxide solutions of various 
compositions [53]. Walker demonstrated ternary membranes of 
PVA/PAMPS and poly(2-dydroxyethyl methacrylate) (PHEMA) 
[54]. The ternary system demonstrated lower conductivity than 
the PVA/PAMPS films, with experimental values ranging from 5 
to 15 mS/cm between 20 and 80°C. This may be due to the lower 
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exchange capacity of the dangling hydroxyl group on PHEMA 
when compared to the sulfonic acid group in PAMPS; the struc-
tures for both PHEMA and PAMPS are shown in Figure 1.8. On 
the other hand, the methanol-water selectivity of the film was 
increased nearly tenfold when compared with Nafion films.

1.3.2  Sulfonated Poly (Ether Ketone)s

One of the most popular substitute materials for PEMFCs and 
DMFCs is sulfonated poly(ether ether ketone) (SPEEK). SPEEK 
membranes have shown acceptable thermal, mechanical, and chem-
ical stability. It is also easy to control their degree of sulfonation, 
which allows researchers to limit water uptake, a key parameter 
in diffusive methanol crossover. Kruer et al. found that the electro-
osmotic drag, and hence, methanol crossover is greatly reduced 
in SPEEK films [59–61]. It was postulated that this is due to the 
reduced separation between hydrophobic and hydrophilic regions 
in the polymer backbone as well as the increased distance between 
the sulfonic acid groups in the structure.

Yang and Manthiram obtained SPEEK membranes by dissolv-
ing poly(ether ether ketone) in concentrated sulfuric acid at room 
temperature with vigorous agitation [62]. The resulting sulfonated 
monomer was solvent exchanged with N,N-dimethylacetamide 
and cast on an inert substrate. The ion exchange capacity (IEC) was 
controlled by the sulfonation time. The water uptake was a strong 
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function of the IEC. The highest proton conductivity, measured at 
80°C and 100% relative humidity, was 7 mS/cm. Despite reduced 
electrolyte conductivity, performance curves in a DMFC (2 M 
methanol) using the SPEEK film were superior to Nafion. Reduced 
methanol crossover was cited as the reason for the performance 
improvement, though no permeability data is available. However, 
Li et al. have reported conductivity values for SPEEK as high as 
40 mS/cm and methanol permeabilities of 5.7  107 cm2/s [63], 
which agreed well with another study by Gil [64].

In order to further reduce the methanol permeability of SPEEK 
electrolytes, Zhong et al. crosslinked the sulfonated polymer with 
benzophenone [65]. The SPEEK polymer was prepared via nucleo-
philic substitution of diallyl bisphenol A, 4,4-difluorobenzophenone 
and 5,5-carbonyl-bis(2-fluorobenzenesulfonate) in DMSO (Figure 
1.9) and then UV crosslinked (Figure 1.10).

It was found that crosslinking significantly reduced the water 
uptake and methanol permeability. The methanol diffusion coef-
ficient was found as 8.5  108 cm2/s, which is an order of mag-
nitude lower than SPEEK alone and 50 times smaller than Nafion 
117 without a compromise in the conductivity.

SPEEK blends with PVDF have also been reported [66]. 
The blend was achieved by mixing SPEEK and PVDF in N,N- 
dimethylformamide for 30 minutes and solution cast on glass. PVDF 
was chosen due to inherent hydrophobicity. The methanol perme-
ability was reduced below 109 cm2/s, a significant decrease com-
pared to both Nafion and pure SPEEK films. The ionic conductivity 
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was also maintained comparable to neat SPEEK electrolytes. This is 
a significant reduction in the methanol loss due to fuel permeation 
and micro DMFC efficiencies around 27% can be achieved at high 
aspect ratio films, /A  1 cm1. However, at reasonable aspect 
ratios,  0.2, the fuel loss due to methanol permeation remains 
above 93% as shown in Figure 1.11.

Several ketone variations have been proposed in the literature  
including sulfonated poly(ether ketone ketone) [67], poly(aryl 
ether ether ketone) [68], poly(arylene ether ketone) [69], poly(pha
thalazinone ether ketone) [70] and poly(benzoxazole ether ketone) 
[71]. Poly(ether ether sulfone) [72], poly(arylene ether sulfone) 
[73], poly(phathalazinone ether sulfone ketone) [74], poly(arylene 
ether benzonitrile) [75] and poly(arylene ether 1,3,4-oxadiazole) 
[76] polymer networks have also been proposed. In all cases, how-
ever, the overall efficiency was higher than Nafion, though lower 
than SPEEK.

1.3.3  Sulfonated Poly (Phenylene Oxide)

Guan and coworkers have recently reported a novel sulfonated 
poly(phenylene oxide) (SPPO) electrolyte for the direct metha-
nol fuel cell [77–80]. In the investigations, PPO was purchased, 
and dissolved in chloroform and sulfonated introducing a 5 wt%  
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Figure 1.10  UV crosslinking mechanism for SPEEK polymer films [65].
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chlorosulfonic acid solution dropwise. The ion exchange capacity 
for the SPPO was reported to be as high as 2.83 meq/g, which is 
three times higher than the accepted value for Nafion 112, though 
the conductivity is only 0.4 mS/cm. The methanol permeability for 
neat SPPO was not reported.

SPPO has been combined with a phospho-silicate sol and then 
solution cast to yield SPPO-glass composite electrolytes. The 
SPPO-glass composite electrolytes exhibited outstanding perfor-
mance when compared to Nafion for both the ionic conductivity 
and methanol permeation experiments. The ionic performance was 
a modest function of the phospho-silicate glass composition, rang-
ing from 17 to 216 mS/cm, though all of the films prepared with 
2.83 meq/g ion exchange capacity showed a conductivity of at least 
76 mS/cm in the fully hydrated state. However, the films showed a 
significant decrease in the ionic performance at decreased relative 
humidity. Finally, the SPPO-glass films showed a methanol perme-
ability coefficient only four times lower than Nafion 112.

1.3.4  Polybenzimidazoles

Polybenzimidazole (PBI) membranes have received a consid-
erable amount of attention in recent years as a possible proton 
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exchange membrane. PBI films generally have good mechanical 
strength, outstanding chemical and thermal stability (300°C), 
and high proton conductivity under low relative humidity condi-
tions (nearly two orders of magnitude greater than Nafion).

Sulfonated PBI films have been synthesized in polyphos-
phoric acid by several methods [81–83] but the most common is  
polycondensation of sulfoterephthalic acid and disulfoisophthalic 
acid with 3,3-diaminobenzidine [81, 84, 85]. The mechanism for 
the polycondensation is showed in Figure 1.12.

The ionic conductivity of the films has been shown to increase 
with increased sulfonation and was comparable to Nafion at 
80°C [84]. However, the methanol permeability of the films was 
sufficiently high as to yield no advantage over Nafion for use in  
the DMFC.

The proton conductivity of phosphoric acid (PA) doped PBI 
films has also been characterized [87–91]. Unlike the sulfonated 
PBI films, the phosphoric acid groups are not directly bonded  
to the polymer backbone. Instead, it has been suggested that the 
low charge density anion is immobilized and linked to the struc-
ture by a strong hydrogen-bond network. This is clearly seen in 
Figure 1.13.

It has also been hypothesized that this network provides the 
pathway for proton transport. The authors have observed that 
the association between the immobilized anion and PBI reduces 
the effective dissociation constants for phosphoric acid by nearly 
two orders of magnitude [87]. This gives a pKa for the first proton 
dissociation of 1.44, which is significantly less than the sulfonic 
acid group. This is apparent in the ionic conductivity of the films, 
which was 104 S/cm at a relative humidity of 35% measured by 
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Liu et al. At more fully hydrated conditions, proton conductivities 
as high as 40 mS/cm have been reported [89]. Also, the methanol 
permeability of the PBI/PA films has been estimated as nearly two 
orders of magnitude lower than the fluorinated polymers [89]. This 
should make the PBI/PA films a promising alternative to Nafion 
in the high and intermediate power regime; however, its applica-
tion in ultra low-power DMFCs is unlikely as the energy loss due 
to fuel permeation would be 97% at reasonable form factors. Also, 
there is still much uncertainty about the long-term mobility of the 
anion during operation.

1.3.5  Polyimides

Among the aromatic electrolytes, sulfonic acid functionalized 
polyimides are considered among the most promising candidates. 
The polyimide backbone provides the membranes with good ther-
mal, chemical, and mechanical stability. It is also responsible for 
low moiety permeation that has been observed for several gases 
including hydrogen and oxygen. Like other polymers, the sul-
fonic acid functionality provides the ionic conductivity and water 
uptake. Several different polyimides have been prepared [92–103] 
and their general structure is shown in Figure 1.14.

The polyimide which -Ar- contained in its structure has shown 
very promising performance for both their conductivity and meth-
anol permeability.

Li and coworkers have recently reported the electrochemical 
performance of 2,2-bis(3-sulfobenzoyl) benzidine (BSBB) [96]. The 
electrolyte monomer was synthesized by reaction of 2,2-dibenzoyl  
benzidine with fuming sulfuric acid. The resulting monomer was 
copolymerized with 1,4,5,8-naphathlenetetracarboxylic dianhy-
dride to give the proton-conducting membrane. The resulting  
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Figure 1.14  General structure for the polyimide electrolytes [86].
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conductivity for the BSBB film was 125 mS/cm at room tempera-
ture, measurably higher than Nafion under identical conditions. 
Also, Hu et al. synthesized a sulfonated diamine bearing sulfophe-
nyl pendant groups, 2,2-(4-sulfophenyl) benzidine (BSPhB) [97]. 
The BSPhB film had an ion exchange capacity of 1.5–2.8 meq/g.  
A BSPhB film with an ion exchange capacity of 1.77 meq/g had 
proton conductivities of 120 and 260 mS/cm at 60 and 120°C, 
respectively. Unfortunately, the methanol permeability was not 
measured in either case.

Both the ionic conductivity and methanol permeability of 2,2-bis 
(p-aminophenoxy)-1,1-binaphthyl-6,6-disulfonic acid (BNDADS) 
copolymerized with 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride (NTDA) and 4,4-diaminodiphenyl ether (DADE) [98–103]. 
The BNDADS content was adjusted between 30 and 80 wt%. The 
lowest methanol permeability was observed with the 30 wt% 
BNDADS polymer and was around two orders of magnitude lower 
than Nafion with comparable conductivity at room temperature. 
However, the membrane with the highest selectivity of conductiv-
ity to methanol permeability had a BNDADS content of 40 wt%. 
The proton conductivity of the electrolyte was 50 mS/cm at 20°C 
and 93 mS/cm at 80°C. The methanol permeability was an order of 
magnitude lower than Nafion.

1.3.6  Non-Nafion Polymer Organic/Inorganic Composites

Composite membranes featuring a blend of organic poly-
mer electrolyte and a solid inorganic material has been the sub-
ject of much research in recent years. Several materials have been 
explored including silica [104–107], titanium dioxide [34, 107], zir-
conium dioxide [107–109], zirconium phosphate [110], boron ortho-
phosphate [111], and phosphotungstic acid [29, 105]. It is believed 
that the introduction of these materials will decrease the methanol 
crossover of the electrolyte by increasing the diffusion path length 
of the methanol clusters. Also, the water retention of the films may 
be improved since the water is more tightly bound to the hydro-
philic metal oxide than the organic material that contains both 
hydrophilic and hydrophobic regions.

Silica has been one of the most extensively studied filler  
materials for composite films due to its ease in preparation and 
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incorporation into the polymer film via the sol-gel process. In 
general, the silica-composite proton exchange membranes show a 
significant decrease in the methanol permeability [104–106, 112]. 
Reductions in the methanol permeability of 50–90% with SiO2/
SPEEK membranes have been reported, depending on the silica 
preparation technique [107]. This is consistent with that observed 
by both Zhang and Thangamuthu [104, 112]. Also, in each case the 
ionic conductivity of the film was reduced by nearly half, leading 
to only modest increases in the membrane efficiency. The decrease 
in both the methanol and ionic transport in the film is most likely 
due to the strong bonding between the silica particles and water in 
the film, which leads to a reduction in the water mobility through 
the film.

Another popular metal oxide additive is zirconium dioxide 
[107–109]. Unlike SiO2, zirconium dioxide is not a simple filler in 
the sense that it only provides an impermeable hydrophilic mate-
rial within the organic network. It is believed that the ZrO2 forms 
a large heteropoly anion with the proton-conducting sulfonic acid 
group. In this case, the stationary anionic group is surrounded by 
a self-assembled structure of metal oxide polyhedrons. A scanning 
electron micrograph showing finely dispersed ZrO2 in SPEEK is 
shown in Figure 1.15.

This self-assembled proton transport complex should lead to an 
improvement in the proton conductivity when compared to the 
silica films since the effective charge radius is increased. This was 
confirmed by Nunes and coworkers where the proton conductivity 
of a ZrO2/SPEEK membrane was reduced by only 30% while the 
water flux was reduced by 28 times [107]. Also, methanol perme-
abilities 60 times lower than the uncomplexed SPEEK membranes 
were reported. Silva and coworkers observed similar behavior for 
ZrO2/SPEEK films with a sulfonation degree of 87% [108, 109]. 
Promising DMFC performance was also reported. Polarization 
curves for the ZrO2/SPEEK showed lower overall performance and 
peak power densities than Nafion, though the open circuit voltages 
were higher and the CO2 emission from the cathode compartment 
was lower.

Phosphotungstic acid (PWA) is another common additive in 
organic–inorganic hybrid composites. PWA is added in order to 
increase the ionic conductivity of the electrolyte, which is typically  
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reduced compared to the neat polymer film. PWA has been added 
to several systems, including Nafion-SiO2 and PVA-SiO2 compos-
ites [23, 104, 105, 113]. One concern with PWA and other unbound 
additives, including phosphoric acid, is their mobility in the film. 
It is likely that over time they will deplete by simple solvation and 
leaching when exposed to water and methanol. For the Nafion-
SiO2-PWA case, the conductivity of the electrolyte was restored 
to the value for Nafion at 100 RH, though the performance was 
significantly better than Nafion at low relative humidity. Unfor
tunately, the methanol crossover is not reported. However, Shao 
et al. showed that the water uptake for the composite was 50% 
higher than Nafion and that the hydrogen crossover through the 
film was 20% higher [23, 113]. From this, it is a reasonable conclu-
sion that the methanol crossover will be higher than Nafion as 
well, decreasing the film selectivity. The PVA-SiO2-PWA composite 
is an interesting system as neither PVA nor SiO2 exhibits any sig-
nificant ionic mobility on their own. Despite this, Xu has reported 
ionic conductivity values of 17 mS/cm with a PVA:SiO2:PWA ratio 
of 2:1:2 [105]. This is in disagreement with Lin, who reported lim-
ited conductivity, 2  104 S/cm, with a 1:0:1 composite [114]. The 
methanol permeability was shown to be more than two orders of 
magnitude lower than Nafion 115.

Figure 1 .15  Scanning electron micrograph of a 5% ZrO2/SPEEK composite 
proton exchange membrane [108].
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1.4  Inorganic Membranes

Some attention has recently been given to the design of novel 
inorganic proton exchange membranes. Successful design of such 
membranes could potentially overcome the drawbacks of the 
polymer-based electrolytes by exhibiting comparable proton con-
ductivities and ultra-low methanol crossover at reasonable cost.

One approach has been the use of transition metal phosphates, 
silicates, or super acids such as phosphotungstic acid as the proton- 
conducting medium. They all have the ability to transfer protons 
by either the Grotthuss or vehicle mechanism. According to the 
Grotthuss mechanism, protons hop from one site to another based 
on the strength of hydrogen bonding. In the vehicle mechanism, 
protons diffuse through the bonded water in the matrix, which 
is prevalent in polymer-based materials. The Grotthuss mecha-
nism, being a surface transport mechanism, dominates most of the 
observed protons, transport through these materials. Both mecha-
nisms are shown in Figure 1.16.

These inorganic materials with adequate proton conductivity 
are ideal candidates for proton exchange membranes by virtue of 
their low cost, high reliability, stable performance, and easy syn-
thesis route over a wide range of thicknesses. In addition, they can 
also act as a methanol barrier layer to increase device efficiency 
in DMFCs. However, one of the challenges associated with these 
membranes is their inability to form free standing membranes. As 
a result, their application in fuel cell devices is limited. Recently, 
the synthesis of these inorganic proton exchange membranes by 
means of wet sol-gel chemistry has been successful in forming 
high quality films on various substrates. Consequently, sol-gel pro-
cessing of inorganic materials has attained increased interest in the 
area of proton-conducting membranes. One of the added benefits 
of sol-gel processing is that it allows customized fabrication of sili-
cate materials to control the physical and chemical properties. This 
is achieved by optimizing the processing conditions or by addition 
of a functionalized group in their matrix.

1.4.1  Silicate Glasses

Since the early 1980s, silicate glasses have drawn attention as  
a possible proton-conducting medium. Incomplete oxidation of  
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silicate glasses can lead to the formation of defect sites in the form 
of OH terminated silanol sites within the otherwise closely 
packed tetrahedral SiO2 structure. As a result, high mobility is 
imparted to the protons along the OH terminated end groups, 
which travel under the influence of hydrogen bonding from one 
defect site to another. Therefore, silicate glasses can exhibit moder-
ate to high proton conductivity [18].

Abe et al. have several publications which divulge the proton-
conducting mechanism in these silicate glasses and their hybrids 
[116–119]. According to them, low temperature fabrication of these 
glasses allows the formation of OH terminated defect sites in  

(a) The contribution of bulk transport mechanism is smaller than that of
surface transport for proton conductivity in the glass membrane

(b) The contribution of bulk transport mechanism is larger than that of
surface transport for proton conductivity in Nafion membrane

Surface transport
mechanism

Bulk transport
mechanism

Ionic cluster, SO�

3 Proton channel

Surface transport mechanism

Bulk transport mechanism

Figure 1.16  Proton transport mechanisms for (a) glass (b) and Nafion electro-
lytes [115].
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comparison to the high temperature processing conditions. Con
sequently, the sol-gel process of fabricating glasses is more favor-
able than the traditional melt quenching technique. In an attempt 
to impart higher conductivities to silicate glasses, addition of 
acidic groups like phosphates, zirconium, and titanium oxides are 
of particular interest.

1.4.2  Phospho-Silicate Glasses

In a study conducted by Abe et al., the authors have indicated 
that the presence of group V elements such as phosphorus in Si-O- 
Si improves the conductivity of glass networks by allowing the 
formation of Si-O-P-OH groups [120]. The resulting matrix, shown 
in Figure 1.17, exhibits high ion exchange capacity by the virtue of 
high free volume and pore wall surface area. Since P-OH bonds 
are more acidic in nature, their inclusion in glass matrix can poten-
tially provide higher mobility to protons, as has been explained 
in the work done by Prakash et al. [18]. In their study, phosphor-
silicate glasses were synthesized by plasma-enhanced chemical 
vapor deposition (PECVD) with silane, phosphine, and nitrous as 
the reaction precursor. The resulting films showed conductivities  
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around 104 S/cm and the methanol permeability was not reported. 
Also, since the plasma deposited glass membranes were amor-
phous in nature, fabricating free-standing films of significant area 
was not difficult.

Alternatively, Nogami and coworkers have explored phospho- 
silicate glasses prepared by a sol-gel synthesis route [116, 122–126]. In  
one of their earlier works, silicate glasses with varying Si:P ratios 
were formed [123]. The resulting P2O5-SiO2 glass membranes were 
porous in nature and showed higher content of OH groups in com-
parison to pure SiO2 glasses. Moreover, conductivities as high as 
102 S/cm were reported [126], which is a significant improvement 
over dense SiO2 films (109 S/cm). Also, Wang et al. investigated 
silicate glass performance in the presence of non-ionic and cat-
ionic surfactants and concluded that three-dimensionally oriented 
pores showed easier pathways for proton conduction. The high-
est observed conductivity for phospho-silicate glass membranes is 
2  102 S/cm with 5 wt% P2O5 in the hybrid membrane [126].

Even though the phospho-silicate proton exchange membranes 
have shown adequate conductivity at room temperature, it has 
been difficult for researchers to obtain films that were crack-free, 
which has limited their ability to investigate the methanol permea-
bility through the films. High mechanical glass films are difficult to 
obtain due to the high rate of water loss during high-temperature  
processing. To combat this, Tung et al. devised a water vapor 
management system for the sol-gel method for the fabrication 
of phospho-silicate glasses, whereby the environment was satu-
rated by water vapor during the gelation period [115, 121]. In this 
method, the authors hydrolyzed the precursors for the sol-gel 
reaction in ethanol and water followed by hydrolization in for-
mamide to control pore formation. Not only was this process suc-
cessful in fabricating crack-free membranes with conductivities of 
9.35  103 S/cm which were less sensitive to humidity, the result-
ing membrane also showed a considerable reduction in methanol 
permeability, 2.1  109 cm2/s, compared to the measured metha-
nol permeability of 1.57  106 cm2/s for Nafion 117 membrane. 
Furthermore, they observed that membranes with lower content 
of P2O5 showed more cracks and had fewer numbers of bonding 
water/OH. The high conductivity and low methanol crossover 
of the phosphor-silicate electrolytes are significant improvements 
over all the polymer films previously discussed.
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1.4.3  P2O5-ZrO2-SiO2 and P2O5-TiO2-SiO2 Glasses

In an attempt to modify the structure of the inorganic, solid  
state electrolytes, some studies have focused on the performance 
of phospho-silicate glass with additional oxides embedded in their 
matrix. Titanium and zirconium oxides have been identified as pos-
sible additives because of their ability to form a defined molecular  
structure with chemisorbed water. The presence of water in the 
matrix extends the formation of ionic clusters, thus increasing the ion 
exchange capacity. Additionally, the presence of these metallics in 
the matrix can further restrict methanol transportation through the 
electrolyte membrane. The titanium and zirconium oxides are mixed 
with proton-conducting phospho-silicate glass via the sol-gel pro-
cess. Uma et al. have studied the performance of phospho-silicate 
glasses with zirconium and titanium oxide additives (P2O5-TiO2-
SiO2 and P2O5-ZrO2-SiO2) [127, 128]. The authors observed that the 
resulting glass matrix was noncrystalline in nature and that the pro-
ton conductivity showed a significant dependence on the porosity 
and the activated pore size. For 9P2O5-6TiO2-85SiO2, it was observed 
that the conductivity was 3.6  102 S/cm at 90°C and 30% RH. On 
the other hand, 5P2O5-4ZrO2-91SiO2 showed conductivities in the 
order of 102 S/cm and exhibited a similar dependence on relative 
humidity and temperature. In both of these glass membranes, pro-
ton conduction was identified to take place by the Grotthuss mech-
anism and protons transported through the electrolyte material by 
hopping from one negatively charged site to the other. As has been 
previously mentioned, P2O5 is more acidic than silica, and so are zir-
conium and titanium oxides. As a result, inclusion of more of these 
makes the overall proton conductivities of silicate glasses increase 
due to their higher water adsorption properties. Unfortunately, the 
methanol permeability of these materials is yet to be reported.

1.4.4  Inorganic/Organic Nano Composite Membranes

In order to provide increased mechanical rigidity to the surface 
structure of silica glasses, 3-glycidoxypropyl trimethoxy silane 
(GPTMS, C9H20O5Si) has often been mixed with sol-gel derived 
SiO2 glasses. GPTMS was chosen because it has been speculated 
that the epoxy linkage would be effective for mechanical rigidity, 
while the silane groups could potentially provide a pathway for pro-
ton conduction by forming OH terminated end groups in the 
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Si-O-Si matrix [129]. Furthermore, in an attempt to create a more 
conductive structure, sulfonic acid groups have been introduced 
into the glass matrix with 3-mercaptopropyl trimethoxy silane 
(MPTS C6H16O3SSi), whose thiol group can be oxidized to sulfonic 
acid. The performance of MPTS-GPTMS composites (Figure 1.18) 
has been reported by Park et al. [130]. It was observed that the 
resulting hybrid glass exhibited excellent mechanical stability and 
showed no cracks even after treatment in either an ultrasonic bath 
or boiling water. Also, the conductivity of the films was found to 
be directly proportional to the MPTS content. At room tempera-
ture and 50 mol% MPTS, the conductivity was 76 mS/cm, which 
was increased to 92 mS/cm at 100% RH. Also, preliminary experi-
ments on MPTS-GPTMS composite films in our group indicate 
that the methanol permeability may be lower than 1010 mol-cm/
cm2-day-Pa [131]. This yields the most significant improvement in 
device performance of any electrolyte reported for micro DMFCs. 
This is clearly observed in Figure 1.19, where efficiencies as high 
as 80% are possible at high aspect ratios.

In a slightly different approach, Kato et al. mixed GPTMS with 
phosphonoacetic acid (PA) in sol-gel reaction to create a linkage 
between carboxyl groups of PA and the epoxy groups of GPTMS 
with an added advantage of a phosphorus group in the cross-linked 
matrix [132].The resulting matrix can be readily formed into crack-
less free-standing films. It was observed that with increasing phos-
phorus content, the conductivity of the films increased along with 
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film brittleness. At about equal GPTMS and PA content, the high-
est conductivity observed without compromising the mechanical 
rigidity of the film was approximately 103 S/cm. Unfortunately, 
the methanol permeability was not reported.

1.5  Conclusions

There is no doubt that significant advances have been made in 
recent years in reducing the permeability of methanol in polymer-
based proton exchange membranes. Several new membrane types 
have been developed which have both increased ionic conductiv-
ity and reduced methanol permeability compared with Nafion.  
A summary of the ionic conductivity and methanol permeability 
of state-of-the-art electrolytes and their comparison with Nafion 
117 is shown in Figure 1.20 [133].

It is clear from Figure 1.20 that many polymer electrolytes have 
been prepared with methanol permeabilities nearly two orders of 
magnitude lower than Nafion with minimal compromise in the con-
ductivity. Several of these have the potential for exceptional behav-
ior at intermediate and high power scales. This is demonstrated  
in Figure 1.21, where the DMFC efficiency as a function of electrolyte 
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aspect ratio is shown for a fuel cell operating at 50 mA/cm2. The 
highest efficiency realized is 72% at an aspect ratio of 0.024, which 
is reasonable. However, as was shown for the same material  
in Figure 1.11, even the best performing alternative polymer mem-
brane falls far short of what is required for ultra low-power appli-
cations. Unfortunately, this is most likely intrinsic to polymer films 
and cannot be overcome. In polymer films, due to the solvated 
proton transport mechanism, both the conductivity and perme-
ability are strong functions of the water content. This means that a 
change in one will always be mirrored to some extent in the other. 
This is clear from Figure 1.20, where the relationship between con-
ductivity and methanol permeability is essentially linear over a 
wide range of electrolyte chemistries. Therefore, it seems highly 
unlikely that polymer films will ever be able to meet the require-
ments of an ultra low-power device and future work should be 
focused on finding electrolyte materials with higher film density 
and lower water content.

To this end, novel inorganic electrolytes have been prepared 
with ultralow methanol permeability, often more than an order 
of magnitude lower than their polymer counterparts. Also, sul-
fonic acid functionalized glasses have been prepared with proton  
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cient of 1011 mol-cm/cm2-day-Pa and conductivity of 7 mS/cm operating at 100 A 
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conductivities comparable to Nafion with methanol permeabili-
ties more than four orders of magnitude lower. These electrolytes 
are also poised to provide low power with quite high efficiency, 
which was shown in Figure 1.19 for a GPTMS-MPTS composite 
membrane. Therefore, glass-based proton exchange membranes 
appear most promising among all of the candidates in the ultra-
low power regime. However, much work remains and future work 
should focus on further reducing the methanol permeability, even 
if this somewhat compromises the ionic conductivity. This is illus-
trated in Figure 1.22, which shows what the energy efficiency of a 
100 A, 0.5 V micro DMFC would be if the methanol permeability 
were reduced by an order of magnitude compared to the GPTMS-
MPTS composite and the ionic conductivity was compromised by 
an order of magnitude as well. Not only would the efficiency be 
increased over the entire range of form factors, the energy loss at 
reasonable aspect ratios (0.1 cm1) would be less than 20%.
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This chapter presents a review of miniature fuel cells fabri-
cated thanks to microtechnologies. First it introduces the reader to 
micro-electro-mechanical systems (MEMS) technologies and what 
they can bring to miniature fuel cells. Then the reasons for min-
iaturizing fuel cells and the specifications required by this minia-
turization are discussed. It shows what kinds of fuel cells may fit 
to these specifications and which fuels can be employed to sup-
ply them. Despite a common use of the same kinds of technologies 
and global structure, the review highlights the diversity of choices 
and possibilities that research has to face and the large range of 
performances proceeding from them. The actual commercial 
developments in the domain are also briefly described. It finally 
details, as an example, the complete fabrication process of a par-
ticular microfabricated fuel cell based on a silane-grafted porous 
silicon membrane as the proton-exchange membrane instead of a 
common ionomer such as Nafion®.

2.1  Introduction

Over the last few years, a large number of electronic devices, 
such as computers, cellular phones, and camcorders, have become 
portable with the miniaturization of electronic components. Such 
equipment requires appropriate power supplies, which have to be 
more and more effective, especially in terms of power density and 
lifetime, in order to be able to provide for the increasing number 
of functionalities of these portable applications (such as Internet 
on cellular phones, for example).
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In this strong growth market, fuel cells represent promising  
power sources for these applications. Indeed, even if they are 
generally associated with much larger applications such as vehicles 
and power plants, they can be of any size, given their modularity. 
This technology enables us to conceive of very small size fuel cells, 
involving only a few thin cells with a small effective area.

Thirty years ago, only the nickel cadmium (NiCd) technol-
ogy was available for the supply of portable electronics. The last 
twenty years have seen the emergence of three new technologies 
on the market: nickel metal hydride (NiMH) since the late 1980s, 
lithium-ion (Li-Ion) since 1991, and lithium-polymer (LiPo) since 
1996. The main battery manufacturers have been searching since 
to increase the lifetime of batteries, but despite their efforts batter-
ies remain heavy, bulky, of limited charge, and, above all, pollut-
ing. Actually, the major problem for batteries is that their energy is 
stored in heavy and voluminous sources such as metal oxides and 
graphitic materials [1–3].

Compared with batteries, fuel cells can produce electrical energy 
from much lighter materials such as gases, alcohols, and hydrides 
by catalytic electrochemical processes. They theoretically provide 
energy densities 3 to 5 times higher than their competing batteries 
(Figure 2.1). Autonomies of 30 days in stand-by mode and more 
than 20 hours in communication are projected for a cellular phone 
within the same volume. Moreover, contrary to present batteries, 
which suffer from low autonomy combined with still frequent and 
long-time recharging, the autonomy of fuel cells only depends on 
the size of the fuel tank and refilling is immediate by changing the 
fuel tank. This technology is also theoretically nonpolluting. For 
these reasons, research in this area is growing rapidly, and all the 
more so given the fact that portable electronics is not the only mar-
ket miniature fuel cells can claim. Indeed, military departments 
are also eager for long-time operation and lightweight batteries. 
The health services may also be interested in micro biofuel cells 
as implantable power sources for devices such as pacemakers or 
glucose sensors. This latter kind of micro fuel cell and its develop-
ment has been recently reviewed by Davis et al. [5].

However, miniaturizing fuel cells is still a challenge, with many 
issues to consider such as fabrication techniques, cost, and cus-
tomer safety [6]. Actually, fuel cells are two-part systems—the fuel 
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as the energy source and the fuel cell as the energy converter—
both of which have to work as one. If the ability to store and effi-
ciently manage the fuel will mostly influence the total volume and 
the autonomy of the fuel cell, the capability of efficiently trans-
forming the specific energy of the fuels into electrical energy will 
depend on the effectiveness of catalytic reactions on the electrodes 
of the fuel cell. The cost is then bound, among other factors, to the 
catalyst itself, mostly platinum, even if in very small amounts. 
Moreover using fuel cells in portable applications implies meth-
ods to provide a high level of safety. This means, given that fuel 
cells are not generally sealed since they require oxygen from air, 
that the fuel has to be isolated to avoid any risk of accidental direct 
oxidation with air or user contact if toxic [2]. Other issues such as 
management of the heat and water produced are also challenges 
that technology developers have to deal with.

Focusing on the miniaturization, two main research axes are pos-
sible for the global conception of small fuel cells: either a reduction 
in the size of existing fuel cells, or a search for new materials and 
structures usable for their fabrication. Although the first solution  
seems to be the easiest, it involves the miniaturization of all the 
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auxiliary components and the difficulty in adapting “macrofabri-
cation” techniques to miniature sizes.

Therefore, research rather tends to apply itself to the develop-
ment of size-adapted methods with suitable materials.

One of the technological ways to miniaturize fuel cells is to 
make use of standard microfabrication techniques mainly used in 
microelectronics and, more especially, the fabrication of micro- and 
nano-electro-mechanical systems (MEMS/NEMS). More and more 
papers show a growing interest in developing MEMS-based fuel 
cells, either directly with silicon substrates (Figure 2.2), or adapt-
ing the methods to other substrates such as metals or polymers. 
These techniques enable notably mass fabrication at low cost (very 
large number of devices on a very small area), which could lead to 
a reduction in the global cost of miniature fuel cells.

The significant issues concerning the miniaturization of fuel 
cells are developed here, in particular showing which kinds of fuel 
cells may fit the requirements of portable electronics and which 
kinds of fuels may be appropriate for the supply of small fuel cells. 
Selected research contributions in the domain are reviewed, and 
a short survey of commercial developments of micro fuel cells is 
provided. Finally, the complete fabrication process of a microma-
chined fuel cell based on a silane-grafted porous silicon membrane 
is described as an example.

Figure 2.2  Fuel cells from the French CEA microfabricated on a silicon wafer.
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2.2  Miniaturization

2.2.1  Microelectronics and MEMS

Historically, microfabrication techniques were first developed 
to meet the requirements of microelectronics, but they also have 
allowed the emergence and the development of a new research 
field in which mechanical elements can be manufactured and actu-
ated with electrical signals at a micro- and even nanometer scale. To 
describe this emerging research field, R. T. Howe and others pro-
posed the expression micro electro mechanical systems, or MEMS, in the 
late 1980s [7]. MEMS is not the only term used to describe this field; 
it is also called “micromachines,” for instance in Japan, and more 
broadly referenced as “microsystem technology” (MST) in Europe.

These submillimeter devices are machined using specific tech-
niques globally called microfabrication technology. This definition 
also includes microelectronic devices, but in addition to electronic 
parts, MEMS also features mechanical parts like holes, cavities, 
channels, cantilevers, or membranes. This particularity has a direct 
impact on their manufacturing processes, which must be adapted 
for thick layer deposition and deep etching and must introduce 
special steps to free the mechanical structures. Moreover, many 
MEMS are now not only based on silicon but are also manufac-
tured with polymer, glass, quartz, or thin metal films.

These MEMS are now part of our daily life, with many applica-
tions such as inkjet heads, accelerometers for crash air-bag deploy-
ment systems in automobiles, micromirrors for digital projectors 
(the best example is the DLP® (for Digital Light Processing), pres-
ently the only all-digital display chip by Texas Instruments), and 
also pressure sensors for automotive and medical applications. 
Further applications to come could be lab-on-chip for medi-
cal analysis and radiofrequency MEMS for telecommunications 
(switches, filters, etc.). Two examples of MEMS fabricated at the 
IEMN (Villeneuve d’Ascq, France), a microgripper and a micro-
motor, are shown in Figures 2.3 and 2.4.

Besides the many applications previously cited, there are three 
main factors influencing the use of MEMS technology today:

l	 Miniaturization of existing devices, such as the production of 
silicon-based gyroscopes, reducing previously existing volumi-
nous devices to a microchip;
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l	 Development of new devices based on principles that do 
not work at larger scale, such as the electro-osmotic effect in 
microchannels;

l	 Development of new tools to interact with the micro-world.

The first two factors are the same as the motivations for the con-
ception of miniature fuel cells. The key idea here is also to reduce 
the size to gain volume and thus enable low cost mass fabrication, 

Figure 2.3  SEM view of an electrostatic microgripper, after [8].

Figure 2.4  SEM view of an electrostatic micromotor, after [9].
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without denigrating the performance of the system. Furthermore, 
the materials and techniques used for fabricating MEMS are com-
patible with the fabrication of fuel cells, and provide, for instance, 
easy ways to conceive microchannels to efficiently bring the fuel 
and the oxidant to the membrane-electrode assembly; but primar-
ily these techniques can offer to the fuel cell an appropriate and 
dedicated micromachined support which may eventually be inte-
grated with other microelectronic or MEMS devices.

Microfabrication and related MEMS techniques will not be 
described here. Short introductions already exist [7, 10] and far 
more information and accurate descriptions have been compiled 
by Sze [11], Senturia [12], or Madou [13].

2.2.2  Miniaturizable Fuel Cells

The first section in this chapter discussed the fact that minia-
turization can bring several limitations to the conception of small 
fuel cells (materials, flows, techniques, etc.); additional restrictions 
come from the devices which they are intended for. Portable elec-
tronics also have their own requirements regarding the power to 
supply, the packaging, the working temperature, and the fuels to 
use. Thus, the manufacturing of miniature fuel cells will be deter-
mined by the final applications.

As it seems wiser to provide a fuel cell functioning at no higher 
temperatures than 80 or even 100°C for the user’s safety, the choice 
of the type of fuel cell to use in portable devices may be limited to 
low temperature fuel cells such as PEMFC (for Proton Exchange 
Membrane Fuel Cell, or sometimes Polymer Electrolyte Membrane 
Fuel Cell) and DMFC (for Direct Methanol Fuel Cell). The later sec-
tion titled “Reformed Hydrogen Fuel Cells” will nevertheless show 
that efforts are also currently focused on micro reformed methanol 
fuel cells and miniature solid-oxide fuel cells (SOFCs) functioning 
at high temperature (up to 350 and 500°C, respectively).

2.3  Microfabricated Fuel Cells

Various solutions have been reported in the literature in the 
domain of MEMS-based miniature fuel cells (FCs) with power 
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densities of the miniature FCs ranging from a few tens of W cm2 
up to several hundreds of mW cm2. The basic components are 
generally the same, namely the electrodes with flow fields and 
current collectors, diffusion layers, catalyst layers, and the pro-
ton exchange media. Concerning the architecture, two basic 
design approaches are currently employed: the classic bipolar 
design where all the components of the micro fuel cell are stacked 
together (Figure 2.5) and where fuel and oxidant are separated by 
the membrane electrodes assembly (MEA), and the planar design  
(Figure 2.6) where the fuel and oxidant channels are interdigitated 
and both electrodes are on the same single side [14]. Bipolar design 
ensures the separation of fuel and oxidant but requires all compo-
nents to be fabricated separately and then assembled together. The 
planar design is more suitable for a monolithic integration but 
requires a larger surface area to deliver similar performance.

Fuel Fuel Fuel

Oxidant Oxidant

Proton-conducting media

Cathode side

Anode sideSubstrate
with microchannels
and current collectors

Diffusion layer
Catalyst layer

Oxidant

Figure 2.5  Bipolar design of micro fuel cell, after [14].

Anode Cathode Anode

Fuel Oxidant

PEM

Catalyst layer

Insulating substrate

Diffusion layer

Fuel

Figure 2.6  Planar design of micro fuel cell, after [14].



60	 2.  MEMS-BASED MICRO FUEL CELLS	
The micromachined parts of the micro fuel cell are generally the 
electrode plates and the fuel delivery system. The latter is often 
achieved through microchannels or flow fields. Nguyen et al. 
made a review of the different designs for the fuel delivery sys-
tems [14], illustrated in Figure 2.7.

Concerning the usable fuels for the supply of miniature fuel 
cells, the more investigated are presently hydrogen and metha-
nol. Methanol is a low cost liquid fuel with a high energy den-
sity, which can be directly oxidized in the fuel cell. However, due 
to the poor kinetics of the charge transfer reaction at the heart of 
the fuel cell, direct methanol fuel cells need substantial amounts 
of noble metals as catalyst, increasing the cost. Moreover, concen-
trated methanol cannot be used as it leaks through the membranes 
of fuel cells, so diluted methanol has to be used, which drastically 
reduces energy density. On the other hand, hydrogen is the basic 
fuel, but is far too dangerous to be stored directly as compressed 
gas and too complicated to be stored as a liquid. Intermediate 
storages such as hydrides (chemical or metal) and methanol (for 
reformed methanol fuel cells or RMFC) are under consideration, 
though it adds complexity to the overall fuel cell [2]. Fuels such as 

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2.7  Typical fuel delivery designs: (a) direct supply, (b) with distribution 
pillars, (c) parallel microchannels, (d) serpentine microchannel, (e) parallel/ser-
pentine microchannel, (f) spiral microchannel, (g) interdigitated microchannel, 
(h) spiral/interdigitated microchannel, after [14].
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ethanol [15] or formic acid [16, 17] are also currently considered as 
interesting alternatives. In the following sections the different FCs 
will be indexed according to the different fuels used. FCs using 
hydrogen directly will be globally called hydrogen-fed FCs, the 
ones using a reformer will be called reformed hydrogen FCs, the 
ones using methanol directly (without reforming) direct methanol 
FCs or DMFCs, and the others will be presented as alternative fuel 
cells (ethanol, formic acid). This latter part will also be dedicated 
to alternative technologies, especially the ones using microscale 
effects such as laminar flow fuel cells.

2.3.1  Hydrogen-Fed Fuel Cells

Hydrogen-fed micro FCs are theoretically among the most sim-
ple and effective PEMFCs, except for the problem of fuel storage. 
If attention is given to finding appropriate materials for storing 
large amounts of hydrogen, there is currently no perfect solution 
for portable applications, and research tends to focus more on 
developing hydrogen FCs than on how these FCs could be sup-
plied in a realistic way.

Concerning the FCs themselves, if the global structure is almost 
the same for all the FCs presented here—typically a membrane-
electrodes assembly (MEA) surrounded on both sides by a gas 
diffusion layer (GDL)/flow fields and current collector, either on 
the same substrate, or not—different technological choices can be 
made during the fabrication.

For instance, concerning the basic substrate to use, a compro-
mise has to be made, especially between the easiness of substrate 
patterning/etching, the easiness of assembly, the solidity of the 
whole system, and the easiness of cell interconnection.

As the basic material for MEMS technologies, silicon (Si) is also 
the most common material encountered in MEMS-based FCs, 
but is not the only one. Recently, solutions have been proposed 
using polymer or metal as the FC basic substrate instead of Si. 
Nevertheless, Si is still the leading material thanks to its properties 
and the microfabrication techniques associated with it, which are 
now well-known and mastered. Another advantage of Si-based 
FCs may also be to facilitate the possible integration of the FCs 
with other electronic devices on the same chip.
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Silicon-Based
Since 2000, Meyers et al. (Lucent Technologies) have proposed 

two alternative designs using Si: a classical bipolar using separate 
Si wafers for the cathode and the anode and a less effective mono-
lithic design that integrated the two electrodes onto the same Si 
surface [18, 19]. In the bipolar design, both electrodes were con-
structed from conductive Si wafers. The reactants were distrib-
uted through a series of tunnels created by first forming a porous 
silicon (PS) layer and then electropolishing away the Si beneath 
the porous film. The FC was completed by adding a catalyst film 
on top of the tunnels and finally by casting a Nafion® solution. 
Two of these membrane-electrode structures were fabricated and 
then sandwiched together. A power density of 60 mW cm2 was 
announced for the bipolar design with H2 supply.

Unlike Meyers and Maynard, Lee et al. (Stanford Univ.) pro-
posed a “flip-flop” -FC design (Figure 2.8) where both electrodes 
were present on both sides [20]. If this design does provide ease of 
manufacturing by allowing in-plane electrical connectivity, it com-
plicates the gas management. Instead of electrons being routed 
from front to back, gasses must be routed in crossing patterns, sig-
nificantly complicating the fabrication process and sealing. Peak 
power achieved in a four-cell assembly was still 40 mW cm2.

A variant of this design was reported by Min et al. (Tohoky 
Univ., Japan) who proposed two structures of -PEFC using micro-
fabrication techniques [21], the “alternatively inverted structure” 
and the “coplanar structure.” These structures used Si substrates 
with porous SiO2 layers with platinum (Pt)-based catalytic elec-
trodes and gas feed holes, glass substrates with micro-gas chan-
nels, and a polymer membrane (Flemion® S). In spite of a reported 

Fuel

FuelOxidant Oxidant

Oxidant Fuel

Electrode � catalystElectrode � catalyst

Oxidant

Fuel
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Flow structure

Figure 2.8  “Flip-flop” fuel cell design, after [20].
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enhancement [22], the FC showed poor results (only 0.8 mW cm2 
for the alternatively inverted structure).

Starting from a classical miniature FC consisting of an MEA 
between two micromachined Si substrates but sandwiching Cu 
between layers of gold, Yu et al. (Hong Kong Univ.) were able to 
decrease the internal resistance of the thin-film current collectors. 
This involved an increase in the performance of the FC, achieving 
a peak power density of 193 mW cm2 with H2 and O2 [23].

Xiao et al. proposed a silicon/glass micro fuel cell with cata-
lyst layers formed by Pt sputtering on ICP etched silicon columns 
(Figure 2.9) and integrated gold-based micro current collectors pat-
terned on both silicon and glass surfaces [24]. The complete pro-
cess on silicon included notably the use of thermal oxide patterned 
by RIE, dry etching of feedholes and microcolumns, wet etching 
of fuel reservoirs and metallization for current collectors. The glass 
substrate (Pyrex Corning 7740) was wet etched by HF to form the 
chamber and inlet/outlet. The two substrates were then bonded by 
anodic bonding at 320°C and 400 V. The bonded pair was sputtered 
with TiW (adhesion layer) and Pt to produce the catalyst layer on 
the microcolumns. This process enabled an increase in the cata-
lyst area with 3D columns. To complete the fuel cell, the fabricated 
electrodes were bonded with a Nafion® 117 membrane at 135°C. 

Figure 2.9  Platinum particles on ICP etched rings, after [25].
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Two prototypes were achieved providing current densities of 7.1 
and 0.1 mW cm2 with H2 and methanol respectively for the first 
one, and improved performances of 13.7 and 0.21 mW cm2 for the 
second one, which benefited from a new etching process [25].

Chen et al. recently reported the fabrication and characterization 
of a high-power self-breathing PEMFC with optimally designed wet 
KOH etched flow fields and electrodes [26]. Ni/Cu/Au layers are 
used for current collecting, the 1.5 m-thick in-between layer instead 
of a thick Au layer allowing a reduction in the fabrication cost. 
The MEA is composed of a classical Nafion® 1135 membrane with  
Pt-alloy sprayed carbon paper on both sides. The two silicon elec-
trodes are sandwiched and pressed at RT with the MEA, and then 
sealed with epoxy. A base-chip formed by drilled Pyrex glass anodi-
cally bonded with KOH eched silicon acted both as H2 inlet/outlet 
manifolds and as a support for a six-cell pack. An average power 
density of 144 mW cm2 was measured with H2 and air breathing, 
which was one of the highest performances currently reported.

Zhang et al. proposed a six-cell PEMFC planar stack combined 
with a small H2 storage canister [27]. Each cell was made of a home-
made MEA (Nafion® 112 membrane with Pt loading on each side) 
sandwiched between silicon-based flow field plates. These flow 
fields were fabricated using a classical wet etching process (KOH 
solution) and forming pin-type patterns with two square through 
holes for the hydrogen plates and through hole patterns for  
the oxygen plates (Figure 2.10). The plates were made electrically 

Figure 2.10  SEM pictures of flow fields, after [27].
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conductive by sputtering Ti/Pt/Au metal layers on their surfaces. 
Six cells were then serially interconnected in the same plane with 
a fuel distributor fabricated on another piece of wet etched silicon 
anodically bonded to ultrasonically drilled Pyrex glass (Figure 2.11).  
Thanks to a homemade AB5-type H2 storage canister and air-
breathing conditions at RT, the stack reached a peak power of 0.9W 
at 250 mA cm2 and an average power density of 104 mW cm2 for 
a single cell. These performances tended to decrease with power 
increase and a power assistance may be needed to maintain their 
stability.

Metal-Based
R. Hahn and the Fraünhofer IZM have chosen foil materials for 

their prototypes of self-breathing planar PEMFCs (one example is 
seen in Figure 2.12) [28]. The dimensions were 1 cm2 with 200 m 
thickness. Stable long-term operation was achieved at 80 mW cm2 
at varying ambient conditions with dry H2 fuel. They used a com-
mercially available MEA further processed in their laboratory. 
Micro patterning technologies were employed on stainless steel 
foils for current collectors and flow fields and the assembled tech-
nology was adapted from microelectronics packaging. In their 
design, the interconnection between cells was performed outside 
the membrane area, which reduced sealing problems. The complete  

Figure 2.11  Assembled six-cell stack, after [27].
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FC consisted of only three layers: the current collectors with inte-
grated flow fields on top and bottom and the patterned MEA in-
between. The current collector foils with integrated flow field of 
the electrodes consisted of Au-electroplated and microstructured 
(micro patterning, wet etching, laser cutting, RIE) sandwiched 
metal-polymer foils. The commercial MEA was structured using 
RIE and laser ablation to avoid possible internal bypasses.

Müller et al. (IMTEK) also used micromachined metal foils to 
form the flow fields of their -FC [29]. Using Gore MEA, they were 
able to form very thin, high-power density stacks. They demon-
strated both uncompressed and compressed FC designs. The 
uncompressed one had a peak power density of 20 mW cm2 and 
the five-cell compressed stack achieved 250 mW cm2.

More recently a 280m-thick titanium-based PEMFC was pre-
sented by N. Wan et al. [30]. Microchannels were fabricated on a 
Ti substrate using a photochemical wet etching process (etching 
solution composed of HF and HNO3) (Figure 2.13). The etched Ti 
substrate was coated with a Ru layer (for electrical conduction), 
and then with a microporous carbon-PTFE composite layer under 
the form of an ink. The MEA was homemade by spraying an ink 
(Pt/C, isopropanol, and 5% Nafion® dispersion) onto a Nafion® 
112 membrane sandwiched between two treated Ti substrates 

Figure 2.12  Fraünhofer IZM prototype of miniature fuel cell powering a LED, 
after [28].
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(hot-pressing). This PEMFC showed high mechanical strength, 
good mass transport, and light weight. It also demonstrated good 
performances at RT, either under self-breathing conditions with 
120 mW cm2, or with a forced flow of reactant with a peak power 
density of 220 mW cm2 due to the faster mass transport, with no 
visible decrease of performances after 200 h operation.

Polymer-Based
Chan et al. (Nanyang Univ.) reported the fabrication of a poly-

meric -PEMFC (Figure 2.14) developed on the basis of microma-
chining of PMMA by laser [31]. The microchannels for fuel flow 
and oxidant were ablated with a CO2-laser. The energy of the laser 
beam has a Gaussian distribution, so the cross-section of the chan-
nel also has a Gaussian shape. A 40-nm gold layer was then sput-
tered over the substrate surface to act both as the current collector 
and corrosion protection layer. The Gaussian shape allows gold 
to cover all sides of the channel. In this -FC, water generated by 
the reaction was utilized for gas humidifying. The flow channel 
has a spiral shape, which enables the dry gas in the outer spiral 
line to become hydrated by acquiring some of the moisture from 
the adjacent inner spiral line. The MEA consists of a Nafion® 1135 
membrane with a hydrophobic carbon paper and a diffusion layer 

Figure 2.13  SEM image of microchannels in a Ti substrate, after [30].
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(carbon powder and PTFE) on one side and coated with a catalyst 
layer (ink with Nafion® 112 solution and Pt carbon) on the other 
side. Silver conductive paint was printed on the other side of the 
carbon paper to increase its conductivity and to contribute to cur-
rent collection. In the final step, the two PMMA substrates and the 
MEA were bonded together using an adhesive gasket. H2 was sup-
plied by hydride storage, the air by an air pump with a constant 
flow rate of 50 mL min1, and O2 flow with a constant flow rate 
of 20 mL min1, all tests were performed at room temperature. A 
high-power density of 315 mW cm2 at 0.35 V has been achieved 
when O2 is supplied at the cathode side, 82 mW cm2 with air.

Another PMMA-based micro PEMFC has been developed by 
Hsieh et al. The technology included excimer laser lithography for 
patterning the flow field in the PMMA structure [32]. The channels 
were about 400 m wide and 200 m deep with a rib spacing of 50 m 
for both anode and cathode. Electrically conductive regions acting 
as current collector for electrodes were defined by sputtering 200-
nm-thick copper film on the flow-field plates. The MEA was based 
on Nafion® 2117 membrane with thin sputtered Pt films on both 
sides. The assembly was then completed by 2-mm PMMA gaskets 
on both sides and sealed by surface mount technology or hot-press-
ing. A power density of 25 mW cm2 at 0.65 V was obtained at room 
temperature, when supplied by H2 and O2. Further developments  
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Carbon paper
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Figure 2.14  Assembled polymeric micro fuel cell, after [31]. (a) open view and 
(b) assembled view.
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using high aspect ratio UV-curable epoxy SU-8 instead of PMMA 
and silver as current collector were reported with similar perfor-
mances (30 mW cm2 with H2 and forced air) [33].

A complete PEMFC system consisting of a PDMS substrate with 
micro flow channels upon which the MEA was vertically stacked 
has been developped by Shah et al. [34, 35]. PDMS microreactors 
were fabricated by employing micromolding with a dry etched 
silicon master. The PDMS spincoated on micromachined Si was 
then cured and peeled off from the master. The MEA consisted of a 
Nafion® 112 membrane where Pt was sputtered through a Mylar® 
mask. Despite an interesting method, this FC gave poor results 
(0.8 mW cm2).

Other Solutions
W. Wan et al. presented another composite solution which used 

porous polytetrafluoroethylene (PTFE) as the support for the  
proton-conducting electrolyte [36]. An expanded PTFE substrate 
was sandwiched on both sides with very thin porous metal sheets 
made of titanium coated with a Ru layer and fabricated by photo-
lithography and wet etching techniques. An electrolyte dispersion 
(DE 2021 from DuPont) was then impregnated into the pores of 
the PTFE membrane and the metal sheets, dried and protonized 
by immersing in boiling 5% sulfuric acid solution. To complete the 
MEA (Figure 2.15), a catalyst ink made of Pt-loaded carbon, alco-
hol, and 5% Nafion® solution was directly brush-coated onto both  
surfaces of electrolyte membrane and dried. Performances of 
80 mW cm2 were reached with H2/air supply. The metal sheets 
served here both as flow fields and current collectors.

An original approach was recently proposed by Park and Madou. 
It used carbonized machined polyimide (CirlexR from Dupont, 
made from Kapton®) as their microfluidic plates [37]. The tech-
nique they currently called C-MEMS (for carbon-MEMS) consists 
of micromachining the polyimide and then pyrolyzing it at high 
temperature (900°C) to make micromachined carbon (Figure 2.16).  
The goal is to reproduce the advantages of graphite used in large 
fuel cells (such as high electrical conductivity, resistance to corro-
sion, high thermal conductivity, chemical compatibility, etc.) but is 
difficult to repeat on micro fuel cells due to the brittleness of the 
material and its high cost. The structure of the complete fuel cell 
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was as follows: carbon microfluidic flow channels on each side 
of a commercial MEA made of a Nafion® 115 membrane and 20%  
Pt-loaded carbon paper from Electrochem. The FC was sealed with 
epoxy and the membrane was larger than the microfluidic plates 
in order to hydrate the inner membrane from the external part.  

Figure 2.15  View of the integrated composite MEA, after [36].

Figure 2.16  Carbonized fluidic plates shown to the left of 1 cm2 Cirlex® square, 
after [37].
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A power density of 1.21 mW cm2 was achieved. The major draw-
back of this technology is the cost of the polyimide, which remains 
expensive compared to other materials.

2.3.2  Direct Methanol Fuel Cells

Methanol would currently be the ideal candidate for supply-
ing miniature fuel cells. Actually, this fuel has several advantages 
over H2, especially its high volumetric energy density and its ease 
of storing and refilling. However, its use in a direct way involves 
new problems, particularly the amount of catalyst needed and the 
crossover of methanol through the proton exchange membranes. 
Still, extensive research on DMFCs is needed to attempt to over-
come these problems.

Yen et al. [38] (Univ. of California/Pennsylvania State Univ.) 
presented a bipolar Si-based micro DMFC with a MEA (Nafion® 
112 membrane) integrated and micro-channels 750 m wide and 
400 m deep fabricated using Si micromachining (Deep RIE). This 
-DMFC with an active area of 1.625 cm2 was characterized at  
near room temperature, showing a maximum power density of 
47.2 mW cm2 at 60°C, then 1M methanol was fed but only 14.3 mW 
cm2 at room temperature. Since then, Lu et al. [39] have enhanced 
the performance of the -DMFC to a maximum power density of 
16 mW cm2 at room temperature and 50 mW cm2 at 60°C with 
2 M and 4 M methanol supply with a modified anode backing 
structure enabling a reduction in methanol crossover (Figure 2.17).  
Using the same structure as previously quoted, they have recently 
replaced the silicon, judged as too fragile for compressing and 
sealing with the MEA, with very thin stainless steel plates as bipo-
lar plates with the flow field machined by photochemical etching 
technology [40]. A gold layer was deposited on the stainless steel 
plates to prevent corrosion. This enhanced fuel cell reached 34 mW 
cm2 at room temperature and 100 mW cm2 at 60°C.

Yao et al. (Carnegie Mellon Univ.) have been currently working 
on a room temperature DMFC to produce a net output of 10 mW 
for continuous power generation [41]. Their work focused on the 
design of the complete system, including water management at the 
cathode, micropumps and valves, CO2 gas separation, and other 
fluidic devices. A passive gas bubble separator removed CO2 from 
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the methanol chamber at the anode side. The back planes of both 
electrodes were made of Si wafers with an array of etched micro-
sized holes. Nano-tube catalysts were fabricated on the planes. A 
3% methanol solution at the anode and the air at the cathode were 
driven by natural convection instead of being pumped. A micro-
pump sent water back to the anode side. With 25 mW cm2, the 
total MEA area around 1 cm2 could provide enough power to a 
10 mW microsensor along with the extra power needed for inter-
nal use, such as water pumping, electronic controls, and process 
conditioning (see Figure 2.18).

Figure 2.17  Picture of a silicon wafer with flow channels, after [39].
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Figure 2.18  Photograph and schematic views of the final micro DMFC, after [43].
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Liu et al. also applied the MEMS technology to the fabrication 
of micro DMFCs [42, 43]. The process included the use of two sili-
con substrates (respectively, anode and cathode) sandwiching a 
MEA using a modified Nafion®. First, both wafers were patterned 
by photolithography and wet etched. Then, gold was deposited on 
both to form the electrodes using a PVD method. The fuel chan-
nels through the anode silicon substrate were made by laser beam, 
and silicon-glass anodic bonding was employed to complete the 
anode side. After the assembly of the silicon substrates and the MEA, 
epoxy resin was used as a sealant around the edges of the MEA 
and electrodes, which completed the -DMFC. The Nafion® mem-
brane was modified by X-ray radiation and palladium deposition 
to reduce the methanol crossover. This modification allowed per-
formances of 4.9 mW cm2, whereas with an unmodified mem-
brane, power density was only 2.5 mW cm2.

Instead of Si or metal, SU-8 epoxy was the solution adopted 
by Cha et al. to create microchannels by simple UV photolithog-
raphy and lift-off from a glass substrate [44]. Nafion® 115 was 
used as the PEM and sandwiched between two polymer chips 
with microchannels and two layers of photosensitive polymers. 
Microchannels were 300 m wide and 100 m deep. Current collec-
tors were formed by sputtering Pt on polymer chips.

Carbon black, Pt black, and Pt-Ru catalyst were sprayed in the 
microchannels before assembling with the membrane. The maxi-
mum power density observed with this all-polymer -DMFC was 
8 mW cm2 with 2 M methanol as fuel and oxygen feeding.

2.3.3  Reformed Hydrogen Fuel Cells

Micro-reformed hydrogen FCs (-RHFCs) are actually PEMFCs 
supplied by hydrogen coming from the reforming of a hydrocarbon 
(generally methanol) or a chemical hydride (such as sodium borohy-
dride, NaBH4). According to the reformer feed, the reforming opera-
tion can be made either at a low operating temperature (NaBH4) or 
at a relatively high temperature (between 200 and 300°C for metha-
nol steam reforming). It adds complexity to the basic PEMFC sys-
tem, especially with methanol high temperature reforming, where 
the proton exchange membrane has to tolerate high temperature, 
but it allows the use of hydrogen without storing it directly.
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Concerning the methanol-based RHFCs, literature [45, 46] men-
tions two types of micro reformers: micro-packed reactors and 
catalyst coated micro-channel reactors. Pattekar et al. proposed a  
Si-based micro-packed reactor with microchannels fabricated by 
deep RIE in 1 mm-thick Si substrates [47]. They used a commercial 
Cu/ZnO/Al2O3 catalyst, a Pt resistance-temperature device for 
temperature sensing and Pt line for along the microchannels as the 
heater. They obtained 88% methanol conversion at a 1:1.5 molar ratio 
of methanol and water with a feed rate of 5 cm3 h1. Kundu et al. also 
contributed to this kind of micro-reformer with a Si-based serpentine 
micro-channeled reactor with high performance and durability test 
of the catalyst (Cu/ZnO/ Al2O3) [48] (see Figure 2.19).

Catalyst-coated microchannel reactors are the second option for 
methanol steam micro-reforming. They are far more studied because 
they present several advantages relative to the previous technique—
a lower pressure drop and less channeling of gas [46]. Extensive  

Filters in the channel Micro-vaporizer plus packed bed
micro-reformer

Heaters on the back side Cross-sectional view of
channel

Figure 2.19  Micro-reformer developed in Samsung Electro-mechanics, after [46].
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literature reports catalyst coated (Cu/ZnO/Al2O3) microchannels 
made of stainless steel [49], aluminum, or silicon. For example, 
Kawamura et al. reached a 100% conversion of methanol at 250°C 
using silicon substrate and a homemade catalyst (Cu/ZnO/Al2O3), 
with a volume of the micro-reformer less than 1 cm3 [50]. The key 
points for high performance and durability are the good uniformity 
and the amount of the catalyst loading.

The use of NaBH4 for the production of hydrogen seems more 
attractive since the reforming is made at low temperature (25–
40°C). A stabilized aqueous solution of NaBH4 is actually a safe, 
simple, and compact source of high-purity hydrogen [51]. The 
hydrolysis reaction is exothermic and proceeds according to the 
following equation:

	 NaBH H O  H NaBOcatalyst
4 2 2 22 4  → 	 (2.1)

Stabilized NaBH4 solutions, which have a high pH, do not gen-
erate significant amounts of hydrogen under ambient conditions. 
Therefore, a catalyst such as Pt, Ru, or Pt/Ru is required and 
when this is removed from the NaBH4 solution, hydrogen genera-
tion stops. This catalyst can be loaded on carbon support or other 
supports such as LiCoCO2 or ion-exchange resins. As shown in  
Eq. 2.1, the reaction also produces boron oxide, which is hazardous 
and solid, thus risking the clogging of catalyst activity. However, it 
can be dissolved into the NaBH4 solutions if low concentrations of 
NaBH4 (10 to 15%) and/or additives such as ethylene glycol are 
used [46, 51–53]. Literature also reports the use of edible acids as 
catalyst. For instance, for a few years Seiko Instruments has been 
involved in the fabrication of micro fuel cells using malic acid 
solution as the catalyst for hydrogen production from NaBH4 [54].

2.3.4  Alternative Fuels

Direct Formic Acid Fuel Cells
An interesting metallic miniature FC structure from the 

University of Illinois has been reported and proposed by Ha  
et al. [16]. They described the design and performance of a passive 
air breathing direct formic acid FC (DFAFC). The MEA was fab-
ricated in house with catalyst inks (Pt black powder for cathode 
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and Pt-Ru black for anode, Millipore water, and 5% Nafion® solu-
tion) directly painted on a Nafion® 117 membrane. The current 
collectors were fabricated from titanium (Ti) foils electrochemi-
cally coated with gold. The miniature cell at 8.8 M formic acid pro-
duced a maximum power density of 33 mW cm2 with pieces of 
gold mesh inserted between the current collector and the MEA on 
both sides of the MEA. With Pd black used as the catalyst at the 
anode side [17], they recently obtained a maximum power density 
of 177 mW cm2 at 0.53 V for their passive DFAFC with 10 M for-
mic acid (see Figure 2.20).

Through the works of Gold and Chu et al., the University of 
Illinois also proposed another solution consisting of using nanopo-
rous silicon as the basic material for the proton-conducting mem-
brane [55–57]. A first study by Gold et al. had already shown the 
relevance of using porous silicon loaded with sulfuric acid as the 
membrane of the fuel cell, though the assembled fuel cell exhib-
ited poor results (a few hundred W cm2) [55]. Further evolutions 
proved to be more effective. Starting from a standard silicon wafer, 
100 m-thick silicon membranes were micromachined using deep 
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Figure 2.20  Structure of the passive air breathing direct formic acid fuel cell, 
after [17].
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RIE (with silicon nitride masking) and then anodized in an ethanoic-
HF bath to convert them to porous silicon membranes. Insulators 
(made of TiO2) and catalyst layers (ink made of Pd black (anode), 
Pt black (cathode), 5% Nafion® solution and deionized water) were 
finally painted onto the porous structures to complete the mem-
brane electrodes assembly. Supplied with a 5 M formic acid and 
0.5 M sulfuric acid fuel solution, this fuel cell achieved a current den-
sity of 34 mW cm2 at 120 mA cm2 [56] with the sulfuric acid acting 
as the proton-conductor. An improved fabrication process (similar 
to the one described in the Example section later in this chapter) has 
been recently proposed with a membrane wet etched on both sides 
with a KOH solution, silicon nitride insulation layers on both sides 
grown by LPCVD and a backside RIE after anodization to open up 
the nanopores [57]. In order to partially oxidize the pore walls, the 
porous membrane was immersed in a 37% hydrochloric acid solu-
tion during one night. Actually, the porous membrane only acts here 
as a separator that limits fuel crossover and does not need to be pro-
ton-conducting. A 5-nm thick gold palladium alloy film was depos-
ited on top of the catalyst layer of both anode and cathode sides 
using sputtering. Current collectors were then formed by painting a 
gold ink around and on top of the catalyst films. The performances 
were also improved up to 94 mW cm2 at 314 mA cm2 with the 
same fuel supplying conditions as previously.

Yeom et al. (Univ. of Illinois) reported the fabrication of a mono-
lithic Si-based microscale MEA consisting of two Si electrodes, 
with catalyst deposited directly on them, supporting a Nafion® 112 
membrane in-between [58]. The electrodes were identically gold-
covered for current collecting, and were also covered with electro-
deposited Pt black.

The electrodes and the Nafion® membrane were sandwiched 
and hot-pressed to form the MEA. The complete fuel cells were 
tested with various fuels: H2, methanol, and formic acid and 
reached 35 mW cm2, 0.38 mW cm2, and 17 mW cm2 respectively 
at room temperature with forced O2. More recently, performances 
with formic acid as fuel were increased up to 28 mW cm2 with 
electrodeposited palladium (Pd)-containing catalyst at the anode 
[59]. An all-passive system (passive 10 M formic acid and quies-
cent air) was also recently announced with interesting first results 
(12.3 mW cm2) [60].
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Ethanol
Aravamudhan et al. (Univ. of South Florida) presented a FC 

powered by ethanol at room temperarure [15]. The electrodes were 
fabricated using macroporous Si technology. The pores developed 
acted both as micro-capillaries/wicking structures and as built-in 
fuel reservoirs, reducing the size of the FC. The pore sizes dictated 
the pumping/priming pressure in the FC. The PS electrode thus 
eliminated the need for an active external fuel pump. The structure 
of the MEA consisted of two PS electrodes sandwiching a Nafion® 
115 membrane. Pt was deposited on both the electrodes, micro-
columns to act both as an electrocatalyst and as a current collec-
tor. The FC reached a maximum power density of 8.1 mW cm2 by 
supplying 8.5 M ethanol solution at room temperarure.

2.3.5  Alternative Technologies

PCB Technology
A true alternative to the use of MEMS technology in realizing 

micro fuel cells was proposed in 2003. O’Hayre et al. demonstrated 
the successful use of patterned printed-circuit board (PCB) tech-
nology to make arrays of H2/O2 fuel cells, including microchannel 
flow fields in the substrate (Figure 2.21). Performances as high as 
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Figure 2.21  Details of a PCB-fuel cell prototype with array of 16-cell electrode 
contacts and 16 perimeter interconnection pads, after [61].
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700 mW cm2 were reached with H2/O2 (200 mW cm2 with H2/
air) thanks to the good compressibility of the PCB material [61].

Laminar Flow Fuel Cells
Another approach is currently under active development. Actually, 

there have been several papers on membraneless laminar flow-based 
microfluidic fuel cells [62–64], which do not require any proton 
exchange membrane. These micro fuel cells use a liquid-liquid inter-
face between the fuel and the oxidant. An aqueous stream con-
taining a liquid fuel, such as formic acid, methanol, or dissolved 
hydrogen, and an aqueous stream containing a liquid oxidant, such 
as dissolved hydrogen, permanganate, or hydrogen peroxide, are 
introduced into a single microfluidic channel in which the oppo-
site sidewalls are the anode and cathode [67]. Thanks to the domi-
nant laminar convective transport, fuel crossover can be reduced, 
and the anode dry-out and cathode flooding can be avoided 
(Figure 2.22). Furthermore, these fuel cells are media flexible, i.e., 
the composition of the fuel and oxidant streams (e.g., pH) can be 
chosen independently, allowing improvement in reaction kinetics 
and open cell potentials. For instance, using a new dual electro-
lyte H2/O2 fuel cell system, Cohen et al. exhibited thus an OCV 
of 1.4 V and 1.5 mW generated from a single planar device with 
Si microchannels [65, 66]. With the integration of a gas-diffusion  
electrode-enabling oxygen delivery directly from air, the laminar 
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Figure 2.22  Illustration of the laminar flow fuel cell principle.
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flow-based fuel cell proposed by Jayashree et al. achieved perfor-
mances as high as 26 mW cm2 with 1 M formic acid as fuel [67]. 
This novel technology is already competing with proton exchange 
membrane fuel cells and allows the consideration of further min-
iaturization of fuel cells.

Solid-Oxide Fuel Cells
Miniature SOFCs (for solid-oxide fuel cells) functioning at tem-

peratures as low as 500°C (low temperature for SOFCs usually 
functioning at 800°C or more) have also been reported [68–72]. 
They are based on thin films technology such as those employed 
for MEMS-based PEMFC and DMFC (photolithography, etch-
ing, physical vapor deposition). However decreasing the operat-
ing temperature involves the decrease of performances of the fuel 
cell. Besides, these temperatures remain inadequate for portable 
devices because they imply major heat transfer and thus require 
an additional cooling system and/or very efficient insulation, 
which involves an increase of the overall volume of the fuel cell.

2.3.6  Summary

This brief overview shows that it is not only the fuel or the sub-
strate material that really matters in achieving high performances, 
but mostly the ways the fluids are managed (GDL/flow fields) and 
the stack is sealed (electrode-electrolyte interface). Even though Si 
is still the material most commonly used, the Fraunhöfer Institute 
with stainless steel foils, for instance, or the promising perfor-
mances reached with PMMA by Chan et al. [31], have shown a way 
that true alternatives to silicon can also lead to functional FCs. One 
of the most exciting solutions may come from the use of microscale 
effects such as the laminar flow for membraneless FCs, though their 
performances are not currently equivalent to the classical membrane 
FCs. Other interesting and recent reviews on micro fuel cells have to 
be reported, especially the ones by Kundu et al. [46] and Morse [73], 
that may bring further information and details.

Tables 2.1 and 2.2 summarize the main characteristics of the pre-
viously cited fuel cells.

As the preceding review has shown, the role of the electrolyte 
for hydrogen-fed FCs and DMFCs is almost always played by  
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 fuel cells, with Pmax in mW cm2, OCV the 
ure in °C, and “air” is for passive air breathing. 

st Pmax OCV Oxidant T

) 315
  82

0.35
NR

O2
air

RT
RT

bon paper) 144 0.93 air RT

  80 NR air 60

uttering)
uttering)

  25
  30

0.78
NR

O2
air

RT
RT

  37 0.9 air 40

  40 NR O2 RT

jet) 300 NR air RT

  60 NR NR RT

    0.8 NR air RT

  50 0.87 O2 RT

(ink) 713 0.95 O2 RT

bon paper)     1.21 NR O2 RT

bon cloth) 58 0.68 air RT

(Continued)
Table 2.1  Main characteristics of the reviewed micromachined hydrogen fed
open circuit voltage in V, RT for room temperature and T for working temperat
NR is for non-reported information.

Ref. First Author Year Substrate PEM Cataly

[31] Chan 2005 PMMA Nafion® 1135 Pt (ink

[26] Chen 2006 silicon Nafion® 1135 Pt (car

[28] Hahn 2004 stainless steel commercial MEA NR

[32, 33] Hsieh 2004
2005

PMMA
SU-8

Nafion® 117
Nafion® 117

Pt (sp
Pt (sp

[75] Jankowski 2002 silicon NR NR

[20] Lee 2002 silicon Nafion® 115 NR

[77] Marsacq 2005 silicon Nafion® Pt (ink

[18, 19] Myers 2002 silicon Nafion® NR

[21, 22] Min 2006 silicon Flemion® Pt

[29] Müller 2003 metal Gore MEA NR

[61] O’Hayre 2003 printed circuit Nafion® 112 Pt/C 

[37] Park 2006 pyrolyzed Cirlex Nafion® 115 Pt (car

[85, 86] Pichonat 2006 silicon porous silicon Pt (car
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Catalyst Pmax OCV Oxidant T

n® 112 Pt (sputtering)     0.8 0.79 air 60

21 Pt (ink)   80 0.985 air RT

n® 112 Pt (ink) 220 0.96 forced air RT

n® 117 Pt (sputtering)   13.7 NR O2 RT

n® 112 Pt black 
(electrodeposited)

  35 NR O2 RT

n® 112 NR 193 NR O2 RT

n® 112 Pt 104 0.9 air RT
Table 2.1  Continued

Ref. First Author Year Substrate PEM

[34, 35] Shah 2004 PDMS Nafio

[36] Wan 2006 PTFE DE 20

[30] Wan 2007 titanium Nafio

[24, 25] Xiao 2006 silicon Nafio

[58] Yeom 2005 silicon Nafio

[23] Yu 2003 silicon Nafio

[27] Zhang 2007 silicon Nafio
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s, with Pmax in mW cm2, OCV the open 
l, EtOH for ethanol, RT for room temperature 

Pmax OCV Oxidant T

8 0.45 2M MeOH/O2 RT

4.9 NR MeOH/air RT

16/50 NR 2M MeOH/forced air RT/60

34/100 NR 2M MeOH/forced air RT/60

94 NR 5M FA  0.5 SA/air RT

)

177 0.53 10M FA/air RT

28 NR FA/O2 RT

12.3 0.3 10M passive FA/air RT

8.1 NR 8.5M etOH/air RT
Table 2.2  Main characteristics of the other reviewed micromachined fuel cell
circuit voltage in V, FA for formic acid, SA for sulfuric acid, MeOH for methano
and T for working temperature in °C. NR is for non-reported information.

Ref. First Author Year Substrate PEM Catalyst

[44] Cha 2004 SU-8 Nafion® 115 Pt black (cathode)

Pt-Ru (anode) (spray)

[42, 43] Liu 2006 silicon modified 
Nafion®

NR

[38, 39] Lu 2004 silicon Nafion® 112 NR

[40] Lu 2005 stainless 
steel

Nafion® 112 NR

[56, 57] Chu 2006 silicon porous silicon Pt black (cathode)

Pd-black (anode) (ink

[16, 17] Ha 2006 metal Nafion® 117 Pt black (cathode)

Pt-Ru black (anode) 
(ink)

[59] Jayashree 2005 silicon Nafion® 112 Pd (anode) 
(electrodeposited)

[60] Yeom 2006 silicon Nafion® Pd (anode) 
(electrodeposited)

[15] Aravamudhan 2005 silicon Nafion® 115 Pt
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perfluorinated carboxylic acid polymer membranes such as 
Nafion® from DuPont, Flemion® from Asahi Glass, or Gore mem-
brane. Few alternatives were proposed, such as the use of porous 
silicon. Yet these proton-conducting polymers are not really suit-
able for microfabrication: they cannot be patterned with standard 
photolithography and their volumetric changes with humidifica-
tion are a major problem to deal with at a micrometer scale.

In the following section, another approach consisting of using 
standard MEMS techniques, porous silicon and chemical grafting 
to create a proton-conducting membrane will be described as an 
example of a miniature fuel cell manufactured using microfabrica-
tion technology.

2.3.7  Toward a Commercial Mass Production of Fuel Cells?

Concerning forthcoming commercial applications, only public 
and internet website announcements allow us to know a few details 
on FCs about to come on the market. Toshiba, Hitachi, Casio, NEC, 
Motorola, Samsung, Neah Power Systems, to quote only some of 
the best-known companies, have presented FC prototypes, small or 
not, supplying portable equipment. They regularly announce forth-
coming commercialization but, as far as we know, none of the main 
actors has yet made their products really available for the masses. 
That is only an additional proof of the great difficulties to over-
come to propose a finished product capable of satisfying the aver-
age customer. However, a few companies have begun to develop 
products for specific applications, such as UltraCell for military pur-
poses. Only a few details have filtered out about the technologies 
employed, whether MEMS-based or not. Nevertheless, in order to 
give a clear overview on the trends of the major protagonists of the 
domain, main characteristics of their prototypes will be reported, 
again according to the fuel feeding system chosen.

Hydrogen-Fed Micro Fuel Cells
Hydrogen-fed micro FCs give the best performances, provided 

that hydrogen can be stored safely and efficiently or produced 
conveniently from water [46]. Four major companies, namely 
Angstrom Power Inc., Casio, Hitachi Maxell, and NTT DoCoMo, 
were currently leading in this direction and have already proposed  
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prototypes including hydrogen storage. The first two used metal 
hydride (LaNi5 for Casio) for hydrogen storage. Angstom Power 
Inc. proposed a prototype of 160 cm3/350 g developing 2 W to 
be used as a charger for cell phones, PDAs, and digital cameras 
[74]. The claimed maximum operation time is 6 h without recharg-
ing and they also elaborated a recharging station for refueling the 
metal with hydrogen. As for the Casio prototype, it has a total vol-
ume of 35 cm3 allowing a power of 2.1 W.

The possibility of using water for hydrogen storage is, of course, 
very attractive. Actually, pure hydrogen can be obtained from 
water through metal powders (Al, Mg), such as through Al oxi-
dation, theoretically with a very good efficiency (1 g Al could pro-
duce 1.3 L hydrogen), and generally requiring sodium hydroxide 
as a catalyst:

	
Al H O Al OH HNaOH 3

3
22 3 2 → ( )

	
(2.2)

Hitachi Maxell has succeeded in producing hydrogen from 
water and Al powder without the help of a catalyst. The complex 
procedure is based on the activation of the Al particles by sequen-
tial thermal shocks, and the particle size is clearly the primary 
factor for getting hydrogen. NTT DoCoMo is also involved in 
developing water-based FC systems, for the purpose of charging 
Li-ion batteries.

More information is forthcoming from laboratories connected 
to the industry, often referred to as “thin film technology.” For 
instance, for many years now, Morse et al. (Lawrence Livermore 
National Laboratory) have been working on SOFCs and PEMFCs 
[75, 76]. They combined thin film and MEMS technologies to fab-
ricate miniature FCs. A silicon modular design served as the plat-
form for FCs based on either PEM or SO membranes. In 2002, the 
PEMFC yielded a computed peak power of 37 mW cm2 at 0.45 V 
and 40°C, whereas the SOFC reached 145 mW cm2 at 0.35 V 
and 600°C. Since 2002, UltraCell has an exclusive license with 
Lawrence Livermore National Laboratory to exploit their technol-
ogy to develop commercial FCs.

The French Nuclear Research Center CEA has also announced the 
successful fabrication of high performance prototypes (Figure. 2.23)  
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fueled by H2 and based on thin film type structures on Si substrate  
obtained by microelectronics fabrication techniques (RIE for fuel 
microchannels, PVD for anode collector, CVD, serigraphy, inkjet for 
Pt catalyst, lithography) with a Nafion® membrane [77]. A power 
density of 300 mW cm2 with a stabilization around 150 mW cm2 
during one hundred hours was reported.

-RHFC
Four companies were notably involved in the development of 

micro RHFCs: UltraCell (with the Lawrence Livermore National 
Laboratory), Casio, and Battelle with methanol steam reform-
ers, and Seiko, betting on NaBH4 (previously cited in an earlier 
section). Since 2002, Casio Computer has been producing and 
improving prototypes for notebook charging, first using Si as the 
basic material, then glass since 2004. The fuel processor produced 
hydrogen from methanol heated to 280°C in only 6 s and the pack-
age surface temperature was about 40°C, thanks to glass substrates 
with vacuum insulation and an inside thin Au layer to minimize 
radiant heat. Battelle has also developed a methanol reformer for 
15 W (military purposes) and 400-mW (portable electronics) fuel 

Figure 2.23  From the wafer to the phone, fuel cells from the CEA, after [77].
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cells. Here the reforming was performed at about 350°C with 
a Pd/ZnO catalyst. The weight of the 15 W prototype was 1 kg 
(100 g for the fuel processor), and only 1 g (0.3 cm3) for the metha-
nol reformer of the 400 mW prototype. UltraCell [78] has recently 
proposed two products (one for military purpose and the other for 
portable electronics) with a maximum power of 25 W (Figure 2.24). 
The methanol reforming conceived by the Lawrence Livermore 
National Laboratory was obtained at 270°C with a Cu/ZnO- 
based catalyst deposited on Si-based microchannels by sputter 
coating.

DMFC
Various companies have bet on DMFCs for supplying mobile 

phones and laptop computers. While Toshiba is still recognized as 
the industry leader in DMFC development [46] and has presented 
different prototypes over the last years, especially for powering MP3 
players, Samsung, Motorola, NEC, Fujitsu Smart Fuel Cell GmbH, 
and Antig Technology have already proposed prototypes for por-
table electronics. Samsung (SDI and AIT) seems currently one of the 
most advanced competitors, with a DMFC capable of sustaining a 
laptop for 8 hours daily during an entire month and rapid advance-
ments concerning the size of the fuel cell (Figure 2.25).

Figure 2.24  Prototype of methanol steam RHFC, after [78].
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2.4  Example: Grafted Porous Silicon-based 
Miniature Fuel Cells

This section focuses on the fabrication of a particular proton 
exchange membrane (PEM) for small FCs using microtechnol-
ogy. The solution has been developed in FEMTO-ST (Besançon, 
France) as an alternative to classical ionomeric membranes like 
Nafion® and is based on a porous silicon (PS) membrane on which 
is grafted a proton-conducting silane. Like previously cited Chu et 
al. [55–57], previous works have reported the relevance of using 
PS directly as the membrane of the FC, either as the support for 
a Nafion® solution [79–82] or with appropriate proton-conducting 
molecules grafted on the pore walls [80, 83–85]. This second solu-
tion involves the chemical grafting of silane molecules containing 
sulfonate (SO3

) or carboxylate (COO) groups on the pores’ walls 
in order to mimic the structure of an ionomer.

2.4.1  Manufacturing Process

Membranes
The complete process for the fabrication of the proton-conduct-

ing membranes, previously reported in [79, 83], can be described 
as follows. A 4-inch 520 m-thick n (100)-oriented double-side 
polished silicon wafer is first thermally oxidized in an oven at 

Figure  2.25  Samsung DMFC prototype for laptop computer, presented in 
August 2007.
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1000°C under O2 and water steam flows to obtain a 2 m-thick 
SiO2 layer on both sides of the substrate.

These layers will allow the electrical insulation between the two 
parts of the future fuel cell. Then these previous layers are cov-
ered with sputtered Cr-Au layers on both sides. The Cr layers are 
used as adherence layers for the Au layers and are relatively thin 
(30 nm). The Au layers are 800 nm thick and will serve as current 
collector layers for the fuel cells. They are also useful as masking 
layers for the next different etchings, since Au is not etched either 
by KOH solution or by HF solution, the two wet etchants used in 
the next steps.

This is followed by classical photolithography (with adapted 
etch for the metal layers) and chemical wet etching with a wet 
KOH solution to produce 50 m-thick double-sided membranes. 
These membranes are then made porous by anodization in an 
ethanoic HF bath with an average pore diameter of 10 nm (size 
controlled with the input current density). In order to be sure that 
all the pores are open on the rear side of the membranes, a short 
reactive ion etching (RIE) is added to the process with a classical 
silicon etching process using SF6 and O2 gases. Figure 2.26 sums 
up the different steps of the microfabrication process, and Figures 
2.27 and 2.28 show the result of the process.

Proton Conduction and Membrane Electrode Assembly
The previous manufactured membranes are not usable as they 

are, since PS is not naturally proton-conducting. In order to make 
the membranes proton-conducting, a solution consists of graft-
ing silane molecules containing proton-conducting groups on 
the pores walls. A commercially available silane salt from United 
Chemical Technologies Inc (UCT) containing three carboxylate 
groups has been used for the first investigations. The first step 
consists of creating silanol functions (Si-OH) at the surface of PS. 
A soft process involving a UV-ozone cleaner has been successfully 
implemented. The grafting of silane molecules is then realized by 
immersing the hydrophilic porous membranes into a 1% silane 
solution in ethanol for 1 h at room temperature and ambient air. 
In order to replace -Na endings from the silane salt by -H endings 
to get the real carboxylic behavior for the grafted function, mem-
branes are immersed for 12 hours in a 20% solution of sulfuric 
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1.Thermal oxidation

2. Chromium-gold sputtering deposition

n�silicon wafer

3. Spin-coating of photoresist

4. Photolithography and wet etching of metal layers

5. BHF wet etching of oxide layers and removal of the photoresist

6. KOH wet etching of the silicon

7. Electroetching (anodisation) of the silicon membrane

8. Dry etching (RIE) of the back of the membrane

Figure  2.26  Sketch of a complete process for manufacturing porous silicon 
membranes for miniature fuel cells.
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acid, then carefully rinsed in deionized water. To complete the FC 
assembly, E-TEK carbon conducting cloth electrodes filled with Pt 
(20% Pt on Vulcan XC-72) are added on both sides of the mem-
brane as a H2/O2 catalyst. Figure 2.29 shows the final single cell.

Figure 2.27  Photograph of the silicon wafer after the membrane etching process. 
sixty-nine membranes of 7 mm2 are micromachined on a 4-inch wafer.

Figure 2.28  SEM (scanning electron microscope) cross-section view of a typical 
porous silicon membrane made with the process in Figure 2.26.
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2.4.2  Results

Figure 2.29 shows (top view) a typical 8 mm by 8 mm FC real-
ized with an active area (in black on the figure) of 7 mm2.

Measurements were carried out at room temperature. H2 feed-
ing was provided by a 20% NaOH solution electrolysis while pas-
sive ambient air was used at the cathode. In order to bring the gas 
to the membrane, a homemade test cell was used in which up to 
four single cells can be tested separately or together with a serial 
or parallel connection. A maximum power density of 58 mW cm2 
at 0.34 V was reached with an open circuit voltage (OCV) of 0.68 V 
(Figure 2.30). The relative low voltage is mostly due to the cross-
over of H2 through the pores.

In order to reduce this crossover and then to increase the OCV, 
the pore diameter should be reduced to at least as small as that of 
assumed pores in Nafion® (3 to 5 nm). Moreover, to increase the 
power density, the grafting density should be controlled to be sure 
that all the internal surface of the pores is grafted. The use of a cata-
lyst ink instead of a Pt-loaded carbon cloth should create a more 
intimate link between the membrane and the catalyst and should 
further increase the performances. A study on the thickness of 
current-collecting metal layers [26] had also recently shown that 

Figure  2.29  Membrane-electrode assembly (8  8 mm), scale comparison 
with a 1 cent euro coin.
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the thickness of the Au layer was probably too thin to provide the 
lowest electrical resistance.

2.5  Conclusion

Though no commercial product is available yet, microfabrica-
tion techniques have now proven themselves to be very useful 
tools for the development of miniature fuel cells. These techniques 
enable the miniaturization and the mass fabrication of almost 
every component of a fuel cell: flow channels for the proper cir-
culation of fuel and waste with photolithography and reactive ion 
etching or micromolding, catalyst support by etching and deposi-
tion, current collector by metal deposition and proton-conducting 
membrane with insulator deposition, photolithography, wet etch-
ing, electroetching, and post-fabrication chemical treatment.

Several examples of miniature fuel cells using microfabrication 
techniques have been presented. Among the numerous solutions 
developed today, the basic structure of fuel cells remains the same: 
thin film planar stack (generally silicon, foils, polymer or glass) 
with commercial ionomer, most often Nafion®, the reported layers 
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Figure 2.30  Performances of the miniature fuel cell obtained with a mesopo-
rous silicon membrane grafted with proton-conducting silane (voltage vs. current 
density in continuous line, power density vs. current density in dashed line).
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being micromachined (microchannels or porous media) for gas/
liquid management and coated with gold for current collecting. 
Performances range from a tenth of W cm2 to several hundreds 
of mW cm2 according principally to fluids management and seal-
ing. As the basic material for MEMS technologies, silicon remains 
the most employed material for MEMS-based fuel cells, but foils 
and polymers have shown interesting potential for future commer-
cial development. Thus, in most of the cases, this is often the simple 
application of microtechnology to conventional fuel cell structures. 
Yet new ways of conceiving fuel cells using real microscale effects, 
such as membraneless laminar flow-based fuel cells, are beginning 
to appear. They show that new technological breakthroughs have to 
be expected, especially to get rid of ionomer membranes that have 
disadvantages, most notably their change in size with humidifica-
tion and their incompatibility with microtechnology.

As a detailed example of a micromachined fuel cell, an alternative 
solution which does not use an ionomer for the proton exchange 
membrane has also been reported. It consists of a porous silicon mem-
brane with a proton-conducting silane grafted on the pore walls. 
With this membrane, performances as high as 58 mW cm2 have 
been achieved. This promising membrane can still be improved. 
Future work should focus on the reduction of the pore diameter to 
decrease the gas crossover, the control of the grafting density into 
the porous silicon, the replacement of the electrode carbon cloth by 
an ink, and the use of a more proton-conducting silane (with SO3

 
terminations).
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Since its invention in 2002, microfluidic fuel cell technology has 
developed rapidly. This entry provides background and reviews 
recent advances in microfluidic fuel cells. In microfluidic fuel cells, 
all components and functions including fluid delivery, reaction sites, 
and electrodes are confined to a microfluidic channel. Microfluidic 
fuel cells typically operate in a co-laminar flow configuration with-
out a physical barrier, such as a membrane, to separate the anode 
and the cathode. The background covered here includes the the-
ory, fabrication, unit cell development, performance achievements, 
design considerations, and scale-up options. Advances in this area 
will be described with particular emphasis on microfluidic fuel cell 
architectures—an area where significant gains have been made to 
date. In addition, relevant microfluidic biofuel cell developments 
are described, particularly as they present opportunities for future 
work in this multi-disciplinary field. Looking ahead, the main chal-
lenges associated with the technology are described along with sug-
gested directions for further research and development.

3.1  Introduction

Small fuel cells are widely considered as miniaturized power 
sources for the next generation consumer electronics [1]. Foremost, 
the accelerating power demands of portable devices are already 
compromised by the size, weight, and reliability of existing battery 
technology. Small, integrated fuel cells enable higher overall energy 
density than battery systems, and the cost tolerance associated with 
portable electronics is in favor of new, conceptually redesigned 
power packages with extended runtime. There are numerous techni-
cal challenges, however, related to the development of miniaturized 
fuel cell technologies. Hydrogen PEM fuel cells require hydrogen 
storage and/or reformer units that are generally too large for con-
sumer electronics. Direct liquid fuel cells have compact fuel storage 
solutions, but the performance is restricted by slow electrochemical 
kinetics and fuel crossover from anode to cathode.

Microfluidic fuel cells, membraneless fuel cells, and laminar 
flow-based fuel cells are all part of a recent classification of fuel 
cell technology capable of operation within the framework of 
a microfluidic chip. In microfluidic fuel cells, all functions and 
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components related to fluid delivery and removal, reaction sites, 
and electrode structures are confined to a microfluidic channel. 
Microfluidic fuel cells typically operate in a co-laminar flow con-
figuration without a physical barrier, such as a membrane, to sepa-
rate the anode and the cathode.

The microfluidic fuel cell concept was invented in 2002 [2, 3]. A 
schematic of an early microfluidic fuel cell is shown in Figure 3.1. 
Fuel and oxidant (in this case both are vanadium redox species) 
are introduced to a single microfluidic channel with electrodes 
patterned on the bottom walls.

Building on this concept, many different microfluidic fuel  
cell architectures have been developed since 2002. These devel-
opments are marked by many journal publications, and a recent 
review [4]. The field of microfluidic fuel cells has developed as 
a subset of microstructured fuel cells, or micro fuel cells. For a 
more general overview of micro fuel cell technology the reader is 
referred to recent review articles [1, 5]. Figure 3.2 shows schemati
cally the main microfluidic fuel cell architectures presented to date. 
The first architectures involve two streams combined horizon-
tally in a T- or Y-channel with: electrodes on bottom (Figure 3.2a); 
electrodes on sides (Figure 3.2b); and porous electrodes on bot-
tom (Figure 3.2c). Alternatively, with an F-channel configuration,  
streams may be combined vertically via sheath-flow with electrodes  

Carbon-on-gold electrodes17
m
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z 2 mm

1 mm

h

0.5 mm

x

x
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y

Glass slide

PDMS/SU-8 slab

V(V) stream

V(II) stream

Figure 3.1  Schematic of an early microfluidic fuel cell. The fuel and oxidant are 
introduced into a single microchannel pre-patterned with electrodes. Vanadium 
redox species were used here for both fuel and oxidant, and reacted on carbon-
on-gold electrodes as shown. Reprinted with permission from Ferrigno et al. [3]. 
Copyright 2005 American Chemical Society.
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on top and bottom (Figure 3.2d). The F-channel configuration  
permits the use of a porous electrode on top as well. This configu
ration may be employed to facilitate air-breathing (Figure 3.2e). 
The microfluidic array fuel cell employs microfluidic flow between 
fixed, free standing electrodes in a hexagonal pattern (Figure 3.2f). 
With the flow through porous electrode microfluidic fuel cell 
(Figure 3.2g), reactants flow through and react within porous elec-
trodes prior to combining in a co-laminar waste stream. The radial 
porous electrode fuel cell (Figure 3.2h) architecture uses sequential 
flow of fuel and oxidant in a concentric fashion.

The most common configurations of microfluidic fuel cells uti-
lize the laminar flow characteristic of microfluidic flows to delay 
convective mixing of fuel and oxidant. Flow in this regime is char-
acterized by low Reynolds numbers, Re / , UDh   where  is the 
fluid density, U is the average velocity, Dh is the hydraulic diame-
ter, and  is the dynamic viscosity. At low Reynolds numbers, both 
aqueous streams (one containing the fuel and one containing the 
oxidant) will flow in parallel down a single microfluidic channel, 

(a)

(d)

(e)

(b)

(c)

(f)

(g)

(h)

Figure 3.2  Co-laminar microfluidic fuel cell architectures developed since 2002. 
As shown, laminar streaming facilitates the separation of fuel and oxidant in the 
absence of a physical membrane. Fuel is shown in dark gray, oxidant in light gray, 
cathodes in black, anodes in gray, and porous electrodes are shown textured. Two 
streams are combined horizontally in a T- or Y-channel with electrodes on bottom 
(a), electrodes on sides (b), and porous electrodes on bottom (c). An F-channel con-
figuration (d), and with the addition of a porous electrode to facilitate air-breathing 
(e). An electrode array microfluidic fuel cell (f). A flow through porous electrode 
microfluidic fuel cell (g). A radial porous electrode fuel cell architecture (h).
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as shown in Figure 3.2a. The anolyte (fuel) and catholyte (oxidant) 
also contain supporting electrolyte that facilitates ionic transport 
within the streams, thereby eliminating the need for a separate 
electrolyte. Mixing of the two streams is limited to diffusive effects 
only, and is thus restricted to an interfacial width at the center of 
the channel. The resulting mixing width can be controlled by mod-
ification of channel dimensions and flow rate. In general, the elec-
trodes are integrated on one or more walls of the manifold with 
sufficient separation from the co-laminar interdiffusion zone in 
order to prevent fuel crossover.

Some of the issues encountered in PEM-based fuel cells, for 
example humidification, membrane degradation, and fuel cross-
over, are limited or eliminated with microfluidic fuel cells. It is 
also possible to select the composition of the anolyte and catho-
lyte streams independently, thus providing an opportunity to 
improve reaction rates and cell voltage. In addition to compact-
ness, miniaturization of fuel cells provides a further advantage. 
Specifically, miniaturization is accompanied by an increase in  
surface-to-volume ratio, which scales as the inverse of the charac-
teristic length. Since electrochemical reactions are surface-based, 
the performance of the fuel cell benefits directly from miniaturiza-
tion of the device. Perhaps the most prominent benefit associated 
with microfluidic fuel cells, however, is cost. Microfluidic fuel cells 
can be manufactured by inexpensive, well-established microma-
chining and microfabrication methods and the cost associated with 
the membrane, which is significant for most other fuel cells, is 
eliminated. While catalyst is still required in microfluidic fuel cells, 
a variety of catalyst-free cells have been developed with electrodes 
based on carbon that are orders of magnitude less expensive than 
platinum required in traditional hydrogen fuel cells. In addition, 
microfluidic fuel cells generally do not require auxiliary humidifi-
cation, water management, or cooling considerations and may be 
operated at room temperature. The challenges that lie ahead for 
microfluidic fuel cells, however, are in the area of energy density 
and fuel utilization. While significant gains have been made in this 
area, many of which will be highlighted in this chapter, these chal-
lenges remain to a large degree.

In this chapter, the fundamentals behind microfluidic fuel cell 
technology are described first. Next, the development of microfluidic 
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fuel cells to date is presented with several examples. Consideration 
is given to choice of reactants, electrochemical reactions, transport 
characteristics and, particularly here, cell architectures. Microfluidic 
fuel cell architecture is an area that has seen particularly rapid 
development, as illustrated in Figure 3.2. Biofuel cell technology is 
discussed here as well, in the context of microfluidic fuel cells, and  
identified as one of the exciting research avenues ahead.

3.2  Microfluidic Fuel Cell Fundamentals

Microfluidics has been described as both a science and a technol-
ogy [6, 7]. It is defined as the study and application of fluid flow 
and transport phenomena in microstructures with at least one char-
acteristic dimension in the range of 1–1000 m [6, 7]. This multidis-
ciplinary field involves engineering, chemistry, and biology and 
serves a wide range of applications including biomedical diag-
nostics, lab-on-chip technologies, drug discovery, proteomics, and 
energy conversion. Squires and Quake [8] and Gad-El-Hak [9] pro-
vide in-depth reviews of the physics of microfluidics. Erickson [10] 
provides an overview of numerical modeling as applied to micro-
fluidic transport phenomena. Fluid flow in microscale devices can 
be expected to be laminar under most conditions. Microfluidics is 
thus characterized by low Reynolds number where viscous effects 
dominate over inertial effects and surface forces play a dominant 
role over body forces.

Due to the laminar nature of microfluidics, the velocity field u  
for incompressible Newtonian fluids can be determined directly 
from the Navier-Stokes equations for momentum conservation 
in 3D. The use of the Navier-Stokes equations presupposes that 
the fluid may be treated as a continuum; however, this assump-
tion is generally valid in microscale liquid flows [7–9], and may 
be applied with reasonable accuracy into the nanofluidic range. At 
very low Reynolds numbers, the nonlinear convective terms in the 
Navier-Stokes equations may be safely neglected, resulting in lin-
ear and predictable Stokes flow:

	






u
t

p u f   2

	
(3.1)
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where p represents pressure and f  summarizes the body forces 
per unit volume. Furthermore, mass conservation for fluid flow 
obeys the continuity equation:

	









t
u ( ) 0

	
(3.2)

For a fluid with constant density this equation simplifies to the 
incompressibility condition u  0. For a simple geometry such 
as parallel plates, or a cylindrical tube, Eqs. (3.1) and (3.2) lead to 
the familiar parabolic pressure-driven velocity profile.

The surface area to volume ratio, which is inversely propor-
tional to the characteristic length, is high in microfluidic devices. 
A high surface to volume ratio is favorable for surface-based (i.e., 
heterogeneous) chemical reactions such as the electrochemical 
reactions occurring in fuel cells. Reducing the size of the channel 
does, however, increase the frictional parasitic load required to 
drive the flow. Thus, when discussing microfluidic fuel cells it is 
important to consider the role of pressure drop due to friction. The 
pressure drop required to generate a pressure-driven laminar flow 
with mean velocity U in a channel of length L and hydraulic diam-
eter Dh may be expressed as [11]:

	
p

LU
Dh


32

2


	
(3.3)

The pumping power W required may be obtained by multiply-
ing the pressure drop by the flow rate Q:

	
W pQ

LUQ
Dh

 
32

2


	
(3.4)

It is important to note that the pumping power calculated from 
Eq. (3.4) provides an estimate based on fully developed flow in a 
straight channel. The contributions from inlet and outlet feed tubes 
and any minor losses are not included. In typical microfluidic fuel 
cell designs, however, relatively long thin channels are used and 
losses of the type indicated in Eq. (3.4) typically dominate.

The laminar nature of microfluidic flows enables a great deal 
of control over fluid-fluid interfaces [12] and provides unique  



106	 3. a dvances in microfluidic fuel cells	
functionality. Most important for microfluidic fuel cells is  
co-laminar streaming. Specifically, when two liquid streams of 
similar fluids (in terms of viscosity and density) are brought into a  
single microfluidic channel, a parallel co-laminar flow is devel-
oped. The resulting fluid-fluid interface may be used to observe 
chemical reactions in real-time, or serve as a lens, or—as in the 
case of microfluidic fuel cells—separate reactants. Species trans-
port within microscale flows can result from convection, diffusion, 
and electromigration. In the absence of electromigration, mixing 
between two co-laminar streams occurs by transverse diffusion 
alone. Microscale devices generally experience high Péclet num-
bers, Pe UD Dh / . High Péclet numbers indicate that the rate 
of mass transfer via transverse diffusion is much lower than the 
streamwise convective velocity, and diffusive mixing is therefore 
restricted to a thin interfacial width in the center of the channel. 
The interdiffusion zone has an hourglass shape with maximum 
width (x) at the channel walls that varies according to the follow-
ing scaling law [13] for pressure-driven laminar flow of two aque-
ous solutions:

	
x

DHz
U










1 3/

	
(3.5)

where D represents the diffusion coefficient, z is the downstream 
position, and H is the channel height. Eq. (3.5) is limited, however, 
to liquids of similar density. When two liquids of different densi-
ties are employed, a gravity-induced reorientation of the co-laminar  
liquid-liquid interface can occur [14]. The physics of co-laminar flow 
is the core mechanism in several microfluidic devices such as the  
T-sensor [15], Y-mixer [16], and H-filters [17] that have applications 
in lab-on-chip diagnostic technologies. Multi-stream laminar flow 
can also be used to selectively pattern microfluidic systems [18].

In most microfluidic fuel cell architectures, one laminar stream 
contains the fuel, and a second laminar stream contains the oxi-
dant. For the purposes of this discussion, consider the common 
microfluidic fuel cell geometry shown in Figure 3.1 and also sche-
matically in Figure 3.2a. As the fuel and oxidant streams flow in a 
co-laminar fashion in a single microchannel, the liquid-liquid inter-
face serves as a virtual separator without the need for a membrane.  
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The position of the electrodes on the channel walls is thus con-
strained by the width of the co-laminar interdiffusion zone. To pre-
vent fuel and oxidant crossover effects, the electrodes must have 
sufficient separation from the liquid-liquid interface throughout the 
channel. The position and orientation of the electrodes also influ-
ences fuel utilization, as will be shown later in this chapter. In order 
to provide ionic charge transport between the electrodes and to close 
the electrical circuit, both co-laminar streams must have a relatively 
high ionic conductivity. High conductivity is normally facilitated by 
the addition of a supporting electrolyte that contains ions with high 
mobility such as hydronium and hydroxide ions. The supporting 
electrolyte also stabilizes the co-laminar flow with respect to electro-
migration of fuel and oxidant species, since it is these highly mobile 
constituents that redistribute and shield the effects of the electric 
field in the channel. The ohmic resistance for ionic transport in the 
channel can be expressed in terms of the average charge-transfer 
distance between the electrodes (dct), the cross-sectional area for 
charge transfer (Act), and the ionic conductivity (), as follows:

	
R

d
Af
ct

ct


 	
(3.6)

Eq. (3.6) indicates that a strong supporting electrolyte with 
high ionic conductivity and a high microchannel with closely 
spaced electrodes are therefore desired. This design is in conflict, 
to some degree, with that required for efficient separation of fuel 
and oxidant; specifically the interdiffusion width according to Eq. 
(3.5) places a lower limit on the electrode spacing. The trade-off 
between species transport and ionic conductivity is a common one 
in microfluidic fuel cells. Ohmic resistance in these cells is gen-
erally higher than in membrane-based fuel cells due to a larger 
separation of the electrodes. One route to reducing ohmic resis-
tance is increasing the concentration of the supporting electrolyte. 
Ultimately, however, the choice of supporting electrolyte should 
be made with consideration of optimum reaction kinetics as well. 
The co-laminar configuration does allow the composition of the 
two streams to be chosen independently, thus providing an oppor-
tunity to improve reaction rates and cell voltage. Likewise, the 
open-circuit voltage of the cell can be increased by tweaking the 
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reversible half-cell potentials by pH modification of the individual 
streams.

Reactant transport from the bulk flow to the surface of the elec-
trode takes place primarily by convection and diffusion, and in the 
absence of significant electrical migration. In this case, species con-
servation takes the form:

	   ( )C u J Ri i i   	 (3.7)

where Ci is the local concentration of species i and Ri is a source 
term that describes the net rate of generation or consumption of spe-
cies i via homogeneous chemical reactions. Under the infinite dilu-
tion assumption, the diffusive flux of species i is given by Fick’s law:

	 J D Ci i i  	 (3.8)

where Di is the diffusion coefficient of the species i in the 
appropriate medium. Heterogeneous electrochemical reactions at 
the fuel cell electrodes are the boundary conditions of Eq. (3.8). 
During fuel cell operation, a concentration boundary layer devel-
ops over the electrode starting at the leading edge. Assuming the 
electrochemical reactions are rapid, the maximum current density 
of a microfluidic fuel cell is determined by the rate of the convec-
tive/diffusive mass transport from the bulk to the surface of the 
electrode. In this transport limited case, the reactant concentration 
is zero at the entire surface of the electrode. Kjeang et al. [19] pro-
vided scaling laws for microfluidic fuel cell operation in the trans-
port controlled regime based on pseudo-3D flow over a flat plate. 
More generally, there is not one dominating limiting factor and 
current density of a microfluidic fuel cell is controlled by a com-
bination of mass transport, electrochemical kinetics, and ohmic 
resistance. This trio of potential limiting factors must be consid-
ered when designing a microfluidic fuel cell.

3.3  Channel Fabrication, Electrode 	
Patterning, and Integration

Fabrication methods developed originally for electronics, 
and later microfluidics, have been applied to good effect in the 
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area of microfluidic fuel cells. Most commonly, these devices 
consisted of a microchannel, a pair of electrodes, and a liquid-
tight support structure as shown schematically in Figure 3.2a–c. 
Microchannels have generally been fabricated by rapid prototyp-
ing, using standard photolithography and soft lithography pro-
tocols [20–22]. The channel structures were commonly molded in 
poly(dimethylsiloxane) (PDMS) and subsequently sealed to a solid 
substrate that was prepatterned with the desired electrode pat-
tern. Alignment of the channel structure with the electrode pattern 
could be done with a suitably modified mask aligner, if available, 
or by hand. Detailed microfluidic fuel cell fabrication procedures 
are available in several reports, for example Kjeang et al. [23].

The common, soft lithography-based procedure for forming the 
channel structure is summarized as follows: a pretreated substrate 
such as a microscope glass slide or a silicon wafer is coated with 
a thin layer of photoresist by spin-coating. The coated substrate is 
then baked on a hot plate to stabilize the photoresist. The substrate 
is then exposed to UV light through a photomask that defines the 
desired channel structure (typically drafted in CAD software and 
printed on a transparency by a high-resolution image setter). After 
an additional bake, the unexposed parts of the photoresist may be 
removed by immersion of the substrate in developer liquid. The 
result is a master with a positive pattern defined by the remain-
ing polymerized photoresist ridges. This master may be reused 
many times, depending on the quality of the original coating and 
the intricacy and aspect ratio of the features. The channel structure 
is fabricated by pouring a liquid polymer (often PDMS) over the 
master, followed by degassing in a vacuum, and subsequent curing 
on a hot plate. The polymer part containing a negative imprint of 
the channel structure is then cut from the mold and removed from 
the master. The obtained channel structure is then sealed to a sub-
strate, typically glass or PDMS, either reversibly as is, or irrevers-
ibly following plasma-treating of both parts. Plasma-treating also 
renders the PDMS channel walls hydrophilic, which also promotes 
wetting and reduces pressure drop in the channel. PDMS generally 
has benign properties for fuel cell applications; it is relatively inert 
and compatible with most solvents and electrolytes [24].

Microchannel structures for microfluidic fuel cells can also be fab-
ricated by photolithographic techniques directly in the photoresist  
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material [3, 25]. In this case, the channel is made in negative relief. 
Alternatively, four separate parts, each contributing one channel 
wall, may be assembled to form the microfluidic channel. This 
method was employed by Choban et al. [26, 27] to incorporate 
electrodes on the side walls of a microfluidic channel with side-
by-side streaming (Figure 3.2b). In that case, two graphite plates 
were aligned using separators (spacers) and sealed on the top and 
bottom with PDMS films and polycarbonate capping layers. The 
number of required parts can be reduced to three using a channel 
stencil, which has an open area defining the channel along with 
its two side walls. The stencil approach has been found particu-
larly useful for microfluidic fuel cells employing vertically layered 
streaming, given that top and bottom walls are provided by elec-
trode substrates. The channel height is fixed by the thickness of the 
channel stencil, which is in turn restricted by the geometry and the 
stiffness of the material. PDMS channel stencils of 1 mm height 
have suitable mechanical strength for handling, and can be fabri-
cated in PDMS by pressing a solid plate against the ridge pattern.

Another common material employed in microfluidic fuel cell 
fabrication is poly(methylmethacrylate), PMMA. Jayashree et al. 
[28, 29] fabricated their air-breathing cells by joining a 1 mm high 
PMMA stencil to a top graphite plate anode and Toray carbon 
paper-based gas diffusion cathode on the bottom. Alternatively, 
preformed sheets of PMMA may be cut directly with a CO2 laser 
cutting system, as done by Li et al. [30]. Laser micromachining 
enables precise control of the geometry by adjusting the speed 
and power of the laser beam, and is generally very rapid ( few 
seconds). The PMMA stencil of Li et al. [30] was bound between 
two top and bottom PMMA parts using adhesive gaskets, also cut 
to size by the laser. Prior to assembly, the top and bottom PMMA 
parts were mechanically roughened with fine sandpaper to pro-
mote adhesion and the gold electrodes were sputtered onto the 
top and bottom surfaces.

Microfluidic fuel cells have also been produced from mechani-
cal stencils formed by silicon etching [31, 32]. A silicon-based 
microfluidic fuel cell was developed by Cohen et al. [32]. In brief, 
a silicon wafer was coated with a layer of positive photoresist. The 
channel pattern was removed from the photoresist layer via pho-
tolithography. A negative relief was obtained in the silicon wafer 
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by potassium hydroxide etching at 90°C. In this case, the etching 
was continued until the entire thickness of the silicon wafer was 
penetrated. The obtained silicon stencil was coated with an insula-
tor material to prevent electrical short-circuiting, and subsequently 
sealed between two flexible polyamide electrode films.

Some of the fuel cells discussed above incorporated electrode 
materials as channel walls. Most microfluidic fuel cell devices, 
however, have employed patterned electrodes positioned in paral-
lel on the bottom wall of the channel. The bottom substrate was 
typically a glass plate with electrodes patterned by the photolitho-
graphic approaches of either lift-off or etch. The lift-off approach 
uses a photoresist layer on the substrate with an imprint of the 
desired electrode pattern in negative. The photoresist-patterned 
substrate is then coated with a conductive material such as graph-
ite, gold, or platinum over an adhesive layer (often chromium or 
titanium) by standard evaporation or sputtering techniques. The 
photoresist layer is then removed, hence the name lift-off, leav-
ing only the desired electrode pattern. The etch approach utilizes 
a similar strategy, where the substrate is first uniformly coated 
with a conductive layer, and then a photoresist layer pattern, in 
positive. An etching step removes the conductive material, except 
for the electrode pattern as protected by the photoresist. The 
remainder of the photoresist may then be removed revealing the 
desired pattern. It is also possible to start this method with com-
mercial pre-fabricated gold slides as an alternative to the ini-
tial evaporation or sputtering processes [23]. Alternatively, rigid, 
self-contained electrode structures such as graphite rods [19] and 
carbon paper strips [33–35] have also been employed as both elec-
trodes and current collectors in cells with side-by-side streaming. 
Graphite rods have been additionally employed as structural ele-
ments as well as current collectors and electrodes [28].

The constituents of the electrode surfaces, and the total surface 
area of the electrodes have been tuned by electrodeposition of a 
first or additional layer of conductive material and/or catalyst 
[3, 23, 25, 36–38]. A similar result was achieved by deposition of 
nanoparticle-supported catalyst suspended in a Nafion-based ink 
solution applied by pipette or sprayed on the electrode [26–29].  
Other catalyst deposition techniques used in microfluidic fuel cell 
electrodes include electron-beam evaporation [25, 31, 32, 37, 38], 
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sputtering [39, 40], and micromolding [41]. The surface roughness 
and chemical composition of electrode surfaces are critical to the 
performance of electrochemical devices and microfluidic fuel cells 
are no exception in this regard.

Sealing is a common concern in microfluidic systems. The most 
common way to accomplish a liquid-tight seal during operation of 
a microfluidic fuel cell is to physically clamp the assembled parts 
together using Plexiglas or aluminum plates. This approach works 
well when gaskets are used or the channel or membrane mate-
rial is smooth elastomeric, as in the case of PDMS channels. The 
advantage of a mechanically enforced seal is that it may be eas-
ily undone following testing to salvage different components. The 
use of a clamping device, however, requires additional parts and 
space. Alternatively, an irreversible seal may be achieved betwen 
PDMS/PDMS or PDMS/glass by plasma-treating of both parts 
prior to assembly [23, 33, 34, 42]. Fuel and oxidant are generally 
injected to the microfluidic fuel cell via a syringe pump inter-
faced with polyethylene tubing. To accommodate the tubes, access 
holes for inlets and outlets were commonly punched, drilled, or 
machined into the microfluidic chip.

3.4  Technical Advances in Microfluidic 	
Fuel Cells

As of 2008, the research advances in the area of microfluidic fuel 
cells have included more than 30 scientific publications, and the 
technology is currently being developed for commercial and mili-
tary applications by INI Power Systems (Morrisville, NC), with 
intellectual property licensed from the University of Illinois at 
Urbana-Champaign. Prototype microfluidic fuel cell devices have 
been demonstrated based on hydrogen [31, 37, 38], methanol [25–
28], formic acid [23, 29, 30, 32, 33, 36, 42, 43], hydrogen peroxide [40], 
and vanadium redox species [3, 19, 34, 35] as fuel. Several microflu-
idic fuel cell concepts have also been demonstrated for biofuel cells, 
including microfluidic bioanodes based on ethanol [41] and glucose 
[39, 44] fuel. Oxygen [26–32, 36–39, 41, 44] in aqueous or gaseous 
form is the most commonly used oxidant, followed by hydrogen 
peroxide [23, 25, 30, 40], vanadium redox species [3, 19, 34, 35],  
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potassium permanganate [36, 42, 43], and sodium hypochlorite 
[33]; all of which were employed in aqueous media. Most devices 
incorporated a supporting electrolyte within the fuel and oxidant 
streams to promote the ionic charge transport mechanism and 
reduce the ohmic resistance. This was accomplished by adding a 
strong acid or base with highly mobile and soluble ionic compo-
nents, such as sulfuric acid or potassium hydroxide. The support-
ing electrolyte was generally passive and did not get consumed 
during cell operation. The co-laminar flow was implemented using 
horizontal streaming with vertical liquid-liquid interface or verti-
cal sheath flow with horizontal liquid-liquid interface. In the case 
of horizontal streaming, the fuel cells had T-, Y-, -, or H-shaped 
microchannel designs with electrodes positioned either in parallel  
on the bottom wall (Figures 3.2a and 3.2c), or on opposite side walls  
(Figure 3.2b). For cells using vertical sheath flow, the channels 
were F-shaped with electrodes positioned on the top and bottom 
walls (Figure 3.2d) or in a concentric arrangement (Figure 3.2h). In 
contrast, some microfluidic fuel cells with selective catalysts and 
stable reactants do not require co-laminar flow to prevent mixing 
and related crossover effects. Consequently, the fuel and oxidant 
species can be mixed in a single I-shaped stream [25, 39, 41].

The invention of the co-laminar microfluidic fuel cell in 2002 was 
followed by two early demonstrations that provided the founda-
tion for future technology advances [3, 36]. The proof-of-concept 
cell presented by Choban et al. [36] had a Y-shaped microchannel 
with platinum-coated electrodes positioned on the side walls, hous-
ing an aqueous formic acid fuel stream and an aqueous oxygen-
saturated oxidant stream. The power density of that early cell was, 
however, significantly restricted by the rate of mass transport to the 
active sites, primarily in the cathodic half-cell, and the overall sys-
tem performance suffered from low fuel utilization. The cathodic 
transport limitation was confirmed by switching to potassium per-
manganate oxidant. Due to the significantly higher solubility of this 
oxidant in aqueous media, an order of magnitude higher power 
density was achieved [36]. The high-conductivity liquid electrolyte  
employed enables the use of an external reference electrode to char-
acterize individual half-cells and measure ohmic resistance in situ 
during fuel cell operation. With this experimental approach, the 
overall cathodic mass transport limitation of dissolved oxygen-based  
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systems was verified [27]. For early devices using formic acid 
in the anodic stream and dissolved oxygen in the cathodic 
stream, the measured power density levels were in the range of  
0.2 mW cm2 [32, 36], and were primarily constrained by the low 
solubility (1–4 mM) and diffusivity (2 · 105 cm2 s1) of oxygen in 
the aqueous electrolyte (and by CO-poisoning of the Pt catalyst 
used for formic acid oxidation as well). Implementing bimetallic 
Pt/Ru nanoparticles for methanol oxidation that are less susceptible 
to CO-poisoning, improved power densities to up to 2.8 mW cm2 
[27]. An additional benefit of the nanoparticle-based catalysts is a 
very high electrocatalytic surface area (roughness factor of 500) 
that further promoted the electrochemical kinetics of both elec-
trodes. Alternatively, adatoms of Bi can be adsorbed on Pt to reduce  
CO-poisoning, as shown by Cohen et al. [32]. This approach was 
demonstrated in a formic acid/dissolved oxygen co-laminar fuel 
cell, resulting in drastically improved performance and durabil-
ity. The fuel cell had a unique F-shaped microchannel design, as 
depicted in Figure 3.2d. The co-laminar streams were vertical lay-
ers and relatively large electrodes were used on the top and bottom 
walls, which is advantageous in terms of overall power output and 
space-efficient stacking of multiple cells [32].

Poly(dimethylsiloxane) (PDMS) is quite permeable to gases [45], 
as has been previously exploited in the application of microfluid-
ics to biological systems that require oxygen. This property also  
presents interesting opportunities for microfluidic fuel cells. It is 
possible, for instance, to provide gaseous reactant through thin lay-
ers of PDMS to a pair of electrodes separated by an electrolyte chan-
nel [37, 38]. The power densities of the hydrogen/oxygen [37] and 
hydrogen/air [38] fuel cells that were based on this concept were 
in the range of 0.7 mW cm2. In these cases, quite severe crossover 
effects in the absence of electrolyte flow, and the permeation rate of 
hydrogen through the polymer limited the performance of the cells.

3.4.1  Improved Performance through Mixed Media Operation

The co-laminar microfluidic fuel cell format enables mixed media 
operation, in contrast to traditional types of fuel cells operating 
under all-acidic or all-alkaline conditions. This feature allows inde-
pendent adjustment of half-cell conditions for optimum reaction  
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kinetics and enhanced cell potential. Cohen et al. [31] demonstrated 
that the open circuit potential of a hydrogen/oxygen fuel cell can be 
raised well beyond the standard cell potential of 1.23 V using mixed 
media. In that case an alkaline dissolved hydrogen stream and an 
acidic dissolved oxygen stream were implemented in a co-laminar 
microfluidic fuel cell of the previously reported F-shaped architec-
ture [32]. The increased cell potential results from the negative shift 
of the hydrogen oxidation potential in the alkaline environment. In 
that case, the power produced in the dual electrolyte configuration 
was more than twice that for the corresponding single electrolyte 
systems. These results were observed despite the mitigating effect 
of relatively slow kinetics of the hydrogen oxidation reaction in 
alkaline media. The media flexibility was also studied by Choban 
et al. [26] by operating a methanol/oxygen fuel cell under all-acidic, 
all-alkaline, and mixed media conditions. This microfluidic fuel 
cell design eliminated the issue of membrane clogging by carbon-
ate products formed in alkaline media (an issue with many conven-
tional direct methanol fuel cells). Alkaline conditions had positive 
effects on the reaction kinetics at both electrodes. In addition, the 
cell potential was increased under mixed media conditions (alka-
line anolyte and acidic catholyte) up to an impressive 1.4 V. A peak 
power density of 5 mW cm2 at 1.0 V cell voltage was achieved with 
the methanol/oxygen fuel cell under mixed media conditions. This 
value is over double that of 2.4 and 2.0 mW cm2 for all-acidic and 
all-alkaline conditions, respectively. Additionally, it was observed 
that at cell voltages below 0.8 V, the oxygen reduction reaction at 
the cathode was complemented by proton reduction to hydrogen, 
thereby providing an additional contribution to the cathodic mass 
transport controlled cell current. This result is a direct consequence 
of the mixed media configuration, and a significantly enhanced fuel 
cell performance with a peak power density of 12 mW cm2 was 
achieved. Interestingly, Hasegawa et al. [40] also used the mixed 
media approach to operate a microfluidic fuel cell in which hydro-
gen peroxide served as both fuel and oxidant, in alkaline and acidic 
media, respectively. The direct hydrogen peroxide fuel cell pro-
duced relatively high power densities up to 23 mW cm2. This cell 
was limited primarily by the rate of spontaneous hydrogen perox-
ide decomposition on the cathode and associated oxygen gas evolu-
tion that could perturb the co-laminar flow interface.
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Operation under mixed media conditions, however, does have 
some general disadvantages. For instance, mixed media operation 
causes exothermic neutralization of OH and H at the co-laminar 
flow interface resulting in the formation of a liquid junction poten-
tial and locally reduced ionic strength that can reduce cell poten-
tial and increase ohmic cell resistance. Furthermore, the overall 
cell reaction included net consumption of supporting electrolyte in 
each of the three cases described above—that is, protons consumed 
at the cathode and hydroxide ions consumed at the anode. The 
supporting electrolyte must therefore be taken into account when 
considering the overall energy density of the fuel cell system.

3.4.2  Gas-Permeable Cathodes

The oxygen solubility limitation, common to many microflu-
idic fuel cells discussed thus far, may be addressed by incorpo-
rating cathodes that access the surrounding air. Ambient air has 
four orders of magnitude higher diffusivity (0.2 cm2 s1) and sev-
eral times higher concentration (10 mM) than dissolved oxygen in 
aqueous media [29]. Hydrophobic porous gas diffusion electrodes 
are key components for PEM-based fuel cells that allow gaseous 
reactants to pass, while limiting liquid transport. Jayashree et al. 
[29] introduced the first microfluidic fuel cell with an integrated 
air-breathing cathode, using a graphite plate anode covered with 
Pd black nanoparticles and a porous carbon paper cathode cov-
ered with Pt black nanoparticles. A schematic of the fuel cell is pro-
vided in Figure 3.3 (also Figure 3.2e). To facilitate ionic transport 
to the cathodic reaction sites and sufficient separation between the 
interdiffusion zone and the cathode, the air-breathing cell architec-
ture requires a blank cathodic electrolyte stream. With this cell a 
peak power density of 26 mW cm2 was achieved using 1 M for-
mic acid in 0.5 M sulfuric acid anolyte and a blank 0.5 M sulfuric 
acid catholyte flowing at 0.3 mL min1 per stream. The air-breath-
ing cell architecture was also evaluated using methanol [28], which 
enables higher overall energy density than formic acid. Relatively 
modest power densities were obtained with 1 M methanol fuel 
(17 mW cm2), however, improved reaction kinetics resulted in an 
increase in the open-circuit cell voltage from 0.93 V to 1.05 V. The 
air-breathing cells also enabled significantly higher coulombic fuel 
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utilization than the cells based on dissolved oxygen, up to a maxi-
mum of 33% [29].

The scale-up and integration of multiple air-breathing fuel cells, 
while maintaining sufficient oxidant access, can be complicated. 
INI Power Systems (Morrisville, NC) is developing direct metha-
nol microfluidic fuel cells with integrated gas diffusion cathode for 
commercial applications. Notably, recent improvements of elec-
trodes and catalysts, optimization of methanol concentration and 
flow rates, and the addition of a gaseous flow field on the cath-
ode side have resulted in impressive power densities on the order 
of 100 mW cm2 [46]. As compared to other direct methanol fuel 
cells, these microfluidic fuel cells are competitive. 

Very recently, Tominaka et al. [47] developed a monolithic 
microfluidic fuel cell with air-breathing capabilities. The architec-
ture of their silicon-based device is shown schematically in Figure 
3.4. In this case a microchannel is employed that is open to the 
atmosphere on one side. The configuration provides air-breath-
ing access to oxidant at the porous cathode. The liquid fuel is con-
tained in the microchannel by capillary forces; however, there is 
some potential for fuel evaporation.

3.4.3  Liquid Oxidants

Another avenue toward improved performance of typically 
mass transfer-limited microfluidic fuel cells is the use of oxidants 
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Figure  3.3  Schematic of an air-breathing microfluidic fuel cell. This cell cap-
tures oxygen from the surrounding air via gas diffusion through the dry side of 
the porous cathode structure. The opposite side is in contact with a blank electro-
lyte stream, establishing a three-phase interface between the gas, electrolyte, and 
catalyst/solid electrode phases. Reprinted with permission from Jayashree et al. 
[29]. Copyright 2005 American Chemical Society.
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soluble at higher concentrations than dissolved oxygen. There are 
many liquid fuels available with relatively high specific energy 
density, including sodium borohydride, methanol, formic acid, 
and other liquid hydrocarbons [5, 48, 49]. Normally these conven-
tional liquid fuels are paired with oxygen or air cathodes. With the 
exception of hydrogen peroxide (which was previously employed 
as an oxidant in various direct sodium borohydride/hydrogen 
peroxide fuel cells [50–52]), liquid oxidants are less common.

Formic acid fuel with an acidic hydrogen peroxide oxidant solu-
tion was employed in a laser-micromachined microfluidic fuel cell 
device [30] in an F-shaped co-laminar format. This cell produced 
power densities up to 2 mW cm2 while operating at flow rates 
of 0.4–1.6 mL min1 per stream. The performance of this cell was 
primarily restricted by the low hydrogen peroxide concentration 
used (10 mM). Unfortunately, direct hydrogen peroxide reduc-
tion on common catalysts such as Pt and Pd is accompanied by 
vigorous oxygen gas evolution. This results from parasitic oxida-
tion (decomposition) that must be accommodated by strategic cell 
design without compromising the stability of the co-laminar flow. 
Several methods to stabilize the co-laminar liquid-liquid inter-
face have recently been proposed. These stabilization strategies 
include magnetically separated streams [53], integration of a third 
electrolyte stream [42], and utilization of a grooved microchannel 
geometry that serves as a guide for the gaseous products [23]. The 
magnetic field-induced approach was develop by Aogaki et al. [53]. 
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Figure  3.4  An air-breathing microfluidic fuel cell with porous cathode. 
Schematics indicate current collector layout (a), and cross-sectional view of the 
device (b). This architecture uses an open microchannel that provides air-breathing 
access to oxidant at the cathode. The liquid fuel is contained by capillary forces; 
however, there is some potential for fuel evaporation. Reproduced with permis-
sion from Tominaka et al. [47]. Copyright 2008 American Chemical Society.
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Their magnetic virtual wall separated a paramagnetic oxidant solu-
tion from a diamagnetic fuel solution at a liquid-liquid interface. A 
zinc/copper flow cell was employed and the magnetic field was 
provided by a permanent magnet. This approach enables rapid 
removal of bubbles and solid particles, and precise crossover con-
trol. The common Y- or T-shaped microfluidic fuel cell was revised 
into a -shape by Sun et al. [42]. The third electrolyte stream, in 
the center of the co-laminar flow, contained blank electrolyte. Its  
purpose was to promote the separation of the fuel and oxidant 
streams and prevent interfacial reaction. The fuel cell employed 
formic acid and potassium permanganate, and during operation 
both cell voltage and current density could be optimized via pre-
cise flow rate control of the central electrolyte stream. Kjeang et al. 
[23] recently reported a microfluidic fuel cell based on formic acid 
and hydrogen peroxide, exploiting a grooved microchannel design. 
Steady operation without crossover issues was demonstrated at 
flow rates as low as 3 L min1, and practical power densities up 
to 30 mW cm2 were achieved. In this design, the microchannel 
is grooved over each electrode so as to effectively capture all gas 
bubbles formed by the electrochemical reactions. This architecture 
prevented the otherwise destabilizing effect that bubble formation 
has on co-laminar flow.

The rate of gas evolution in hydrogen peroxide reduction is 
dependent on the catalyst. Gold has been identified as an alterna-
tive catalyst for hydrogen peroxide reduction that minimizes gas 
evolution while still providing high current density [54]. Gold may 
also be used as a catalyst for direct borohydride oxidation with lim-
ited hydrogen evolution [54]. The end product in that case, sodium 
metaborate, is highly soluble in aqueous media. In conventional 
direct borohydride/hydrogen peroxide fuel cells, the anolyte and 
catholyte are physically separated by a membrane. In a microfluidic 
fuel cell, however, the feasibility of coupling sodium borohydride 
and hydrogen peroxide is restricted by chemical stability issues. 
Specifically, sodium borohydride is only stable in alkaline solutions, 
and hydrogen peroxide requires an acidic environment to prevent 
fast decomposition. Co-laminar mixing of an alkaline borohydride 
solution with an acidic peroxide solution leads to vigorous gas for-
mation and heating. A microfluidic fuel cell that couples these two 
components in a single channel is therefore not feasible. Individual 
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half-cells based on either alkaline borohydride or acidic peroxide 
might, however, find some application in a cell architecture that 
accommodates low rates of gas evolution, such as the previously 
described grooved microchannel design.

An alternative strategy to circumvent the stability problem 
associated with hydrogen peroxide oxidant is to employ selective 
catalysts on both electrodes. In this case, crossover is not a con-
cern at all, and the fuel and oxidant solutions can be mixed in a 
single laminar stream. The mixed reactant approach is, however, 
restricted to fuel and oxidant pairs that do not react spontaneously 
upon mixing and have sufficiently high kinetics in a singular elec-
trolyte. Sung and Choi [25] demonstrated a single-stream micro-
fluidic fuel cell in alkaline solution. A nickel hydroxide anode was 
employed for methanol oxidation and a silver oxide cathode was 
used for hydrogen peroxide reduction. These catalysts are not 
entirely selective and the result was a very low open-circuit volt-
age (0.12 V) and low power density (0.03 mW cm2).

Vanadium redox battery technology utilizes soluble vanadium 
redox couples in both half-cells for regenerative electrochemical 
energy storage units [55]. The combination of aqueous redox pairs 
in vanadium redox cells, V2/V3 and VO2/VO2

 as fuel and 
oxidant, respectively, provides many benefits for microfluidic fuel 
cell operation: they have high solubility and enable relatively high 
redox concentrations up to 5.4 M [56]; they feature well-balanced 
electrochemical half-cells (in terms of both transport characteristics 
and reaction rates); they provide a high open-circuit voltage (up to 
1.7 V at uniform pH) as a result of the large difference in formal 
redox potentials; and the electrochemical reactions are facilitated by 
plain carbon electrodes without expensive catalysts. Accordingly, 
the first journal publication in the emerging field of microfluidic 
fuel cells was an all-vanadium microfluidic redox fuel cell intro-
duced by Ferrigno et al. in 2002 [3]. The proof-of-concept cell fea-
tured a Y-shaped microchannel with planar graphite-covered gold 
electrodes patterned on the bottom wall, and produced compara-
tively high power densities up to 38 mW cm2. These power levels 
however required a high flow rate of 1.5 mL min1 per stream and 
the fuel utilization was limited to 0.1%. Kjeang et al. [19] devel-
oped a conceptually similar vanadium redox fuel cell based on 
graphite rod electrodes. Graphite rods, of the same type as those 



	 3.4 tech nical advances in microfluidic fuel cells	 121
employed in mechanical pencils, are inexpensive and provide com-
bined electrodes and current collectors in basic self-contained struc-
tures with high electrical conductivity. The prototype graphite rod 
fuel cell delivered useful power density levels at high flow rates. 
In addition, the high-aspect ratio (width/height) cross-sectional 
geometry of the microchannel enabled fuel cell operation at low 
flow rates with unprecedently high levels of fuel utilization up to 
63% per single pass. A cell voltage breakdown analysis confirmed  
that the performance was mainly controlled by convective/dif-
fusive species transport from the bulk fluid. The cell design was 
further developed by replacing the graphite rods with integrated 
porous carbon electrodes (Figure 3.2c) [35]. Porous electrodes have 
the capability to delay otherwise commonly encountered transport 
limitations by increasing the active surface area and enhancing the 
convective transport characteristics via a small parallel flow inside 
the top portion of the porous medium. A peak power density of 
70 mW cm2 was achieved with the microfluidic vanadium redox 
fuel cell with porous electrodes.

3.4.4  Architectures for Improved Reactant Transport

Microfluidic fuel cells rely on cross-stream diffusion to transport 
reactants to the active sites. Diffusion on the microscale is often, 
however, relatively slow and this leads to the common transport 
limitations discussed earlier. Approaches to improve reactant 
transport are discussed in this section.

While the inner structure of porous electrodes provides increased 
surface area and aids diffusive species transport, conventional 
microfluidic fuel cells with electrodes replaced by porous electrodes 
fail to take full advantage of these structures. Kjeang et al. [34] mod-
ified the vanadium redox fuel cell architecture by sealing the porous 
electrodes between the top and bottom substrates such that reactant 
crossed directly through the electrodes. The flow-through porous 
electrode cell is shown schematically in cross-section in Figure 3.2g, 
in profile in Figure 3.5a, and in operation in Figure 3.5b and c. As 
shown, the two reactant streams meet in an orthogonally arranged 
central channel where they are directed toward the outlet in a co-
laminar format. Due to the disparity in flow resistance between the 
channel and the electrode, the flow distribution was very uniform 
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through the entire porous electrode. This aspect enabled utiliza-
tion of the full depth of the porous medium and associated active 
area, and provided enhanced species transport from the bulk to the 
active sites. The various colors inherent to different vanadium solu-
tions enable convenient visualization of the fuel cell operation. At 
open circuit (Figure 3.5b), the waste stream shows a co-laminar flow 
of fuel and oxidant. In operation at 0.8 V (Figure 3.5b), fuel and oxi-
dant are largely consumed in the porous electrode structure prior 

(a) (b)

(c) (d)

Figure  3.5  Microfluidic fuel cell with flow-through porous electrodes: (a) 
Schematic; (b–d) Annotated images of the flow through porous electrode micro-
fluidic fuel cell in operation at (b) open-circuit and (c) 0.8 V cell voltage. The 
vanadium electrolytes contain V2 (purple) and V3 (light green) at the anode 
(solution appears here as gray), and VO2

 (black) and VO2 (turquoise) at the 
cathode (solution appears here as black). The flow rate was 1 L min1 per stream. 
(d) Image of the fuel cell operating in reverse, demonstrating the in situ regen-
eration capability. Fully mixed waste solution (50/50 V3/VO2) is flowing in 
the reverse direction from right to left at 1 L min21 per stream, with an applied 
cell voltage of 1.5 V. Dashed lines indicate the extent of the porous electrodes, and 
arrows indicate flow directions. Reproduced and adapted with permission from 
Kjeang et al. [34]. Copyright 2008 American Chemical Society.
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to reaching the co-laminar waste channel as indicated by the uni-
form, light blue color. The flow-through porous electrode architec-
ture enabled class-leading performance levels at room temperature, 
including steady state power densities up to 131 mW cm2 and near 
complete fuel utilization. The fuel cell also had the capability to 
combine high fuel utilization with high cell voltages. As an example, 
at 1 L min1 flow rate an active fuel utilization of 94% per single 
pass was achieved at 0.8 V. This level of fuel utilization is equivalent 
to an overall energy conversion efficiency of 60%.

An advantage of an all-vanadium fuel cell is that the mixed 
products may be regenerated directly for re-use. With previ-
ous microfluidic fuel cell designs this regeneration would have 
to occur off-chip. However, the structure of the flow-through cell 
enables in situ regeneration. Specifically, proof-of-concept in situ 
regeneration of the initial fuel and oxidant species was established 
by operating the fuel cell in reverse mode. Figure 3.5d shows an 
image of the fuel cell in regeneration mode. The regeneration of 
reactants in reverse mode is evidenced by the color changes in the 
supply channels and the boundary layer-like flow indicated.

While transport and active area aspects significantly improved 
with flow-through porous electrode designs, the main factor lim-
iting further energy density improvements on this design is the 
use of vanadium redox couples and their limited solubility. One 
approach to address this issue was to operate a flow-through 
porous electrode cell in alkaline mode using formate fuel and 
hypochlorite oxidant [33]. Reactant solutions of formic acid and 
sodium hypochlorite are both available and stable as highly con-
centrated liquids. Formate oxidation and hypochlorite reduction 
in alkaline media on porous Pd and Au electrodes were shown to 
have rapid kinetics at low overpotentials while preventing gas-
eous CO2 formation by carbonate absorption. The prototype for-
mate/hypochlorite fuel cell with flow-through porous electrode 
architecture exhibited a peak power density of 52 mW cm2. This 
performance was primarily constrained by ohmic resistance and it 
is noteworthy that concentrations well below solubility limits were 
used. Specifically, the hypochlorite solution employed was that of 
commercially available household bleach.

A promising fuel cell architecture with flow-through porous 
electrodes was developed by Salloum et al. [43]. As shown in 
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Figure 3.2h, and in more detail in Figure 3.6, this cell employs 
sequential radial flow through concentric porous electrodes. The 
anolyte flow enters through the center of a disc-shaped anode and  
flows radially toward a ring-shaped cathode. The partially con-
sumed anolyte is then blended with a catholyte stream prior to 
entering the porous cathode. The concentric cell design enables 
independent control over the fuel and oxidant flow rate, although 
the impact of the fuel crossover to the cathode must be considered.
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Figure 3.6  A radial membraneless fuel cell with porous electrodes. As shown 
schematically in isometric projection (a) and cross-sectional view (b), the fuel 
enters via the center of the anode disc and oxidizes as it flows radially out-
ward. The stream then receives oxidant prior to flowing through a ring-shaped 
porous cathode. Reproduced with permission from Salloum et al. [19]. Copyright 
Elsevier (2008).
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Another approach to improving reactant transport is active 
boundary layer control. The concentration boundary layers that 
develop in operating microfluidic fuel cells can be replenished 
via strategic design modifications in order to enhance the over-
all fuel cell performance. Yoon et al. [57] proposed three differ-
ent strategies for active control of concentration boundary layers: 
removing consumed species through multiple periodically placed 
outlets; adding reactants through multiple periodically placed 
inlets; and generating a secondary transverse flow by topographi-
cal herringbone patterns on the channel walls. The benefits of these 
approaches were evaluated through simulations and experiments 
using the ferricyanide/ferrocyanide redox couple as a model sys-
tem. A chronoamperometric study revealed that by adding two 
extra inlets, the transport-controlled current could be enhanced  
by 30%, without increasing the overall flow rate.

Microfluidic mixing has been studied extensively in an effort 
to increase cross-stream mixing of species for lab-on-chip applica-
tions. Toward this goal Stroock et al. [58] employed topographi-
cal herringbone ridge patterns. Later analyzed theoretically by 
Kirtland et al. [59] for microreactor systems, these patterns induce 
a secondary spiralling flow that enhances the rate of cross-stream 
transport in microchannels, depending on the exact geometry of 
the pattern. In this case, a chronoamperometric demonstration 
showed a 10–40% increase in current density with the addition 
of herringbone ridges to one wall. For microfluidic fuel cells, this 
approach is promising for improving fuel utilization; however, it 
must be used cautiously to avoid increased fuel and oxidant mix-
ing at the co-laminar flow interface. Additional disadvantages 
include increased fabrication complexity and/or increased para-
sitic pumping power required to drive the flow. Lim and Palmore 
[60] suggested passive boundary layer control achieved by split-
ting the electrodes into smaller units separated by a gap. They 
fabricated a prototype microfluidic redox fuel cell with five sets of 
consecutive electrodes. The local current density at the second set 
of electrodes was enhanced by the passive replenishment of the 
concentration boundary layer in the gap section. A relationship 
between the measured current density and the distance between 
consecutive electrodes was developed; however, since the geo-
metrical surface area required for the gap did not contribute any 
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net current, the overall current density of the fuel cell was not 
improved. This work was followed by a numerical optimization 
study by Lee et al. [61], recommending arrays of miniaturized 
electrodes, i.e., nanoelectrodes, along the same lines.

3.4.5  Advances from Computational Fluid Dynamics

Computational fluid dynamics (CFD) is an essential tool in the 
development of microfluidic and nanofluidic processes. In contrast 
to macroscale fluid mechanics where there are challenges in mod-
eling turbulence, the main challenges in CFD modeling of micro- 
and nanoflows are in the application of appropriate boundary 
conditions and in modelling species transport. In the context of 
microfluidic fuel cells, this area was first investigated by Bazylak 
et al. [62]. A computational model was employed to analyze a  
T-shaped formic acid/dissolved oxygen microfluidic fuel cell with 
side-by-side streaming. Different cross-sectional channel geom-
etries and electrode configurations were studied computationally, 
targeting enhanced fuel utilization while minimizing fuel/oxidant 
mixing. The multidimensional nature of the flow required a 3D 
solution using a computational fluid dynamics framework cou-
pled with convective/diffusive mass transport (infinite dilution) 
and electrochemical reaction rate models for both anode and cath-
ode. A high aspect ratio (width/height) channel geometry with 
electrodes placed on the top and bottom walls was found to enable 
significantly improved fuel utilization and reduced interdiffu-
sional mixing width. As shown in Figure 3.7, the numerical study 
also suggested the implementation of a tapered electrode design 
that accommodates the growth of the co-laminar mixing zone in 
the downstream direction.

Chang et al. [63, 64] provided an extended model with Butler-
Volmer electrochemical reaction kinetics and the capability of 
predicting complete polarization curves. The results obtained for 
Y-shaped [63] and F-shaped [64] formic acid/dissolved oxygen-
based cells were in good agreement with previous experimen-
tal studies [32, 36], and confirmed the cathodic activity and mass 
transport limitation of these cells. Consequently, the predicted 
cell performance was essentially independent of anodic formic 
acid concentration. These numerical results also recommended 
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high aspect ratio channel geometry, high Péclet number, and high 
oxygen concentration as well as a thick cathode catalyst layer to 
improve the performance. This work was later extended by a 2D 
theoretical model of the cathode kinetics under co-laminar flow 
[65]. A Butler-Volmer model [66] was also developed for the pre-
viously discussed microfluidic fuel cell using hydrogen peroxide  
as both fuel and oxidant in mixed media [40], and applied to 
study the effects of species transport and geometrical design. The  
simulated fuel cell performance results were invariant at flow 
rates above 0.1 mL min1, indicating the absence of the commonly 
encountered cathodic transport limitation. Two-phase flow and 
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Figure  3.7  Computational modelling results of a microfluidic fuel cell with 
electrodes on top and bottom surfaces. Shown at top (a) is the tapered electrode 
geometry, designed to increase fuel utilization while accommodating down-
stream growth of the inter-diffusion zone in the center of the channel. Shown 
below are computationally predicted fuel concentration contours in the center 
plane (b), and with vertical projections (c). Reproduced with permission from 
Bazylak et al. [62]. Copyright Elsevier (2005).
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transport effects related to oxygen gas evolution from hydro-
gen peroxide decomposition were not considered in that study. 
However, it was found that increasing the surface area and thick-
ness of the catalyst layers can enhance current density.

3.4.6  Microfluidic Fuel Cells with Biocatalysts

Biocatalysts are a promising alternative to traditional catalysts, 
particularly in the context of microfluidic fuel cells. So-called bio-
fuel cells [67, 68] utilize biological molecules such as enzymes and 
microbes to catalyze the chemical reactions, thereby replacing tra-
ditional electrocatalysts. The name biofuel cell is somewhat of a 
misnomer as these cells are not restricted to biofuels, the usage of 
this name is, however, prevalent.

In conventional biofuel cells, biocatalytic entities are placed in 
a two-compartment electrochemical cell containing buffered solu-
tion with concentrated fuel and oxidant in the anolyte and catho-
lyte compartments, respectively. In most configurations, these 
compartments are separated by an ion-exchange membrane or a 
salt bridge [67]. Each compartment also includes a redox couple 
acting as a diffusional electron mediator (or cofactor), which is 
necessary for efficient catalyst utilization. The rate of electron 
transfer is, however, generally confined by the rate of diffusion of 
these cofactors and the ion permeability of the membrane that sep-
arates the two compartments [68]. Moreover, enzymes in solution 
are generally only stable for a few days. Recently, several novel 
methodologies have been developed for the functionalization of 
electrode surfaces and immobilization of active enzymes in order 
to improve electron transfer characteristics and stability. These 
approaches include covalent polymer tethering of cofactor units 
to multilayered enzyme array assemblies, cross-linking of affin-
ity complexes formed between redox enzymes and immobilized 
cofactors on functionalized conductive supports, and noncovalent 
coupling by hydrophobic/hydrophilic or affinity interactions [69].

Biofuel cells with non-selective electrochemistry (i.e., cells using 
diffusional redox mediators) can utilize the established co-laminar 
microfluidic fuel cell design, which also enables the tailoring of 
independent anolyte and catholyte compositions for optimum enzy-
matic activity and stability. Alternatively, immobilized enzymes 
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and localized cofactors may be employed in a microfluidic fuel cell 
format. Full selectivity of both anodic and cathodic half-cells with 
co-immobilized redox relays allows microfluidic biofuel cell opera-
tion in a single microchannel without the need for co-laminar flow. 
In this configuration, initially mixed fuel and oxidant would flow 
together in a single channel with species-specific oxidation and 
reduction occurring at the biocatalyst electrodes.

Relatively few microfluidic biofuel cell works have been pre-
sented to date. The area was pioneered by Moore et al. [41]. They 
presented a microchip-based bioanode with NAD-dependent alco-
hol dehydrogenase enzymes immobilized in a tetrabutylammonium 
bromide-treated Nafion membrane. The bioanode was assembled 
on a micromolded carbon electrode integrated on a glass substrate. 
A PDMS microchannel was used to deliver the fuel solution con-
taining ethanol and NAD in phosphate buffer to the bioanode. The 
microfluidic bioanode produced an open-circuit voltage of 0.34 V 
and a maximum current density of 53 A cm2, when operated ver-
sus an external platinum cathode. The performance of the cell was 
expected to be limited by the rate of diffusion of NADH within 
the membrane. Later, an integrated microfluidic fuel cell based on 
the unique modified Nafion-based enzyme immobilization tech-
nique was developed [70, 71]. The technology is currently licensed 
to Akermin Inc. of St Louis, MO, under the trademark “stabilized 
enzyme biofuel cells.” In terms of microfluidic biofuel cell power 
density and stability, this technology is considered state-of-the-art.

Much work to date has focused on bioanode development.  
A microfluidic bioanode based on vitamin K3–mediated glucose 
oxidation by the glucose dehydrogenase enzyme was developed 
by Togo et al. [39]. The bioanode was immobilized inside a fluidic 
chip containing a PDMS-coated conventional Pt cathode with an 
integrated Ag/AgCl reference electrode. The bioanode was posi-
tioned downstream of the Pt cathode to minimize contamination. 
The flow cell produced 32 W cm2 at 0.29 V running on 1 mL 
min1 of air-saturated pH 7–buffered fuel solution containing 
5 mM glucose and 1 mM NAD. The current density of the proof-
of-concept cell declined by 50% over 18 hours of continuous oper-
ation, and this was attributed to swelling effects.

Figure 3.8 shows a complete microfluidic biofuel cell devel-
oped by Togo et al. [44]. In this work they replaced their previous 
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Pt cathode with a bilirubin oxidase-adsorbed biocathode, and the 
power output of the biofuel cell was comparable to the previous 
device. A parametric study of flow rate, channel height, and elec-
trode geometry demonstrated restricted access of dissolved oxygen 
to the biocathode. The present cell design mitigates this limitation 
by enlarging the cathode area to ten times the anode size.

A significant opportunity for biofuel cell technologies, particu-
larly with respect to fuel utilization, is current extraction from a 
series of consecutive biocatalyzed reactions. To harness consecu-
tive reactions, strategic patterning of multiple enzyme electrodes 
is required. This opportunity was investigated by Kjeang et al. 
[72], using a generic computational model of species transport 
in microchannels with heterogeneous chemical reactions and 
Michaelis-Menten enzyme kinetics as boundary conditions. This 
first computational study of microfluidic biofuel cell technology 
provided guidelines for the design and fabrication of microfluidic  
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biofuel cells exploiting consecutive reactions. Separated and mixed 
enzyme patterns in different proportions were analyzed for vari-
ous Péclet numbers. The mixed transport regime, at medium Pe, 
was shown to be particularly attractive while current densities 
were maintained close to maximum levels. Mixed enzyme pattern-
ing tailored with respect to individual turnover rates was found to 
enable high current densities combined with nearly complete fuel 
utilization and provide the best overall performance.

3.4.7  Scale-Up of Microfluidic Fuel Cells

As the field is only a few years old, the majority of microflu-
idic fuel cell devices reported to date have been proof-of-concept 
unit cells. The voltage and overall power output of these unit 
cells were generally less than 1 V and 10 mW, respectively. While 
promising advances have been made, on their own these fuel cells 
are insufficient for most portable power applications. Thus, scale-
up or integration of multiplexed microfluidic fuel cells is critical 
to the application of microfluidic fuel cell advances. Microfluidic 
fuel cell technology can be scaled up based on various methodolo-
gies. Ferrigno et al. [3] demonstrated a planar array of three cells 
with separate inlets and outlets. The unit cells were based on the 
familiar Y-shaped channel geometry with side-by-side streaming 
and electrodes positioned on the bottom wall. The array produced 
roughly three times the power of the unit cell, and when con-
nected in series, provided useful operational voltages up to 2.4 V. 
Although planar arrays of this type are convenient from a fabri-
cation perspective, they require substantial “overhead” volume 
of passive materials that restrict the volumetric power density of 
the device. Cohen et al. [31, 32] reported a more compact planar 
expansion methodology for parallel microchannels with com-
bined inlets and outlets. The prototype five-microchannel array 
employed five parallel 1 mm wide and 5 cm long microchannels 
of the F-shaped design (Figure 3.2d), and was operated on aque-
ous formic acid or hydrogen fuel together with dissolved oxy-
gen in the cathode stream. The flow and distribution of reactants 
was sufficiently uniform to achieve a power output that scaled 
linearly with the results obtained for a single microchannel [32]. 
This planar design facilitates custom fabricated channels with 
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dimensions tuned for specific power requirements. The expansion  
of a single silicon-machined microchannel was demonstrated up 
to 5 mm in width for a 5 cm long channel, with power output com-
parable to the five-microchannel array (i.e., linear scaling again). 
The potential for vertical stacking was also evaluated. Two 1 mm 
wide microchannels, placed on top of each other and separated 
by electrodes, produced twice the power of a single channel with-
out increasing the total volume of the fuel cell device. While these 
results are promising, it is important to note that the overall power 
output of these devices was only about 1 mW or less, and they 
were still restricted by transport and solubility of dissolved oxy-
gen, and the fuel utilization was poor in general.

In contrast to film-deposited electrodes, the geometry and 
mechanical properties of rod-shaped electrodes enable unique 
three-dimensional microfluidic fuel cell architectures. An array 
architecture fuel cell was developed by Kjeang et al. [19] based on 
a hexagonal array of graphite rods mounted in a single cavity. The 
developed cell is shown Figure 3.9. The array cell consisted of 29 
graphite rods of 0.5 mm diameter, spaced an average of 0.2 mm 
apart, and the flow area in between the rods exhibited microfluidic 
flow characteristics similar to those of a planar unit cell. The array 
cell had 12 anodes and 12 cathodes, and the five rods in the center 
were electrically insulated to compensate for the co-laminar inter-
diffusion zone. When operated on the all-vanadium redox system, 
the array cell produced an order of magnitude more powerful 
than a planar unit cell given the same total flow rate. Specifically, 
power and current levels of 28 mW and 86 mA were demonstrated, 
and the fuel utilization was significantly higher than that for the 
planar unit cell at any given flow rate. The array cell configura-
tion may be readily expanded in both vertical (preferable) and 
horizontal directions to increase capacity. Scale-up requires only 
an enlarged cavity, in contrast to the volumetric costs of stacking 
of planar cells. However, the solubility and concentration of the 
vanadium redox species ultimately limit the overall energy den-
sity of this array fuel cell system.

A prototype microfluidic fuel cell system based on the direct 
methanol laminar flow fuel cell technology [46] has been reported by 
INI Power Systems. A combination of planar and vertical stacking 
was employed to scale the system. With respect to fuel utilization,  
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a fuel and electrolyte separation and recirculation system was pro-
posed at the cost of added complexity and reduced energy density 
of the complete fuel cell system.

3.5  Conclusion and Challenges Ahead

Considering the invention of the microfluidic fuel cell is rela-
tively recent, the number of advances in this field is impres-
sive. Devices have been developed based on various fuels and 
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oxidants, with competitive power densities and cell voltages 
obtained at room temperature. The levels of fuel utilization have 
been raised from below 1% to nearly 100% per single pass in some 
cases. Many of these advances, as discussed in this chapter, have 
stemmed from improving transport through microfluidic fuel cell 
architecture and running conditions. Several scale-up methodolo-
gies have also been demonstrated recently. These scale-up efforts 
show promise in translating advances made in unit cells to highly 
functioning integrated devices.

While developments in the field of microfluidic fuel cells have 
been rapid, much further work is required to facilitate a major 
commercial break-through. Ideally, the microfluidic fuel cell sys-
tem, including auxiliary equipment and fluid storage, would out-
put in the 1–20 W range in a compact integrated package with 
simple connections to established external infrastructure. This is a 
tall order. We end this chapter with some of the main challenges, 
and opportunities, that face the field.

The most pressing challenge for current microfluidic fuel cells 
is to increase the relatively low energy density (defined as energy 
output per system volume or mass). The physics of the typical  
co-laminar flow configuration require that both streams are liquid 
and contain an electrolyte. Although reactants may be added to 
the system at high concentration, the energy density of all devices 
presented to date has been low compared to other microstruc-
tured fuel cells. The low energy density is due primarily to the 
impractical single-pass use of liquid electrolyte without any form 
of recirculation or recycling. The implementation of a recirculation 
system for the electrolyte is a challenging task due to the space 
constraints, mixing/contamination issues, and the overhead asso-
ciated with increased complexity. While fuel utilization data up 
to 100% per single pass have been presented, the fuel utilization 
at practical flow rates and useful cell voltages has generally been 
much lower, and frequently below 10%.

A number of integration issues remain. Specifically, there is 
a lack of engineering solutions for important functions such as 
integration of fuel and oxidant storage, waste handling, and low-
power microfluidics-based fluid delivery (normally driven by a 
syringe pump via external tubing) using integrated micropumps 
and microvalves. It is hoped that microfluidic fuel cells can, at 
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least to some extent, exploit engineering solutions already devel-
oped for other small scale fuel cell technologies.

Improvements in microfluidic fuel cell architecture, as described 
in this chapter, have addressed to some extent the mass transport 
limitation of dissolved oxygen that plagued many early cells. With 
these advances, the performance of current microfluidic fuel cell 
technologies is typically restricted by a complex combination of 
mass transport, electrochemical kinetics, and ohmic resistance. 
Firstly, with respect to mass transport, further challenges include 
increasing diffusive transport by further reducing the average 
cross-stream distance that a reactant molecule has to travel to 
reach the active site, or using reactant species with higher diffusiv-
ity. Secondly, electrochemical limitations at the fuel cell electrodes 
are caused by activation overpotentials and slow reaction rates. 
Choosing appropriate electrocatalysts and increasing the overall 
active surface area of the electrodes are key to reducing these limi-
tations. The choice of electrolyte media and pH may also influence 
the electrochemical kinetics. Alternatively, the kinetics could be 
increased by raising the operational temperature. Increased tem-
perature may be a beneficial side-effect of increased integration 
or scale-up. Thirdly, the combined ohmic resistance of a microflu-
idic fuel cell includes ionic charge transfer resistance in the elec-
trolyte and electrical resistance in electrodes, contacts, and wires. 
All of these resistances need to be minimized for an efficient fuel 
cell system. The detrimental effects of ohmic resistance become 
increasingly important for devices with high power density, and 
thus ohmic resistance is expected to be a major challenge as other 
advances push power density to higher levels.

The cost of microfluidic fuel cell systems is an important con-
sideration. The technology shows potential for very cost-effective  
units because of inexpensive fabrication techniques that have 
been employed, the elimination of the membrane and associated 
issues, and the range of (often inexpensive) catalysts that may be 
employed. Strategic cost reductions on the unit cell level are pos-
sible in several areas, including materials, manufacturing proce
dures, and the choice (and source) of fuel, oxidant, electrolyte, 
and low-cost alternative catalysts. It is noteworthy that each type 
of microfluidic fuel cell has features that will influence eventual 
device and implementation cost. For instance, the vanadium cell 
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with flow-through porous electrodes, in situ fuel/oxidant regen-
eration can relieve the cost, hazards, and inertia associated with 
establishing fuelling infrastructure.

A number of opportunities exist for optimizing current micro-
fluidic fuel cell technologies. New fuel and oxidant combinations 
are still possible, and the prospects of finding new electrolytes 
with advanced functionality are high. Examples include the use 
of ionic liquids and nonaqueous solvents, as well as the use of a 
phase boundary to separate fuel and oxidant. The opportunities 
for two-phase flows are numerous, with the fuel carried in one 
phase (likely liquid) and the oxidant in the other (likely gas). There 
is also ample opportunity to improve the micro- and nano-struc-
ture of the electrodes employed in microfluidic fuel cells. An ideal 
electrode would incorporate a wide range of characteristic length 
scales from nanometers to millimeters and have a very large active 
surface area. Lastly, there is much room for improvement in the 
area of scale-up. The expansion methodologies reported to date 
have confirmed that microfluidic fuel cell technology and the asso-
ciated manufacturing processes are well-suited for scale-up. The 
volumetric energy density of the prototype devices was, however, 
insufficient for actual applications and the total power output was 
less than 0.1 W.

Biofuel cells represent an important growth area for microfluidic 
fuel cell technology. There are opportunities for microfluidic fuel 
cells to improve current biofuel cells in several ways: (i) enhanc-
ing convective mass transport, enabling higher enzyme loading 
while maintaining the enzymatic turnover rates at peak; (ii) har-
nessing the high surface to volume ratio inherent to microstruc-
tured devices to promote reactions catalyzed by the immobilized 
enzymes; and (iii) providing scale-up opportunities for practical 
devices with automated reactant supply and on-chip integration.

In summary, research to date has resulted in operational devices 
with promising room temperature performance in terms of power 
density and operational cell voltage. More must be done, however, 
to realize practical, efficient, and competitive devices with high 
energy density and high fuel utilization. While there have been 
many advances in microfluidic fuel cells to date, it is likely many 
more are ahead.
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142	 4.  DEVELOPMENT OF FABRICATION	
We summarize recent development of fabrication/integration 
technology for micro tubular solid-oxide fuel cells (SOFCs) with 
0.8–2.0 mm in diameter operable at at/under 550°C. Successful 
achievement will be shown from single cell to stack fabrication 
technology which was designed for cost-effective mass produc-
tion. Optimization of the electrode microstructure and develop-
ment of electrolyte coating technology realized high-performance 
micro tubular SOFCs and bundles, maximum power density of 
over 1 W cm2 at 550°C operating temperature for single cell, and 
over 2 W cm3 @ 0.7 V at 550°C for 1 cm3 cubic bundle, respec-
tively. The key to realize such high-performance SOFCs lies in the 
design of the cell/bundle/stack and novel fabrication technology 
that can realize optimized electrode structures.

4.1  Introduction

Solid oxide fuel cells (SOFCs) have been recognized as a key-
stone of the future energy economy, and the development of SOFC 
systems has been an important issue in recent years [1, 2]. A typi-
cal SOFC consists of doped zirconia for an electrolyte, Ni cermet 
for an anode and doped lanthanum manganite for a cathode, and 
it has shown its long-term stability over 20,000 h operation as well 
as high power output up to 2 W/cm2 at 800°C [3–5].

Currently, many efforts focus on lowering the operating tempera-
ture of SOFCs because use of SOFCs in the intermediate temperature  
under 650°C can decrease material degradation and prolong 
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stack lifetime, reducing cost by utilizing metal materials. The 
approaches to reducing operating temperature have widely been 
reported, for example:

(1)	 Using new electrolyte, cathode, and anode materials [6–14].
(2)	 Reducing the thickness of the electrolyte using traditional 

electrolyte materials such as Y doped ZrO2 [4, 15].
(3)	 Introducing new structures for electrolytes [16–18] and 

electrodes.

One of the well-known obstacles for reduced temperature 
operation of SOFCs is the poor activity of the cathode. For this 
reason, a lot of new materials have been investigated for cath-
odes. For example, Shao and Haile have shown outstanding cell 
performance (peak power density  1010 W cm2 at 600°C) by 
introducing a (Ba, Sr)(Co, Fe)O3 cathode using a ceria-based elec-
trolyte on an anode supported cell. Improvements of cell perfor-
mance by introducing new anode and electrolyte materials were 
also reported by several other research groups. For example, out-
standing results of a power density of 0.8 W cm2 using a Ru-
Ni-ceria-based anode and ceria electrolyte, and over 1.9 W cm2 
using LaGaO3-based electrolyte at 600°C. Introducing doped ceria 
to an electrolyte and electrodes appeared to be of importance to 
enhance the performance of SOFC in the reduced temperature 
operation under 600°C. However, ceria-based materials display 
relatively lower open circuit voltage (i.e., 0.8–0.9 V) due to high 
electronic conductivity at the reducing atmosphere. Despite this, 
the high output power of ceria-based electrolyte cells attracts the 
use of ceria as cell components and, so far, several studies have 
purported to offer solutions for these problems [16, 17]. Thus, 
ceria-based materials can be considered as one of the candidate 
electrolytes for SOFCs operated at temperatures under 600°C.

On the other hand, to increase the variety of applications such as 
auxiliary power units for automobile and power sources for portable 
devices, it is crucial to develop highly efficient small cell stacks which 
are robust for rapid temperature change operation. So far, tubular 
design SOFCs were shown to be effective in realizing such stacks 
since they were shown to be robust under thermal stress caused by 
a rapid heating cycle [19, 20]. In addition, decreasing tubular cell 
diameter is expected to improve the mechanical properties as well as 
volumetric power density of the cell stacks. Thus, it is of importance 
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to develop fabrication technology for micro tubular SOFCs with mm 
to sub mm diameters, along with their bundles and stacks.

In the present chapter, development of micro tubular SOFCs will 
be discussed, including fabrication technology designed for mass 
production, as well as characterization of the cells and bundle/ 
stack. We will begin with a brief review of the state-of-the-art 
micro tubular SOFC concepts, followed by introducing our new 
approach for fabricating micro tubular SOFCs using conventional 
SOFC materials. Then, cauterization of micro tubular SOFC will 
be discussed in detail, including current collecting loss due to the 
dimension of the cell. Finally, our new approach for fabricating 
micro tubular SOFC bundle/stack development will be presented.

4.2  Fabrication and Characterization 	
of Micro Tubular SOFCs

4.2.1  Micro Tubular SOFC Concepts

Shape design of the SOFC is an important factor in improving 
the performance of SOFCs. Tubular design was first introduced 
for commercialized SOFCs by Siemens Westinghouse using a cath-
ode supported cell. From that point, tubular SOFCs were well 
investigated from fundamental to stack modulation using anode- 
supported tubular design up to several kW scale stacks [19–23].

Tubular design can be more beneficial when the size of the tube 
becomes in the range of millimeter to submillimeter, because it 
enables the design of SOFC stacks with high volumetric power 
density. Figure 4.1 shows an estimation of the volumetric power 
density and the pressure drop as a function of tube diameter, which 
were calculated at the conditions shown in Figure 4.1. As can  
be seen, the volumetric power density effectively increases when 
the tube diameter becomes in the range of less than 1 mm due to 
the increase of electrode area (tube surface)/cell volume ratio (tube 
volume), while the pressure drop becomes significantly large when 
tube diameter becomes less than 0.1 mm. Therefore, use of micro 
tubular SOFCs with a diameter size of mm to sub mm is attractive 
for realizing high power, small SOFC stacks/modules.

In addition, micro tubular SOFCs were also shown to be well-
suited to accommodate repeated heat and electrical load cycling 
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under rapid changes. Small-scale tubular SOFCs, reported by 
Kendall and Palin [19] and Yashiro et al. [20], could endure ther-
mal stress caused by rapid heating up to operating temperature. 
Therefore, micro tubular design is promising and plays an impor-
tant role for realizing highly efficient SOFC systems with quick 
start-up/shut-down performance.

Fabrication of Micro Tubular SOFCs
Figure 4.2 (a) shows the fabrication process of micro tubu-

lar SOFCs, and 4.2 (b) shows an image of a green anode tube, a 
green anode tube with an electrolyte layer, a sintered anode tube 
with the electrolyte, and a complete cell (1.8 mm in diameter), 
respectively, and 4.2 (c) shows an image of complete cells (0.8 mm 
in diameter). Materials used in Figures 4.2 (b) and (c) were Ni-
Gd0.2Ce0.8O2x (GDC), GDC, and La0.6Sr0.4Co0.2Fe0.8O3y (LSCF)-
GDC for an anode tube, an electrolyte, and a cathode, respectively. 
Those SOFC materials were selected from the literature as con-
ventional materials for low temperature SOFC (under 600°C) [24]. 
Note that this process does not limit materials and basically any 
SOFC constituent materials can be chosen.

Anode tubes were made from NiO and GDC powder, binder 
(cellulose), and optionally, a pore former (poly methyl methacry-
late beads; PMMA). The volume ratio of NiO and GDC ranged 
from 50:50 to 70:30. The amount of added PMMA beads was 0–40 
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vol.% to NiO and GDC powder. Effect of PMMA on the micro-
structure of the anode tube will be discussed later. These ingre-
dients were mixed for 1 h by a mixer 5DMV-rr (Dalton Co., Ltd.), 
and, after adding the proper amount of water, it was stirred for 
30 min in a vacuum chamber. The mixture (clay) was then left 
over 15 h for aging. The tubes were extruded using the clay from 
a metal mold set in a piston cylinder-type extruder (Ishikawa-Toki 
Tekko-sho Co., Ltd.). By selecting the size of the die for extrusion, 
micro tubular SOFCs with different diameters can be prepared.

A slurry for dip-coating the electrolyte was prepared by mix-
ing the GDC powder, solvents (methyl ethyl ketone and ethanol), 
binder (poly vinyl butyral), dispersant (polymer of an amine sys-
tem) and plasticizer (dioctyl phthalate) for 24 h. The anode tubes 
were dipped in the slurry and coated at the pulling rate of 1 to 
3 mm/sec. During the coating process, the edge of the tube was 
sealed to protect inside the anode tube. After drying, they were 
sintered at 1100–1400°C for 1 h in air. The anode tubes with elec-
trolyte were, again, dip-coated with the cathode slurry, which was 
prepared in the same manner using LSCF and GDC powder and 
organic ingredients. The weight ratio of LSCF and GDC powder 
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Anode tube
extrusion

Electrolyte dip-
coating

C0-sintering
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Sintering

Micro tubular SOFCs(a)

(b)
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Figure 4.2  Fabrication procedure of the micro tubular SOFCs.



	 4.2  FABRICATION AND CHARACTERIZATION OF MICRO TUBULAR SOFCs	 147
was 70:30. After dip-coating, the tubes were dried and sintered at 
1050°C for 1 h in air to complete a cell [25].

4.2.2  Optimization of Anode Microstructure

To increase the performance of SOFCs, it is important to opti-
mize the microstructure of electrodes where reactant gases are dif-
fused and electrochemical reactions take place. In the fabrication 
process, attempts were made to control and optimize anode micro-
structure by varying the sintering temperature and the amount of 
pore former added in the clay.

Figure 4.3 shows the shrinkage of the anode tube as a function 
of sintering temperature. As can be seen, the amount of PMMA 
beads did not change the sintering behavior of the anode tube, 
while the anode tube with carbon powder showed different behav-
ior. This seemed to be caused by the fact that the carbon powder 
was bulkier than PMMA beads, which leads to the difference in 
the packing density of the powders. Since the amount of PMMA 
beads does not influence the sintering behavior of the anode tube, 
the use of PMMA beads as a pore former is preferable in this pro-
cess. A change in the sintering behavior due to the addition of a 
pore former may cause a deficiency in the electrolyte layer during 
the co-sintering process, which should be avoided.
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Figure 4.3  Shrinkage behaviors of the anode tubes as a function of tempera-
ture. Data were obtained for the samples with different PMMA contents.
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Figure 4.4 shows the microstructure of the anode tubes prepared 
from different amounts of PMMA beads: (a) 10, (b) 20, (c) 30, and  
(d) 40 vol.%, respectively. As can be seen, the porosity of the anode 
tubes can be controlled by the amount of the PMMA beads, which 
were 36, 39, 41, 47, and 51% after reduction for samples with 0, 10, 
20, 30, and 40 vol.% PMMA, respectively. As can be seen, a well-
developed 3D network structure was realized, especially for the 
sample with 40 vol.% PMMA.

Figure 4.5 shows the distribution of the pore diameter in the 
anode tubes sintered at 1400°C that was measured by a mercury 
porosimeter. The main peak of the pore diameter distribution shifted 
from 0.2 m to 1 m as the amount of PMMA increased. These results 
were consistent with the SEM observation as shown in Figure 4.4.

Figure 4.6 shows the cumulative pore distribution of the anode 
tube as a function of sintering temperature for the sample with 40 
vol.% PMMA. Up to 1200°C, the total pore volume simply decreases 

Figure 4.4  Microstructure of the anode tubes after reduction: (a) PMMA 10 
vol.%; (b) PMMA 20 vol.%; (c) PMMA 30 vol.%; (d) PMMA 40 vol.%.
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as the sintering temperature increases due to densification of the 
anode tube; however, an increase of pore volume for the 0.5–1 m 
range with increasing sintering temperature was observed. SEM 
observation of these samples is shown in Figure 4.7, which displays  
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cross-sectional images of the anode tube/electrolyte interface. As 
can be seen, the size of large pores from PMMA beads does not 
change up to a 1200°C sintering temperature. Then, above 1300°C, 
the large pore starts to shrink. Figure 4.8 summarizes the relation-
ship between the porosity of the anode tubes and sintering tem-
perature. Finally, two stages of densification process were observed: 
first, at lower temperatures, small pores between powders start to 
densify and then, large pores created by the pore former begin to 
shrink. Thus, microstructure can also be effectively controlled by 
changing sintering temperature. Of course, sintering temperature 
affects the densification process of the electrolyte during co-sintering  
as well, and this will be discussed in the next section.

4.2.3  �Coating Technology of Electrolyte Layer on the Micro 
Tubular Support

Control of Electrolyte Thickness
The thickness of the electrolyte layer on the anode tube can be 

controlled by three main methods: (i) changing the pull speed of a 
dip coater, (ii) applying multiple coating, and (iii) changing the con-
centration of the powder in the slurry. Once the slurry is prepared, 

Figure 4.7  Microstructure of the anode tubes with the electrolyte layer  
(before reduction) prepared at the sintering temperature of (a) 1000°C; (b) 1100°C; 
(c) 1200°C; (d) 1300°C; (e) 1400°C.



	 4.2  FABRICATION AND CHARACTERIZATION OF MICRO TUBULAR SOFCs	 151
(i) and (ii) can be more convenient for controlling the electrolyte 
thickness. Figure 4.9 shows the SEM images of the cross-section  
of the anode tube with the electrolyte (GDC) after being sintered  
at 1400°C, 1 h, at the pulling speed of (a) 1.0, (b) 2.0, and (c) 
3.0 mm/sec. As can be seen, the thickness of 13–22 m was obtained  
by changing the pulling speed of the dip coater. The thickness of 
the electrolyte layer also depends upon the concentration of the 
powder in the slurry, and this methodology allows a simple way 
to optimize coating conditions by combining (i)–(iii).
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Figure 4.8  The porosity of the anode tube as a function of sintering temperature.

Figure 4.9  SEM images of the electrolyte layer and anode tube interface 
obtained at different coating speed (pulling speed) of (a) 1.0; (b) 2.0; and (c) 
3.0 mm/sec (Sintering temperature  1400°C). Thickness varies (a) 13.213.6 m;  
(b) 15.617.5 m; and (c) 21.622.0 m, respectively.
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Densification of the Electrolyte Layer
Densification behavior of the electrolyte layer on the anode- 

supported tube was investigated by changing sintering tem-
perature and degree of shrinkage rate of the support. Figure 4.10 
shows SEM images of the electrolyte (GDC) which initially coated 
the green anode tubes, and then sintered at temperatures between 
1100 and 1400°C. It was observed that the microstructure of the 
electrolyte sintered under 1300°C included pores in the structure, 
and the densification of the electrolyte was completed at a sinter-
ing temperature above 1300°C.

The densification of the electrolyte layer deposited on the tubular 
support should also be greatly affected by the shrinkage of the sup-
port during the co-sintering process [26]. Figure 4.11 shows shrink-
age behaviors of various anode tubes as a function of sintering  
temperature along with the result of a GDC compact prepared 
with a cold isostatic press. The densification of the GDC compact 
started at 800°C and shrank with elevating temperatures most rap-
idly (Figure 4.11(e)). As shown in Figure 4.11(c), the densification 
of the green anode tube started at 1000°C, and the shrinkage rate 
reached about 10% at 1400°C, while the anode tube pre-calcined 

Figure 4.10  Microstructure of the electrolyte layer (surface images) prepared 
at the sintering temperature of (a) 1000°C; (b) 1100°C; (c) 1200°C; (d) 1300°C;  
(e) 1400°C.
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at 1300°C did not shrink at all up to 1400°C (Figure 4.11(a)). The 
shrinkage behaviors of the electrolyte layer coated anode tubes 
were also shown in Figures 4.11 (b) and (d). In the case of the elec-
trolyte layer/green anode supported tube, the shrinkage began 
at about 900°C and the slope of the curve was larger than that of 
the noncoated green tube (Figure 4.11(c)). However, the shrinkage 
curve of the pre-calcined anode support coated with the electro-
lyte layer (Figure 4.11(b)) completely overlapped with the curve of 
the noncoated support (Figure 4.11(a)). These results indicate that, 
during the co-sintering process, the densification of the green sup-
ports was assisted by a sintering stress of the electrolyte coating 
layer.

Figure 4.12 summarizes the shrinkage of the anode supported 
tubes with the electrolyte layer (GDC) after co-sintering at 1450°C 
for 6 h as a function of pre-calcination temperatures of the tubes, 
along with the microstructures of the electrolyte. As can be seen, 
two parts of the densification processes were clearly shown;  
(1) dense and thick, and (2) porous and thin, depending upon the 
shrinkage rate of the anode supported tubes. Dense and thick elec-
trolyte layers were observed with the anode tube shrinkage of above 
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Figure 4.11  Shrinkage behaviors of (a) the anode tube pre-calcined at 1300°C; 
(b) the electrolyte coated anode tube pre-calcined at 1300°C; (c) the green anode 
tube; (d) the electrolyte coated green anode tube and (e) the compact GDC.
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10% (pre-calcination temperature 1200°C), while porous and thin 
electrolyte layers were obtained at a shrinkage rate of less than  
10% (pre-calcination temperature 1300°C). This can be explained 
by the fact that full densification of a close-packed compact  
with a packing density of 0.74 through the sintering process 
requires a linear shrinkage of about 10%, which is also required for 
the anode supported tubes to realize a dense electrolyte layer. This 
can also explain the fact that densification of the electrolyte was 
completed at 1300°C (Figure 4.10) at which point the shrinkage rate 
reached over 10% in Figure 4.11 (d).

As a result, a crack-free electrolyte layer without delaminating 
from the anode tube was realized by utilizing the densification 
process of the supported tubes during the co-sintering process, 
which turned out to be preferable for mass production. Thickness 
of the electrolyte and microstructure of the anode tube were also 
easily controlled by the fabrication process; therefore, desirable 
micro tubular SOFCs can be offered through the newly developed 
fabrication technology.
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Figure 4.12  Relationships between the shrinkage of the anode tube with the 
electrolyte coating layer as a function of sintering temperature of the anode tube, 
and the electrolyte microstructure after co-sintering.
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4.3  Characterization of Micro Tubular SOFCs

4.3.1  Cell Performance

Test Setup for Single Cell Measurement
Figure 4.13 shows the experimental setup for the single micro 

tubular SOFC measurement. The tubular SOFC was fixed in alu-
minum tubes using a sealing paste after applying current collec-
tors. As can be seen, current collections were made from the edge 
of the anode tube and the surface of the cathode by using Ag wire 
and paste. This setup was placed in the furnace, placing a thermo-
couple close to the surface of the micro tubular SOFC, which was 
used for furnace temperature control and monitoring.

The cell performance was investigated by using a potentiostat 
(Solartron 1296). Typical cell size for single cell measurement was 
15 mm in length with cathode length of 5 mm, avoiding excess heat 
generation during the experiment. Hydrogen (humidified by bub-
bling water at room temperature) was flowed inside of the tubular 
cell at the rate of 5–20 mL min1 diluted by adding nitrogen flow 
of 0–30 mL min1. The cathode side was open to the air without 
flowing gas.

Performance of 1.6 mm Diameter Tubular SOFC
First, a 1.6 mm diameter tubular SOFC was examined in a cell 

performance test, which consists of Ni-Gd0.2Ce0.8O2x (GDC) 70:30 

Alumina tube

Fuel

Thermocouple
Seal

Cathode

Figure 4.13  Experimental apparatus of the single tubular cell measurement.
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weight ratio, GDC, and La0.6Sr0.4Co0.2Fe0.8O3y (LSCF)-GDC for an 
anode tube, an electrolyte, and a cathode, respectively. Figure 4.14 
shows a cross-sectional SEM image of the tubular cell. As can be 
seen, the anode supported tube was prepared without using a pore 
former (PMMA); however, a porosity of about 30% before reduc-
tion was achieved. A crack-free dense electrolyte with a thickness 
of about 20 m has been successfully prepared on the anode- 
supported tube by co-sintering techniques. The thickness of the 
anode tube was about 0.4 mm.

Initial start-up behavior of a fresh tubular cell sample is shown 
in Figure 4.14 (b). First, the initial sample, which was not reduced, 
was set in the sample holder placed in the furnace. While N2 gas 
was flowing inside the tube, the sample was heated up to 450°C and 
then N2 gas was switched to fuel gas. As indicated in Figure 4.14 (b), 
it only took about 2 min to reduce the anode and activate the cell at 
450°C, where the open circuit voltage reached as high as 1.03 V.

The performance of the micro tubular SOFC was then investi-
gated, and the results are shown in Figure 4.15. As can be seen, the 
open circuit voltages were dropped from 1.03 to 0.84 V as furnace 
temperature increased from 450 to 570°C, which is usually explained 
by an increase of electronic conductivity in the ceria electrolyte (this 
will be discussed in the next section). The power density of the cell 
was estimated from the area of the cathode (0.35 cm2). The peak 
power density of 203, 400, 857, and 1000  mW cm2 was obtained at 
450, 500, 550, and 570°C, respectively. Fuel utilization for each point 
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Figure 4.14  (a) A cross-sectional SEM image of the 1.6 mm diameter tubular 
SOFC prepared without pore former; (b) Initial start-up behavior of the micro 
tubular SOFC.
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where the peak power was obtained was estimated to be 7.5, 31, 56, 
62% for 450, 500, 550 and 570°C furnace temperatures, respectively.

Since cell components were prepared from typical materials, 
these outstanding performances seem to result from the anode 
microstructure favorable for gas diffusion and electrochemical 
reactions. To observe the effect of the fuel gas pressure, the back-
pressure of the fuel gas was varied while keeping the same gas 
flow rate. Figure 4.15 (b) shows the cell power as a function of cur-
rent for various backpressures of the anode gas. Note that results 
in Figure 4.15 (a) were obtained at the backpressure of 0.005 MPa.
As shown in Figure 4.15 (b), the cell power (actual cell power from 
a single cell with a cathode area of 0.35 cm2) at 500°C improved 
about 30%, from 140 to 180 mW when the backpressure increased 
from 0.005 to 0.022 MPa. This result indicates that the performance 
of the cell strongly depends upon the anode side of the cell [27].

High Performance 0.8 mm Diameter Micro Tubular SOFC
Figure 4.16 shows a cross-sectional SEM image of a 0.8 mm diam-

eter micro tubular SOFC. The anode supported tube was prepared 
using a pore former (40 vol.% PMMA) for further improvement of 
the anode microstructure. As can be seen, a crack-free dense elec-
trolyte with a thickness of about 10 m has been successfully pre-
pared on the anode supported tube with uniform porous structure 
(before reduction). Reducing the size of the cell allows effective 
reduction of the cell weight and anode thickness, which decreases 
the gas diffusion path. As shown in Figure 4.16, the thickness of 
the tube was about 175 m with a porosity of about 46% (before  
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Figure 4.15  The performance of the micro tubular SOFC; (a) cell voltage and 
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reduction). As a result, the weight of a single tube became 0.015 g 
per 1 cm tube length (0.06 g per unit electrode area, over 16 cm2 
electrode area/g).

Figure 4.17 shows that a net-shaped structure with high porosity 
was realized after reduction. It appears that the larger pores pro-
vide paths for gas diffusion, with micro pores between particles 
being a triple phase boundary, where electrochemical reactions 

Electrolyte

Anode (tube: 0.8 mmφ)

Cathode

Figure 4.16  A cross-sectional SEM image of the 0.8 mm diameter tubular SOFC 
prepared with 40% pore former (PMMA beads): consists of three layers: cathode, 
electrolyte, and anode supported tube.

Ni

GDC

(b)(a)

Figure 4.17  Microstructure of the anode electrode after cell operation 
(reduced structure) (a) A SEM image; (b) A BS image of the same spot, Ni: dark,  
GDC: light.
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take place. Also well-distributed Ni and GDC particles appeared 
to organize a net-shape structure, which allows sufficient gas dif-
fusion and electrochemical reactions. It is important to note that 
use of doped ceria to an electrolyte and electrodes was proven 
to enhance the performance of the SOFC in reduced temperature 
operation under 600°C [28, 29].

The I-V characteristic and power density of the cell was estimated 
from the area of the cathode and was shown in Figure 4.18 [30]. The 
peak power densities of 273, 628, 1017, and 1294 mW cm2 were 
obtained at 450, 500, 550, and 600°C operating temperature, respec-
tively. The open circuit voltages were dropped from 0.89 to 0.80 V 
as the temperature increased from 450 to 600°C. Compared to the 
previous results obtained for the cell with an electrolyte thickness 
of about 20 m, the voltage drop was shown to be more serious. 
Again, lower OCV of the cell results from the use of the ceria- 
based electrolyte [31, 32], as well as use of a thinner electrolyte. 
Generally, use of thinner ceria-based electrolyte causes a severe 
voltage drop due to the reduction of the electrolyte. Several efforts 
were made to overcome this problem, such as use of an interlayer 
inside ceria electrolyte to block the leak current [33]. On the other 
hand, there is a report that the leak current can be canceled out  
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during cell operation [34]. This means that the efficiency drop due 
to use of the ceria-based electrolyte can be minimized by optimizing 
the design as well as the operating conditions of an SOFC system.

The results of impedance analysis are shown in Figure 4.19. 
Ohmic resistances at 450, 500, and 550°C obtained from imped-
ance analysis were 0.29, 0.15 and 0.09 cm2, respectively. These 
results are slightly higher compared to the literature data that 
were obtained in air atmosphere [28]. Thus, two possible explana-
tions can be made: (1) the electrolyte was partially reduced, which 
could lower OCV on the level of 0.1–0.15 V by increasing electronic 
conductivity, (2) cell temperature increased during operation. 
However, the temperature change seemed to be small and did not 
cause overestimation of the cell performance due to joule and/or 
reaction heats. Use of a small effective cell area (0.13 cm2) seemed 
to help cell temperature to remain as stable as possible.

The results also showed that the micro tubular cell had rela-
tively small electrode overpotential resistances, which corre-
sponded to the size of the semicircle in Figure 4.19. Thus, the 
cell performance can be further improved by reducing the thick-
ness of the electrolyte (which may be difficult due to the severe  
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voltage drop, however) and/or use of materials with higher ionic 
conductivity.

The performance of the cell per weight turned out to be 4.55, 
10.5, 16.9, and 21.8 W g1 at 450, 500, 550, and 600°C, respectively, 
and improvement of the anode microstructure appeared to be very 
effective in improving the cell performance.

4.3.2  Estimation of Current Collecting Loss

Models for Single Micro Tubular SOFC
Because the structure of the micro tubular SOFC is so unique, 

the anode supported tube must also be used as a current collector 
from the anode side (the current is collected from the edge of the 
tube). Thus, the resistance of the anode, typically determined from 
the length, diameter, wall thickness, and porosity, becomes crucial 
and may cause serious performance loss. This likely happens most 
often when the cell resistance becomes significantly low (at higher 
temperature). Therefore, it is significantly important to understand 
the impact of the anode resistance on the cell performance and to 
develop a simulation model which allows further improvement of 
the cell/bundle/stack.

To estimate the performance loss due to current collection meth-
ods from the anode tube, the two following models proposed in 
this study are shown in Figures 4.20 and 4.21, which were consid-
ered from single and double terminal current collecting methods, 
respectively.

(a) Single terminal (ST) model
Figure 4.20 (a) shows the schematic image of a single terminal 

(ST) current collecting method. Current collection from the anode 
side is made from single terminal of the anode tube, while the 
whole area of the cathode was used for current collection from the 
cathode side. Then, the anode tube (length, L; diameter, d; tube 
thickness, t) was divided into N and each of them was assigned to 
an equivalent circuit (highlighted in Figure 4.20 (b)). R1, R2, …, RN 
shown in Figure 4.20 were given by the following equations:
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where Rcell and Rcollector are given as

	  R ASR Acell cell / 	 (4.2)

and

	  R x Acollector collector ( ) , 	 (4.3)

where x, ASR, Acell, Acollector, and  are the width of the sliced 
tube cell (x  L/N), the area specific resistance of the cell, the 
electrode area of the sliced tubular cell (Acell  d x), the cross-
section area of the anode tube (Acollector  t(d  t)), and the con-
ductivity of the reduced anode tube chosen from the literature 
[35], respectively. Values of ASR, area specific resistance of the 
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Figure 4.20  (a) Schematic image of the single terminal current collecting 
method; (b) A model equivalent circuit for the single terminal current collection.
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cell, were chosen from 0.5 Wcm2 @ 0.6 V at 550°C and 0.3 W cm2  
@ 0.6 V at 500°C operating conditions, respectively. In this calcula-
tion, current collecting resistance of the cathode part was assumed 
to be negligible. Performance loss was determined using the fol-
lowing relation:

	 performance loss ( .  R ASR Ld RN N( ))/ 	 (4.4)

Here, RN and ASR/(Ld) are total cell resistance including 
anode resistance, and true cell resistance, respectively.

(b) Double terminal (DT) model
Figure 4.21 (a) shows the schematic image of the double terminal 

(DT) current collecting method. Current collection from the anode 
side is made from both terminals of the anode tube. The anode 
tube was divided into 2N1 and each of them was assigned to an  
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Figure 4.21  (a) Schematic image of the double terminal current collecting 
method; (b) A model equivalent circuit for the double terminal current collection; 
(c) The formula of -Y conversion.
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equivalent circuit (highlighted in Figure 4.21 (b)). R1, Ra1, R2, 
Ra2, Ra2,new … , RN shown in Figure 4.21 were given by following 
equations:
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Total cell resistance including anode resistance can be written as:

	 R R RT N a n  Σ , .2 	 (4.6)

In this calculation, the formula of -Y conversion (Figure 
4.21(c)) was used to simplify the equivalent circuit. Performance 
loss was determined using the following relation:

	 Performance loss R  ( ( )/ ,R ASR LdT T 	 (4.7)

where ASR/(Ld) is true cell resistance.

Results of Calculation
Figure 4.22 shows the calculated performance loss in Eqs. 4.4 

and 4.7 as a function of the number of divisions N for the ST model 
and 2N1 for the DT model, respectively, using the operating con-
dition of 0.5 W cm2 at 550°C. It was shown that the performance 
loss saturates when the number of division is over 100 and, thus, 
the values of N  1000 for the ST model and 2N1  1024 (N  11) 
for the DT model were selected for further calculation.

Figure 4.23 shows performance loss as a function of anode tube 
length (L) using the ST and DT models for (a) 1.6 mm and (b) 0.8 mm 
diam. tubes at 550°C, (c) 1.6 mm and (d) 0.8 mm diam. tubes at 500°C, 
respectively. A dashed line was drawn at 3% performance loss, which 
is considered to be the limit for practical use. As can be seen, the per-
formance loss increased as the tube length increased due to increased 
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anode resistance as a current collector. In addition, the performance 
loss increased at higher operating temperature due to two reasons, 
according to Eqs. 4.4 and 4.7, decreased cell resistance (increased 
power density) and increased anode tube (metallic) resistance.

Comparison of the two models (ST and DT) clearly shows the 
advantage of the DT current collecting method. At each anode 
tube length, the performance loss obtained from the DT model was 
about 2–4 times lower than that obtained from the ST model. The 
DT model becomes more effective when the operating temperature 
and the tube length increase.

Figure 4.24 shows performance loss as a function of anode tube 
thickness (t) for 1 cm length cells (a) 1.6 mm and (b) 0.8 mm diam. 
tubes at 550°C, (c) 1.6 mm and (d) 0.8 mm diam. tubes at 500°C, 
respectively. The thickness of the anode tube does also strongly 
affect the performance loss, especially for 0.8 mm diam. tubular 
SOFCs. As shown in Figure 4.24, the DT current collecting method 
is also effective for reducing the loss caused by changing the thick-
ness of the anode tube. It appears that the performance loss was 
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estimated at over 3% at 550°C operating temperature for actual 
experimental conditions (1.6 mm diam. cell with t  0.4 mm), 
while the loss can be negligible under 500°C operating tempera-
ture using the DT current collecting method.

From these calculations, it was shown that the following can be 
effective in decreasing the loss: (i) decreasing operating temperature,  
(ii) increasing anode thickness, (iii) increasing conductivity of the 
anode (less porous structure), and (iv) decreasing electrode length. 
Since (i) and (iii) sacrifice the performance of the cell, (ii) and/or 
(iv) are considered to be more effective. Thus, it was shown that the 
selection of the anode tube length and current collecting method is 
crucial to minimize the performance loss. This simulation can be 
useful and beneficial for designing the cell stacks and modules.

4.4  Bundle and Stack Design for Micro 	
Tubular SOFCs

4.4.1  �Fabrication and Characterization of Micro 	
Tubular SOFC Bundle

Micro Tubular SOFC “Cube” Concept
Figure 4.25 shows the concept of micro tubular SOFC bundles 

and stacks designed for mass production. The micro tubular SOFC 
bundle consists of micro tubular SOFCs and supports which were 
prepared from cathode materials. This cathode support, cathode 
matrix, contains several grooves to hold micro tubular SOFCs and 
allows simple accumulation of micro tubular SOFCs. Then, the 
cubes can be easily integrated to be a stack after applying gas seal 
layers and current collecting layers as shown in Figure 4.25.

The cathode matrix has three roles: (i) collecting current, (ii) 
supporting micro tubular SOFCs, and (iii) providing gas (air) flow 
paths. Therefore, optimization of the cathode matrix microstruc-
ture to obtain sufficient electrical conductivity and gas perme-
ability is most important in realizing sufficiently high volumetric 
power density (2 W cm3).

Fabrication of the Cathode Matrix
Fabrication procedure of the cathode matrix is shown in Figure 

4.26. The cathode matrix was made from LSCF powder (Daiichi 
Kigenso Kagaku Kogyo Co., Ltd.), poly methyl methacrylate beads 
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(PMMA) and cellulose (Yuken Kogyo Co., Ltd.). Three different 
particle sizes of the LSCF powders (0.05, 2, and 20  m, respec-
tively) were used to investigate the effect on the microstructure 
as well as the electrical property. These powders were mixed and 
extruded from a metal mold using a screw cylinder-type extruder 
(Miyazaki Tekko Co., Ltd.). The microstructure of the cathode 
matrices was controlled by changing the amount and diameter of 
the pore former, the grain size of the starting LSCF powder, and 
the sintering temperatures [25].

For connecting tubular SOFCs and cathode matrices, a bond-
ing paste was used, prepared by mixing an LSCF powder, a binder 
(cellulose), a dispersant (polymer of an amine system), and a sol-
vent (diethylene glycol monobutyl ether). The paste was screen-
printed on the surface of the cathode matrix, followed by the 
placement of the tubular cells and sintered at 1000°C for 1 h in air.

Gas Permeability and Electrical Conductivity of  
the Cathode Matrix

The gas penetration test of the cathode matrices was conducted 
using the experimental setup shown in Figure 4.27. The gas pres-
sure was applied to one side of the sample, and the amount of 
penetrated gas was measured using a soap film flow meter. The 
cathode matrices of foursquare plates of 2.5 mm thick without the 
grooves were used for this measurement. The electrical conductiv-
ity of the cathode matrices was investigated by using a DC power 
supply (ADVANTEST R6234) and a digital multimeter (KEITHLEY 
2700) in a DC 4 point probe measurement. The Ag wire was used 
for four terminals, which were fixed by Ag paste.

Air
gasket

Sample

Sample holder Film flow meter

Figure 4.27  The experimental apparatus for measuring gas penetration.
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Table 4.1 summarizes the properties of the cathode matrices 
prepared from different LSCF powders with grain sizes 0.05, 2, 
and 20 m, and each sample was named as LSCF0.05, LSCF2, and 
LSCF20, respectively. As can be seen, the microstrucure of the 
cathode matrix can be effectively controlled by changing the grain 
size of the starting cathode material. The porosity varied from 
60–78%, corresponding to the variation of gas permeability from 
8.5  106–6.2  104 mL cm cm2 sec1 Pa1. The electrical con-
ductivity at 500°C was lowered to 49 S cm1 for the sample with 
the highest porosity (bulk conductivity  over 300 S cm1 [36]).

Figure 4.28 shows the relationship between maximum gas flow 
obtained in the cathode matrices under given pressure differences 
(0.01–0.03 MPa) and the gas permeability for samples in Table 4.1. 
As can be seen, under a given pressure difference, only LSCF20 
can be used to obtain sufficient gas (air) flow to achieve 2 W cm3 
(dashed line in Figure 4.28), assuming that air utilization is 30%. 
These results suggest that an air compressor may be needed to feed 
air when LSCF2 and LSCF0.05 are used for 2 W cm3 operation.

Fabrication and Performance of the Cube-type SOFC Bundle
A cube-type SOFC bundle of 1  1  1 cm was fabricated by 

arranging nine anode tubes in 3  3 configuration (2.0 mm diameter 
SOFC) and cathode matrices of LSCF20. Figure 4.29 (a) shows the 
appearance of the cube-type SOFC bundle using the preparation 
method as shown in Figure 4.26, which allows simple fabrication 
of highly accumulated bundles. By applying a current collector, gas 
seal and gas manifold, the bundle performance was investigated. 
Figure 4.29 (b) shows the performance of the micro tubular SOFC 

Table 4.1  Properties of the cathode matrices prepared from different grain size 
LSCF powders.

LSCF0.05 LSCF2 LSCF20

Grain size of LSCF (mm) 0.05 2 20

Porosity (%) 60.7 68.6 78.2

Gas permeability (mL cm22 sec21 Pa21) 8.5 3 1026 8.4 3 1025 6.2 3 1024

Conductivity (S/cm) 139 108 49
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bundle obtained at a 550°C operating temperature, obtained 2.1 W  
@ 0.7 V at 550°C [37]. Lower OCV of 0.85 V could be related to the 
increase of cell temperature in the cube because of high current 
flow over 5 A in the 1 cm3 of the cube bundle. However, over 2 W 
@ 0.7 V of the bundle performance at 550°C operating temperature 
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Figure 4.28  Possible gas flow rate in the cathode matrices as a function of gas 
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estimated for LSCF0.05, LSCF2, and LSCF20, respectively. Dashed line shows the 
gas flow rate needed to achieve 2W/cm3 performance at 30% air utilization.

0.1

0

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.5

0
0 2 4 6

Current (A)(b)(a)

P
ow

er
 (

W
)

V
ol

ta
ge

 (
V

)

1

1.5

2

2.5

3

3.5

4

4.5

550°C
Fuel: H2

Figure 4.29  “Cube” bundle performance obtained at 550°C operating 
temperature.



172	 4.  DEVELOPMENT OF FABRICATION	
was achieved. Currently, simulation was conducted for the analysis 
of temperature distribution in the cube during operation, and opti-
mization of the bundle design is under consideration.

4.4.2  �Fabrication and Performance of the Cube-Type 	
SOFC Stack

Since the single cube bundle can generate more than 2 W @ 0.7 V 
at 550°C, the current collection loss could have a significant impact 
on the performance of the SOFC bundle, since the electrical conduc-
tivity of the cathode matrix is as low as 59 S cm1 (Table 4.1) [25].  
Thus, alternative bundle/stack design may be beneficial for highly 
efficient small SOFC systems and a new stack design was proposed 
to obtain higher OCV (and lower current flow) by utilizing present  
bundle fabrication technology. A schematic image and a photo of 
the stack made of three SOFC bundles are shown in Figure 4.30. 
Each bundle consists of three tubular SOFCs and the cathode mat
rix. Since each bundle has current collectors for the anode (attached 
on the top of the bundle) and for the cathode (whole bottom area of 
the bundle) as shown in Figure 4.30 (a), it allows simple assembly 
of the bundles in a series electrical connection to make a stack. The 
volume of the stack turned out to be about 1 cm3.

The stack performance test was conducted using the experimen-
tal setup shown in Figure 4.31. Thermocouples were placed at the 
inlet and outlet of each gas, and at the bottom of the stack. The dis-
charge characterization was investigated by using a Parstat 2273 
(Princeton Applied Research) in DC 4 point probe measurement.  

(a) (b)

3 bundle stack

Ag sheet

Current collector

Insulator

Figure 4.30  (a) A schematic image of the tubular SOFC stack (3 bundles in 
series) and (b) an image of actual tubular SOFC stack with the volume of 1 cm3.
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The Ag wire was used for collecting current from the anode and 
cathode sides, which were both fixed by Ag paste. Hydrogen 
(humidified by bubbling water at room temperature) was flowed 
at the rate of 100 mL min1 and the air was flowed at the rate of 
1000 mL min1 at the cathode side.

Figure 4.32 shows initial startup behavior of the stack at 385°C 
stack temperature. As can be seen, even at under 400°C, the stack 
can be started without reducing anode at higher temperature, and 
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T.C.

Gas in Gas out

4. Air out 3. Air in
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Top viewSide view Cube stack
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Figure 4.31  Experimental setup for stack performance test.
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showed over 2.8 V after about 10 min. Maximum OCV obtained in 
this stack (three bundles in series connection) was 2.85 V.

Figure 4.33 shows the performace of the stack, with a volume of 
about 1 cm3. The maximum output powers of 0.3, 0.44, 1.0 W were 
obtained for 385, 423, and 484°C stack temperatures, respectively. 
These results indicated that a portable SOFC system operable under 
500°C can be realized using the developed tubular SOFC stacks. 
Total electrode area of the tubular SOFCs is 5.65 cm2, and thus, the 
power density of 0.18 W cm2 was obtained at 484°C operating 
temperature. In fact, this was lower than that of the single cell, so 
further improvement of the stack performance can be expected by 
optimizing gas flow rates, interfacial resistance between the tubu-
lar SOFC and the cathode matrix, as well as improving the cathode 
matrix and sealing technology.

Currently, integration technology of the tubular SOFC bundles is 
being examined to obtain higher output voltage. Figure 4.34 shows 
the design of a 72 V output stack module with the volume (exclude 
manifold) of 30 cm3 stack volume, which is expected to produce 
30 W @ 48 V maximum output under 500°C operating temperature. 
This bundle design allows stacks to perform any output power 
and voltage, and therefore, use of the SOFC bundles for stack fab-
rication could be useful, especially for portable SOFC systems.
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Finally, we would like to comment on potential problems in the 
development of the micro tubular SOFC systems. For practical 
realization of the micro tubular SOFC system, further investiga-
tions of the tubular cells and the bundles are necessary to gain the 
knowledge necessary for understanding the following issues:

(a)	 Stack design (manifold design)
	(b)	� Thermal distribution in the stack and thermal management 

(simulation)
	(c)	� Gas pressure loss in the stack/system and optimization of  

gas flow
	(d)	 Fuel utilization
	(e)	 Current collecting loss from the cathode matrix
	(f)	 Sealing technology

These design challenges are the focus of ongoing detailed 
investigations.

4.5  Concluding Remarks

In this chapter, the recent development of fabrication/integration 
technology for micro tubular SOFCs was shown; the tubular cells 
with diameters of 0.8–1.8 mm were successfully prepared by a newly 
developed preparation method. This technique gives the freedom 
to design the anode microstructure (supported tube), which was 
shown to be important for the improvement of cell performance.

Inter
connect

Fuel
Air

(a) (b)

5 stack module (stack 30cc � manifold)18 bundle stack (stack 6cc � manifold)

Manifold

14.4V output
72V output

Figure 4.34  Schematic images of stacks and modules using the tubular SOFC 
bundles.
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New bundle design for accumulating micro tubular SOFCs 
was also proposed and fabricated using a cathode material. The 
proposed structures (cathode matrices) acted as supports of the 
tubular cells, current collectors, and air gas paths, which needed well- 
controlled microstructure. The bundle performance was shown to 
be over 2 W cm3 @ 0.7 V at 550°C operating temperature.

In addition, a new stack design using the tubular SOFC bundle 
was proposed and fabricated. The performance was shown to be 
2.8 V (OCV) and 1 W @ 1.6 V under 500°C operating temperature 
with the stack volume of about 1 cm3.

A number of potential problems regarding the fabrication of 
micro tubular SOFC systems were addressed. Further accumulation 
of the tubular SOFC bundles needs to be considered to obtain stacks 
with higher output voltage and power at various operating temper-
atures. Development of sealing technology and design techniques 
including thermal management, optimization of gas manifold, and 
so on is also currently underway.

The newly developed micro SOFC bundle/stack could be a 
promising candidate for advanced SOFC applications.
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This chapter details the development of enzymatic biofuel 
cells over the last four decades. The chapter compares enzymatic 
biofuel cells to traditional fuel cells and discusses the types of 
enzymes employed at the anode and cathode of biofuel cells, along 
with strategies for immobilization of those enzymes at electrode 
surfaces. A detailed comparison of mediated electron transfer and 
direct electron transfer, along with discussion of the advantages 
and disadvantages of both types of electron transfer mechanisms 
are discussed. Finally, this chapter describes the importance of 
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metabolic pathways in enzymatic biofuel cell development and 
fuel cell design and engineering issues for enzymatic biofuel cells.

5.1  Introduction and Background

Global energy demands continue to increase every year. Although 
fossil fuels meet present energy demands, pollution and global 
warming concerns are causing an increase in a search for alterna-
tive energy sources [1]. As energy demands continue to increase, 
research is being directed toward alternative energy sources that 
will be more sustainable, better for the environment than fossil 
fuels, and able to meet current and future power demands [1–3].

Currently, electrochemical devices, which convert chemical 
or light energy directly into electrical energy, are being heavily 
researched [4]. There are three types of these devices: batteries, 
fuel cells, and solar cells [4]. Batteries are electrochemical devices 
that contain fuel inside of the compartment and allow a reaction 
to take place at the anode and the cathode [3]. A fuel cell is analo-
gous to a battery except the device contains the fuel outside of the 
reaction compartment. Batteries are recharged electrically, whereas 
fuel cells can be recharged by adding additional fuel [3]. A solar 
cell uses light which is converted into electrical energy [4].

There are two different types of batteries: primary and second-
ary. The primary battery cannot be recharged due to irreversible 
chemical reactions which produce electricity [5]. Alkaline batter-
ies, like silver oxide/zinc, carbon/zinc, manganese oxide/zinc, 
and mercury oxide/zinc, are all examples of primary batteries [5]. 
The secondary battery is reusable and rechargeable by application 
of an external power source after it is discharged [5]. Recharge 
occurs by reversible chemical reactions. Nickel-cadmium, lithium-
ion, lead-acid, and nickel-metal-hydride batteries are all examples 
of secondary batteries [5]. Since batteries contain their reactants 
inside their reaction compartments, they will eventually expire 
when they have reacted away all of the reactants. Secondary bat-
teries are plagued by hysteresis, which limits their ability to be 
recharged to their original state [5]. Hysteresis is a cumulative pro-
cess that degrades battery performance over time. The deficiency 
of primary and secondary batteries can be overcome by using fuel 
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cells, which continue to produce power as long as fuel is being 
added to them.

William Grove demonstrated the first hydrogen fuel cell in 1839 [5].  
Fuel cells were first developed for use in space vessels, as their 
energy demand could not be delivered by traditional batteries. 
Electrical power was needed in order to run equipment collecting 
the scientific data in space and transmitting the data back to earth. 
The demand of the spacecraft and equipment was at least 200–300 
hours of constant power delivery, but batteries lasted, on average, 
up to 30 hours [5]. Fuel cells attracted the attention of research-
ers worldwide due to their potentially high efficiency. Fuel cells 
find their use in very diverse areas, but they can be categorized 
by their power output capacity, electrolytes utilized, and lifetime. 
The following chart, shown as Table 5.1, compares the six types of  
traditional fuel cells [5].

Both batteries and fuel cells contain two electrodes that are in 
contact with an electrolyte solution [3]. In a conventional fuel cell, 
fuel is oxidized at the anode to produce electrons, which flow 
through an external circuit where a load is applied. The electrons 
are then transferred to the cathode where they are used, along 
with free protons, to reduce oxygen to water.

Traditional fuel cells employ expensive, nonrenewable metal 
catalysts which oxidize many fuels including hydrogen gas, meth-
ane, and alcohols [5]. These metal catalysts are nonselective [5, 6]. 

Table 5.1  Comparison of the six types of traditional fuel cells.

Fuel Cell Type Mobile Ion
Operating 

Temperature

Alkaline (AFC) OH 50–200°C

Proton exchange membrane (PEMFC) H 30–100°C

Direct methanol (DMFC) H 20–90°C

Phosphoric acid (PAFC) H 220°C

Molten carbonate (MCFC) CO3
2 650°C

Solid oxide (SOFC) O2 500–1000°C
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Generally, they suffer from poor efficiency due to the passivation 
or poisoning of the catalysts from crossover of fuel through the 
polymer electrolyte membrane (PEM), fuel impurities, and diffi-
culty in miniaturizing and stacking the technology.

There are a few different types of traditional fuel cells. The alka-
line fuel cell contains concentrated KOH or NaOH as the electro-
lyte and is used for low-temperature applications. This type of fuel 
cell must stay hydrated with water. If the water evaporates faster 
than it is produced at the cathode, the PEM dehydrates and is 
unable to ion exchange. Phosphoric acid fuel cells use concentrated 
phosphoric acid as their electrolyte, which causes the water vapor 
pressure to decrease, reducing the problems associated with water 
maintenance inside of the cell. Phosphoric acid fuel cells operate 
efficiently only at high temperatures. Molten carbonate fuel cells 
contain an electrolyte that is a combination of alkali carbonates 
such as Na, K, and Li. These are retained in a ceramic matrix of 
LiAlO2. Molten carbonate fuel cells operate at very high temper-
atures. Another type of fuel cell is the solid oxide fuel cell. This 
type of fuel cell contains an electrolyte that is a solid, nonporous 
metal oxide. Solid oxide fuel cells can operate at even higher tem-
peratures than the molten carbonate fuel cell [7]. These different 
classes of fuel cells have different applications due to their various 
properties.

Like traditional PEM fuel cells, biofuel cells consist of an anode 
and cathode separated by a membrane [8]. The difference is that 
biofuel cells eliminate the dependence on precious metal catalysts 
by replacing them with biological catalysts. Biofuel cells can be 
categorized as microbial fuel cells and/or enzymatic biofuel cells. 
Microbial fuel cells utilize living microorganisms to oxidize the 
fuel, whereas enzymatic fuel cells employ isolated enzymes.

The first microbial fuel cell was demonstrated in 1912 by Potter 
who used yeast fed with glucose to produce electrical energy [8, 9]. 
Microbial fuel cells have certain advantages over enzymatic fuel 
cells; by utilizing the whole microorganism, this eliminates the need 
to isolate enzymes [10]. This allows the microorganism to work 
efficiently since the enzymes are able to live in their natural envi-
ronment [10]. Also, the use of microorganisms allows biofuels to 
be more thoroughly oxidized [1]. This is attributable to the micro-
organism which contains all the enzymes necessary to partially  
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or fully oxidize biofuels. This property increases the energy effi-
ciency and specific energy density of the fuel cell as well as ensur-
ing there are no toxic byproducts for disposal. Research has 
shown that microbial fuel cells have lifetimes up to five years [11]. 
Unfortunately, microbial fuel cells suffer from low volumetric cat-
alytic activity of the whole organism and low power densities due 
to slow mass transport of the fuel across the cell wall [12, 13].

Fifty-two years after the first microbial fuel cell was demon-
strated, the enzyme-based biofuel cell was established [14]. A sche-
matic of a biofuel cell is shown in Figure 5.1. The development of 
the enzymatic biofuel cell eliminated the fuel transport problems 
that caused low power densities in microbial fuel cells. Using iso-
lated enzymes also allows for greater specificity of biofuels. Despite 
the benefits of the enzymatic biofuel cell, there are drawbacks. These 
include short lifetimes and incomplete oxidation of the biofuel [11]. 
Advances in research are leading to solutions of these issues.

Isolated enzymes are attractive catalysts for fuel cells due to 
their high catalytic activity and selectivity. One significant prob-
lem associated with the biofuel cells, however, is that although the 
electron supply is readily produced by the enzymes, it cannot be 
exploited unless the electrons can be transferred to the electrode. 
To eliminate this issue, the use of mediators has been employed. 
Mediators, typically organometallic complexes or organic dyes, are 
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Figure 5.1  Schematic of a PEM biofuel cell [151].
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responsible for transferring the electrons from oxidized fuel to the 
surface of the electrode [11]. Many traditional mediators are dyes. 
Dyes are large complex aromatic molecules that have the ability 
to undergo oxidation and reduction in much the same way metal 
bipyridines do. Some popular dye mediators that are currently 
being used are methylene green, neutral red, and methylene blue.

Mediators are utilized along with cofactors. Cofactors are mol-
ecules that transfer charge between the enzyme and the mediator 
or current collector, thereby allowing the charge to be used to cre-
ate a flow of current. A mediator is a molecule that can easily and 
reversibly switch between oxidation states, so that cofactor can be 
regenerated. The most common cofactors found in biofuel cells are 
nicotinamide adenine dinucleotide (NAD), nicotinamide ade-
nine dinucleotide phosphate (NADP), pyrroloquinoline quinine 
(PQQ), and flavin adenine dinucleotide (FAD). These molecules are 
reduced when the substrate molecule is oxidized by the enzyme.

The small molecule mediators must either be dissolved into the 
fuel solution or co-immobilized into the enzyme immobilization 
membrane. If co-cast into the membrane, they tend to leach out, so 
extra mediator must be added to the fuel solution. However, it is 
undesirable to have substances other than oxidized fuel and water 
in solution due to the expense and the environmental impact of 
treating the waste.

Enzymes are extremely complex biomolecules. Enzymes are 
proteins and their three-dimensional structure is vital to their abil-
ity to catalyze a reaction. The three-dimensional structure typi-
cally contains an active site for the substrate (fuel) to dock [152]. 
If the active site changes geometry (even slightly), the fuel will 
neither dock nor react as shown in Figure 5.2. The complex struc-
ture of the enzyme is fragile, so that if a sample of pure enzyme 
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Figure 5.2  Lock and key model [152].



186	 5.  Enzymatic biofuel cells	
is allowed to reach room temperature or higher, it will begin to 
denature. Denaturing/unfolding destroys the three-dimensional 
structure of the enzyme, so it no longer has an intact active site for 
catalysis. Denaturing can occur with high temperatures, extreme 
pHs, or by interactions with some solvents.

When enzymes were first applied to an anode in their free form, 
they only lasted a few hours before denaturing [15]. Previous bio-
fuel cells used enzymes contained in solution rather than enzymes 
immobilized in polymers on the electrode surface [15]. This tech-
nique only allowed the enzymes to be stable for a couple of days. 
Recent research has focused on finding novel immobilization 
techniques which keep the enzymes intact and prolong their life-
time. There are three commonly used techniques for immobilizing 
enzymes: “wired,” sandwich, and entrapment.

Along with enzyme immobilization techniques, cell design and 
catalyst support are widely studied topics. Good fuel cell design 
and engineering is essential to achieve optimal performance with 
any PEM-based fuel cell. Many biofuel cells are also PEM-based 
and contain gas diffusion cathodes allowing them to benefit 
from the performance gains achieved from cell design and engi-
neering optimization. High surface area catalyst supports, such 
as carbon black and carbon nanotubes, have traditionally been 
used in hydrogen and direct methanol fuel cells (DMFCs). They 
have also led to large performance increases in biofuel cells [16]. 
Both design and catalyst support optimizations lead to enhanced 
power outputs that approach other fuel cell technologies such as 
direct methanol and direct alcohol fuel cells that contain precious 
metal catalysts. As energy demands increase, researchers have 
been trying to develop technologies that can efficiently meet these 
demands, while making minimal impact on the environment and 
keeping the cost of these technologies low.

5.2  Similarities and Differences to Traditional 
Fuel Cell Catalysts

One of the fundamental aspects of fuel cell technology is the use of 
various catalysts. Catalysts serve to effectively speed up a chemical  
process yet will not undergo any permanent chemical change 
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while doing so. They are not consumed in a reaction; however, the 
surface of some solid catalysts may physically change by becoming 
roughened or brittle. This indicates that the catalyst participates in 
the reaction process but is being regenerated [17, 18].

A catalyst’s participation in a reaction is solely to increase the 
rate at which it progresses, not how much product is generated. 
They accomplish this by working in one of two different reaction 
schemes: homogenous or heterogeneous. Homogenous catalysis 
exists within a homogenous mixture, or a mixture that contains 
the catalyst, reactants, and products all throughout the solution. 
All aspects of the reaction exist in the same physical state or phase 
with one another [17, 18].

In contrast, heterogeneous catalysis is unique in that the cata-
lyst is present in a different phase of matter from the reactants and 
products. This type of catalysis is used in many important indus-
trial processes and usually involves the activity of gases or liquids 
on the surface of a solid catalyst. The heterogeneous catalyst’s 
purpose is to attach, or adsorb, the reactants from a gaseous or liq-
uid phase on its surface. The advantage of heterogeneous cataly-
sis is the catalysts can be used repeatedly. Once the reactants are 
adsorbed, they move along the surface via diffusion and dock on 
an active site. The product is generated upon the catalyst, under-
goes desorption, and is released back into solution. In heteroge-
neous catalysis, catalytic activity is associated with many transition 
metal elements and their compounds. The precise mechanism of 
heterogeneous catalysis is not totally understood, but it has been 
proposed that the availability of electrons in the d orbitals in the 
surface atoms may play a role [17].

In conventional fuel cells, heterogeneous catalysis is most com-
mon using various precious metals as the catalyst. These metals 
act as the solid catalyst required for heterogeneous catalysis, thus 
remaining in a separate physical state from the rest of the solution. 
These types of catalysts are used for fuel cells, employing the fol-
lowing fuels: methanol, ethanol, hydrogen, and other alcohols [19].

5.2.1  Metals as Catalysts

Metals are chosen to function as catalysts in fuel cells due to their 
multifaceted molecular orientations. These facets serve as active 
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sites for rapid and efficient oxidation and reduction reactions. 
Each metal has its own unique structure and chemical properties. 
This gives metals some aspect of selectivity for certain fuels. For 
example, the facets of gold crystals in particular have been found 
to be specific for oxidation of intermediate alcohol oxidation prod-
ucts such as carbon monoxide to carbon dioxide and water. On the 
other hand, gold is not considered useful in the electro-oxidation of 
lower alcohols such as methanol or ethanol. It can only play a part 
in methanol oxidation if it is blended homogenously with a group 
VIII noble metal, or heterogeneously blended for ethanol oxidation 
[19]. Another reason metals are used in catalysis is due to their easy 
adaptation for specialization by the infusion of various precious 
metals with other more affordable metals as alloys. As alloyed 
metals are put into the cell, they tend to work in conjunction with 
each other to form more specialized catalysts. The faceted structure 
is changed when creating an alloy, thereby giving the catalyst an 
advantage over a standard metal alone, as well as generating a cat-
alyst that has a specifically refined active site surface for reactions. 
Precious metals in particular are the most common types of metals 
used in fuel cells due to their lower oxidation rates relative to the 
more inexpensive metals such as copper [19, 20].

5.2.2  Metals Used in Hydrogen and Direct Methanol Fuel Cells

Most hydrogen and DMFCs employ the precious metal platinum 
as a catalyst. In a DMFC, carbon monoxide is a problematic passiv-
ation impurity, so for the methanol cell, platinum is the catalyst of 
choice due to its limited passivation by hydrogen or oxy-hydroxy 
adsorbates on the surface. Different metals have been sought for 
DMFCs, yet research shows that platinum, or platinum-based cat-
alysts, are the only effective catalysts for the electro-oxidation of 
methanol [20].

Another type of fuel cell technology that scientists are develop-
ing for future use in automotive applications is the hydrogen fuel 
cell. Hydrogen fuel cells use PEMs, with a platinum catalyst at 
both the anode and the cathode. However, the use of pure plati-
num poses a problem for the efficacy of its operation. Although 
platinum is effective as a catalyst, its affinity for poisoning reduces 
efficiency and creates a more expensive product turn-around for 
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the industry. Additionally, a platinum oxide layer forms on the 
electrode surface, dramatically slowing the reaction rate, causing 
eventual electrode failure [21, 22]. The electrode’s durability is 
compromised and the lifetime of the fuel cell is weakened.

5.2.3  Alloys

The transfiguration of precious metals with other metals as 
alloys can customize the electrode interface for synergistic results 
and improved reactions. These catalysts have the potential to 
lessen the effects of poisoning through oxidation and material 
loss. Also, the introduction of other transition metals as a blend 
reduces the cost of electrodes. For example, recent advances in the 
hydrogen fuel cell include a platinum-nickel (Pt-Ni) or platinum-
cobalt (Pt-Co) alloy as an improved catalyst [22]. This technique 
works by creating a platinum “skin” atop either a Pt-Ni or Pt-Co 
alloy. The alloy coated with the platinum “skin” has been shown 
to improve cathode performance. This alloy has decreased catalyst 
poisoning by activating the encased Ni molecules which inhibit 
the formation of an oxide layer [22]. Researchers identified the Pt-
Ni alloy configuration Pt3Ni(111) as displaying the highest oxygen 
reduction reaction activity detected on a cathode catalyst, which is 
ten times better than a single crystal surface of pure Pt(111), and 90 
times better than the Pt-C catalysts which are currently used [22].  
Platinum alone or nickel alone is not durable enough to handle 
oxidation, yet when combined, they create an advantage over 
other potential catalysts. By using an alloy, it is possible to develop 
smaller electrodes, thereby reducing cost and increasing efficiency. 
Other alloy combinations with platinum such as titanium, vana-
dium, chromium, manganese, molybdenum, and rhenium have 
shown DMFC enhancement, with ruthenium exhibiting optimal 
performance enhancement [20].

Although precious metals are more resistant to oxidation than 
other transition elements such as copper or tin, they still exhibit 
weaknesses that affect the fuel cell’s performance. In a DMFC, a 
platinum-tin alloy solves passivation issues when blended. The 
responsibility of tin in this relationship is to catalyze the removal 
of the surface poison generated during methanol electro-oxidation. 
This type of alloy has proven useful in ethanol fuel cells as well [23].  
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In certain ethanol fuel cells, precious metals are blended with car-
bon dioxide absorbing ceramics to reduce passivation. This blend 
is also quite heat tolerant, which gives hope for future automotive 
developments [22–24]. Developments for general fuel cells include 
the use of gold nanoparticles on the surface of pure platinum [21]. 
Gold is also an inert element, not participating in the chemical reac-
tion, thereby boosting a catalyst’s durability. Using a small dusting 
of gold nanoparticles upon a platinum catalyst’s surface reduces 
the risk of platinum oxidation by creating a protective coating 
on it. This increases the cell’s lifetime and overall activity [21]. 
Metal blends have shown in lab tests to be superior to precious 
metals alone, therefore alloys are pertinent to fuel cell durability  
and lifetime [21–23].

5.2.4  Disadvantages of Metal Catalysts

Although precious metals have unprecedented activity when 
used as catalysts in fuel cells, their use in modern times has 
become somewhat antiquated in comparison to newer, more versa-
tile techniques. These new techniques shed light on the inadequa-
cies of metal catalysts, and improve upon the problems associated 
with them.

One of the predominant disadvantages of metal catalysts is the 
high price of large scale production. Presently, the price of plati-
num is upwards of about $36,000 per kilogram. Similarly, the price 
of gold, copper, and other catalytic metals fluctuate with market 
demand. When metals are employed as catalysts and undergo oxi-
dation loss, they need to be replaced. Since availability is limited, 
the continual replacement of precious metal catalysts poses the 
problem of high replacement costs and rapid resource scarcity [21].

Another focal disadvantage that occurs with the use of metal 
catalysts is the easy passivation that occurs in the presence of 
impurities. The surface of the solid catalyst is susceptible to 
adsorption by the impurity rather than the needed reactant, 
thereby eventually rendering the catalyst inactive. This vulnerabil-
ity leads to catalyst poisoning and ultimately a replacement is nec-
essary [17, 20].

Metals cannot adapt to fuel cell problems that arise without phys-
ical interception via transfiguration. Their use is very specific for 
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particular fuels as well, creating a need for multiple types of met-
als that need to be examined for their maximum power potential. 
Modern research involves the use of more selective biological mate-
rials to replace the use of the more expensive, problematic precious 
metals. Proteins such as enzymes have active, biological selectivity 
that a material such as a transition metal cannot compete with.

5.3  Enzymatic Bioelectrocatalysis

In general, catalysts stabilize the transition state relative to the 
ground state, and this decrease in energy is responsible for the 
rate acceleration of the reaction. Platinum-based catalysts are uti-
lized in current fuel cell technology to facilitate oxidation of fuels  
(e.g., hydrogen gas, methane, and methanol) in the electrochemical 
cell. Biofuel cell technology employs nontraditional fuels (ethanol,  
carbohydrates, and fatty acids) along with nonconventional bio-
catalysts (enzymes).

Living organisms are able to undergo metabolism due to the 
enzymes contained within the cells. Enzymes are composed of 
numerous complex proteins that are produced by living cells and 
catalyze specific biochemical reactions while not being consumed 
themselves [25]. The majority of enzymes have optimal reaction 
kinetics around 37ºC. Since enzymes are extremely efficient cata-
lysts, do not experience surface passivation effects in the presence 
of impure fuels, and do not experience the diffusional limitations 
associated with transport of fuel across cell membranes in whole 
cells, recent research has focused on the possibility of building fuel 
cells with enzymes as catalysts (biofuel cells) [26].

5.3.1  Enzymes as Biocatalysts

Enzymes display a number of remarkable properties when com-
pared with other types of catalysts such as high catalytic power, 
specificity, and the extent to which their catalytic activity can be 
regulated. Enzymes decrease the activation energy necessary for 
reactions to take place and can be extremely selective when used 
as biocatalysts. The interaction with the substrate can be highly 
specific to that substrate alone, thus avoiding interferences with 
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other substances [27]. Enzymes can have molecular weights of 
several thousand to several million, yet catalyze transformations 
of molecules as small as carbon dioxide or nitrogen. The catalytic 
effects of enzymes can increase the rate of a reaction by as much 
as 1014 the normal rate [28]. Most enzymes are highly specific both 
in the nature of the substrate(s) they utilize and the reaction they 
catalyze.

5.3.2  Enzyme Isolation

Enzymes along with other biocatalysts (organelles, proteins, 
DNA, etc.) are derived from natural sources (animal and plant 
tissues and microorganisms). Natural sources are renewable and 
more cost effective when compared to traditional heavy metal 
catalysts used in fuel cells. Generally, natural sources produce low 
quantities of enzymes due to the fact that their systems are not 
optimized for overproduction/elevated levels of enzymes. Often 
the gene for the desired enzyme can be transferred and over-
expressed in wild type or recombinant microorganisms by the 
manipulation of the transcriptional, translational, and post-transla-
tional processes that influence the yield of active enzyme. This can 
be achieved with and without genetic engineering methods [29].

Enzymes of interest must be isolated to the desired purity for 
their application as a biocatalyst. Purification of extracellular 
enzymes is much simpler when compared to intracellular (mem-
brane bound) enzymes, as extracellular enzymes can be iso-
lated directly from the growth media without disrupting the cell. 
Membrane bound enzymes require cell lysis and subsequent sam-
ple preparation techniques before the enzyme of interest can be 
further purified [29].

All purification schemes include some form of chromatogra-
phy following sample preparation and extraction. Most purifica-
tion schemes require multiple steps in order to achieve the purity 
required of the sample. For any purification scheme, in order to 
maximize enzyme yield, it is desirable to develop a scheme that 
has minimal steps and the simplest design due to product loss 
with each step. As enzymes are comprised of proteins, the physi-
cal and chemical properties of proteins (and the amino acids they 
are comprised of) can be exploited in developing purification 
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schemes. Protein properties and the corresponding type of chro-
matography used during purification include charge-ion exchange 
chromatography, size-gel filtration, hydrophobicity-hydrophobic 
interaction/reverse phase chromatography, and biorecognition 
(ligand specificity)-affinity chromatography [29]. Availability of 
natural sources from which enzymes can be derived coupled with 
the development of purification schemes has allowed for a wide 
variety of available biocatalysts for employment in enzymatic  
biofuel cells.

5.3.3  Enzyme Classification

Enzymes are principally classified and named according 
to the reaction they catalyze. The system used by the Enzyme 
Commission (EC) to classify known enzymes consists of four 
numbers (E.C. 1.1.1.1). The first number indicates one of the six 
possible reaction types that the enzyme can catalyze: (1) oxidore-
ductases (oxidation/reduction), (2) transferases (group transfer 
reactions), (3) hydrolases (hydrolysis), (4) lyases (non hydrolytic 
bond breaking reactions), (5) isomerases (isomerization reactions), 
and (6) ligases (bond formation reactions). The second number 
defines the chemical structures that are changed in the process, 
such as a -CH-OH- bond (1.1), a -C  O- bond (1.2), or at a -C  C- 
bond (1.3) for oxidoreductase enzymes. In transferases, C1 groups 
(2.1), aldehyde or keto groups (2.2), acyl groups (2.3), or glycosyl 
groups (2.4) can be reacted upon. Hydrolysis reactions catalyzed 
by hydrolases take place on ester bonds (3.1), glycoside bonds 
(3.2), ether bonds (3.3), peptide bonds (3.4), or amide bonds (3.5). 
Lyases undergo chemical reactions at -C-C- (4.1) bonds and -C-O-  
bonds (4.2). Isomerases catalyze the transformation of racemi-
zations (5.1), cis-trans isomerizations (5.2), and intramolecular 
oxidoreductases (5.3) are catalyzed by isomerases. Ligases will 
form -C-O- bonds (6.1), -C-S- bonds (6.2), -C-N- bonds (6.3), and 
-C-C- bonds (6.4). The third number defines the properties of the 
enzyme involved in the catalytic reaction or further characteristics 
of the catalyzed reaction and the fourth number is a running num-
ber assigned to each enzyme characterized by the previous three 
digits [30]. The EC classification system aids in the determination 
of the correct enzyme for specific applications.
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The most commonly utilized enzymes in biofuel cell tech-
nology are oxidoreductase enzymes. Oxidoreductase enzymes, 
namely dehydrogenases and oxidases, are of interest to biofuel cell 
research due to the wide variety of possible substrates/enzymatic 
systems that can be incorporated. The range of specificity var-
ies between enzymes making them extremely versatile for many 
applications. In addition, the catalytic activity of enzymes may be 
activated or inhibited by small ions or other molecules, tempera-
ture, and pH [28].

5.3.4  Enzyme Function

During catalysis, an enzyme substrate complex forms by bind-
ing the substrate to a small cavity in the enzyme known as the 
active site. Only a dozen or so amino acid residues may make up 
the active site. Of these amino acid residues, only two or three may 
be involved directly in substrate binding and/or catalysis, but in 
some enzymes cofactors are also present [28]. Most oxidoreductase 
enzymes contain a prosthetic group which often includes one or 
more metal atoms and requires an additional organic molecule or 
transition metal complex known as a coenzyme or cofactor at the 
active site to assist in electron transfer. Coenzymes are essential for 
the catalytic action of enzymes dependent upon them by binding 
either covalently or ionically to the enzyme’s active site [28].

Enzyme catalysis is characterized by two features: specificity 
and rate enhancement. Since catalysis takes place in the active site, 
there are many hypotheses regarding the function of the remainder 
of the enzyme [28]. One suggestion is that the most effective bind-
ing of the substrate to the enzyme results from close packing of the 
atoms within the protein, and the remainder of the enzyme outside 
the active site is required to maintain the integrity of the active site 
for effective catalysis [31]. The protein may also serve the function 
of channeling substrate into the active site. Storm and Koshland 
suggested that the active site optimally aligns with the orbitals 
of substrates and catalytic groups on the enzyme for conversion 
to the transition state structure [32]. Jenks proposed that the fun-
damental feature distinguishing enzymes from simple chemical 
catalysts is the ability of enzymes to utilize binding interactions 
away from the site of catalysis [33]. These binding interactions  
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facilitate reactions by positioning substrates with respect to one 
another and with respect to the catalytic group’s active site.

5.3.5  Enzyme Kinetics

The stability of the enzyme substrate (ES) complex is related to 
the affinity of the substrate for the enzyme which is measured by 
its Ks (dissociation constant for the ES complex). E represents the 
enzyme of interest, S represents the substrate and P represents the 
products [27].
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The overall rate of formation of products during enzymatic 
catalysis is given by the Michaelis-Menton Equation [27].
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When k2k1, we refer to the term k2 as the kcat (catalytic 
rate constant) and the dissociation constant (Ks) is called the Km 
(Michaelis-Menton Constant).
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The maximum rate, or Vmax, would be achieved when all of the 
enzyme molecules have substrate bound.

The kcat or turnover number represents the maximum number 
of substrate molecules (in  moles) converted to product mole-
cules per active site per unit of time (minutes). Typical values for 
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Table 5.2  Brief summary of oxidoreductase enzymes utilized in enzymatic biofuel cells.

ired Product

Formaldehyde

Formate

CO2

Acetaldehyde

Acetaldehyde

Acetate

Acetate

Gluconolactone  peroxide

Glucose-6-phosphate

Glucose-6-phosphate

5-dehydro-D-fructose

Pyruvate

(9Z,11E)-(13S)-13- 
hydroperoxyoctadeca-9,11-dienoate

H2O

H2O

H2O

H2O

H2O
Substrate Enzyme Coenzyme Requ

Anode

Methanol Alcohol dehydrogenase NAD

Formaldehyde Formaldehyde dehydrogenase NAD

Formate Formate dehydrogenase NAD

Ethanol Alcohol dehydrogenase NAD

Alcohol dehydrogenase PQQ (bound)

Acetaldehyde Aldehyde dehydrogenase NAD

Aldehyde dehydrogenase PQQ (bound)

Glucose Glucose oxidase FAD (bound)

Glucose dehydrogenase NAD/PQQ

Glucose dehydrogenase PQQ (bound)

Fructose Fructose dehydrogenase NAD

Lactate Lactate dehydrogenase NAD

Lineolic Acid lipoxygenase Bound

Cathode

Oxygen Bilirubin oxidase Copper (bound)

Laccase Copper (bound)

Peroxide Horseradish peroxidase Heme (bound)

Microperoxidase-11 Heme (bound)

Cyclooxygenase Heme (bound)
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kcat are on the order of 103 s1 or about 1000 molecules of substrate 
converted to product per second per enzyme. Oxidoreductase 
enzymes (namely dehydrogenases and oxidases), can experience 
turnover numbers on the order of 103 s1 [28].

5.3.6  Biofuel Cell Catalysts

A biofuel cell harnesses the energy from enzymatic activity on 
the substrate by manipulating the coenzyme reaction that occurs 
simultaneously. Interest in utilizing glucose found in vivo as fuel 
spurred the growth of the field of enzyme-based biofuel cells. The 
enzymes most commonly employed at the anode of a glucose bio-
fuel cell are FAD-dependent oxidases [34–38]. Along with FAD-
dependent enzymatic systems, NAD(P)-dependent enzymes 
have been widely studied for use in glucose as well as methanol, 
ethanol and lactate biofuel cells [13, 39–42]. Currently, there is 
growing interest in oxidoreductase enzymatic systems which do 
not require additional coenzymes to carry out catalysis for use at 
the anode and cathode of a biofuel cell. These enzymes contain 
multiple metal centers capable of transferring electrons directly 
from the redox reaction to the electrode surface [43–45]. Table 5.2 
is a brief summary of commonly used oxidoreductase systems cur-
rently being employed in enzymatic biofuel cell technology [4].

Chemical energy can be harnessed into electrical energy through 
the use of enzymes as catalysts. The super-selectivity of enzymes 
allow for enhanced specificity when compared to traditional heavy 
metal catalysts. The kinetics of the enzymatic system chosen plays 
a large role in the catalysis of substrates and performance of a bio-
fuel cell. A wide variety of enzymes and coenzymes expand the 
potential for nontraditional fuels to be employed in biofuel cells.

5.4  Mediated Electron Transfer vs. Direct 
Electron Transfer

5.4.1  Mediated Electron Transfer

There are two ways of coupling an electrode process to an 
enzyme reaction. They include using low molecular weight redox 
mediators (MET) and using direct electron transfer (DET) as  
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shown in Figure 5.3. During biocatalysis at an electrode surface, 
most oxidoreductase enzymes require additional redox compounds 
or electron transfer mediators, which is referred to as mediated 
electron transfer (MET). These electron transfer mediators are 
employed to facilitate transfer of electrons from the enzyme to the 
electrode surface. Mediators are low molecular weight artificial 
electron transferring compounds that can readily participate in the 
redox reaction with the biological component and help with rapid 
electron transfer [46]. During the catalytic reaction, the mediator 
first reacts with the reduced enzyme or coenzyme and then dif-
fuses to the electrode surface to undergo rapid electron transfer. 
Various organic and inorganic compounds along with some redox 
proteins have been used as mediators. For biofuel cell applications, 
it is advantageous to incorporate the mediator within the enzyme 
immobilization membrane which contains the enzyme.

An ideal mediator should be able to react rapidly with the 
reduced enzyme or coenzyme. It should exhibit reversible hetero-
geneous kinetics. The overpotential for the regeneration of the oxi-
dized mediator should be low and pH independent. The mediator 
should have stable oxidized and reduced forms, and the reduced 
form should not react with oxygen. Some commonly used mediators  
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Gluconolactone
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Figure 5.3  MET vs. DET at a glucose oxidase bioelectrode.
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for biofuel cell applications are organic dyes which include: methy-
lene blue, phenazines, methyl violet, alizarin yellow, prussian blue, 
thionine, azure A, azure C, and toluidine blue [47–52]. Organic 
dyes have been shown to be problematic due to poor stability and 
pH dependence of their redox potential. Inorganic redox ions such 
as ferricyanide have also been used but have proven to be prob-
lematic due to poor solubility, stability, and difficulty in tuning 
their redox potentials [46].

5.4.2  Direct Electron Transfer

DET has been one of the most frequently studied aspects of bio-
fuel cells in the last few years. During the 1980s, the fundamen-
tals of bioelectrocatalysts capable of DET were beginning to be 
explored. During this time, a number of enzymes were found to 
be capable of interacting directly with an electrode while catalyz-
ing the oxidation of a substrate. DET generates catalytic current 
and catalytic reduction of the reaction overvoltage without the 
use of additional mediators [44]. Electroanalytical applications of 
these unique enzymes began to appear in the late 1980s [53–57]. 
During DET, the redox enzyme (oxidoreductase) acts as an electro-
catalyst facilitating the electron transfer between the electrode and 
substrate molecule with no mediator involved in the process. The 
ability of a number of oxidoreductase enzymes to catalyze an elec-
tron transfer from the electrode surface to the substrate molecule 
(or vice versa) has been demonstrated [25, 53, 58–63].

5.4.3  MET at Bioanodes

Glucose Oxidase
The different locations of enzyme active centers affect elec-

tron transfer within the enzyme structure as shown in Figure 5.4. 
FAD-dependent enzymes have strongly bound redox centers sur-
rounded by a glycoprotein shell which inhibits DET. Direct elec-
tron transfer of electrons to and from the active center is hindered 
by kinetics, requiring the use of a redox mediator capable of hav-
ing contact with the enzyme in order to transport charge [4]. The 
most widely studied type of biofuel cells employ the FAD-bound  
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enzyme, glucose oxidase (GOD) as a biocatalyst at the anode. 
Many different MET GOD-based biofuel cells have been reported 
in literature. Willner et al. and Katz et al. incorporated the coen-
zyme PQQ into a monolayer along with GOD at the anode of a 
glucose biofuel cell with a PQQ-FAD tether acting as the media-
tor between the enzyme and the electrode surface [34–36, 64, 65]. 
Pizzariello et al. employed a GOD and ferrocene in a solid binding 
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Figure  5.4  Scheme (a) represents a NAD-dependent enzyme capable of 
transferring electrons to and from the enzymes active site. Scheme (b) represents 
a DET capable enzyme containing a conducting cofactor. Scheme (c) represents a 
FAD-bound enzyme incapable of DET [4].
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matrix at the anode of a MET glucose biofuel cell with ferrocene 
acting as an inorganic mediator [37].

Many authors describe the use of osmium-based mediator com-
plexes incorporated within redox polymers at the anode of MET 
glucose biofuel cells. Tsujimura et al. employed the complex [Os(4,4’-
dimethyl-2,2’-bypyridine)2Cl]/2 incorporated within a poly(1-
vinylimidazole) layer containing GOD to assist in the electron transfer 
at a MET glucose biofuel cell [38]. Chen et al. described a MET GOD-
based biofuel cell which employs GOD crosslinked with poly(N-vinyl 
imidazole[Os(4,4’-dimethyl-2,2’-bypyridine)2Cl]/2-co-acrylimide) 
where the osmium complex is acting as a membrane bound mediator 
[66]. Mano et al. also employed an osmium-based mediator, [Os(N,N’-
dialkylated-2,2’-bis-imidazole)3]2/3 incorporated within a redox 
polymer, poly(vinyl pyridine), acting as the mediator between GOD 
and the electrode surface in a MET glucose biofuel cell [66–69]. Kim 
et al. incorporated GOD in a redox polymer poly(1-vinylimidazole), 
containing the complex [Os(4,4’-diamino-2,2’-bypyridine)2Cl]/2, 
which is employed as the mediator at the anode in a MET glucose 
biofuel cell [70]. Mano and Heller report a MET glucose biofuel cell 
employing GOD within a poly(vinyl pyridine) redox polymer con-
taining the osmium-based mediator complex [Os(4,4’-dimethoxy-2,2’- 
bypyridine)2Cl]/2 in order to transfer electrons from the active 
site of GOD to the electrode surface [71]. In addition, Heller also 
employed GOD incorporated within a redox polymer poly(vinyl pyr-
idine) with [Os(N,N’-dimethyl-2,2’-biimidazole)3]2/3 acting as the 
redox mediator in a MET glucose biofuel cell [72].

NAD-dependent Enzymes
Select enzymes have active centers containing NAD or NADP 

which diffuse out of the enzyme and travel back to the electrode 
acting as the mediator. Additional electrocatalysts are necessary for 
NADH oxidation due to the high overpotential observed at elec-
trode surfaces. A large number of dehydrogenase enzymes utilize  
NAD as a cofactor. Therefore, its electrochemical oxidation at low 
potentials is of interest. NADH is generated by the reduction of 
NAD; however, NADH oxidation on platinum and carbon elec-
trodes has poor reaction kinetics and occurs at a large overpoten-
tial [73].
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The term overpotential is defined as the deviation of the elec-
trode/cell potential from its equilibrium value,   E – Eeq; it can 
be either positive or negative [74]. The various types of overpo-
tential include: activation, concentration, reaction, transfer, and 
resistance. Activation overpotential is voltage lost due to the lim-
ited speed of charge transport. Concentration overpotential is volt-
age differences which are caused by diffusion, such as the current 
flow using up necessary substrates faster than more substrate can 
diffuse to the electrode. Reaction overpotential is due to a related 
chemical reaction which causes a change to the chemical envi-
ronment. Transfer overpotential is a function of kinetic electron 
transfer whereby electrolytes are transported to the electrode sur-
face, and resistance overpotential is not chemically related, but is  
simply the voltage drop across resistive cell components [7]. The 
overpotential of NADH is attributed to all of these factors.

Palmore et al. described a MET methanol biofuel cell employing 
NAD-dependent alcohol (ADH), aldehyde (AldDH), and formate 
(FDH) dehydrogenases in which benzoviologen acts in conjunction 
with diaphorase in solution as the mediator reducing NAD to 
NADH [40]. Takeuchi and Amao describe a photo-operated MET 
glucose biofuel cell which employs zinc chlorine-e6 as mediator  
for NAD-dependent glucose dehydrogenase (GDH) [75].

Cyclic voltammetric studies of poly(methylene green)-coated 
glassy carbon electrodes have shown that poly(methylene green) 
can act as an electrocatalyst for NADH [76]. Akers et al. have 
employed this polymer-based electrocatalyst to regenerate NAD 
and to shuttle electrons from the reduction of NADH to the elec-
trode at a MET alcohol biofuel cell employing ADH, AldDH, FDH, 
and formaldehyde dehydrogenase [13]. Ansari et al. have also 
described the use of poly(methylene green) as an electrocatalyst 
layer for use in a MET sucrose biofuel cell employing NAD-GDH  
and fructose dehydrogenase [77].

5.4.4  MET at Biocathodes

The two primary molecules of interest for reduction at a biocath-
ode include oxygen (air breathing system) and peroxide (a byprod-
uct of glucose oxidation via GOD). Palmore et al., Akers et al., 
Ansari et al., and Takeuchi and Amao utilize enzymatic bioanodes 
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coupled to platinum cathodes to form a complete biofuel cell 
[13, 40, 75, 77]. Platinum will catalyze the reduction of oxygen to 
water, but requires the anodic compartment to be separated from 
the cathodic compartment by a PEM. This is due to the fact plati-
num is not only selective towards oxygen, but it can be passivated 
by crossover of fuel from the anodic compartment. The PEM adds 
to the resistance of the biofuel cell along with an increase in cost, 
so it is of interest to fabricate an enzymatic cathode to couple with 
an enzymatic anode. Biofuel cells that operate with both enzy-
matic anodes and cathodes can function without the PEM due to 
the super selectivity of the enzymes used as catalysts.

Peroxide Reduction
In addition to MET being employed at bioanodes, literature 

shows the use of mediators in enzymatic systems employed at 
biocathodes. Pizzariello et al. described a MET glucose biofuel cell 
in which horseradish peroxidase (HPR) was used as the catalyst 
in order to reduce peroxide to water with ferrocene acting as the 
mediator at the electrode surface [37]. Katz et al. utilized cyclooxy-
genase (COx) as a catalyst with cytochrome c (cyt c) acting as the 
mediator in a maleimide monolayer containing GOD crosslinked 
with glutaraldehyde for stability in a MET glucose biofuel cell in 
order to reduce peroxide to water [36].

Oxygen Reduction

Bilirubin Oxidase  Osmium-based mediators are reported for 
use at cathodes which employ bilirubin oxidase (BOD) and lac-
case, both of which reduce oxygen to water. The majority of 
literature for MET shows use of the osmium-based mediator 
[Os(4,4’-dichloro-2,2’bipyridine)2Cl2]/2 incorporated within a 
redox polymer which facilitates the transfer of electrons in solu-
tion to the cathode surface. BOD was also employed as a bio-
catalyst as described by Mano et al., Kim et al., and Mano and 
Heller et al. utilizing the mediator complex [Os(4,4’-dichloro-
2,2’bipyridine)2Cl2]/2 along with a redox copolymer of polya-
crylamide and poly(N-vinyl-imidazole) to reduce oxygen to water 
at the cathode [67–69]. Tsujimura et al. developed a cathode uti-
lizing BOD complexed with [Os(2,2’-bipyridine)2Cl] and attached 
with bromoethylamine to a poly(4-vinylpyridine) redox polymer 



204	 5.  Enzymatic biofuel cells	
to mediate the transfer of electrons from solution to the cathode 
electrode surface [38].

While most BOD-based biocathodes discussed in literature uti-
lize osmium-based mediators, there are several disadvantages 
associated with these complexes. Osmium is highly toxic in its 
free form, and it is extremely pH dependent, making it a poor 
choice for possible in vivo applications. In 2003, Topcagic et al. 
reported the use of Ru(bpy)3

2/3 as a mediator for a BOD-based 
biocathode. BOD is immobilized within a modified Nafion® mem-
brane containing the coenzyme bilirubin along with the mediator 
Ru2(bpy)3

2/3 [6]. Ruthenium-based complexes are less toxic and 
are not pH dependent, which allows for a wider range of possible 
applications as mediators.

Laccase  Literature also shows the use of osmium-based media-
tors for MET cathodes employing laccase. Laccase reduces oxygen to 
water, but the enzyme has optimal activity at a decreased pH (typi-
cally a pH around 5) when compared to BOD. At the cathode of a 
MET glucose biofuel cell, Chen et al. employed laccase along with 
the mediator [Os(4,4’-dimethyl-2,2’,6’,2”-terpyridine)]2/3 with one 
fifth of the pyridine rings complexed within the redox polymer poly-
(N-vinyl imidazole) [66]. Heller describes a laccase-based biocathode 
which incorporates the osmium-based complex Os[4,4’-dimethyl-
2,2’-bipyridine)2(4-aminomethyl-4’-methyl-2,2’-bipyr-idine] reacted 
to form amides with N-(5-carboxypentyl)pyridinium functions of 
poly(4-vinyl pyridine) in order to reduce oxygen to water [72].

While mediators add diversity to the range of oxidoreduc-
tase enzymes that can be employed in biofuel cells, they can add 
complexity to the enzymatic system. Current research has been 
focused on eliminating the need for mediators and having direct 
electron transfer between the enzyme and electrode surface.

5.4.5  DET at Bioanodes

Most bioanodes in literature employ FAD or NAD-dependent  
enzymes which require mediators to facilitate the transfer of 
electrons between the enzyme and electrode surface. There has 
been recent interest in studying enzymes which contain the bound 
cofactor PQQ. PQQ-containing enzymes belong to the group 
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of quinoproteins recently discovered [53, 78–80]. Many PQQ- 
dependent enzymes are heme-containing or quinohemo-containing 
enzymes. A heme is a porphyrin-based molecule which exists in a 
number of reduced and oxidized states. The heme serves as a uni-
versal mediator of internal electron transfer from the specific cata-
lytic site to the electrode. As an individual moiety, heme exhibits 
various catalytic properties which create ideal opportunities for 
heme-incorporated enzymes in DET enzymatic schemes.

Literature has shown that DET for PQQ-containing enzymes 
alcohol dehydrogenase and D-fructose dehydrogenase is feasible 
on different carbon electrodes and also on bare and modified gold, 
silver, and platinum electrodes [43, 53, 55, 81, 82]. Literature sug-
gests that catalytic substrate formation occurs on the PQQ active 
site. Electrons are transferred through the protein molecule to the 
heme redox site, then further transferred to the electrode as shown 
in Figure 5.5 [82]. PQQ-dependent enzymes contain multiple heme 
c moieties which allow the enzyme to undergo direct electron 
transfer when immobilized on certain electrode materials depend-
ing on their surface properties. The electron transfer rate depends 
on both the electrode material and the nature of the enzyme allow-
ing for a reagentless bioanode.
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Figure 5.5  Schematic of the structure of PQQ-ADH.
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PQQ-dependent Glucose Dehydrogenase
There has been an increased interest in DET glucose biofuel 

cells. This is accomplished by utilizing PQQ-dependent glucose  
dehydrogenase (PQQ-GDH) in lieu of NAD-GDH. In 2005, Yuhashi  
reported on a PQQ-GDH catalyzed glucose biofuel cell [83].  
state-of-the-art technology is reported by Ansari et al. of a glucose 
biofuel cell using a DET PQQ-GDH enzymatic system in 2006 [77]. 
Bioelectrodes which incorporate enzymes capable of DET will 
yield higher current outputs due to lower resistivity from lack of 
additional mediators along with closer and faster electron transfer 
mechanisms between the electrode surface and enzyme.

PQQ-dependent Alcohol Dehydrogenase
Treu et al. reported the use of PQQ-dependent alcohol dehy-

drogenase (PQQ-ADH)-based bioanodes for use in a DET ethanol 
biofuel cell. PQQ-ADH was immobilized in a modified Nafion® 
membrane and cast onto AvCarb® paper without the incorporation 
of additional mediators [84]. The PQQ-ADH ethanol-based biofuel 
cell outperformed current state-of-the-art MET ethanol biofuel 
cell technology, NAD-ADH-based fuel cell developed by Akers 
et al. [13, 84]. For the PQQ-ADH bioanode coupled with a tradi-
tional platinum cathode, the PQQ-ADH-based enzymatic system 
increased the overall lifetime by greater than 711%, increased open 
circuit potential by 67%, and increased power density by 251%. 
The most important phenomenon to examine is the increase in life-
time of PQQ-ADH-based bioanodes. The PQQ-based bioanodes 
are more stable than NAD-based bioanodes due to the fact that 
PQQ is a stable bound cofactor, and NADH does not leach out of 
the system.

5.4.6  DET at Biocathodes

PQQ-dependent enzymes utilized at bioanodes are heme- 
containing enzymes where iron complexes facilitate in DET of sub-
strates at the electrode surface. Select enzymes commonly employed 
as catalysts at biocathodes are also capable of undergoing DET due 
to their multiple metal centers. HPR, laccase, and BOD, the most 
commonly employed cathodic enzymes, all contain metal centers 
and are capable of DET. HPR is a heme-containing enzyme similar  
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to PQQ-dependent enzymes employed at bioanodes, but it has not 
been utilized in a DET system at a biofuel cell cathode [85]. Willner 
and Katz describe a DET for the reduction of peroxide which 
employs microperoxidase-11 (MP-11). MP-11, a heme-containing  
enzyme, was coupled to cystamine on a gold electrode in order 
to form a self-assembled monolayer at the cathode of a glucose  
biofuel cell [64].

Laccase and BOD contain multiple copper centers which enable 
the transfer of electrons directly from the enzyme to the electrode 
surface [45, 86, 87]. Gupta et al. showed evidence of oxygen elec-
troreduction catalyzed by laccase on monolayer modified gold 
electrodes [86]. Duma et al. have shown the presence of DET for 
a BOD-based biocathode. Literature described by Duma et al. 
showed a DET enzymatic system comprised of BOD immobilized 
directly at the electrode surface for use as a biocathode in an eth-
anol biofuel cell [88]. BOD was immobilized within a modified 
Nafion® membrane and cast directly onto carbon felt paper without  
the incorporation of additional mediators.

5.5  FAD-dependent Enzymes

(FAD)-dependent enzymes join the class of oxidoreductase 
enzymes, which act to transfer electrons from a reductant to 
an electron acceptor called an oxidant. FAD is a cofactor that is 
required for some redox reactions to take place. FAD serves as the 
initial electron acceptor in the reaction and is reduced to FADH2. 
The FADH2 later is oxidized back to FAD by an electron acceptor 
(oxygen). The electron acceptor is then reduced to hydrogen perox-
ide, which serves as one of the final products. In addition, the sub-
strate is oxidized in the reaction. Figure 5.6 shows a representation  
of a bioanode containing an FAD-dependent enzyme.

Unlike NAD-dependent enzymes, FAD-dependent enzymes 
incorporated into a fuel cell do not require an electrocatalyst 
to produce electricity as the necessary cofactor is bound to the 
enzyme. The coenzyme that these enzymes require for activity 
is FAD itself, therefore a production step in preparing an anode 
for implementation into a biofuel cell is unnecessary [89]. This is 
advantageous when compared to the NAD-dependent biofuel 
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cell as time loss is minimal for this system. There has been a great 
deal of research devoted to this additional step found in NAD-
dependent electrode preparation. For instance, Willner et al. tether 
dehydrogenase enzymes to a gold electrode using FAD or PQQ 
[41, 90]. Since there is no need for an electron mediator on the 
surface of the electrode, the enzyme itself can transfer electrons 
directly to the electrode [91]. Also, a higher surface area increases 
the efficiency of the electrode. The enzyme is able to undergo DET 
with high surface area material, which causes the increased per-
formance in the anode. High surface area supports include single 
walled carbon nanotubes (SWCNT) [92] and also carbon fiber [93]. 
While FAD-containing enzymes do not require mediated elec-
trodes, electrodes containing FAD are improved with the addi-
tion of a mediator. A mediator provides the electrode with lower 
overpotential that must be overcome for the electrode to function. 
Mediated FAD-containing electrodes utilize mediators such as fer-
rocene [94] or quinone derivatives, [95] ruthenium complexes, [96] 
or phenoxazine compounds [97].

Many types of FAD-dependent enzymes exist. The most preva-
lent enzyme that is used in research is GOD [65]. However, others 
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Figure  5.6  Representation of a bioanode containing a FAD-dependent 
enzyme.
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like alcohol oxidase can be used [98]. The main reaction that occurs 
is the oxidation of the necessary substrate by the enzyme, while 
FAD is reduced to FADH2 with the subsequent release of elec-
trons. The released electrons are what lend to the power output of 
the biofuel cell. Hydrogen peroxide is also formed as a byproduct. 
The formation of hydrogen peroxide is both an advantage and a 
disadvantage for use in a biofuel cell. The disadvantage occurs if, 
as it builds up, it becomes detrimental to the performance of the 
enzyme. A potential benefit arises when the FAD-dependent elec-
trode is paired with a cathode enzyme which reduces hydrogen 
peroxide [99]. The hydrogen peroxide-using cathode then uses 
the excess hydrogen peroxide as fuel, which simultaneously low-
ers the hydrogen peroxide concentration. Research in this area has 
typically focused on peroxidases and catalase for peroxide con-
suming cathodes [100].

5.6  Deep Oxidation of Biofuel Cells

In the last few decades, fuel cell research reported in literature 
concentrated on developing fuel cells that use readily available 
biomass such as glucose, alcohols (methanol, ethanol), lactate, and, 
more recently, glycerol as fuel. One of the key issues in developing 
effective enzymatic biofuel cells is the successful immobilization 
of multi-enzyme systems that can completely oxidize fuel to car-
bon dioxide. By doing so, the overall performance of the fuel cell 
is increased. Most current enzymatic cells employ a single oxidore-
ductase and are able to only partially oxidize the fuel. In contrast, 
living systems are able to completely oxidize biofuels to carbon 
dioxide and water. Living organisms are able to undergo this 
metabolism due to the enzymes contained within the cells. Two 
major metabolic pathways that living systems employ for com-
plete oxidation are glycolysis and the Kreb’s cycle [101, 102]. Both 
of these pathways include electron-producing enzymes, referred 
to as oxidoreductase enzymes, and enzymes such as kinases and 
mutases which catalyze chemical reactions. In order to mimic this 
naturally occurring process, cascades of enzymes taken from these 
pathways can be immobilized at an electrode surface to completely  
oxidize biofuels [103, 104].
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5.6.1  Metabolic Pathways

Glycolysis
There are several starting points in the glycolysis pathway. The 

most common one involves the oxidation of glucose or glycogen to 
produce glucose-6-phosphate. However, other modified sugars can 
enter into the pathway at various points along the reaction scheme. 
Since glucose is readily available from the environment and is  
inexpensive, it offers an added benefit for use in a biofuel cell.

The glycolysis cycle can be seen as consisting of two separate 
phases. The first phase is the chemical priming phase requiring 
energy in the form of ATP. The second phase is the energy-yielding  
phase. In the priming phase, two equivalents of ATP are used to 
convert glucose to fructose 1,6-bisphosphate. In the energy-yielding 
phase, fructose 1,6-bisphosphate is degraded to pyruvate with the 
production of four equivalents of ATP and two equivalents of NADH. 
Several enzymes are involved in the glycolysis cycle as can be seen in 
Figure 5.1; however, only the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) enzyme is responsible for energy production. Other 
enzymes are used for conversion of molecules into substrates useable 
in further reactions. GAPDH immobilized on an electrode is respon-
sible for the reduction of NAD to NADH which is then oxidized by 
an electrocatalyst layer which regenerates NAD and ultimately pro-
duces power therefore serving as the energy producing step.

Kreb’s Cycle/Citric Acid Cycle
The glycolysis pathway can be used in conjunction with the 

Kreb’s cycle containing many dehydrogenases, allowing for fur-
ther oxidation and, ultimately, more power production. In living 
cells, the Kreb’s cycle is the main energy-generating mechanism. 
It oxidizes acetyl groups from many sources. However, under 
aerobic conditions, pyruvate in most cells is further metabolized 
via this cycle. The Kreb’s cycle involves a series of enzymatic steps 
through which the end product of glycolysis (pyruvate) after con-
version to acetate, is oxidized to carbon dioxide and water, as can 
be seen in Figure 5.7. The oxaloacetate that is consumed in the first 
step of the Kreb’s cycle is regenerated in the last step of the cycle. 
Thus, the whole Kreb’s cycle acts as a multi-step catalyst that can 
oxidize an unlimited number of acetyl groups.
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There are a variety of ways the Kreb’s cycle can be utilized in a 
biofuel cell. One is the combination of the Kreb’s cycle enzymes 
with the enzymes of the glycolysis cycle. A second involves entering 
the Kreb’s cycle via ADH, AldDH, s-acetyl coenzyme A synthetase,  
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and oxaloacetate to form acetate. Ultimately this would yield com-
plete oxidation of another type of inexpensive fuel substrate, etha-
nol. The main challenge with utilizing these metabolic pathways 
on an electrode is understanding how these metabolic pathways 
are controlled. Greater understanding is gained through metabolic 
flux analysis utilizing NMR to identify the enzymes that catalyze 
the rate determining steps [105–107].

5.6.2  Glucose Oxidation

Research interest in enzymatic biofuel cells utilizing glucose as 
fuel was boosted by the attempts to develop an implantable power 
supply for an artificial heart. Implantable applications do not 
require the complete oxidation of glucose, because the fuel (glucose) 
is plentiful and oxidation byproducts can be absorbed and further 
oxidized within the body. However, in any type of ex situ applica-
tion, there are no other means by which glucose can be oxidized 
outside of the fuel cell, so unless biocatalysts employed are able to 
completely oxidize the fuel then the remaining energy density of the 
fuel is wasted and the overall energy density of the fuel cell would 
be minimal. The first enzyme-based glucose/O2 biofuel cell operat-
ing at a neutral pH was described by Yahiro et al. in 1964 [14].

Since glucose is a readily available fuel, many methods have 
been developed to oxidize it. Willner et al. have developed a glu-
cose biofuel cell that uses enzymes for both anode and cathode 
reactions [34]. The anodic reaction is glucose oxidation to gluconic 
acid by GOD reconstituted onto a PQQ-FAD monolayer, and the 
cathodic reaction is the reduction of hydrogen peroxide by MP-11.  
They estimated that the GOD monolayer reconstituted in this man-
ner operates at a turnover rate of electron transfer exceeding that 
of native GOD with oxygen as the electron acceptor. PQQ-FAD-
GOD monolayer electrode drives the bioelectrocatalyzed oxidation 
of the glucose fuel substrate, whereas the MP-11 acts as the cath-
ode for the biocatalyzed reduction of hydrogen peroxide. This bio-
fuel cell produced a current density of 114 A cm2 and maximum 
power density of 160 W cm2 [34]. The power output decreased 
by ca. 50% after ca. 3 hours of operation, which could originate 
from the depletion of the fuel substrate, among other causes [34]. 
This particular biofuel cell design was further developed by Katz 
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et al. replacing the MP-11-based cathode reaction with a tethered, 
ordered and crosslinking stabilized cyt c/cytochrome oxidase 
complex [36]. The open circuit potential obtained was 110 mV, and 
the maximum power density derived was 5 W cm2 [36]. In addi-
tion to previously mentioned modification, Katz et al. developed 
another variation on the GOD/MP-11 system which involved a 
two-phase separation of analyte and catholyte. Both biocatalytic 
electrodes, Au/PQQ-FAD-GOD and Au/MP-11, were integrated 
into one system, creating a biofuel cell using glucose and cumene 
peroxide as the fuel substrate and the oxidizer, respectively. This 
fuel cell system yielded a maximum power output of ca. 4.1 mW 
cm2 and a short-circuit current density of ca. 830 A cm2 [35].

In 2001, Katz et al., demonstrated the oxidation of glucose 
using GOD and the oxidation of lactate using lactate dehydroge-
nase (LDH) by studying the magnetic field effects on bioelectro-
catalytic reactions of these enzyme systems [108]. The first biofuel 
cell included the biocatalytic anode based on the LDH/NAD-
integrated electrode oxidizing lactate as a fuel. The maximum 
power output values in the absence and presence of a magnetic 
field (B  0.92 T) were 4.1 W cm2 and 12.4 W cm2, respec-
tively [108]. The second biofuel system studied included GOD/
FAD-PQQ-electrode as an anode for the oxidation of glucose. The 
presence of the magnetic field had only a minor effect on power 
density output which originates from the fact that the oxygen-
reducing cytochrome c/cytochrome oxidase electrode exhibits 
lower biocatalytic activity as compared to the GOD/FAD-elec-
trode. The power density outputs in the absence and the presence 
of the magnetic field were about 20.5 W cm2 and 25.4 W cm2 
respectively [108].

In addition to GOD-based biofuel cells, GDH can also be used 
as a catalyst for glucose biofuel cells with the possibility of being 
a MET system or DET system based on the coenzyme of the dehy-
drogenase. In 1985, Persson et al. reported a MET enzymatic 
system with an open circuit potential of 0.8 V, current density of 
0.2 mA cm2, and power output was not reported [109]. Takeuchi 
et al. modified a nanocrystalline titanium oxide electrode with 
zinc chlorine-e6 acting as an electron acceptor from NADH [75]. 
The cell was illuminated and achieved an open circuit potential of 
444 mV and maximum power density of 16 nW cm2. The cell, as 
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described, requires far more light energy input to activate it than 
it returns through the consumption of fuel. In 2006, Ansari et al. 
developed a biofuel cell for a MET GDH system that has an open 
circuit potential of 0.83 V, current density of 3.94 mA cm2, and a 
power density of 1.27 mW cm2 [77].

A recent state-of-the-art pathway reported by Beilke et al. dem-
onstrated a biomimic of glycolysis on a bioanode for glucose 
oxidation [105]. This glucose biofuel cell utilized glyceraldehyde-
3-phosphate dehydrogenase, aldolase, phosphofructokinase, phos-
phoglucose isomerase, and hexokinase. Each enzyme was mixed 
with its respective modified polymer. The first enzyme immobi-
lized onto the bioanode surface was glyceraldehyde-3-phosphate 
dehydrogenase mixed with tetrabutylammonium bromide (TBAB) 
modified Nafion® polymer suspension. After the bioanode dried, 
each of the other enzymes mixed with their respective optimum 
modified polymers was immobilized consecutively. The maximum 
potential recorded for multi-enzyme system was 0.965 V while the 
average maximum current was 0.347  0.006 mA cm2. The listed 
potential and current densities findings yielded power densities of 
0.0713  0.0092 mW cm2. This system was compared to a single 
enzyme system containing glyceraldehyde-3-phosphate dehydro-
genase which obtained a power output of 0.0740  0.0192 mW 
cm2. The decrease in performance of the multi-enzyme system 
compared to single enzyme system indicates that there is a loss in 
the cell performance for the oxidation of glucose. A very possible 
reason for this is the increased resistance of substrate diffusing 
through multiple polymer layers before it is able to react with the 
enzymes on the carbon surface.

5.6.3  Oxidation of Alcohols

Alcohols, specifically methanol and ethanol, are also very 
desirable biofuels which can be completely oxidized. Alcohol-
based enzymes chosen most frequently for the bioanode involve 
NAD-ADH, which oxidizes alcohols to aldehydes. Combining 
this enzyme with NAD-AldDH allows for further oxidation of 
aldehyde. The first biofuel-based multistep oxidation of alcohols 
was demonstrated by Palmore et al. who employed alcohol dehy-
drogenase, aldehyde dehydrogenase, and formate dehydrogenase  
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to completely oxidize methanol to carbon dioxide and water 
(Figure 5.8) [40]. Since these dehydrogenases are dependent upon 
NAD reduction, a fourth enzyme diaphorase was introduced to 
regenerate the NAD by reducing benzyl viologen. This dehy-
drogenase catalyzed methanol/O2 biofuel cell produced an open  
circuit potential of 0.8 V and power density of 0.68 mW cm2.

Akers et al. studied the two-step oxidation of ethanol to acetate 
using ADH and AldDH in a novel membrane assembly (MEA) 
configuration [13, 110]. Since dehydrogenase enzymes are NAD 
-dependent, and NADH oxidation on platinum and carbon elec-
trodes has poor reaction kinetics and occurs at large overpoten-
tials, a polymer-based electrocatalyst, poly(methylene green), was 
used to regenerate NAD and to shuttle electrons from NADH 
to the electrode [102]. Bioanodes undergoing one-step oxidation 
were compared to bioanodes undergoing two-step oxidation. The 
ethanol-based biofuel cell undergoing only one-step oxidation 
with ADH immobilized in a TBAB modified Nafion® membrane 
has shown open circuit potentials ranging from 0.60 to 0.62 V and 
an average maximum power density of 1.160.05 mW cm2. In 
contrast, the open circuit potential and the maximum power den-
sity for the ethanol-based biofuel cell employing a mixture of both 
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ADH and AldDH immobilized in a TBAB/Nafion® membrane 
were 0.82 V and 2.04 mW cm2 respectively. For comparison rea-
sons, a methanol/O2 biofuel cell was fabricated, and it produced 
an average power density of 1.55  0.05 mW cm2. Although the 
results were successful, the system permitted only a 33% oxida-
tion of the fuel which represents a low fuel utilization and energy 
density.

5.6.4  Glycerol Oxidation

Most enzyme-based biofuel cells rely on traditional biofuels 
such as the ones mentioned previously in this section. In 2007, 
Arechederra et al. reported glycerol as a new fuel for biofuel cells 
that allows for fuel concentrations up to 98.9% without swelling 
the Nafion® membrane, which traditionally has been problem-
atic in most alcohol-based fuel cells [16]. Glycerol has a higher 
energy density (6.331 kWhr/L pure liquid) compared to ethanol 
(5.442 kWhr/L pure liquid), methanol (4.047 kWhr/L pure liquid), 
or glucose (4.125 Whr/L saturated solution) making it energeti-
cally a very attractive fuel. In addition, glycerol is a renewable 
energy source that is produced in large quantities as a byprod-
uct of biodiesel. Employing PQQ-ADH on a bioanode immobi-
lized in a trimethyloctylammonium bromide (TMOA) modified 
Nafion® membrane has led to open circuit potentials ranging 
from 0.55 to 0.73 V at 20°C and average maximum power densi-
ties of 1.130.15 mW cm2 [111]. Compared to the same bioanode 
in the ethanol/O2 biofuel cell, the bioanode using glycerol as fuel 
showed 62.5% increase in power as glycerol can undergo five oxi-
dations before it diffuses out of the membrane; ethanol can only 
undergo two oxidations.

Most current biofuel cells in literature only employ single-step 
oxidation. With multi-step oxidation, biofuel cell performance can 
be enhanced along with flexibility in fuel substrates. The two major 
metabolic pathways which living systems utilize for complete oxi-
dation are glycolysis and the Kreb’s cycle. The glycolysis cycle can 
be used in conjunction with the Kreb’s cycle and allow for fur-
ther oxidation and ultimately more power production. Although 
many advances have been accomplished in enzymatic-based  
biofuel cells, there is still room for improvement on strategies for  
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immobilizing cascades of enzymes at the electrode surface, to 
decrease transport limitations, and allow for complete oxidation of 
fuels.

5.7  Biocathodes

5.7.1  Importance of the Cathode

Although the majority of research on bioelectrodes has covered 
the anode, the cathode’s importance should not be overlooked. 
Optimizing a biocatalyst’s oxidative ability is crucial, but without 
an equally efficient reductive biocatalyst, the fuel cell’s capacity is 
diminished.

5.7.2  Selectivity

Traditionally, fuel cells have been designed with a PEM which 
separates the anode and cathode into two distinct environments. 
This PEM allows ion transfer between the two compartments and 
prevents charge build-up on either side of the cell. As metals (plat-
inum, palladium, ruthenium, etc.) have been the cathode catalyst 
of choice, the separation of the anode and cathode chamber envi-
ronments has been necessary as metals are nonselective catalysts. 
As the cathode’s role in the fuel cell is to reduce a substrate using 
the electrons obtained from the cell circuit, the cathodic enzyme’s 
oxidation of fuel would severely inhibit the potential neces-
sary for useful power density. The PEM, however, is a significant 
source of resistance overpotential, and maximization of current 
and power densities combined with minimal size depends upon a 
single-chamber anode/cathode compartment. Due to the inherent 
selectivity of enzymes, they are an ideal choice as their preferred 
substrates, environmental conditions, and reduction potentials can 
be discriminately chosen to complement a specific biocathode.

Specifically, a PQQ-ADH bioanode and BOD biocathode have 
been utilized in membraneless format. In this study, initial test-
ing was performed in a membrane separated fuel cell and then 
repeated in a membraneless cell. The maximum power density 
reported for the membrane cell was 0.95 mW cm2, and open cir-
cuit potential was 0.82 V. Maximum power density reported for 
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the membraneless cell was 2.44 mW cm2 with a maximum open 
circuit potential of 1.09 V, representing a 181% increase in power 
density and 67% increase in open circuit potential [112].

5.7.3  Enzyme Characterization

Of the vast number of enzymes available, the class of enzymes 
predominantly studied is the oxidoreductase EC 1.1.3 category 
(oxidoreductases which utilize oxygen as an electron acceptor). 
Specifically of interest are those enzymes capable of direct elec-
tron transfer with the electrode and a direct 4-electron reduction 
mechanism which reduces oxygen completely to H2O: laccase, 
BOD, and HRP, for example. Despite the fact that many enzymes 
are redox active, very few are capable of DET.

5.7.4  Mediators

Despite the use of DET-capable enzymes, mediators are often 
employed to increase current density. In the quest for an ideal 
cathode, overpotential limitations must be addressed. Because the 
active sites of the most commonly used oxidoreductase enzymes 
have active sites buried deep within the enzyme, electron tunnel-
ing between it and the electrode is a significant source of over-
potential [113]. To increase kinetics, a mediator functions as an 
electron shuttle whereby it accepts one or more electrons from 
the surface of the electrode and delivers them to the active site of 
the enzyme. An ideal mediator should have fast electron transfer 
kinetics and a potential similar to that of the active site center to 
reduce the effects of overpotential [114].

Due to laccase’s low substrate specificity and slow DET rate, it is 
ideal for use with mediators [114]. ABTS (2,2’-azinobis-(3-ethylben-
zothiazoline-6-sulfonate) diammonium salt) has been utilized suc-
cessfully as a mediator in conjunction with laccase by Palmore and 
Kim, [114] Ikeda, [115] and Farneth [116]. In the study conducted 
by Palmore and Kim, [114], the objective to find a mediator with 
a formal potential similar to that of laccase’s T1 active site, led to 
testing of ABTS, syringaldazine, ferrocene, K3Fe(CN)6/K4Fe(CN)6  
and I2/I3

. Syringaldazine and ferrocene were insoluble/unstable 
in acidic solution, and cyanide and the halides irreversibly bound 
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to laccase (preventing the binding of oxygen). Electrochemical tests 
were performed on the fuel cell which utilized a PEM, a platinum 
gauze anode, and platinum, glassy carbon or carbon in a laccase/
ABTS solution (laccase was not immobilized). When electrochemi-
cally tested against either a platinum or glassy carbon cathode, open 
circuit voltage of the laccase/ABTS solution showed significantly 
better results at 0.53 V compared with 0.34 V for platinum and 0.28 V 
for glassy carbon (all versus SCE). Similarly, under a 1 k load, the 
maximum power density of the biofuel cell was 42 W cm2 at 0.61 V, 
15 W cm2 for platinum, and 2.9 W cm2 for glassy carbon [114].

An alternative form of mediator is that developed by Heller, 
et al. [117]. While the Palmore design utilized a free-floating lac-
case/ABTS solution in the cathode chamber of a PEM cell, Heller’s 
cathode design features a laccase enzyme wired to an osmium 
complex/redox polymer within a miniature, membraneless glu-
cose/O2 biofuel cell. This “wired” redox polymer has flexible 
“tethers” between the osmium complex and the polymer backbone 
which serve to sweep electrons from the hydrated redox polymer 
(Figure 5.9). By wiring the enzymes’ reaction centers to the poly-
mer and adding the eight-atom long tethers, the apparent electron 
diffusion coefficient was increased 100fold with an overpotential 
of 0.07 V as compared to 0.37 V overpotential of platinum [117].

5.7.5  High Current Applications

The supply of oxygen to the cathode presents a particular chal-
lenge in terms of concentration overpotential as there is a very low 
percentage of dissolved molecular oxygen in solution. Increased 
oxygen supplies must be confined to the cathode region to prevent 
anodic enzyme oxidation. In addressing this issue, the strategy 
used by Tingrey was to supply oxygen separate from the electro-
lyte by modifying a porous carbon electrode, whereby oxygen was 
continually diffused from the inner to the outer surface of the cath-
ode. With oxygen diffusion through the cathode, maximum power 
density reached 18 W cm2. By comparison, the maximum power 
density obtained when oxygen was bubbled into the cathode  
compartment was 9 W cm2 [118].

As previously detailed, a variety of immobilization methods 
have been developed in an attempt to increase current densities, 
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stabilize enzyme activity, and increase lifetimes, with encapsu-
lation and wired methods being most predominant in cathode 
optimization.

Encapsulation of various oxidoreductases has been successfully 
implemented by a number of researchers. Farneth and D’Amore 
demonstrated efficacy of such a cathode by impregnating carbon 
paper with laccase and ABTS then dipping into a tetramethoxysilate- 
phosphate buffer mixture creating a silica coating within which 
enzymes are immobilized. Although enzymes remain encapsu-
lated, ABTS mediator leakage from the pores is problematic [119].
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In an effort to circumnavigate mediator leakage issues, Minteer 
and Dunn have, independently, presented effective immobiliza-
tion techniques which exploit copper-center oxidoreductases’ abil-
ity to do DET. Minteer’s procedure involves the modification of 
Nafion® whereby co-casting with tetrabutylammonium bromide 
results in a pore size sufficient for enzyme immobilization [88]. 
Dunn’s approach involves a sol-gel/carbon nanotube composite 
which immobilizes enzymes and increases the effective surface 
area of the electrode [120]. Both systems provide enzyme confor-
mation preservation, substrate diffusion, and retention of a micro 
environment in which an optimal catalytic environment can be 
sustained.

Viable wired approaches have been put forth by Heller (as 
described above) and Armstrong. Armstrong’s bound laccase 
was achieved through the modification of an aryl amine to form 
anthracene-2-diazonium covalently bound to an electrode. The 
modification of laccase occurs when it attaches to the anthracene 
through its active site. As electrons flow from the electrode through 
the covalently attached anthracene and directly into the lac-
case active site, this technique displays a sort of “plug-in-socket”  
effect [121].

5.8  Enzyme Immobilization

Enzyme immobilization is the process by which the enzyme 
catalyst is trapped at the bioanode or biocathode surface. There 
are three common techniques for immobilizing enzymes with 
the most common being the wired and sandwich techniques. The 
third technique is microencapsulation. Figure 5.10 shows a picto-
rial representation of each type.

Enzyme immobilization has many advantages in the develop-
ment of biofuel cells. One of the most significant advantages of 
immobilization is the increase in stability and lifetime as com-
pared to the free enzyme. The lifetime of the free enzyme in solu-
tion is typically only a few hours to a couple of days, as changes in 
pH or temperature cause it to denature, [5] whereas immobilized 
enzymes can have lifetimes upwards of a year or more protected 
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from changes in the surrounding environment [13, 88]. Secondly, 
by capturing the enzyme at the surface of the electrode, the effi-
ciency of the biofuel cell is improved as the electrons can more 
easily transport to the electrode surface.

The wired technique involves creating an ionic or covalent 
interaction between the enzyme and the solid support. Cai et al. 
were able to bind negatively charged enzymes to single-walled 
carbon nanotubes layered with positively charged polyelectrolyte 
poly(dimethyldiallylammonium chloride) [122]. They studied the 
secondary structure using AFM, Raman, FTIR, UV-Vis, and elec-
trochemical techniques after the enzymes had been immobilized 
and found that the electrodes maintained stability and reproduc-
ibility for more than 30 days for GOD and more than 25 days for 
ADH [122, 123]. Ryu et al. utilized multi-walled carbon nanotubes  
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in their immobilization process by first carboxylating the nano-
tubes in order to improve the efficiency of the immobilization 
and using a carbodiimide coupling reagent to bind GOD to the 
nanotubes [124]. Katz and Willner have also reported reconsti-
tuting apo-GOD on a layer of PQQ-FAD which was tethered to 
the anode, while the cathode was covalently functionalized with  
MP-11 for the reduction of peroxide to water [65, 125].

The sandwich technique involves the enzyme being deposited 
on the electrode surface, followed by a layer of polymer. Sahney 
et al. immobilized urease by first coating an electrode with tetra-
methylorthosilicate (TMOS) derived sol-gel matrix. It was then 
dipped into enzyme stock solution, followed by application of a 
top layer of TMOS [126]. Electrodes showed activity for at least 30 
days, but with significantly decreased activity. Nafion® polymers 
can also be used to coat the enzyme modified electrode [127, 128]. 
However, due to the acidic side chains, it does not provide the 
ideal environment for enzymes.

The third technique is microencapsulation, which involves 
entrapping the enzyme within the pores of a membrane at the elec-
trode surface. Minteer et al. have sought to develop a membrane 
using Nafion®, which is an ion exchange polymer. In its unmodi-
fied form, Nafion® is an acidic, hydrophilic, micellar polymer 
with pores of about 40 Å. Because of the sulfonic acid sites on the 
polymer backbone, it is too acidic to provide an ideal environment 
for the immobilization of enzymes within its pores. Therefore, a 
tetraalkylammonium bromide salt is exchanged with the proton 
of the sulfonic acid site, which allows for the polymer to be more 
conducive to enzyme immobilization [129].

One advantage of the modification is that by altering the size 
of the ammonium salt used, the pore size can be engineered to fit 
the enzyme [129]. A second advantage is that the acidic proton is 
exchanged for a near neutral ammonium cation, and the polymer 
has a higher affinity for the hydrophobic cation than the proton. 
Therefore, the polymer environment is buffered against external 
changes in pH [129].

Aside from the advantages of using Nafion® as the enzyme 
immobilization membrane, there are several disadvantages. 
Nafion® is expensive, and because of its perfluorinated polymer 
backbone, it is neither biocompatible nor biodegradable [130]. 
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Chitosan has therefore been investigated as a possible polymer 
backbone for hydrophobic modification [130]. Chitosan is the 
product of the deacetylation of chitin, which is a widely available 
and very inexpensive biomass obtained from crustaceans. It is a 
linear polysaccharide, which makes it both biodegradable and bio-
compatible [131, 132]. The chitosan backbone is easily hydropho- 
bically modified by reductive amination using aldehydes with 
long alkyl chain lengths [131]. Chitosan also benefits from high 
mechanical strength, so it will not break down under stress, as 
well as being nontoxic which allows it to have a wide variety of 
applications in the medical field [130, 132]. Previous research 
shows that chitosan can be used to modify electrodes for sensing 
applications to preconcentrate both cations and anions [133–135]. 
Chitosan is also able to form polymer micelles, which makes appli-
cations in enzyme immobilization more ideal [136–138].

While the microencapsulation technique provides the most sta-
ble environment for enzymes while enhancing lifetimes, it must be 
able to accommodate active fuel transport through the membrane 
[9]. Kim et al. have developed a way to encapsulate single enzyme 
molecules within “armored” nanoparticles [139]. The activity of 
the enzymes encapsulated within the nanoparticles showed only 
a slight percent decrease in activity over a period of at least twelve 
days [139]. This is ideal, but future research will need to be inves-
tigated to find optimal methods for mass and electron transport in 
these systems. Dunn et al. have also been successful in immobi-
lizing GOD and BOD within a carbon nanotube/sol-gel polymer 
matrix [140]. They were able to construct a biofuel cell that pro-
duced 0.120 mW cm2 [140].

Research by Heller et al. also shows a technique for enzyme 
encapsulation [26]. The enzymes are immobilized by mixing the 
enzyme with a redox hydrogel and casting it onto an electrode 
surface [71, 141]. The properties of the anode have been altered 
by changing the polymeric structure as well as the ligands on the 
osmium complex, which is incorporated in the hydrogel.

Despite the advantages to immobilizing the enzymes onto the 
electrode surface, there are still several challenges for all three of 
the techniques. One major challenge is to modify the electrode sur-
face with as minimal resistivity as possible, so as to allow the most 
efficient performance of the biofuel cell [5]. Overall, the challenge 
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remains to develop the immobilization technique which allows for 
the generation of the maximum power output for each enzyme/
fuel system, while at the same time minimizing the stress on the 
enzyme.

5.9  Enzymatic Fuel Cell Design

Cell design in the optimization of biofuel cells is often thought 
of as a secondary concern. Although often taken for granted, opti-
mal cell design may greatly advance the performance and repro-
ducibility of the fuel cell while also allowing it to be streamlined 
and directly applicable to small commercially available products. 
Most research efforts have focused on the analysis of fuel cell sys-
tems that have their design based on a traditional H-shaped elec-
trochemical test cell (H-cell). However, recent developments have 
opened doors to innovative cell designs based on adaptations to 
this traditional design or utilizing microfluidics.

The traditional H-cell was initially developed to separate the 
two half reactions of an electrochemical cell while maintaining ion 
transport between cathodic and anodic solutions, thus completing 
a circuit. Three primary manifestations of this H-cell design have 
been utilized in biofuel cell design. The first, shown in Figure 5.11a,  
consists of the traditional H-cell-containing cathodic and anodic 
solutions separated by a porous frit [142]. This porous frit allows 
minimal mixing of the two solutions while still allowing ion 
transport. The shortcoming of this design is that, over time, the 
cathodic and anodic solution will diffuse across the frit and mix, 
causing unwanted side reactions. Another design consists of two 
entirely separate containers for the anode and cathode which are 
connected by an electrolyte bridge. The bridge is a tube contain-
ing electrolyte solution that is maintained by plugging the ends 
with a semipermeable material to prevent mixing. The drawback 
of this design is that the electrolyte solution in the bridge even-
tually diffuses out through the semipermeable material into both 
anodic and cathodic solutions [142]. The third and most common 
electrochemical test cell used in the development of biofuel cells 
uses a Nafion® polymer electrolyte membrane. This membrane 
has the ability to serve as a salt bridge while maintaining adequate  
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separation of the anodic and cathodic solutions. Due to the 
Nafion® polymer’s cation exchange abilities and small porosity, 
it provides an ideal boundary that improves the performance and 
lifetime of biofuel cells. However, in the presence of some solvents 
(i.e., ethanol and methanol), Nafion® swells considerably, allow-
ing crossover of the two solutions which results in the poisoning 
of the cathode catalyst.

Although these test cells provide an adequate platform for the 
initial development of enzymatic and microbial systems, their per-
formance and commercial feasibility are not optimal. One major 
limitation on these designs is the lack of oxygen present at the 
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Figure 5.11  Demonstration of the three most common and simplistic test cells 
for the development of biofuel cells.
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cathode for reduction to form water, the major byproduct of most 
biofuel cells. Under typical laboratory settings, most cathodic 
solutions contain approximately 7 g mL1 oxygen. This trans-
lates to a maximum power density of only 1 to 2 mW cm2 [142]. 
Another limitation lies in the simple geometry of the cell. Most  
H-cells separate the anode and the cathode by at least 10 cm [142]. 
This greatly limits the current produced, as the ions must travel 
through a greater distance. In order to alleviate this, most commer-
cially available fuel cells incorporate electrodes that are directly 
pressed onto the Nafion® membrane. However, this design is not 
practical for research laboratories because the electrodes and fuel 
solutions are not capable of being changed frequently.

Recent efforts have eliminated the need for the physical separa-
tion of cathodic and anodic solutions through the replacement of 
the traditional platinum catalyst with an enzymatic catalyst system, 
thereby imparting selectivity of the cathode. Enzymes commonly 
used include BOD, laccase, and cytochrome c oxidase which are 
capable of assisting in the reduction of oxygen [6, 88, 118, 143–145]. 
The efforts in this area have been discussed in a prior section. This 
development improves reaction kinetics at the cathode, making the 
cell solely mass transport limited. It is also capable of matching and 
improving the cell performance whose cathodic reactions are based 
on platinum catalysts while eliminating an expensive and easily poi-
soned material. This design also allows the cell to function best at 
physiological pH, at which a platinum electrode will tend to corrode.

The ability to use mixed fuel solutions and eliminate physical 
barriers between solutions has resulted in the development of 
more efficient cell designs. A modification to the H test cell design 
has been described which reduces the distance between cathode 
and anode. The modification also allows for simple interchange-
ability of fuel and anode. In this setup, the cathode is in direct 
contact with air, thus eliminating limitations that arise from 
lack of oxygen. This design has been termed the I-cell due to its 
shape, shown in Figure 5.12. This design utilizes a gas diffusion 
electrode which is hot pressed to a Nafion® 112 membrane [142]. 
This gas diffusion electrode is clamped between two glass tubes, 
one of which contains the fuel solution. Although this is a marked 
improvement on traditional test cell design, it remains impractical 
to link multiple cells in series to power conventional devices.
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Although the previously mentioned design does improve the 
geometry of the cell, this improvement pales in comparison to the 
efforts made in developing smaller, more efficient traditional fuel 
cells. Power density, as described by Eq. 5.7, is not only a function 
of the thermodynamics of the system (denoted by the equilibrium 
potential of the cell, V˚cell) but also the kinetics of the system (dem-
onstrated by the resistance of the cell, Rcell) [11].

	 P V I R I V I I Ro
cell cell

o
cell cell

       ( )⋅ ⋅ ⋅ ⋅2
	 (5.7)

Rcell incorporates various attributes including charge transfer 
resistance of the electrode material, electrode connections, mem-
brane conductance, and electrolyte conductance. All of these terms 
are heavily affected by the geometry of the cell [11]. One method 
for reducing the effect of cell resistance is a stack cell design. Such 
designs are commonplace in traditional fuel cell research efforts; 
however, only one research group has applied this idea to biofuel 
cell design. Teodorescu et al. have described a small-scale design 
shown in Figure 5.13 [146]. This design utilizes not only the com-
mon stacking technique but also incorporates the use of micro-
electrodes to overcome energy losses due to activation, ohmic 
resistance, and slow mass-transport. The cell stack’s extremely 
small distance between fuel cell components is optimally applicable 
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Figure 5.12  Representation of the I-cell design.
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to small-scale electronics. Also the efficiency of the cell is improved 
from the reduction in resistance and transport limitations to both 
the electrode surface and immobilized enzymes. This preliminary 
design was demonstrated to generate an open circuit potential of 
1.57 V and a power density of nearly 0.35 mW cm2 with six cells 
stacked together, which still falls significantly short of the perfor-
mance seen in recent traditional cells [146]. Due to the confined 
assembly of the design and the material it was fabricated with, dif-
fusion of oxygen to the cathode surface becomes a limiting factor, 
thereby reducing the performance of the cell.

Other works have focused on reducing the footprint of their 
biofuel cell and optimizing its performance and stability. Often 
using compartment-less designs, groups have described fuel cells 
as small as 1.4 cm2. One group in particular has demonstrated an 
ability to place their component and have a functional biofuel cell 
within a grape [147]. However, this reduction in size comes at the 
expense of cell performance. Although run off a single grape, the 
power produced is only 2.4 W at 0.52 V [147]. Future work will 
need to focus on improved cathode performance and higher sur-
face area electrode materials in order for the cell to perform well 
enough to be utilized as a viable renewable energy source for  
commercial items [146].

The field of microfluidics lends a possible avenue to solve 
problems with geometric design and transport limitations. Fluid 
handling and the dimensionality of these devices could be an 
ideal substrate for efficient, inexpensive biofuel cell production. 
Devices have been fabricated in near limitless design patterns 

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 50 100 150 200

0.00

0.04

0.09

0.13

0.18

0.22

0.26

0.31

0.35

0.40

Current density (µA/cm2)

V
ol

ta
ge

 (
V

)

S
ta

ck
 p

ow
er

 (
m

/V
)

Figure 5.13  Picture of the only known biofuel stack cell design and its result-
ant open circuit potential and power curve ����������[146]�����.



230	 5.  Enzymatic biofuel cells	
with many different substrates, most commonly polymers such as 
polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA), 
or polycarbonate. PDMS offers a great deal of potential as a sub-
strate for fuel cells because of its inexpensive production through 
common soft-lithography techniques. Most importantly, it has the 
ability to readily allow diffusion of gas through its polymer struc-
ture. This combined with tunable small dimensions may improve 
on previously mentioned cathode limitations due to a lack of oxy-
gen at the surface of the electrode. Microchannels containing fuel, 
which could be hydrodynamic or static, could provide efficient 
fuel transport and a more complete fuel use.

Another advantage of microchip-based fuel cell design is the 
dominating presence of laminar flow. Little work has been done 
with microfluidic biofuel cell applications; however, recent work 
has shown an ability to utilize laminar flow boundary layers for 
separating cathodic and anodic solutions, eliminating the need for 
membrane materials which increase the resistance of the fuel cell. 
Palmore et al. have utilized a laminar boundary layer to deliver 
separate flow streams of catholyte (containing laccase) and anolyte 
(containing ABTS) over gold microelectrodes. This device pictured 
in Figure 5.14 demonstrates a maximum power density of 26 W 
cm2 and an open circuit potential of 0.4 V [148]. Similar efforts in 
the utilization of laminar flow for a microfluidic biofuel cell have 
also been described for an immobilized enzyme system which dem-
onstrates an added stability and longevity of the enzyme systems 
[149]. Further advancement on this platform for the production  
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of biofuel cells may lead to unmatched power density production 
because of its extremely small size, ease of cell stacking, ability for 
fast oxygen diffusion, and intricate control of not only fuel deliv-
ery, but the environment of enzymes contained in the cell.

5.10  Nanomaterials in Enzymatic 	
Biofuel Cells

Until recently, enzymatic biofuel cells have utilized linear sur-
face area supports such as simple carbon electrodes [38, 129]. By 
incorporating high surface area, conductive nanomaterials, such 
as carbon black or nanotubes, power densities can be substantially 
increased by at least one order of magnitude [16, 150]. The reason 
for the improvement in the power density from the nanostructures 
is the increased surface area for enzyme attachment. Such sup-
port for enzyme immobilization has catapulted the usefulness of 
enzymatic biofuel cells into the power density range of traditional  
precious metal catalyzed low temperature alcohol fuel cells.

Another advantage to enzymatic biofuel cells is the need for 
additives in some cases. By incorporating additives, this allows for 
higher volumetric loadings. Controlled surface immobilization of 
enzymes, which enables high-rate DET, would eliminate the need 
for the mediator component, thus possibly leading to enhanced 
stability. Structures of controlled nanoporosity are necessary to 
obtain this surface immobilization at high volumetric enzyme 
loadings [26].

One specific example of nanostructures used in an enzymatic 
biofuel cell is a PQQ-ADH biofuel cell and the PQQ-GDH biofuel 
cell in which carbon black has been used to create a high surface 
area catalyst support matrix [151]. Carbon black has many varie-
ties, but the one that is most commonly used in fuel cells is Vulcan 
XC-72 by Cabot Corporation. Vulcan XC-72 consists of 20 nm 
diameter spherical carbon nanoparticles. The carbon nanopar-
ticles have a graphitic nature and resemble graphite onions (as 
shown in Figure 5.15), where there are multiple layers of graph-
ite uniformly wrapped around a central core [153]. This allows the 
nanoparticles to be very conductive and maintain chemical inert-
ness while electrochemical reactions are taking place. The reason 
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Vulcan XC-72 is used so widely in fuel cells is because it is inex-
pensive to produce, has optimal bulk conductivity, has high sur-
face area, and is easily dispersed. Vulcan XC-72 is called a high 
temperature furnace black or highly uniform acetylene black. It 
is produced by the inefficient burning of a hydrocarbon fuel in a 
heated low oxygen environment. The particle size is determined 
by the amount of oxygen present, temperature of the furnace, and 
duration in the furnace. Carbon black can be very hydrophobic 
depending on the synthesis conditions, meaning it does not like 
to disperse in water. This is from the graphitic qualities that parti-
cles maintain. This makes producing a usable fuel cell ink that can 
then be painted or sprayed onto an electrode challenging. To aid 
in the dispersion of the carbon black, frequently the carbon will 
be treated with a strong oxidizing acid such as nitric acid, making 
it much easier to disperse in water. When the graphitic surface of 
the carbon nanoparticles is subjected to the acid it reacts with the 

Figure 5.15  High resolution transmission electron micrograph of the graph-
itic onion that is the substructure of a carbon black nanoparticle [153].
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fused aromatic rings of the graphene sheet to attach hydroxyls and 
carboxylic acid functionalities (as shown in Figure 5.16). This does 
not change the conductivity or surface area of the carbon; it only 
makes it more hydrophilic.

When the Vulcan XC-72 was incorporated into the PQQ-ADH 
biofuel cell and the PQQ-GDH biofuel cell, it increased power 
densities five- to tenfold over what was initially being produced 
[151]. To produce these high surface area biofuel cell electrodes, 
the enzyme solution is mixed with carbon black and a quater-
nary ammonium bromide-modified Nafion® polymer to produce 
a fuel cell ink. The ink is then applied onto the electrode by either 
painting or spraying. Carbon nanotubes are also being explored 
to increase the surface area and conductivity of the biofuel cell  
electrodes [152, 153].

Carbon nanotubes are graphene sheets that are rolled up to form 
tubular structures. Depending on the conditions of the nanotube  
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synthesis, which include growth catalyst, temperature, and con-
centration of starting material, different types of carbon nanotubes 
can be created. The synthesis of such nanotubes is beyond the 
scope of this subject, but suffice it to say there are distinct types 
of carbon nanotubes. The first type is SWCNTs, which are shown 
in Figure 5.17. These nanotubes contain a single graphene sheet 
that is rolled up [154]. The next type of carbon nanotubes are the  

Figure 5.17  Transmission electron micrograph of a SWCNT [154].

Figure 5.18  Transmission electron micrograph of a DWCNT [155].
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double-walled carbon nanotubes (DWCNT), which are shown 
in Figure 5.18 [155]. Likewise, multiwalled carbon nanotubes 
(MWCNT), which are shown in Figure 5.19, can have many lay-
ers of graphene sheets rolled into tubes [156]. The conductivity is 
directly related to the number of walls each carbon nanotube has 
[156]. Therefore, DWCNTs are more conductive than SWCNTs and 
MWCNTs are more conductive that DWCNTs.

When carbon black and nanotubes are used as a catalyst sup-
port matrix for a fuel cell, they are used to wire all the enzymes 
that are immobilized within the Nafion® to the current collector. In 
an ordinary low surface area electrode, only a small percentage of 
the enzymes that are immobilized in the polymer membrane are in 
contact with the electrode, leaving them to do all of the catalysis.

5.11  Conclusions

Although enzymatic biofuel cells have been a topic of research 
since the 1960s, it hasn’t been until the last decade that researchers 

Figure 5.19  Transmission electron micrograph of MWCNT [156].
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have started addressing the major issues associated with devel-
oping practical biofuel cells. Researchers have found strategies to 
increase enzyme and therefore biofuel cell operating lifetimes from 
hours/days to months/years, have increased power densities to a 
range that is reasonable for both implantable devices and portable 
electronics, and have started working with multi-enzyme systems 
to more completely oxidize the fuel, which results in an increase 
in efficiency. These technical developments have led to increased 
interest in enzymatic biofuel cells. Enzymatic biofuel cells can 
utilize a wide variety of high energy density fuels that can’t nor-
mally be used with a traditional precious metal catalyzed fuel 
cell, including: sugars, ethanol, glycerol, soybean oil, etc. Modern 
enzymatic biocathodes can also operate in a number of modes: air 
breathing, dissolved oxygen, and peroxide consuming. Therefore, 
the versatility of biofuel cells will likely cause biofuel cells to find 
numerous applications in the future.
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Diabetes mellitus is a world-wide health problem with estimates 
of 300 million expected sufferers throughout the world by 2045. 
Although a cure does not as yet exist for this condition, the lives of 
many sufferers have been greatly improved by the availability of 
inexpensive disposable electrochemical sensors for blood glucose 
levels. The ability to accurately determine glucose enables diabet-
ics to control blood glucose levels and so minimize the health risks 
associated with diabetes.

This review covers the latest advances in the development of 
glucose biosensors, the majority of which are electrochemical in 
nature but some of which are based on optical sensing. The devel-
opment of electrochemical sensors is traced from initial begin-
nings through to the latest sensors being developed incorporating 
novel organic, biological and nanostructured materials. The devel-
opment of implantable biosensors and other potential devices for 
continuous monitoring of blood sugar is also covered. The devices 
currently on the market and the potential for developing new 
types of noninvasive biosensors, possibly leading to development 
of the “artificial pancreas,” are also discussed.

6.1  Introduction

This review provides an up-to-date overview of the most inten-
sively researched area in the biosensor field—the development of 
glucose biosensors [1–3]. The reason for the continued interest in 
this field is the prevalence of diabetes mellitus, which has become a  
world-wide public health problem. The disease is one of the lead-
ing causes of death and disability in the world and at the time of 
writing the incidence is continuing to increase, with estimates of  
300 million expected sufferers throughout the world by 2045 [1]. 
The global market for biosensors in 2004 was approximately $5bn, 
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and of this it was estimated that approximately 85% of the world 
commercial market for biosensors was for blood glucose monitor-
ing [1]. The development of inexpensive disposable electrochemi-
cal biosensors for glucose, incorporating glucose oxidase (GOx), 
has for these reasons been the focus of sustained and substantive 
research.

The review will begin with a description of the principle behind 
glucose biosensors and how biological moieties can be incorporated  
within sensors so as to lend their unique properties to a detection 
system. Different types of sensors will be described, with both 
electrochemical and optical devices being considered. There will 
then follow a brief history of glucose biosensors starting from its 
beginnings in the 1960s.

A description will be given of the various classes of enzyme-based 
electrochemical biosensors, namely the first, second, and third gen-
eration type devices. The principles and methods of construction of 
the most common of these devices will be described. This will be fol-
lowed by details of the many different methods utilized to immobi-
lize enzymes so as to exploit their specificity and selectivity. A wide 
variety of materials such as conducting polymers, redox active poly-
mers, nanoparticles, carbon nanotubes, sol-gels, and various porous 
inorganic compounds have been incorporated within these biosen-
sors so as to improve the “communication” between the biological 
moiety and the electrode; each of these will be reviewed in turn.

The next section will be dedicated to optically based glucose bio-
sensors. Attempts have been made to miniaturize glucose biosensors 
and some of the latest results will be reviewed. This will be followed 
by a section on implantable glucose biosensors and the various 
problems still to be overcome to permit their routine use. The review 
will continue with an overview of the commercial glucose sensor 
field and we will consider the various commercial sensors available. 
The review will conclude with conclusions and comments on the 
possible future for glucose biosensing, together with a discussion of 
the problems that still need to be overcome.

6.2  Principles of Glucose Biosensing

The purpose of this section is to introduce the concept of  
using enzymes as the selective recognition elements within  
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electrochemical biosensors. Most sensors consist of three principle 
components, as described below and shown in Figure 6.1.

	 i.	� The first of these includes a chemical receptor capable of rec-
ognizing the anion of interest with a high degree of selectivity; 
this is usually concurrent with a binding event between the 
receptor and an analyte.

	ii.	� The second component that must be present is a transducer, 
where the binding event is recognized via a measurable physi-
cal change such as a change in an optical spectrum or a change 
in electronic state.

	iii.	� Thirdly, there must be inclusion of a method for measuring 
the change detected at the transducer and converting this into 
information that can be used.

Many different types of sensors have been constructed using this 
basic format. Biosensors are a class of sensors which exploit biologi-
cal materials as active recognition elements within the sensor matrix. 
A wide variety of biological species have been utilized including 
enzymes, antibodies, aptamers, DNA, RNA, and even whole cells. 
Description of all of these types of sensors is outside the scope of this 
review, although many other reviews and book chapters have been 
published on this wide ranging field [3–10].

There are several advantages associated with using enzymes as 
the active recognition entity within a sensor. Enzymes display selec-
tivities that are unsurpassed by many other recognition species; for 
example glucose oxidase will interact with glucose but not fructose  
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Figure 6.1  Schematic of a biosensor.
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or sucrose—and in this way enzymes can act as a highly selective 
receptor. Another advantage that can be exploited is that many 
enzymes display extremely rapid turnover for their substrates and 
this is often essential to (a) avoid saturation and (b) to allow suffi-
cient generation of the active species in order to be detectable.

6.3  Electrochemical Sensing of Glucose

6.3.1  First Generation Biosensors

Glucose oxidase is readily available commercially in high purity, 
displays high stability, and is relatively inexpensive. All of these 
factors contribute to making it the material of choice for glucose 
biosensing. In the case of glucose oxidase, the enzyme catalyzes the 
conversion of an electrochemically inactive substrate glucose into 
gluconolactone along with the concurrent generation of hydrogen 
peroxide. This process is shown in Eq. 6.1.

	

   GOx
glucose O gluconolactone H O 2 2 2↔ 	

(6.1)

The first device to directly utilize this reaction was described by 
Clark in 1962 [11] and can be thought of as the first glucose biosen-
sor. A typical device of this type is shown in Figure 6.2. To construct 
this device, a solution of glucose oxidase which has been mixed 
with bovine serum albumin is then crosslinked by glutaraldehyde 
while being held between two membranes. The resultant laminate is 
placed on top of a commercial amperometric oxygen electrode. The 
oxygen electrode is used to measure the concentration of dissolved 
oxygen in a solution which is placed on the electrode. The presence 
of glucose leads to consumption of oxygen at the laminate and the 
resultant measured drop in oxygen is proportional to the concentra-
tion of glucose.

This system led to further work by Updike and Hicks [12] who 
recognized that fluctuations in solution oxygen content could be 
affected by a variety of factors and therefore utilized two oxygen 
electrodes, one of which was coated with glucose oxidase. The 
differential current between these two electrodes was then deter-
mined in an attempt to account for and internally compensate for 
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variable oxygen levels [12]. These types of electrodes were utilized 
in the first commercial glucose analyzer, Model 23 YSI, launched 
by the Yellow Spring Instrument Company in 1975. This instru-
ment was capable of measuring the glucose level in a 25 ml sample 
of whole blood. It should be noted in this context that 25 ml repre-
sents a relatively large sample for analysis.

An alternative method also exists, where the electrode is polar-
ized to 650 mV vs. Ag/AgCl, so as to amperometrically monitor  
(Eq. 6.2) the oxidization of the hydrogen peroxide produced 
enzymatically.

	



  

650
2 22 2

 mV vs Ag/AgCl
H O H O e2 → 	

(6.2)

This approach based on the detection of hydrogen peroxide was 
initially reported in 1973 [13]. The sensors developed using this 
process exhibited good levels of precision and accuracy when uti-
lized in the analysis of 0.1 ml blood samples.

One major problem associated with these H2O2-based sensors, 
however, is that of erroneous results due to the presence of electro-
active species such as ascorbate, acetaminophen, or uric acid that 

Inner Pt electrode

Outer electrode

Enzyme laminate

Enzyme laminate

O-ring

Inner Pt electrode

Figure  6.2  Schematic of a Rank oxygen electrode and enzyme electrode 
assembly.
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are capable of being oxidized at 650 mV vs. Ag/AgCl. During 
the 1980s a wide range of permselective and other materials were 
studied in an attempt to minimize this effect.

One strategy for minimizing interference from these elec-
troactive species is to prevent their access to the electrode via 
application of a permselective coating to the sensor so that the 
concentration of interferents at the electrode surface is minimized. 
During the 1980s a wide range of permselective and other materi-
als were studied in an attempt to minimize this effect. Polymeric 
materials have been widely utilized, with materials such as the flu-
orinated ionomer Nafion® [14, 15] and cellulose acetate [16] being 
two of the most widely studied. Species present in biological fluids 
will also often bind to and foul many surfaces, and again this can 
lead to erroneous readings. The polymers mentioned above can 
also be used in some instances to confer a degree of biocompati
bility. Similar biocompatibility can also be conferred by a thin film 
of diamond-like carbon [17]. An alternative approach has been to 
electropolymerize suitable monomers to form protective coatings. 
For example, 1,2-diaminobenzene [18–20], when deposited at the 
bioelectrode surface, serves to both stabilize the electrode due to 
its inherent high biocompatibility while also imparting selective 
exclusion of interferents such as ascorbate. Similar results have 
also been obtained utilizing overoxidized polypyrrole [21].

With Clark-type electrodes, the results can also be affected by fluc-
tuations in the ambient oxygen concentration. Low levels of oxygen 
lead to an oxygen deficit and can lead to electrodes giving lower 
readings than the true value for glucose concentration. Several meth-
ods have been utilized to address this: glucose dehydrogenase does 
not require the presence of oxygen as a cofactor and has been uti-
lized as an alternative to glucose oxidase [22–24]. A series of mutated 
glucose dehydrogenase enzymes have also been studied with 
reported improvements in sensitivity and specificity [25]. Polymeric 
membranes have been utilized which preferably transport oxygen 
over glucose [26], thereby preventing oxygen deficit from occurring. 
Similar use has been made of electrodes containing fluorocarbon 
oils in which oxygen is extremely soluble, with these oils acting as 
an internal oxygen supply [3]. Another simple method reported has 
been the development of an electrode which permits oxygen diffu-
sion from both sides of the electrode but glucose from only one [27].



250	 6. g lucose biosensors	
Another approach has been to incorporate catalytic layers within 
the electrodes which facilitate the detection of the hydrogen peroxide 
liberated during measurement. Incorporation of these materials can 
greatly lower the detection potential (down to as low as 0.20 V vs.  
Ag/AgCl), thereby eliminating many of the interferents common  
to these systems [3]. Typical materials include carbon paste elec-
trodes incorporating rhodium [28, 29], adsorbing glucose oxidase 
onto Prussian Blue electrochemically deposited onto glassy carbon 
[30], screen printed carbon [31], or the electrodeposition of glucose 
oxidase and Prussian Blue [32]. A glassy carbon electrode could 
also be coated with a Nafion®/glucose oxidase composite and then 
rhodium nanoparticles electrodeposited within this matrix to give 
a biosensor capable of detecting glucose selectively in the presence 
of common interferents [33]. More recently, entrapped glucose oxi-
dase/poly(1,2-diaminobenzene) films [34] could be coated with 
copper and palladium. The deposited copper and pallidium layer 
enhanced the electrode performance due to its better catalytic activ-
ity to hydrogen peroxide, and the screening effect of the polymer 
film led to minimal effects from the interferents. Platinization of car-
bon paste electrodes has also been reported to improve their perfor-
mance in glucose oxidase based biosensors [35]. Copper oxide has 
been incorporated along with glucose oxidase within a carbon paste 
electrode and shown to have a catalytic effect on peroxide detec-
tion [36], again allowing the detection of glucose in the presence 
of ascorbate, acetaminophen or uric acid. Rhodium oxide has also 
proved capable of electrocatalysis when incorporated into a Nafion® 
film, with a very low operating potential of 0.20 V vs. Ag/AgCl, 
negligible interference and a shelf-life of four months [37].

Similar effects could be observed for macrocyclic ligands, for 
example when cobalt phthalocyanine [38] was used as an electro
catalytic layer in a glucose electrode, especially when combined with 
a further coating of Nafion®. A similar material could be adsorbed 
onto a gold-thiol monolayer and display good electrocatalytic activ-
ity [39]. Manganese oxide also catalyzes reactions with hydrogen 
peroxide and was used as the basis for a glucose oxidase field effect 
transistor [40]. Combined coatings of manganese oxide with chito-
san were also employed within glucose oxidase amperometric bio-
sensors as an oxidant for ascorbate, thereby preventing interference 
from this material [41]. Nanoparticles of calcium carbonate, because 
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of their high surface area, have also been used to immobilize glucose 
oxidase, although in this case no electrocatalytic effect is seen [42].

First generation membrane-based sensors are robust and capable 
of being used for multiple analyses. However, devices such as these 
are usually utilized within hospitals rather than for home analysis. 
The trend in recent years has been to develop inexpensive home 
detection methods where the physiological sample, usually blood, 
can be analyzed by the patient. The problems of cleaning the sensor 
are moreover negated by using disposable sensor strips.

6.3.2  Second Generation Biosensors

As described above, there are problems associated with detecting 
species such as oxygen or peroxide due to the presence of interfer-
ents. What would negate this problem would be the transfer of elec-
trons from the active center of glucose oxidase before the reaction 
with oxygen occurs. However, electrons are unlikely to “jump” from 
the active center to the electrode because of the substantial protein 
layer that surrounds the flavin redox center, thereby insulating it 
from the electrode. For these reasons a new generation of biosen-
sors was conceived which sidestepped this problem by utilizing an 
artificial electron charge transfer moiety, known as a mediator. The 
mediator must fulfill several requirements to make it suitable for use 
within a glucose sensor. Firstly it must react readily with the enzyme 
to avoid competition by ambient oxygen within the system. It is also 
essential that in both its reduced and oxidized forms the mediator 
be nontoxic and stable. Finally, it is preferable that the mediator 
require as low an over-potential to be oxidized as is feasible. Figure 
6.3 shows a typical reaction scheme where a mediator compound 
is utilized to “shuttle” electrons between the enzyme and the elec-
trode. The advantage of using an artificial mediator is that it lowers  
the potential required for measurement of the enzyme catalyzed 
reaction, thereby minimizing the interference by redox active species 
present within the sample to be studied.

One of the earliest mediators to be utilized was ferrocene [43] 
which can easily be switched between oxidized and reduced forms 
(Figure 6.4a). This chemistry led to the development of the first home 
glucose testing kit, the Exactech® glucose biosensor, a pen sized 
device produced by Medisense® which utilizes a disposable strip 
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upon which a single drop of blood is placed to allow self-monitoring  
of blood glucose levels [3]. Usually 15–30 seconds suffices to obtain 
a blood glucose reading. A wide range of glucose sensors based on 
this method have since become commercially available. Other mate-
rials have also been utilized as mediators, such as, for example, the 
ferri/ferrocyanide redox couple (Figure 6.4b), which was utilized 
within the Elite® (Bayer), Surestep® (Lifescan), and Accu-Check® 
(Roche-Diagnostics) series of glucose biosensors [3]. Further work 
has produced devices such as the Pelikan® device, which only 
requires microliter blood volumes [1].

A range of further mediators have also been studied, including, 
for example, osmium and ruthenium bipyridyl complexes [44], 
ruthenium cluster compounds [45], viologen compounds [46], vinyl 
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Figure  6.3  The oxidation of glucose at an electrode, with electron transfer 
achieved using a soluble mediator.
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ferrocene [47], and cobalt porphyrin/phthalocyanine complexes 
[48]. Photocurable polymers containing ferrocene have been studied 
because of their ease of deposition [49] and the possibility of pattern-
ing the film [50]. It has also proved possible to covalently link media-
tors and enzyme, as seen, for example, in the linking of phenoxazine 
mediators to GOx with about 20 mediator molecules bound to 
each enzyme and catalyzing electron transfer [51]. Ferrocene and 
osmium-based mediators were also used, along with an AC imped-
ance approach to develop interference-free glucose biosensors [52].

6.4  Alternative Methods of Enzyme 
Immobilization

Although the use of mediators has enabled the production of a 
wide range of commercial sensors, there is still a great deal of inter-
est in constructing mediator-free glucose biosensors. As mentioned 
earlier, a major problem is the difficulty of electron transfer between 
the enzymes and the electrode. A variety of methods have been uti-
lized to immobilize the enzymes on an electrode surface in such a 
way to facilitate electron transfer. These include novel methods of 
forming ultrathin films of the enzymes and also via attempts to 
“wire” the enzyme to the electrode, utilizing such diverse materials 
as redox active or conducting polymers, metal nanoparticles, and 
carbon nanotubes. These will be discussed below.

6.4.1  Langmuir-Blodgett (LB) Films

It has long been known that organic materials can spread upon a 
water surface to form thin films. Classical LB film techniques involve 
the dissolution of materials in suitable water immiscible solvents 
and spreading the resultant solution onto a water surface [53, 54]. 
Classical LB materials are usually substances like stearic acid with a 
hydrophilic headgroup and a hydrophobic carbon tail. Evaporation 
of the solvent leaves behind a monolayer on the water surface [53]. 
Compression of this monolayer with movable barriers can lead to 
formation of a well-packed monolayer on the water surface.

If a clean substrate (silicon, glass, etc.) is passed through a suit-
able compressed monolayer into the water subphase, a monolayer 
of the amphiphile attaches to the substrate. When withdrawn, a 
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second layer can attach as shown (Figure 6.5). If the surface pres-
sure is maintained (usually by moving in the barriers automati-
cally via a feedback circuit), this process can be repeated to build 
up multilayers of any required thickness.

Often species of biological interest are water-soluble, which pre-
cludes direct deposition using LB techniques since they would sim-
ply dissolve in the subphase. This does not render their incorporation 
into such films impossible [55]. One method relies on the fact that 
many biomolecules are electrically charged and capable of being dis-
solved in the subphase. A layer of an oppositely charged amphiphile 
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Figure 6.5  Formation of an ordered monolayer at the air-water interface and 
deposition of a Langmuir-Blodgett multilayer.
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can be spread on the water surface and form a composite layer with 
the biomolecules. This composite can be deposited as an LB film.

Glucose oxidase was utilized in an initial study [56] with a 
series of different lipids being used to adsorb the enzyme from 
solution and showed that a glucose sensor could be fabricated by  
co-depositing GOx with octadecyltrimethylammonium chloride. 
Similar work [57] involved forming a composite of GOx with a 
cationic lipid and depositing a bilayer on a platinum electrode. 
This electrode assembly was shown to respond to glucose with a 
rapid response time of 5 seconds, probably due to its extreme thin-
ness. Fatty acid/GOx and phospholipids/GOx monolayers were 
also deposited onto ATR crystals [58] and FTIR studies revealed 
that the fatty acid incorporated more of the enzyme.

Glucose oxidase was dissolved in the subphase and incorporated 
into behenic acid bilayers [59] and studied by AFM. Images of LB 
films of these composites displayed parallel ridges with a periodicity 
of 6.5 nm, which is compatible with a morphology where the glucose 
oxidase molecules (which are approximately 6  13 nm in dimension)  
are aligned in a close packed structure. Later AFM images showed 
that there is some aggregation of the enzymes which are coated 
with a behenic acid monolayer [60]. More extensive studies into the 
behavior of the glucose oxidase/behenic acid monolayer system and 
its deposition onto silicon were performed [61]. Silinization of the 
Si/SiO2 surface and use of high deposition pressures lead to forma-
tion of the best quality films as shown by FTIR and AFM.

One major drawback of the spreading and deposition processes 
used to form LB films is that they can lead to lowering or destruction 
of the activity of the enzymes used, as can storage. The stability and 
activity of glucose oxidase bound to lecithin:cholesterol monolay-
ers and deposited (three layers) onto glass, was found to be greatly 
increased by incorporation of submicron hydrophobic silica parti-
cles within the monolayer, probably due to inhibition of leaching of 
enzyme from the film [62].

A variety of cationic amphiphilic polyelectrolytes based on poly-
ethylenimine or polyvinyl pyridine were spread on subphases 
containing glucose oxidase [63] and the resultant complexes trans-
ferred onto polypropylene membranes. These were incorporated 
into a Clark oxygen electrode and the resulting biosensors gave 
linear responses to glucose (1–20 mM); these were found to be  
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reproducible even after up to 100 measurements, or alternatively 
after 2 months storage in air. Similar work utilized glucose oxidase 
bound to monolayers of a cationic lipid containing a methacrylate 
group, deposited onto platinum [64]. UV irradiation, which causes 
polymerization of the lipid, led to improvements in the stability and 
reproducibility of the resultant biosensor. A cellulose polymer can 
also be used as a matrix for the physisorbtion of glucose oxidase 
while retaining its activity [65]. A composite octadecyl trimethyl 
ammonium/nanosized Prussian Blue/glucose oxidase composite 
could also be deposited and gave a clear response current to glu-
cose when polarized at 0 V vs. Ag/AgCl [66].

Conducting polymers can also be incorporated into LB films. 
Polyaniline/glucose oxidase LB films can be deposited, for example, 
and used as electrochemical sensors for glucose with linear response 
from 5–30 mM [67]. Other polymers include poly-3-dodecyl thio-
phene and this polymer when mixed with stearic acid forms a suit-
able matrix for the deposition of glucose oxidase [68]. The resultant 
composite retains its electroactivity and can be utilized for the detec-
tion of glucose. Similar work utilized poly 3-hexythiophene [69].

An LB monolayer of a cross-linked polysiloxane [70] could be 
deposited as a permselective barrier in a glucose sensor. Charged 
interferents (ascorbate, acetaminophen, etc.) are excluded by the film.

6.4.2  Polyelectrolyte Multilayers

A more recently developed technique for assembly of thin films 
(shown schematically in Figure 6.6) takes advantage of the strong 
attraction between oppositely charged polyelectrolytes [71]. A 
charged solid substrate is placed in a dilute solution of an oppo-
sitely charged polyelectrolyte (such as polystyrene sulphonate), 
with the resultant strong multiple charge interactions causing 
the deposition of a thin layer of the polymer so as to generate a 
negatively charged surface. This sample is then rinsed and placed 
in a second, oppositely charged polyelectrolyte (e.g., polyallyl-
amine hydrochloride) solution, causing adsorption of a second 
layer regenerating the initial charged surface. This process can be 
repeated to build up multilayers of any desired thickness.

Besides simple polyelectrolytes, this process can be applied 
to a wide variety of charged materials, allowing the assembly of  
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layers containing species such as enzymes, proteins, antibodies, 
polynucleotides, and charged colloidal particles. The formation 
and structure of these layers has been extensively reviewed else-
where [72–74]. Whereas LB films are often highly ordered and crys-
talline, these self-assembled films tend to be more amorphous in 
nature, with the polyelectrolytes of the individual layers tending to 
interpenetrate somewhat [72]. The strong multiple charge neutral-
ization interactions were found to lead to the formation of highly 
stable films and also offer an advantage in that any defects formed 
in the assembly of a monolayer tend not to propagate through the 
structure but are “covered over” by overlying layers [71]. The pH 
and ionic strength of the solutions used to assemble these films and 
also those in which they are utilized can affect the film structure, 
allowing for fine-tuning of the multilayer thickness and properties.

Enzymes are often electrically charged, making them suitable 
for incorporation in these films and, as this method works well 
from dilute aqueous or buffer solutions, this represents a good 
approach for easily assembling thin films with enzymatic activity 
[55]. Initially, simple addition of polyelectrolytes to carbon paste 
electrodes could be used to stabilize bound enzymes. For example, 
a polyvinyl pyridine-based cationic material [75] was added to car-
bon paste and glucose oxidase adsorbed on the paste electrode. This 
approach was found to give a 25-fold increase in current density  
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Figure 6.6  Deposition of a self-assembled polyelectrolyte multilayer.
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over non-polyelectrolyte containing electrodes, as well as with 
associated improvements in linear range and half-life.

Polyacrylic acid covalently bound to solid surfaces [76] was uti-
lized to bind thin layers of glucose oxidase with retention of its activ-
ity. A ferrocene containing polyvinyl pyridine derivative could be 
deposited on a gold electrode and assembled with glucose oxidase 
[77]. The polymer in this case acted as both co-assembler and electron 
mediator, with the resultant film forming the basis of an amperomet-
ric enzyme electrode with an extended glucose detection range of 
0.01–10 mM glucose as well as experiencing low interference from 
uric acid. Other redox active materials based on Co incorporated into 
polyvinyl pyridine could be deposited with glucose, oxidase [78] 
with surface plasmon resonance studies of the resultant film showing 
sensitivity to glucose with a linear glucose response from 1–10 mM. 
Even after 3 weeks in an aqueous environment, no loss of material 
from the surface was observed, indicating that loss of activity of these 
systems is due to enzyme inactivation rather than simple “leaching” 
of active material.

The enzyme does not necessarily need to be in actual solution 
for self-assembly to occur. Glucose oxidase can be encapsulated 
in a polyelectrolyte multilayer and when incorporated [79] into 
a thin film on a carbon electrode has been shown to give electro-
chemical responses for 1–10 mM glucose, together with a much 
faster response time than a biosensor prepared by conventional 
polymer entrapment approaches. Other workers have depos-
ited polyethylenimine on a variety of commercial membranes as 
supplied or following grafting with polyacrylic acid [80]. These 
cationically modified materials have been shown to be suitable 
substrates onto which assembled layers of glucose oxidase and 
resultant composite membrane were then used in glucose sensing. 
Polyethylenimine and aminodextran were later used with glucose 
oxidase [81] and found to give a sensor with excellent stability 
compared to standard techniques, with no loss of activity after  
4 months storage and 50% retention of enzyme activity following 
245 hours, continuous operation. GOx could also be deposited as 
a layer-by-layer film with chitosan and Nafion® to give a highly 
selective (0% interference from ascorbate and uric acid) sensor for 
glucose [82]. More recently glucose oxidase has been immobilized 
in layer-by-layer films containing a variety of polyelectrolytes such  
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as polyethylenimine, Nafion® and DNA to give glucose sensors 
with fast response times and low sensitivity to ascorbate and uric 
acid [83]. Polyethylenimine was also utilized to immobilize glucose 
oxidase onto pyrolytic graphite [84].

Another variation of this technique is especially suitable for bio-
logical components; it is known that a very specific strong interac-
tion occurs between the biotin unit (Figure 6.7a) and the protein 
avidin [85] and this may be used for the site-specific immobiliza-
tion of enzymes. Since each avidin molecule is capable of binding 
as many as four biotin units, it can be used in the build-up of multi-
layers. Since many enzymes can be biotinylated a number of times 
without great loss of activity, they can be utilized, for example, in 
the structure in Figure 6.7b which shows a schematic of a multi-
layer of avidin/a tetra-biotin unit. A biotinylated glucose oxidase 
and lactate oxidase, for example, could be deposited as alternating 
layers with avidin to allow good retention of catalytic activity [86].
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Figure 6.7  (a) Structure of the biotin headgroup; (b) Schematic of the struc-
ture of an avidin-biotin type multilayer.
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6.4.3  Self-Assembled Monolayers (SAMs)

A variety of SAMs have been used to immobilize biomolecules 
and a number of reviews have been published covering early 
work in this field [55, 87, 88]. There are several advantages of uti-
lizing SAMs as components of biosensors; they are, for example, 
extremely thin which leads to minimal diffusion effects, which in 
turn facilitates rapid detection. Often SAMs are covalently bound 
to the surface, giving them high stability and a wide variety of 
chemistries can be utilized, giving us the opportunity to tailor the 
properties of the surface. They also often provide a membrane-
like microenvironment for the biomolecules, similar to environ-
ments they occupy in natural systems and since so little material is 
required to form a monolayer, they only require minimal amounts 
of what are often expensive biomolecules.

One of the simplest early SAMs involved treating carbon elec-
trodes with an oxygen plasma to generate reactive groups such as 
alcohols or carboxylic acids, and chemically substituting these with 
cyanuric chloride groups. These species are then capable of cova-
lently binding enzymes such as glucose oxidase or L-amino acid 
oxidase [89], which can then be used within amperometric sensors 
for the target species. However, the field of SAMs (especially for 
biosensor applications) has recently been dominated by gold-thiol 
monolayers.

Much early work on these systems has been extensively reviewed 
by Ulman in the books published in 1991 and 1998 [90, 91]. Sulphur-
containing compounds have been shown to display high reactivity 
towards noble metals and especially gold, which is the most com-
monly used for several reasons. The gold-sulphur interaction is 
based on binding between “soft” gold and sulphur atoms, whereas 
many of the functional groups present in biological species such as 
acids, amines, etc. are relatively “hard” and do not interact strongly 
with the gold surface. Therefore, the use of di- or polyfunctional 
molecules is possible since the gold-sulphur binding interaction fre-
quently dominates and other chemical species tend not to interfere. 
Gold is also relatively easy to clean, does not oxidize under standard 
lab conditions, and any weakly physically adsorbed impurities are 
displaced by the sulphur species. The best binding occurs between 
gold and thiol groups [90, 91] but other species such as disul-
phides, thiones, thioesters, etc. have been used. Molecules such as  
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hexadecanethiol lead to well packed quasi-crystalline mono
layers, whereas shorter thiols such as hexanethiol give liquid-like 
monolayers.

The stability and thinness of these layers, plus the versatility of 
a gold substrate which makes them easily investigated by QCM, 
FTIR, AFM, SPR, and electrochemical methods, rapidly led to these 
systems being investigated as possible sensing films. SAMs of sim-
ple substituted thiols can be used to generate a surface capable of 
binding biological moieties. Sulphur containing biological species 
can alternatively be bound directly to the surface. Both methods 
have been utilized; for example, glucose oxidase was chemically 
modified to attach thiol groups to the enzyme. These thiols were 
then utilized to attach the enzyme to gold microelectrodes [92] to 
give an amperometric glucose sensor with fast (20 s) response to 
glucose in the range 0–50 mM. Alternatively covalent binding of 
glucose oxidase [93] to previously deposited mercaptopropionic 
acid monolayers could be utilized, leading to the construction of an 
amperometric glucose biosensor. In the case of this system, electron 
transfer could be achieved by use of a mediator (p-benzoquinone). 
Alternatively, the enzyme electrode could be electrochemically 
platinized and in this case no mediator is required. A similar sys-
tem was reported where AC impedance rather than amperometric 
measurements were used to determine glucose concentration [94].

In most of the sensors reported, the biochemical moiety is adsorbed 
onto a simple planar electrode or a series of microelectrodes. One 
advantage of utilizing gold-thiol monolayers is the possibility of these 
compounds forming patterned systems due to their ability to be eas-
ily printed onto gold using a soft polymeric stamp with resolution 
down to 30 nm [95]. This microcontact printing gives us a method to 
directly manufacture “circuits” from these monolayers. These layers 
could then be used to assemble patterns of proteins, enzymes, viruses 
and cells. Several reviews are available on this subject [96–98].

6.4.4  Conjugated Polymers

A variety of monomers are capable of being electropolymerized 
on an electrode surface to form stable polymeric films. Typical poly-
mers of this type include polyaniline, poly(1,2-diaminobenzene),  
polypyrrole, and polythiophene (Figure 6.8). Polymers of these 
types can often contain a highly conjugated backbone and display 
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properties such as electrical conductivity, low energy optical tran-
sitions, and a high affinity for electrons. They are, however, not 
always conductive with, for example, films made from poly(1,2-
diaminobenzene) often being insulating depending on the condi-
tions under which the polymer films are grown [18–20].

Electrodeposited polymers are especially suitable for immobi-
lization of enzymes at electrode surfaces and this process has been 
reviewed in detail elsewhere [99, 100]. Simply having biological spe-
cies such as enzymes present in solution during the electrochemical 
polymerization process can lead to their becoming entrapped within 
the film during the deposition process [101–104]. Alternatively, a 
polymeric film can be deposited electrochemically and then the 
biological species can be adsorbed onto or be chemically grafted 
to the film [99, 100]. These processes both lead to a close associa-
tion between the polymer and the biomolecule, potentially facili-
tating rapid electron transfer between the active species and an 
electrode surface, especially if the polymer is electrically conductive. 
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Alternatively, should the active species interact with a substrate, 
changes in its conformation or oxidation state or generation of an 
active species could lead to a change in the properties of the poly-
mer film. This then may lead to a measurable change in its electro-
chemical or optical properties. The polymer film can in this way be 
thought to be acting as the transducer element within the biosensor.

One of the simplest methods involves the entrapment of glucose 
oxidase within polyaniline films [105]. Aniline was electrochemi-
cally polymerized from a solution containing 3 mg/ml glucose oxi-
dase onto platinum electrodes. When exposed to glucose solution, 
the glucose oxidase led to the formation of hydrogen peroxide 
[105]. The presence of this active species could then be measured 
electrochemically. This method is capable of being used for con-
trolled deposition of biological molecules onto electrodes of just 
about any size and composition. An AC impedance technique was 
later used to interrogate this system [106] and showed that not 
only could the hydrogen peroxide produced by oxidation of glu-
cose be detected but, even in anaerobic conditions, the presence of 
glucose could be detected by the enzyme electrode.

Other workers have also utilized polyaniline as a host for glucose 
oxidase, for example, within an LB film [67]. More recently, com-
posite materials utilizing polyaniline have been attracting interest. 
For example, a platinum electrode was coated (by solution casting) 
with a porous polyacrylonitrile film, into the pores of which aniline  
was electrodeposited with glucose oxidase [107]. The resultant elec-
trodes showed good performance and no loss of activity following 
100 tests or 100 days storage. Polyaniline was deposited electro-
chemically as a hydrochloride salt and then ion exchanged with 
either tosylate or ferricyanide ions with concurrent large increases 
in film porosity and enhanced loading with glucose oxidase [108]. 
Electrodeposited copolymers of aniline and 2-fluoroaniline [109] 
were shown to form a suitable substrate for physical adsorption of 
glucose oxidase and were found to be stable up to 45ºC and dis-
played good linearity from 0.5–22 mM glucose.

A variety of electrodeposited polymers have been studied as hosts 
for enzymes as reviewed by other authors [99–104] and here we will 
report more recent work. Polypyrrole is also a popular material 
since, like polyaniline, it can be deposited in a variety of oxidation 
states as well as in charged or uncharged, conducting or insulating  
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forms. Glucose oxidase could be co-deposited with polypyrrole 
onto platinum electrodes of different morphologies to give sensors, 
with the roughest Pt electrodes displaying higher levels of enzyme 
adsorption and orders of magnitude greater sensitivity [110]. As a 
method of eliminating interferents, a four electrode cell was con-
structed with one polypyrrole/glucose oxidase working electrode 
and a similar working electrode without the enzyme. Subtraction of 
the responses of the two electrodes enabled the elimination of the 
effects of interferents [111].

Again, composites of conducting polymers have been investi-
gated. Polypyrrole was incorporated into an alginate gel [112] to 
allow a concurrent decrease of permeability and increase in stability 
over an unsubstituted gel to provide a material suitable as a host for 
glucose oxidase. Polypyrrole/poly(vinyl sulphonate) films could be 
electrochemically deposited onto indium tin oxide to give a porous 
structure capable of adsorbing high levels of glucose oxidase, result-
ing in increases in stability and lifetime [113]. Similarly, a polypyr-
role/poly(vinyl alcohol) composite could be deposited to give an 
electrically conductive, hydrophilic, and microporous film [114] 
which was capable of adsorbing ten times as much glucose oxidase 
(by covalent binding to the film) than a non-porous polypyrrole film. 
The presence of poly(vinyl alcohol) within the film also minimized 
protein adsorption upon exposure to blood. Emulsions of polypyr-
role and glucose oxidase could be entrapped within polyacrylamide 
gels and the resultant composites when immobilized on platinum 
electrodes shown to detect glucose under anaerobic conditions, 
indicating direct electron transfer between the enzyme and the elec-
trode. These electrodes were moreover free from interference from 
ascorbate or uric acid [115]. Films of polypyrrole-nickel hexacyano-
ferrate could be utilized as electrocatalysts for hydrogen peroxide 
reduction [116], as could polypyrrole composites with a pyridyl sub-
stituted hexacyanoferrate [117] where an electron tunneling effect 
through the aromatic groups is thought to occur. Electrodeposited 
polypyrrole could also be chemically grafted with viologen groups 
containing a carboxy group which could then be utilized to cova-
lently bind glucose oxidase [118]. High sensitivities were observed, 
indicating that the viologen is acting as a mediator. A copolymer 
of pyrrole and carboxyethyl pyrrole gave a conductive film onto 
which glucose oxidase could be chemically grafted, with the resul-
tant sensors showing the greatest response when the substituted  
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pyrrole comprised 5% of the monomer units [119]. Glucose oxidase 
substituted with a polyanion chain could be deposited as a com-
posite with polypyrrole, with the polyanion being strongly bound 
to cationic polypyrrole, which meant that strong adsorption of the 
enzyme occurred no matter what its net surface charge [120].

An interesting variation on electrodeposition was reported where 
glucose, glucose oxidase, and pyrrole were combined in solution 
[121]. Hydrogen peroxide was produced enzymatically and served 
as the initiator for the polymerization of pyrrole with the resultant 
formation of polypyrrole/glucose oxidase nanoparticles (Figure 6.9).  
Evaporation of the solution on carbon electrodes and glutaral-
dehyde crosslinking lead to formation of glucose sensors with 
enhanced stability compared to controls manufactured from cross-
linked enzyme only.

Other polymers have also been studied. For example, poly(1,2-
diaminobenzene) could be co-deposited with glucose oxidase onto 
platinized electrodes, with the platinization process being capable 
of causing a 60-fold increase in sensitivity of the resultant sensor 
[122]. Nanotubular poly(1,2-diaminobenzene) could also be gener-
ated on a platinum electrode and has been used as a support for 
Prussian Blue, which acted as a catalyst for hydrogen peroxide 
detection [123]. These assemblies were then used as a base for glu-
cose oxidase sensors, which gave low detection limits (0.05 mM), 
high selectivity, and were found to be stable for 3 months at 4ºC, 
and 4 weeks if stored at room temperature.

Electropolymerization can be carried out with 2-aminophenol 
which was used to immobilize glucose oxidase on a copper modi-
fied gold electrode, with the copper nanoparticles improving the 
sensitivity and detection limit when compared to unmodified  
electrodes [124].
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Figure 6.9  Synthesis of polypyrrole encapsulated glucose oxidase nanoparti-
cles (reproduced from [121], Figure 1 with permission from Elsevier).
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Poly(3,4-ethylenedioxythiophene) (PEDOT) is known as being 
relatively stable as a conductive polymer and therefore has been 
investigated as a potential material for incorporation into a biosen-
sor. Electropolymerization of PEDOT could be utilized to entrap 
glucose oxidase and when combined with a ferricinium mediator 
was shown to act as a glucose sensor [125]. Comparison of PEDOT 
with polypyrrole showed that PEDOT retained its electroactiv-
ity for much longer and would be preferable in long term sensor 
applications [126]. A PEDOT-based transistor has been constructed 
with a platinum gate electrode [127]; when the gate electrode was 
exposed to a solution containing glucose and GOx, levels of glu-
cose could be determined without need to immobilize the GOx.

Thiophene and thiophene-3-acetic acid could be copolymerized 
electrochemically on electrodes and then functioned as an immobi-
lized mediator for glucose oxidase, especially when polylysine was 
used to immobilize glucose oxidase onto the conducting polymer 
[128]. Polymerization of an indole derivative onto glassy carbon 
also gave a suitable substrate for glucose oxidase immobilization 
and construction of a biosensor [129]. Thionine could be electrode-
posited onto gold and used as a substrate and mediator for glucose 
oxidase/glutaraldehyde/Nafion® composites with a reported lin-
ear range of 0.005–5 mM glucose [130].

We have within our laboratory utilized a novel method based 
on combining electrochemistry and sonochemistry, utilizing both 
nonconductive and conductive polymers to fabricate arrays of con-
ductive microelectrodes with entrapped glucose oxidase [131]. An 
insulating film of poly(1,2-diaminobenzene) is initially electrochem-
ically deposited on an electrode of either gold or screen printed  
carbon. Sonochemical ablation may then be used to create an array 
of pores. Conductive polyaniline containing glucose oxidase is  
then deposited within the pores, as shown schematically within 
Figures 6.10a-c. Scanning electron microscopy clearly demonstrates 
formation of pores within the film and mushroom-like protrusions 
of polyaniline (Figures 6.10d, e). The resultant electrodes were found 
to be capable of detection of glucose with high sensitivity, good lin-
earity and stir-independence for glucose responses. Amperometric 
or AC techniques could both be used to interrogate the sensors.

All these polymers tend to form a “soft” matrix; interestingly, 
however, when glucose oxidase is electrochemically co-deposited 



	 6.4 a lternative methods of enzyme immobilization	 267
with a thin film of metallic copper, the enzyme retains its elec-
troactivity and the resultant hydrogen peroxide may be detected 
electrochemically. Use of crystal violet in the deposition solution 
appears to increase film porosity and sensitivity [132].

6.4.5  Redox-Active Polymers in Biosensors

As an alternative to the use of mediators, it has been proposed 
that a suitable polymer could “wire” the enzyme to the electrode. 
Conducting polymers such as mentioned above have been widely 
utilized for this purpose; however, another possible method that 
has been studied utilizes a polymer that does not conduct elec-
trons along the polymer backbone but rather shuttles electrons 
between electroactive groups bound along the polymer chain. This 
can be thought of as a solid, polymeric equivalent of the soluble 
mediators used in second generation biosensors.

Initial work such as that of Heller in 1990 utilized polymers 
containing electroactive species [133], for example, of a composite 
material containing polyvinylpyridine and osmium 2,2-bipyridine, 
as shown in Figure 6.11a. The resultant redox active polymer was 
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Figure  6.10  (a) Deposition of insulating layer; (b) Sonochemical formation 
of pores; (c) Polymerization of aniline; SEM pictures of (d) pores, (e) polyaniline 
“mushroom” protrusions.
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capable of being deposited at an electrode surface as an electro-
static complex with glucose oxidase and was shown to respond to 
glucose in the physiological range. An alternative strategy was to 
immobilize enzymes covalently by use of redox active polymers, 
which also contained reactive groups such as succinimide [133]. 
This made possible the construction of films of up to 1 µm thick, 
which gave electrochemical responses to glucose.

An alternative system was developed based on osmium modi-
fied polyvinyl imidazole (Figure 6.11b) which, when mixed with a 
polyethylene glycol-based crosslinker, could be used to immobilize 
glucose oxidase onto electrodes to form a glucose sensor [134]. The 
addition of a second polymer, Nafion® improved the performance 
of these sensors and allowed constructions of sensors with linear 
ranges of 6–30 mM (glucose) with only a negligible response being 
observed to common interferents [135]. A similar polymer was used 
to immobilize glucose oxidase onto carbon fiber electrodes to give 
a sensor capable of real-time monitoring of blood glucose levels 
within rabbits [135].

This technique is highly versatile since the behavior of the 
polymers can be fine-tuned by variation of their substituents. For 
example, using a layered enzyme electrode where both glucose 
oxidase and bilirubin oxidase are “wired” by polyvinyl pyridine/
osmium polymers to a glassy carbon electrode, concentrations of 
glucose as low as 2fM can be detected in the presence of atmo-
spheric oxygen [136].
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Figure 6.11  Structures of redox active polymers based on osmium bipyridyl 
complexes substituted onto (a) polyvinyl pyridine (b) polyvinyl imidazole.
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The photochemically initiated copolymerization of polyethylene 
glycol dimethacrylate and vinyl ferrocene could be used to syn-
thesize hydrogels containing redox active groups. These materi-
als were utilized to immobilize glucose oxidase on gold electrodes 
[137] with the resulting glucose sensors showing good linearity 
between 2–20 mM glucose concentrations. By combining the use of 
these materials and photolithographic techniques, patterned sen-
sors could be constructed. Other polymers of this nature have been 
utilized. For example, ferrocene substitution of the polysaccharide 
chitosan and use of the resultant redox polymer to immobilize glu-
cose oxidase allowed construction of a glucose sensor where the 
ferrocene units transfer charge between the enzyme and the elec-
trode [138]. Chitosan could also be used to form a composite with 
hexacyanoferrate and then screen printed carbon electrodes were 
coated with this composite followed by glucose oxidase. The pres-
ence of chitosan was found to lead to a signal enhancement when 
compared to similar systems without chitosan [139]. A copoly-
mer of vinyl ferrocene and acrylamide, co-deposited with glucose 
oxidase into a miniature channel on a screen printed electrode, 
allowed detection of glucose in samples as small as 0.2 l [140].

Plasma polymerization of vinyl ferrocene onto a needle-type 
electrode followed by further plasma deposition of acetonitrile 
allowed the construction of a hydrophilic, redox active layer suit-
able for the immobilization of glucose oxidase and construction 
of a glucose sensor [141, 142]. Plasma deposition of a substituted 
ferrocene over a physisorbed layer of glucose oxidase on a screen 
printed electrode could also be utilized to develop a glucose sen-
sor with good reproducibility [143].

6.5  Nanotechnology in Biosensors

Much recent work has been performed studying the incorpora-
tion of various nano-sized species within biosensors. Two of the 
most studied species have been metal nanoparticles and carbon 
nanotubes.

6.5.1  Metal Nanoparticles

It has become possible to synthesize a wide variety of metal 
nanoparticles with exquisite control of size, composition, and  



270	 6. g lucose biosensors	
surface coatings. Since these particles often have similar sizes to 
the enzymes used within this field, attempts have been made to 
manufacture composites where the small size of the nanoparticles 
permits intimate contact throughout the composite in which the 
metal nanoparticles are often conducting in nature, so allowing 
“wiring” of the enzyme.

Because of its relative inertness and capability to be substituted 
with thiols, gold has been widely studied. For example, gold elec-
trodes can be modified with a monolayer of gold nanoparticles, 
which are then used as a substrate to covalently attach glucose oxi-
dase. This led to enhanced electron transfer between enzyme and 
electrode when compared to direct immobilization of glucose oxi-
dase without the nanoparticle layer [144], with the resulting sensor 
reported to be stable for up to 30 days. This stability could be dou-
bled by use of a thiol containing silica gel to attach the nanoparti-
cles [145]. A variation on this system deposited Prussian Blue onto 
a gold electrode, followed by electrodepositing poly(1,2-diami-
nobenzene), which was then used as a substrate for deposition of 
gold nanoparticles and then followed by glucose oxidase [146]. 
This in turn led to formation of a glucose biosensor with linearity 
for responses between 0.002–6.0 mM glucose together with good 
stability. Glassy carbon electrodes could also be used as substrates 
for gold nanoparticles, which could be utilized as the basis for a 
bienzyme film sensor with glucose oxidase and horseradish per-
oxidase [147]. A further study was focused towards systems where 
glucose oxidase was crosslinked onto films of colloidal gold immo-
bilized on gold and carbon electrodes, together with control sam-
ples without colloid [148]. The highest sensitivity and stability was 
observed for the gold colloid modified gold electrode. The proce-
dures described above could also be reversed so that glucose oxi-
dase could be chemically grafted onto a thiol coated gold electrode 
and then coated with gold nanoparticles. It was reported that this 
approach also facilitated direct enzyme-electrode transfer [149].

A single-step electrodeposition sufficed for the construction of 
a chitosan-glucose oxidase-gold nanoparticle composite onto gold 
electrodes [150], to give a glucose biosensor with a much sim-
pler deposition approach than many of those already described. 
Formation of this film onto a Prussian Blue modified electrode 
[151] gave a sensitive glucose biosensor with a wide linear range 
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(0.001–1.6 mM glucose). A variation of this method utilized a  
soluble gold salt and allowed formation of the nanoparticles  
in situ during the electrodeposition process [152]. The layer-by-
layer polyelectrolyte deposition has also been used to assemble 
chitosan-gold nanoparticle-glucose oxidase multilayers on plati-
num electrodes with good electron transfer and glucose sensing 
properties [153]. Gold nanoparticles and glucose oxidase have also 
been incorporated in composites with an involatile ionic liquid  
[154], with dihexadecyl phosphate [155] and with Nafion® [156], 
each of which showed direct enzyme-electrode transfer. Gold nano
particles were also combined with a redox active polymer, poly
vinyl ferrocene, on platinum with the resultant electrode being 
used to immobilize glucose oxidase [157]. The resultant sensor was 
used to detect hydrogen peroxide and shown to have 6.6 times the 
maximum current, 3.8 times the sensitivity, and 1.6 times the linear 
range than a similar electrode without the nanoparticles.

Other metals have been utilized in attempts to mediate electron 
transfer between the electrode and the enzyme. Silver nanopar-
ticles could be entrapped within a crosslinked polymer film along 
with glucose oxidase, which together were immobilized on a plati-
num electrode [158]. These electrode assemblies displayed much 
enhanced electron transfer, as shown by increased current responses 
in comparison to systems without nanoparticles. Similar results were 
also found for nanoparticles of an Au-Ag alloy and when utilized in 
the same system [159], the composites also showed enhanced stabil-
ity. Silver nanoparticles could be deposited from solutions contain-
ing DNA [160], with the DNA preventing particle aggregation and 
improving the catalytic ability of the nanoparticles towards oxygen 
and hydrogen peroxide reduction, thus enabling their use in a first-
generation glucose sensor.

Platinum nanoparticles have also been studied within these sys-
tems. For example, polyaniline could be deposited electrochemically 
onto stainless steel electrodes followed by electrochemical depo
sition of platinum nanoparticles. This was then used as a substrate 
for electrochemical deposition of poly(1,3-diaminobenzene) con-
taining entrapped glucose oxidase [161]. The resultant sensor exhibi
ted linearity from 0.002–12 mM glucose, fast response times (7 s), 
and good stability with good screening of interferents being in turn 
provided by the poly(1,3-diaminobenzene). Platinum nanoparticles  
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encapsulated within polymeric dendrimers [162] have also been 
reported to self-assemble using electrostatic interactions with glu-
cose oxidase onto platinum electrodes to give glucose sensors.

6.5.2  Carbon Nanotubes

Since many of the sensors developed so far use carbon-based elec-
trodes, the use of carbon nanotubes became inevitable once they 
became available in usable quantities. The structures of single-walled 
(SWNT) and multi-walled (MWNT) are shown in Figure 6.12. Several 
properties of carbon nanotubes such as their high aspect ratio, high 
surface area to volume ratio, ability to be substituted chemically, 
and abilities to act as electrical conductors make them attractive for 
use in biosensors. It should also be remembered that carbon nano-
tubes possess similar dimensions to many biological molecules used 
within biosensors. Carbon nanotubes are, however, often insoluble 
and physically intractable and so need to be modified prior to use.

Casting a suspension of MWNTs onto screen-printed carbon 
electrodes followed by casting of GOx and a ferricyanide media-
tor gave a glucose sensor with higher sensitivity and linear range 
than the control samples without nanotubes [163]. MWNTs can be 
oxidized to give them surface carboxyl groups which can then be 
modified to allow covalent linking of glucose oxidase [164]. The 
resultant water-soluble composites can be cast along with Nafion® 
and ferrocene carboxylic acid onto glassy carbon to give a glucose 
sensor with a good (0.5–40 mM) linear range for glucose.

A composite of GOx, chitosan, and MWNTs could be simply cast 
onto glassy carbon [165] to give a glucose sensor which displayed 
direct electron transfer. A similar composite of GOx, Nafion®, and 

(a) (b)

Figure 6.12  Structures of (a) single-walled and (b) multi-walled carbon nano- 
tubes.
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MWNTs was cast onto glassy carbon and the resultant H2O2 formed 
in presence of glucose was detected electrochemically [166]. Other 
polymers used to enable processing of nanotubes have included 
polydimethyldiallyl ammonium chloride [167] and polyamine 
dendrimers [168, 169], both of which allow direct electron trans-
fer to occur between GOx and the resultant modified electrodes. 
Dispersions of MWNTs in aminotriethoxysilane and Nafion® mix-
tures could be cast onto glassy carbon or carbon fibers [170] and 
used as substrates for crosslinking glucose oxidase films, so as to 
allow direct enzyme-electrode electron transfer.

Polypyrrole could be electrodeposited with entrapped GOx and 
carboxylic acid modified MWNTs to give a sensor capable of detect-
ing the hydrogen peroxide produced in the presence of glucose 
with linear range up to 50 mM [171]. Poly(1,2-diaminobenzene)  
[172] and poly(2-aminophenol) [173] could be used as a host in a 
similar manner and the resultant composite on glassy carbon [172] 
or gold electrodes [173] gave superior performance as glucose sen-
sors over control samples containing no nanotubes. A Prussian 
Blue nanodispersion could be cast onto an MWNT/glassy carbon 
electrode and coated with electrodeposited poly(1,2-diaminoben-
zene)/GOx [174], with enhanced sensitivity and selectivity.

The layer-by-layer method has also been utilized to assemble 
multilayers of MWNTs and GOx, with increases in sensitivity with 
thickness observed for up to five or six bilayers [175, 176]. Similarly 
a field effect transistor could be modified by MWNTs and layers  
of cationic polymer and GOx with the resultant H2O2 being 
detected [177]. Layer-by-layer films of MWNTs and electrochemi-
cally deposited poly (neutral red) displayed high electrocatalytic 
activity towards hydrogen peroxide, far above that observed for 
systems containing only one or neither of the materials [178].

Arrays of vertical carbon nanotubes could be deposited onto a 
chromium surface and the ends of the nanotubes then selectively 
modified to allow GOx to be covalently immobilized just on the 
ends of the nanotubes [179] to give an array of enzyme modified 
nanoelectrodes. Hydrogen peroxide was produced in the presence 
of glucose and the nanotubes catalysed its reduction at 20.2 V vs. 
Ag/AgCl with no interference being observed from ascorbate, 
acetaminophen or uric acid. Chemical vapor deposition within an 
alumina substrate could also be utilized to develop arrays of car-
bon nanotubes, which again could be substituted at the ends with 
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glucose oxidase [180]. The resultant nanoelectrode array showed 
direct electron transfer rates greater than the rate of oxygen reduc-
tion by glucose oxidase.

A recent paper has reported the direct deposition of glucose 
oxidase onto carbon nanofibers [181] and compared the sensors 
obtained with sensors based on carbon nanotubes and graphite 
powder. They report higher sensitivities and longer lifetimes for 
carbon nanofiber based devices, possibly because of their greater 
surface area to volume ratio and increased number of active sites. 
Other novel forms of nanostructured carbon have also been uti-
lized, such as graphite/iron composites where the iron acts as a 
mediator [182] and allows for the detection of glucose with no effect 
from common interferents. Glucose oxidase immobilized onto the 
plane of pyrolytic graphite showed direct electron transfer without 
the aid of a mediator [183, 184]. Diamond electrodes have been uti-
lized as substrates for glucose sensors [185, 186] as has boron-doped 
diamond [187] and platinized diamond [188]. Carbon foam [189] 
has been used to encapsulate glucose oxidase within its pores, lead-
ing to construction of a glucose sensor with higher sensitivities than 
polymer encapsulated GOx, while porous carbon has been similarly 
used to encapsulate GOx and a ferrocene mediator [190].

As both metal nanoparticles and carbon nanotubes improve the 
properties of biosensors containing these species, it was inevitable 
that they would be combined. For example, SWNTs and platinum 
nanoparticles could be co-dispersed within Nafion® to give GOx 
sensors with enhanced sensitivity over sensors modified with Pt or 
SWNTs alone [191]. Improved sensitivity was also observed when 
carbon paste electrodes were loaded with MWNTs which had 
platinum nanoparticles attached [192]. Similarly, gold nanoparti-
cle/MWNTs displayed a remarkably higher sensitivity than other 
GOx-MWCT composites [193]. Carbon nanotubes could also be 
covalently linked to platinum nanoparticles [194] or alternatively 
the layer-by-layer technique [195] could be used to assemble lay-
ers of GOx and dendrimer modified Pt nanoparticles onto carbon 
nanotubes to give glucose biosensors. Platinum nanowires could 
also be encapsulated with carbon nanotubes in a chitosan matrix 
[196] to provide catalytic activity to hydrogen peroxide and when 
used in conjunction with GOx were used to form glucose biosen-
sors. Palladium nanoparticles have also been co-deposited with 
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GOx onto nanotube modified electrodes to allow the catalytic 
reduction of hydrogen peroxide [197].

6.6  Stabilization of Enzymes

One major drawback associated with many biosensors is that 
the activity of the recognition element (usually glucose oxidase 
in the case of glucose sensors) can diminish with time. Numerous 
methods have been attempted to stabilize the enzymes, with some 
such as Nafion® and other polymers having already been men-
tioned within this chapter. One method that seems to have become 
more prominent in recent years [3] is via the use of inorganic sys-
tems such as stabilizers.

Nanoporous alumina membranes can be prepared by controlled 
anodization and used to encapsulate glucose oxidase which, when 
combined with a surface coating of chitosan, were found to pre-
vent enzyme leaching from sensors [198]. Films of glucose oxidase  
co-deposited with nanosized silica retained bioactivity and due to 
the high surface area of the silica also displayed high sensitivity 
[199]. Similar work via the immobilization of GOx/silica compos
ites onto a field-effect transistor displayed enhanced sensitivity  
and stability over systems without silica [200]. Further stabiliza-
tion of silica adsorbed GOx (up to 4 months) could be achieved by 
combining the silica support with modified polyacrylonitrile [201]. 
Other inorganic species used include magnesium silicate [202], fer-
rocene intercalated into vanadium pentoxide xerogel [203], and zir-
conium oxide, which when combined with chitosan led to increases 
in both sensitivity and storage [204]. Clays such as smectite could 
be modified with cationic groups and used to immobilize glucose 
oxidase [205]. In a similar manner anionic layered double hydrox-
ide clays could be used as immobilization substrates for GOx by 
electrostatic interactions [206], or via electrodeposition followed by 
glutaraldehyde crosslinking [207] to give glucose sensors.

Hydrogels have been shown to act as stabilizing layers when 
applied to sensors. A swollen hydrogel of high water content mim-
ics an aqueous environment and helps to prevent denaturing. For 
example, glucose oxidase could be incorporated within a cross-
linked PHEMA membrane and enabled formation of a glucose  
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sensor which only showed a 20% loss in activity following 3 months 
continuous operation [208]. Alginate microspheres could be used to 
encapsulate GOx by a variety of methods and when incorporated 
into polyelectrolyte multilayers allowed enhanced retention of GOx 
when stored in buffer [209]. Copolymers of acrylonitrile with acrylic 
acid formed microgels and could be used to entrap GOx which, 
when used in an amperometric biosensor [210] with the composites, 
displayed remarkable stability with no loss of initial response from 
the sensor after 4 months storage. The actual microgel composites 
were moreover capable of being freeze dried and displayed shelf 
lives of at least 18 months.

Inorganic sol-gels have been of interest because of their stabil-
ity and superior physical qualities. Some of the most recent work 
includes studies where different siloxane compounds were used 
to host GOx and applied to copper hexacyanoferrate [211], cobalt 
hexacyanoferrate [212] or polyneutral red [213] modified carbon 
electrodes to give sensors with lifetimes of several weeks. Another 
group investigated a wide range of silica sol-gels and conditions 
of GOx entrapment [214]. Similarly GOx could be encapsulated in 
silica/titania/Nafion® sol-gel [215], with the Nafion® preventing 
cracking and improving sensitivity and stability (80% retention 
after 4 months in phosphate buffer). Prussian Blue modified glassy 
carbon electrodes could be coated with a GOx/chitosan/silica 
sol-gel with stability over 60 days [216]. Mediators could also be 
included in sono-gels; glucose oxidase, for example, in this context 
could be immobilized at electrodes as a composite with sono-gels 
containing ferrocene compounds [217, 218].

6.7  Optical Methods for Sensing Glucose

As an alternative to electrochemical approaches, optical meth-
ods can be used for a wide variety of analyses. Optical sensors 
display several advantages over electronic devices: they are, for 
example, much less sensitive to electronic interference, since the 
information is carried as photons rather than electrons. Usually 
the optical components are made from glass chips or fiber-optic 
cable fibers, which minimizes the weight and the size of the sen-
sors since recent advances originating from the telecommunica-
tions industry enable the manufacturing of small sensors. Finally, 
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glass sensors usually display a high chemical stability—i.e., they 
are not corroded easily and are usually unaffected by organic sol-
vents as well as displaying good thermal and mechanical stability.

A schematic of a fiber-optic sensor is shown in Figure 6.13. The 
first of these main components of the sensor is an optical chip or 
fiber (known as the optrode). Usually this will contain an indicator 
species whose optical properties depend on the presence/absence 
of an analyte, e.g., adsorption or fluorescence, which is modulated 
by interaction with the analyte, since the analyte may not give or 
exhibit changes with readily determined optical properties. This 
can be thought of as a transduction event.

To follow the transduction event, a light source is used, often with 
its wavelength specifically matched to the adsorption maximum 
of the indicator, so as to maximize the sensitivity. Light from the 
source is passed through the chip and the output, which could be 
affected by adsorption or fluorescence events that can be measured 
with a suitable detector. Fluorescence is often measured instead of 
absorbance (assuming either the analyte is fluorescent or a suitable 
indicator can be found), due to the inherent higher sensitivity of the 
technique.

There has been interest in developing optical biosensors for 
glucose as reviewed recently for fluorescence-based sensors [219]. 
Commercial fiber-optic oxygen sensitive optrodes are available. 
Devices such as these may be modified by immobilizing glucose 
oxidase on its surface and can be utilized to develop a glucose sen-
sor [220]. This sensor, along with an unmodified reference optrode 
could be used to detect glucose in microdialysis samples. Later 
versions of this system could be implanted subcutaneously [221] 
and gave linear response in the physiological range of glucose.

Other recent examples include the immobilization of glucose oxi-
dase onto a novel biomaterial, a swim bladder membrane, followed 
by glutaraldehyde crosslinking [222]. This was then pressed against 
a silicone membrane containing a fluorescent ruthenium dye 
whose fluorescence is quenched by oxygen followed by the sample 
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Figure 6.13  Schematic of an optical fiber based sensor.
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being placed into a flow cell and then exposed to glucose solutions.  
In the same manner as within a Clark electrode, the presence of 
glucose causes a drop in oxygen concentration and therefore an 
increase in fluorescence. This system, when applied to the analysis 
of urine and serum samples, displayed remarkable stability with 
80% retention of enzyme activity after 10 months at 4ºC. Use of a 
bamboo inner shell membrane as the immobilizing medium led to 
formation of extremely stable glucose biosensors [223], with a 95% 
retention of enzyme activity remaining after 8 months at 4ºC and 
no effect being observed from common interferents.

Another method involved direct labeling of a glucose bind-
ing protein from E. coli with two fluorescent probes, one of which, 
acrylodan, is quenched by the presence of glucose, with the other 
emission being used as a reference [224]. Concavalin A has also been 
utilized due to its affinity binding with glucose both in competition 
assays [225] and when attached to polymer particles in conjunction 
with a near-infrared fluorescence determination [226]. Glucose bind-
ing protein could also be bound to a surface plasmon resonance chip 
and used to detect glucose with a range of mutant proteins being 
utilized [227].

6.8  Miniaturization

Miniaturization of fabricated structures has seen great strides 
in recent years. Microfluidic and micro engineered mechanical 
systems have shrunk drastically in size while increasing in com-
plexity. The whole subject of microfabrication and its application 
to sensors would be the subject of a review in itself and is outside 
the scope of this chapter. A few examples of recent advances will, 
however, be given.

A microfluidic sensor using an array of hydrogel encapsulated 
enzymes has been constructed and used to measure glucose,  
among other analytes [228]. A calorimetric biosensor based on a 
microfluidic device [229], capable of measuring the heat of reaction 
caused by enzyme catalyzed oxidation of glucose, has been devel-
oped. Microfluidic (micro-reactor) devices based on polydimethyl 
siloxane containing GOx have been used to measure glucose in 
serum. Control of the size and placement of the reactor could be 
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used to fine-tune the sensitivity and linear range of the sensor 
[230]. Gold nanowire arrays modified with GOx have been incor-
porated into a flow injection device [231] and have been used for 
measurements of glucose.

Sensors have been constructed with a conventional enzyme 
electrode contained within a silicon cavity screened by a microma-
chined porous silicon membrane, the pore size of which could be 
controlled and so used to set the linear range of the sensor [232] for 
use with clinical samples. Silicon has also been used as a base for 
machined microelectrodes, which have then been platinized and  
coated with polypyrrole for use as a glucose sensor [233]. Similar 
machining techniques could be used for the construction of 
microarrays which could then be coated with osmium-polyvinyl
pyridine complexes upon which GOx could be immobilized 
within photocurable polymers to make individually address-
able multiple electrodes [234]. Microfabricated cantilevers [235] 
could be functionalized with GOx; in these devices reaction of the 
enzyme with glucose leads to a change in surface stress, causing 
bending of the cantilever. Common interferents have been shown 
to have no effect on the detection process.

The electropolymerization of polypyrrole/GOx composite within 
a nanoporous alumina membrane has been utilized to generate 
an array of glucose nanoelectrodes with biocatalytic activity [236]. 
Electrodeposition of polypyrrole/GOx within containing trenches 
could be used to generate interdigitated microelectrode arrays which 
could be used for acute glucose sensing for several hours [237].

6.9  Continuous Monitoring

One major disadvantage of contemporary commercial biosen-
sors is the requirement of an invasive procedure, requiring fre-
quent withdrawal of blood for testing, which can be both tedious 
and painful. This aspect of glucose testing could be negated were 
it possible to implant a sensor within the body which would con-
tinuously monitor glucose. Implantable sensors suitable for in vivo 
glucose monitoring would be required to be extremely small and 
show long-term stability (with minimal drift thereby removing the 
need for frequent calibration), display no oxygen dependency, and 
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also show high biocompatibility. Although in vivo glucose sensors 
have been developed, the problem of biocompatibility has been 
an elusive target, leading as yet to only limited lifetimes. Sensor 
performance can be adversely affected by fouling due to protein 
deposition on the surface or formation of fibrous tissue around the 
sensor [238, 239]. Rejection by the immune system or thrombus 
formation if used intravascularly can degrade device performance 
and risk harm to the user. The field of in vivo glucose monitoring 
has been recently extensively reviewed [240] so only a brief history 
and most recent advances will be given here.

Subcutaneously applied glucose sensors with capability of being 
changed by the user have been developed [241, 242]. However, 
the effects of biofouling mean their use was limited to periods 
of 1–2 weeks. Attempts have been made to improve this using 
polymeric coatings. For example, a needle-based electrochemical 
probe coated with Nafion® has been developed [243] which is just 
0.5 mm in diameter and can be inserted subcutaneously through an  
18-gauge needle. Again in vivo measurements could be carried out 
over periods of 2 weeks.

An alternative approach has been to implant a microdialysis  
fiber into subcutaneous tissue through which an iso-osmotic elec-
trolyte solution may then be pumped. Glucose diffuses from inter-
stitial fluid into the fiber and the electrolyte. Providing flow rates 
are kept constant the glucose concentration in the fiber outflow 
can then be directly related to the interstitial fluid glucose con-
centration. Rapid changes in blood glucose concentration can be 
determined although a time delay, typically of about 8 minutes 
[244], is experienced between changes in blood and interstitial 
fluid glucose concentrations. Use of these probes combined with 
glucose biosensors to monitor the outflow has achieved 4–7 days 
continuous use for glucose monitoring in humans [245, 246].

More recently, miniature devices such as a 2  4  0.5 mm bio-
chip containing two platinum microarray working electrodes have 
been developed as potential implantable biosensors [247] where 
the electrode assemblies were used to immobilize glucose and lac-
tate oxidase and were coated with a complex polymer multilayer. 
Polypyrrole was used to provide screening of interferents while 
crosslinked glycol polymers and a phosphorylcholine polymer 
were included so as to provide in vivo biocompatibility. Flexible 
glucose biosensors which could be rolled up into a tube and 
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placed inside a micro-catheter have also been developed as poten-
tial in vivo monitoring devices [248]. A ribbon-like magnetoelastic 
sensor could be coated with a pH sensitive polymer and a biolayer 
of GOx and catalase [249]. Enzyme catalyzed oxidation of glucose 
to gluconic acid causes a local pH change, leading to shrinkage of 
the pH sensitive polymer and a decrease in the sensor mass load-
ing. Application of a magnetic field causes vibration of the sensor 
which can be measured by a pickup coil and is dependent on the 
mass of the sensor. This leads to the possibility of using these sys-
tems as in vivo glucose sensors without need for any physical con-
nection between a sensor and a monitoring device [249].

An implantable amperometric glucose sensor has been developed 
and has been shown to give stable results when implanted in rats 
for up to 7 days with response times of approximately one minute 
[250]. Carbon fiber microelectrodes have also been utilized, which 
were first coated with ruthenium to catalyze H2O2 reaction, fol-
lowed by coating with poly(1,2-diaminobenzene) electrodeposited 
on top as a screening layer [251]. This was then further coated with 
GOx and finally a polyurethane/Nafion® composite film to confer 
biocompatibility. The resultant systems have been shown to detect 
glucose in vivo (rats). An optical glucose sensor [252] has also been 
developed which will fit inside an 18-gauge needle and has been 
shown to be capable of measuring glucose in vivo (within fish).

As an alternative to implanted sensors, the flexible glucose  
oxidase sensor based on polydimethylsiloxane has been reported. 
This type of sensor could be worn on the human body to poten-
tially measure glucose in sweat or tears [253].

6.10  Commercial Biosensors

At present, the commercial glucose sensors market is dominated 
by the disposable market, with most devices currently utilizing the 
mediated electrochemical detection of glucose [1, 3, 254]. A major 
factor in this dominance is the availability of an inexpensive reliable 
technology for fabrication of the disposable sensor strips. Screen 
printing is a mature technology especially suitable for depositing 
enzyme electrodes [3, 254]. A wide variety of inks containing cata-
lysts, mediators, and reference standards such as Ag/AgCl are com
mercially available from a variety of suppliers. The ease of scaling 
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up the screen-printing process to mass production levels enables 
economies of scale to apply and thus reduces the costs of individ-
ual electrodes. Medisense (now Abbott), for example, at the time of 
writing produces over a billion sensor strips per year [3, 254] with 
other major suppliers including Lifescan and Roche Diagnostics.

The mediated detection of glucose is now a mature technology 
and the main focus of commercial research appears to be more 
into the supporting technology. Currently the monitoring of glu-
cose requires lancing of a finger to produce a drop of blood, a pro-
cess which when repeated on a regular basis can be both painful 
and distressing. Technologies such as the Pelikan® device, which 
only require microliter blood volumes [1], have been developed to 
reduce the amount of blood needed to minimize these problems. 
However, other ways have also been studied to remove the neces-
sity for invasive procedures.

A variety of techniques have been applied in attempts to measure 
glucose levels in interstitial fluid. Laser ablation, ultrasonic tech-
niques, and reverse iontophoresis have all been studied and have 
been shown to be capable of removing interstitial fluid, thereby 
allowing testing [1, 3, 254]. However, whether this technique actually 
gives reliable data is still controversial. It is still uncertain whether 
glucose levels in interstitial fluid follow blood glucose levels closely 
enough. Should there be a rapid rise or drop in blood glucose and 
it not be followed quickly enough by corresponding changes in the 
levels in interstitial fluid, a patient could suffer glycemia with insuf-
ficient warning. Other fluids such as urine, tears, or sweat have been 
suggested; however, as yet no large scale commercial device produc-
tion has been launched and at the time of writing, the home testing 
market is still dominated by techniques that require removal of a 
drop of blood [254].

For patients who require closer monitoring of blood glucose 
than periodic sampling allows, there is the possibility of using an 
implanted needle-type sensor for continuous or near continuous 
glucose monitoring, even when the patient is asleep. Commercial 
implantable glucose sensors are available, usually consisting of 
an implanted sensor combined with a pocket-size monitoring and 
logging device. A subcutaneously implantable device, the CGMS® 
(Continuous Glucose Monitoring System) has been commercial-
ized by Minimed (www.minimed.com). The glucose biosensor 

www.minimed.com
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probe is inserted just beneath the skin, usually in the abdomen, 
and can be used to monitor glucose for up to 72 h and provide a 
reading every 5 min. Traditional blood sampling of glucose is used 
to calibrate the device. Other data such as meal times and exercise 
periods can also be recorded using the device and all data then 
downloaded to a personal computer.

For many diabetes type 1 sufferers, life involves a constant round 
of glucose testing and insulin injections. Externally worn insulin 
pumps have been developed, such as those by Medtronic (www.
minimed.com). These have the advantage that they remove the 
need for injections by introducing insulin subcutaneously through 
a canella. When coupled together with a glucose biosensor, this pro-
vides an opportunity for the device to inject insulin “on demand.” 
This was the first device of its type to receive FDA approval [1]. 
At present, commercial devices usually can only be used for a few 
days at a time without maintenance, and injection and sensing sites 
need to be changed regularly. An implanted device which automat-
ically responds to changes in glucose levels would in effect act as 
an artificial pancreas so as to enhance the quality of life for many 
millions of people.

The preferred type of biosensor would be a noninvasive, wear-
able device which continuously monitored glucose. Devices of this 
type such as Glucowatch, produced by Cygnus, have been released 
but have yet to make a successful major impact on the market.

A variety of other methods have been proposed to measure glu-
cose which do not involve use of biological moieties in any way. 
These lie outside the scope of this chapter but have been reviewed 
elsewhere [3, 254]. These methods include use of spectroscopic 
techniques such as near-infrared spectroscopy and use of chemical 
binders for glucose such as boronic acids or molecularly imprinted 
polymers. However, as yet none of these methods has been shown 
to work with sufficient reliability for use in a commercial sensor.

6.11  Conclusions and Future

The development of reliable, widely available testing for blood 
glucose has enhanced the lifestyles and health of many millions 
of diabetics. A variety of scientific divisions—biology, chemistry,  

www.minimed.com
www.minimed.com
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materials science, electrochemistry, and engineering—have all 
played their part in this success. More research is still progressing 
to increase reliability, storability, and simplicity of these devices and 
to remove or minimize the necessary evil of invasive monitoring.

Fields that will be of interest include the removal of mediators by 
allowing more effective direct communication between the enzyme 
and the electrode. Other fields include the potential to genetically 
engineer GOx to maximize selectivity, sensitivity, and stability. 
Interest is also being shown towards the production of new bio-
compatible materials to allow implantable monitoring over longer 
time periods than presently available, along with possible minia-
turization to reduce the size of the implanted devices. This could 
eventually lead to the desirable outcome of an artificial pancreas, 
a device that responds to glucose levels by delivering a required 
amount of insulin.

Finally, there are a large number of other factors that we would 
like to be able to monitor in vivo such as lactate, cholesterol, drugs, 
disease markers, and antibodies. The methods and techniques 
used for developing high-quality glucose biosensors will also be 
applied to these fields.
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