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Abstract

This paper presents simple mathematical expressions that can be used for optimizing fuel cell electrode structures,
speci®cally polymer electrolyte membrane fuel cells (PEMFCs). Based on the e�ectiveness factor, equations relate
current density to catalyst utilization and a mass transfer coe�cient. These can be used to screen new materials or
identify which speci®c processes need to be improved in an existing electrode design. The optimum thickness, or
catalyst loading, and maximum current that can be achieved with a given set of materials can be calculated from a
simple set of equations based on the mass transfer characteristics of the electrode materials. These methods can save
considerable experimental time and cost during electrode development.

1. Introduction

To move proton exchange membrane fuel cells (PEM-
FCs) from the proof-of-concept stage into commercial-
ization, research e�orts will require a rapid and
convenient means to optimize electrode structures, espe-
cially as new materials become available [1]. Experimen-
tal optimization studies are time intensive and include
high uncertainty [2, 3]. A number of PEMFC operating
models have been published in the literature [4±10]. In

general, these are not su�ciently transparent to allow
simple expressions to be used for optimization of
components, and in some cases, they make assumptions
that are physically limiting, or even phenomenologically
unlikely. The objective of this paper is to use the same
physical principles as previously published models, and
to derive from them some useful approximate expres-
sions to allow optimization in the laboratory. First, a
method is shown which can evaluate existing electrodes
and new materials by determining the relative e�ective-

List of symbols

a surface area per volume (cm2 cmÿ3)
b e�ective Tafel slope (mV)
c molar concentration (mol cmÿ3)
D e�ective di�usivity (cm2 sÿ1)
F Faraday's constant (C equivÿ1)
H Henry's constant (atm cm3 molÿ1)
i electrode current ¯ux or current density (A cmÿ2)
k electrokinetic rate constant (A cmÿ2 atmÿ1)
L thickness of catalyst layer (cm)
n charge equivalents per mol
P pressure (atm)
R resistance (X cm2)
V electric potential (V)
x molar fraction
Z e�ectiveness factor

Greek symbols
a inherent mass transfer rate (A cmÿ2)

b mixed inherent mass transfer rate
d e�ective agglomerate depth (cm)
e volume fraction
/ rate modulus, kinetic rate/mass transfer rate
g overpotential (V)
j e�ective conductivity (S cmÿ1)
m intrinsic kinetic rate (A cmÿ2)
q density (g cmÿ3)
r migration inherent mass transfer rate (A cmÿ2)
x dummy variable

Subscripts
aggl agglomerate
cat catalyst active layer
®lm ®lm covering agglomerates
mem membrane layer
migr migration
pore gas pores
di� di�usion
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ness of each individual mass transfer process. Then,
equations are developed which calculate the maximum
current obtainable and the optimum electrode active
layer thickness for a given set of electrode materials and
operating conditions. Finally, the validity of the equa-
tions is demonstrated by applying them to polymer
electrolyte electrodes with contemporary materials.
From a commercial perspective, a fuel cell should be

designed with the highest power per unit cost, power per
unit volume, fuel e�ciency, reliability and lifetime.
Maximum power per unit volume is usually achieved by
obtaining the maximum power in each cell. Maximum
power per unit cost is achieved by obtaining the
maximum power and maximum catalyst utilization in
each cell. E�ciency usually targets an average operating
voltage for the cell. Cell reliability and lifetime require-
ments place constraints on the electrode design. Each
fuel cell application requires weighting the importance
of these characteristics di�erently. Before electrode
optimization can begin, the operational goals and
constraints must be de®ned.
This work is based on models for di�erent types of

fuel cells that have been published in the literature
[4±23]. In general, they use macroscopic processes to
describe transport through the depth of the electrode,
and microscopic processes that describe transport and
reactions at a local point, as shown in Figure 1. The
essential processes are represented by the following
parameters: reactant di�usivity through the substrate;
reactant di�usivity through the active layer; proton
conductivity through the active layer; proton conduc-
tivity through the electrolyte separator; electronic
conductivity through the current collector; electronic
conductivity through the active layer; volumetric kinetic
rate in the active layer; and a microscopic parameter to
describe the local reactant di�usivity into regions ®lled
with electrolyte in the active layer.
The ability to mathematically characterize complex

transport and kinetic processes in multiphase materials
limits the accuracy of models. Due to the complex
geometry of porous media, the transport equations are
volume averaged with an apparent parameter that
emulates the process for a simpli®ed, linear geometry.
This paper takes the most simple approach in which each

transport process in the electrode has only one param-
eter associated with it; the constitutive equation for
di�usion ¯ux is described by Fick's law, and the
equation for migration ¯ux is described by Ohm's law.
It assumes isotropic kinetic and transport properties in
each layer. In this paper the agglomerate model will
describe the microscopic di�usion process. This
approach is a simpli®cation, but it appears to be
adequate for PEMFCs, which are the primary focus of
this paper. Electrical resistance losses were neglected
here because the carbon used to support the catalyst at
the present time has su�cient electrical conductivity
(�1.0 S cmÿ1 [21]). The model assumes steady-state
operation without problems such as drying, ¯ooding,
reactant crossover, electrical shorting, or catalyst
poisoning. With these assumptions in mind, one realizes
that this analysis is a ®rst-cut approximation; more
accurate optimization calculations will require a more
rigorous model and detailed experimental characteriza-
tion. However, a more complicated model [16] will entail
many more parameters which may be very di�cult to
characterize, so that the results may not justify the e�ort.
The following evaluations depend on prior knowledge

of the kinetic and mass transfer parameters associated
with the electrode materials and construction. These can
be obtained from a number of experimental techniques
described in the literature such as ®tting polarization
curves [17±21], ®tting a.c. impedance data [22±24],
layered experiments [25, 26], microelectrode experiments
[27, 28], current pulse data [29], and potential decay
curves [30]. As materials and operating conditions
change, experimental characterization of the materials
followed with the methods described in this paper
provide a quick and e�cient means to obtain optimized
electrodes.

2. Development of optimization equations

2.1. Identifying relative transport losses and
screening new materials

For maximum power and catalyst utilization at lowest
cost, an electrode should be designed such that all the

Fig. 1. Physical picture of the fuel cell electrode model at the macrolevel and the microlevel as described by a thin ®lm covered agglomerate.
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transport and kinetic processes in the cell are balanced,
that is, no single process is more rate-limiting than the
others. As used previously in the literature [31, 32], one
way to quantify the extent that a mass transfer process
limits a given system is via the use of an `e�ectiveness
factor', Z. The e�ectiveness of a material based on its
transport properties can be compared to the e�ective-
ness of other materials to see if it is a viable candidate
for electrode construction.
This e�ectiveness factor is the ratio of the actual

current obtained with mass transfer limitations to the
intrinsic kinetic current that would be obtained if there
were no mass transfer limitations. It can also be thought
of as a measure of catalyst utilization. It is a function of
the dimensionless rate modulus, /, which is de®ned as
the intrinsic kinetic rate, m, divided by the inherent mass
transfer rate, a, both in A cmÿ2 units. The square root
of the rate modulus as de®ned here is commonly known
in heterogeneous catalysis as the Theile modulus. It is
de®ned here without the square root, because the
functionality of the non-active layer processes do not
require it. Hence,

Z � i
m
� f �/� �1�

where the rate modulus is / � �m=a� � (intrinsic kinetic
rate/inherent mass transfer rate), and i is the actual
current density. The e�ectiveness factors for individual
transport processes are summarized in Table 1 and are
plotted in Figure 2.
The activity of the catalyst, reactant concentration,

and potential in the active region determine the intrinsic
kinetic current. This manuscript will only consider ®rst
order kinetic reactions, as in the PEMFC hydrogen and
oxygen electrodes. The Tafel equation su�ciently de-
scribes the kinetic rate as a function of potential within
the operating range of most fuel cell electrodes. The Tafel
slope may (and for oxygen indeed does [33]) change as a
function of potential due to the complex reaction
mechanism and the adsorption characteristics of the
intermediates. However, the use of the Tafel equation is
still valid for the equations presented here because they

deal with only small perturbations around a given
potential within the thickness of a thin porous electrode.
The intrinsic kinetic current ¯ux of the electrode is a

function of the potential, V, with respect to a reference
electrode, the apparent local Tafel slope, b, the reactant
gas partial pressure, xAP , (or molar concentration in
liquid systems), the activity of the catalyst surface, k, the
active platinum surface area per unit volume, acat, and
the depth of the active region, L. Hence,

m � x0PacatLK exp V =b� � �2�

The inherent mass transfer rate is determined from the
dimensionless material balances for a particular process,
and depends on the type of mass transport mechanism
involved. The e�ectiveness factor of a mass transport
process comes from the analytical solution of the
volume averaged material balance, which considers only
the kinetic rate and a particular mass transport process.
To make improvements to an electrode, it is impor-

tant to identify rate-limiting processes and know what
level of transport is required to obtain a performance

Fig. 2. Mass transfer limitation as a function of the rate modulus for

transport processes in the MEA: proton transport in the active region,

oxygen transport in the active region, proton transport in the

membrane and oxygen transport in the substrate. Key: (ÐÐ)

migration in catalyst layers; (- - - -) di�usion in catalyst layer;

(±± Ð) migration in membrane; (Ð ��) di�usion in substrate.

Table 1. Summary of e�ectiveness factors for transport processes

Transport mechanism Inherent mass transfer rate E�ectiveness factor, Z

Gas di�usion in active region acat;pore � nFx0cDcat
A

Lcat
Zcat;pore � tanh� ����/p �����

/
p

Gas di�usion in agglomerates acat;agg � aaggLcatnFx0PDagg
A

HAdagg
Zcat;agg � tanh� ����/p �����

/
p

Gas di�usion in catalyst ®lm acat;film � afilmLcatnFx0PDfilm
A

HAdfilm
Zcat;film � 1

1� /

Proton migration in active region acat;migr �
jcat
H�b

Lcat
Zcat;migr � sin��x���������

/=2
p ;- �

����
/
2

r
cos�-�

Gas di�usion through substrate asub � nFx0cDsub
A

Lsub
Zsub � 1

1� /

Proton migration in membrane amem �
jmem
H� b

Lmem
� b

Rmem
Zmem � exp�ÿZmem/�
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goal. For this purpose, the e�ectiveness factor equations
have been rearranged to relate the current density and
inherent mass transfer rate to the individual e�ectiveness
of a mass transfer process without the need to know the
intrinsic kinetic rate. The current generated as a function
of catalyst utilization for a single limiting mass transfer
process can be determined from the inherent mass
transfer rate and the e�ectiveness factor by expressing
the intrinsic kinetic rate as m � a/ and substituting it
into the equation i � mZ. The inverse of the e�ectiveness
factor function will give the rate modulus, /, as a
function of the e�ectiveness, Z, that is,

i � aZ /�Z� � f �a; Z� �3�

The e�ectiveness of a mass transfer process can be
determined as a function of the operating current
density by rearranging Equation 3 to give the product
of the e�ectiveness factor and rate modulus as a
function of the current density and inherent mass
transfer rate, that is

a � i
Z /�Z� � f �i; Z� �4�

The e�ectiveness factor can be determined from the
product of the e�ectiveness factor and rate modulus by
graphical or iterative methods. Thus,

Z � f �Z /� � f �i; a� �5�

This analysis can be applied to the cathode with oxygen
from air, and to the anode with hydrogen from
reformate or methanol in water. Table 2 shows an
example of how the relative rates compare for each type
of process. In the ®rst column, values are given for the
current density from Equation 3 corresponding to an
e�ectiveness of one-half when the inherent mass transfer
rate is equal to 1 A cmÿ2. This quantitative analysis is
useful for determining the current that might be
achieved by a given material and electrode design. The
second column contains the e�ectiveness of each process
from Equation 5 at a current density of 0.5 A cmÿ2

with an inherent mass transfer rate equal to 1 A cmÿ2.
This comparative analysis may be used to determine
which processes are rate limiting. The third column
contains the inherent mass transfer rate required from
Equation 4 to achieve a current of 1.0 A cmÿ2 at an
e�ectiveness of 0.5. This may be used to determine the

necessary transport rates for a given performance goal.
While each of the individual e�ectiveness factors have a
true physical meaning, there is unfortunately no simple
correlation between the overall electrode e�ectiveness
and the individual e�ectiveness factors, since all the
processes are interactive and simultaneous.
The active region has several transport processes that

should be balanced in an optimized electrode: ionic
conductivity, electronic conductivity and reactant di�u-
sion. Because fuel cell electrodes are multiphase struc-
tures, increasing the transport facility of one process by
increasing its phase volume usually decreases the trans-
port facility of the other processes. Optimization
involves searching for the correct ratio of materials in
the composite layer (unless there is an optimizing
constraint such as material cost or con¯ict of fabrication
capabilities).

2.2. Optimum active layer thickness

The thickness, or catalyst loading, in the active layer is
an important consideration of electrode design. Gener-
ally, fuel cells are designed to operate at a given poten-
tial to meet an e�ciency goal. At constant potential, the
current density will increase with catalyst loading until
some point where mass transfer becomes rate limiting.
Exact analytical expressions show the maximum cur-

rent and optimum thickness of an active layer when only
one mass transfer process is signi®cant. For the gas
di�usion in the active layer pores, the term Z �
tanh� ����/p �= ����

/
p

approaches 1=
����
/
p

when / is greater than
four. At this point, the equation for the current has a
simple expression that is independent of layer thickness:

imax; diffusion �
�����
am
p � x0

�����������������������������������������
nFcDPacatk exp�g=b�

p
�6�

In this region of operation there is an apparent doubling
of the Tafel slope due to mass transfer [14]. The
maximum current is proportional to the reactant gas
fraction and proportional to the pressure or square root
of the pressure depending on the di�usion mechanism.
Molecular gas di�usion will exhibit square root pressure
dependence. Knudsen di�usion or liquid di�usion will
exhibit a ®rst order pressure dependence.
Figure 3(a) shows the current and catalyst e�ective-

ness as a function of active layer thickness. The layer
thickness corresponding to a rate modulus of 4.0
achieves 97% of the maximum current density that
would be obtained from an in®nitely thick active layer.

Table 2. Evaluation of currents, e�ectiveness factors, and inherent transfer rates for the transport processes with hypothetical values

Transport process Current/A cm)2 E�ectiveness Transfer rate/A cm)2

at Z = 1/2 at i = 0.5 A cm)2 at i = 1 A cm)2

a = 1 A cm)2 a = 1 A cm)2 Z = 1/2

Migration in catalyst 2.5 0.85 0.40

Di�usion in catalyst 1.84 0.84 0.54

Migration in membrane 0.693 0.61 1.4

Di�usion in substrate 0.5 0.5 2.0
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Catalyst utilization at this point is just less than one-
half. The criterion for optimum thickness here was a
compromise between maximum current density and
maximum catalyst utilization. Hence,

Lopt; diffusion � 2

�����
a�

m�

r
� 2

�����������������������������
nFcD

PaVk exp�g=b�

s
�7�

The starred variables represent the variable without the
layer thickness, L. One might choose a di�erent
optimum thickness to achieve a slightly higher current
density at much lower catalyst utilization, or higher
catalyst utilization at a lower current density. The
optimum thickness is independent of the reactant mole
fraction and independent of pressure for Knudsen and
liquid di�usion, but is inversely proportional to the
square root of the pressure for molecular di�usion.
The a�ect of agglomerate di�usion can easily be

added to the pore di�usion model by recognizing that
the agglomerate e�ectiveness is independent of oxygen
concentration and layer thickness. The product of the
intrinsic kinetic rate and the agglomerate e�ectiveness
factor replaces the intrinsic kinetic rate:

imax; diff�aggl �
��������������
amZaggl

p
and

Lopt; diff�aggl � 2

�������������
a�

m�Zaggl

s �8�

If the agglomerate rate modulus is such that /agg > 4,
then Zagg � 1=

���������
/agg

p
and

imax; diff�aggl �
�������������������
am1=2a1=2aggl

q
and

Lopt; diff�aggl � 2

�������������������
a�

m�1=2a�1=2aggl

s �9�

When proton or electron resistance is the only signi®-
cant mass transfer loss, the term Z � sin�x�= ���������

/=2
p

approaches 1=
���������
/=2

p
when /=2 becomes greater than

9.0. At this point, the current reaches a maximum
independent of the active layer thickness:

imax; migration �
��������
2rm
p

�
����������������������������������������
2jbx0PaVk exp�g=b�

p
�10�

where the inherent mass transfer rate for migration will
be represented by r throughout the rest of this paper.
The layer thickness at /=2 equal to 9.0 corresponds to a
catalyst utilization of slightly less than 1/3 and to 93%
of the current obtainable from an in®nitely thick
electrode, as is shown in Figure 3b. Then,

Lopt; migration � 3

�������
2r�

m�

r
� 3

�����������������������������������
2jb

x0Pacatk exp�g=b�

s
�11�

Since the agglomerate e�ectiveness factor changes as the
potential changes through the electrode layer, a simple
solution for the agglomerate a�ect does not exist. The
average intrinsic kinetic rate is lowered by a fraction of
the initial agglomerate e�ectiveness factor (at z � 1) and
this can be approximated by multiplying a reduced
power of the agglomerate e�ectiveness to the intrinsic
kinetic rate, that is,

imax; migr�aggl �
����������������
2rmZ3=4

aggl

q
and

Lopt; migr�aggl � 3

�������������
2r�

m�Z3=4
aggl

s �12�

The above cases investigate optimum thickness when
only one macroscopic mass transfer process is limiting;
however, realistically, migration and di�usion are both
signi®cant mass transfer losses. When the sources of
moving species (H� and O2) come from opposite sides of

Fig. 3. Current density increases and catalyst utilization decreases as the active layer thickness increases for (a) gas pore di�usion and (b) ion

migration. Key: (ÐÐ) current; (- - - -) e�ectiveness.
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an active layer, as in the fuel cell, increasing the layer
thickness beyond an optimum will cause a loss in
performance. Figure 4 contains a numerical solution to
the current density generated by a fuel cell cathode as a
function of active layer thickness at di�erent electrode
potentials. In this calculation, the inherent mass transfer
coe�cients for migration and pore di�usion were equal
and microscopic di�usion was neglected. A peak current
density appears at the optimal thickness, which changes
as a function of potential (or intrinsic kinetic rate),
showing that electrodes must be optimized at a speci®c
potential.
An exact analytical solution for the maximum current

density and optimum layer thickness was not found with
both processes. However, a geometric average of the
individual solutions yields empirical rules that ®t the
maximum current density and optimum layer thickness
obtained from the rigorous numerical solution. A plot of
imax against Lopt from these equations is also plotted on
Figure 4 and labeled as the `optimum design line'. It can
be seen from these equations that as one or the other
mass transfer coe�cient becomes dominant, the limiting
cases discussed earlier are obtained. The maximum
current density generated from the active layer with ion
migration, reactant di�usion in the pores, and reactant
di�usion into agglomerates is given by:

imax �
����������������
b1mZaggl

p �13�

where

b1 �
2ra������

2r2=3
p �

������������
aZ1=4

aggl
2=3

q� �3=2

The layer thickness where the maximum current density
occurs is at

Lopt � 3

�������������
b2

m�Zaggl

s
�14�

where

b2 �
2r�a���������

9
2 r�2=3

q
�

�������
a�

Z1=4

aggl

2=3

r !3=2

The electrode substrate and electrolyte membrane con-
tribute mass transfer losses. The membrane resistance
lowers the available overpotential in the active layer,
which drops the reaction activity, m. Increasing resis-
tance increases the optimum thickness and decreases the
maximum current exponentially. The parameters a, aagg
and m are proportional to the reactant concentration,
which is altered by di�usion losses in the substrate.
When di�usion dominates the losses in the active layer,
losses from the substrate do not a�ect the optimum
thickness of the active layer, and the maximum current
density falls with the square of reactant concentration
reaching the active layer. When migration limitations
dominate, substrate losses increase the optimum thick-
ness of the active layer, and decrease the maximum
current linearly with concentration; that is,

a � 1ÿ i
asub

� �
a0

aaggl � 1ÿ i
asub

� �
aaggl;0 �15�

m � 1ÿ i
asub

� �
exp ÿ i

rmem

� �
m0

Because knowledge of the current density is required to
obtain the corrected active layer parameters, an iterative
approach must be used.

3. Results and discussion

3.1. Optimum layer thickness

The maximum current and optimum thickness
equations described above were compared with results
obtained from testing polymer electrolyte membrane
fuel cell cathodes. Eight membrane and electrode
assemblies (MEAs) were manufactured with all elements
the same except for the platinum loading in the cathode.
The loadings used were 0.076, 0.142, 0.231, 0.318, 0.421,
0.528, 0.638, and 0.736 mg Pt cmÿ2. The catalyst layer
which contained 20 wt % platinum on carbon support
(Johnson Matthey) and 33 wt % Na®onTM (DuPont de

Fig. 4. Amaximum current density appears as a function of active layer

thickness when both migration and di�usion are limiting. Graph

calculated by a numerical model for electrode potentials of E � 0:8,
0.75, and 0.7 V vs SHE with parameters m� � 1:0 �
10ÿ5 exp��1:23ÿ E�=0:027� A cmÿ3, r� � 1:5� 10ÿ3 and a� � 1:5 �
10ÿ3 A cmÿ1. The `optimum design line', imax against Lopt, was

calculated from Equations 13 and 14. Key: (ÐÐ) 0.8 V; (� � � �)
0.75 V; (± ± ±) 0.7 V; (±��±) imax against Lopt.
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Nemours) was painted onto a carbon cloth impregnated
with acetylene black and Te¯onTM, then hot pressed to a
Na®onTM 112 membrane with the anode on the other
side. The 5 cm2 cells were tested at 50 �C and atmo-
spheric pressure with humidi®ed gases at a high enough
¯ow rate to keep the oxygen concentration constant
across the entire electrode area.
The cell current density versus platinum loading in the

active layer is plotted along lines of constant cell potential
in Figure 5. A clear trend shows how the current increases
with increased platinum loading until a point where mass
transfer becomes limiting. A deviation in the trend is seen
at the cell with the thickest active layer, because its MEA
was over-compressed during the hot press step of
fabrication. This cell shows a lower ionic resistance
because the membrane was thinned (higher currents with
oxygen), some electrical shorting through the membrane
(a shunt, giving lower current at high potential), and a
higher oxygen mass transfer resistance because the pore
structure was crushed (lower currents with air).
Transport and kinetic parameters for a cell of this

construction have been estimated from the literature or
measured using techniques described in the literature,
and are listed in Table 3. Using these parameters with
Equations 13 and 14 and correcting for the substrate and
membrane resistance using Equation 15, the design line
for the maximum current and optimum thickness can be
evaluated for both oxygen and air cases. The calculations
are compared with the experimental results in Figure 5.
The layer thickness, L as used in the equations, is related
to the catalyst loading, L as used in the experiments, by
the density of the catalyst. The design calculations
legitimately emulate the experimental results.

3.2. Optimum Na®on content

Table 4 shows the individual e�ectiveness factors of
each process calculated with Equation 5 for the type of

cathodes tested experimentally while operating on air at
a current of 0.6 A cmÿ2 and containing an active layer
thickness of 42 lm (0.63 mg Pt cmÿ2 was the optimum
loading at that current). This analysis showed that the
membrane was the largest loss in the fuel cell (i.e., it had
the lowest e�ectiveness). The second largest loss was the
proton resistance in the active layer with an e�ectiveness
of 0.38. Di�usion into the agglomerates was the largest
di�usion loss in the cell. E�orts to make better
electrodes should focus on improving these mass trans-
fer processes.
Increasing the polymer content in the active layer

could improve the proton conductivity. In another study
[34], the transport and kinetic parameters in the cathode
active layer containing platinum dispersed on Vulcan
black XC-72 (E-Tek) were characterized as a function of
the ionomer content. Those results are summarized in
Table 5 for a cathode operating with air at 50 �C.
Typically, the substrate has a di�usion parameter
around asub � xoxy 12 A cmÿ2 and the Na®on 112
membrane had a migration parameter rmem �
0:13 A cmÿ2.
Figure 6 shows how the maximum obtainable current

and the optimum catalyst loading change as a function

Fig. 5. Experimental current density shown as a function of platinum loading along lines of equal cell potential to compare with the design

equations for (a) hydrogen/air and (b) hydrogen/oxygen. The 5 cm2 cells were tested at T � 50 �C, P � 1 atm, with humidi®ed gases at high

stoichiometry. The solid line is the calculated imax against Lopt as described in the text.

Table 3. Parameters used for calculating the maximum current and

optimum cathode thickness plotted in Figure 5

Parameter Value Reference/method

E0 1.23 V 21

b 0.03 V 21, 27

akP0 6� 10ÿ6 A cmÿ3 21, 27

4FcDcat;pore
oxy 0.08 A cm)1 method as in 19

bjcat
H� 0.006 A cm)1 18

aagg4FP0Dagg
A =�HAdagg� 500 A cm)3 experimental ®t in 35

b=Rmem 0.222 A cm)2 HF a.c. impedance

4FcDsub
oxy=Lsub 15 A cm)2 method as in 13

qcat 150 mg Pt cm)3 measured mass/volume
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of wt % Na®onTM in the active layer for air operation
with a 20% Pt/C catalyst. The equations predict an
optimum maximum current density of 0.38 A cmÿ2 at
0.7 V (56% fuel e�ciency) with a cathode loading of
0.39 mg Pt cmÿ2, 60 wt % Na®onTM, a membrane
resistance of 0.2 X cm2, and a substrate limiting current
of 2.4 A cmÿ2. This graph also shows that the calcu-
lated maximum current with the traditional 33 wt %
Na®onTM is about 0.33 A cmÿ2 at a loading of 0.39 mg
Pt cmÿ2, in agreement with experimental results.
Other types of catalyst available (40% Pt/C and 60%

Pt/C) were evaluated for optimum Na®onTM content
and catalyst loading; a comparison is shown in Figure 7.
Maximum current increases with increasing platinum
percent on carbon. However, the necessary loading to
achieve those currents also increases. There is a 21%
increase in the maximum current between 20% Pt/C and
60% Pt/C and a 340% increase (4.4 times increase) in
the platinum loading.
Two other groups have recently performed studies on

optimized electrode structures. Antolini et al. [35] de-
veloped an empirical expression that summarized their
experiments to ®nd the optimum Na®onTM fraction in
the active layer. They concluded from a limited number
of experiments that the Na®onTM to carbon weight ratio
should remain constant at 0.56. They do not specify the
operating conditions at which the optimization took
place. The optimum Na®onTM to carbon ratios in
Figure 7 indicate 0.72. The higher ratio predicted here
compared with Antolini might result from optimizing at
a di�erent operating potential or oxygen concentration.

Marr and Li [36] performed a numerical modeling study
(without any experiment) and concluded that the
optimum polymer content depended on the operating
current (or potential). They assumed a functionality of
the transport parameters based on a void fraction in the
active layer, and their results do not re¯ect experimental
quantities found in Table 5. However, their work agrees
that the optimum polymer fraction is more complex
than just a ratio of the carbon to polymer weight. The
optimization procedure introduced here is an improve-
ment over both previous studies.
Equations 13 and 14 can also predict electrode

performance with improved electrode materials. If the
membrane resistance can be reduced to 0.05 X cm2

(which is the inherent resistance of the Na®on 112
membrane), the electrode performance can be improved
as shown in Figure 8. In this case, the maximum current
is 0.62 A cmÿ2 at 0.7 V from a cathode containing
65 wt % Na®onTM and a platinum loading of 0.20 mg
Pt cmÿ2. This type of performance has been the goal for
commercialization, but has not yet been reached experi-
mentally because of low amounts of polymer in the

Table 4. E�ectiveness for each process in the cathode of the

experimentally tested cells at a current of 0.6 A cm)1 and an active

layer thickness of 42 lm

Mass transfer process E�ectiveness factor

Migration in membrane 0.09

Migration in active layer 0.38

Di�usion in agglomerate 0.62

Di�usion in substrate 0.81

Di�usion in pores of active layer 0.97

Table 5. Dependence of mass transfer and kinetic parameters in

cathode active layer on the Na®onTM volume fraction. 20% Pt/Vulcan

mixed with Na®on 1100 operating at T = 50 °C with air

Parameter/A cm)2 Functionality based

on polymer content

acat
0:024xO2

P
Lcat

�1ÿ epoly�1:5

rcat
0:0026 epoly

Lcat

m for (20% Pt/C) 1:6� 10ÿ7xO2
PLcatepolyq exp

1:23ÿ Ecat

0:027

� �
aaggl 4:5� 103xO2

PLcatepoly

q � P
i
x�i
qi

h iÿ1
where qPt � 21 000 mg cmÿ3, qNafion � 2000 mg cmÿ3,

and qcarbon � 500 mg cmÿ3

Fig. 6. Maximum current and optimum catalyst loading in the active

layer as a function of the wt % Na®onTM for 0.7 V, air, 20% Pt/C

catalyst, Rmem � 0:2 X cm2, and asub � xoxy 12 A cmÿ2. Key: (±±)

maximum current; (� � � �) optimum loading.

Fig. 7. Comparison of maximum currents at 0.7 V for the di�erent

platinum on carbon E-Tek catalysts and current electrode materials.

Air/H2 at atmospheric pressure and 50 �C. Key: (±d±) 60% Pt/C;

(� � �s� � �) 40% Pt/C; (±.±) 20% Pt/C.
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active layer, problems with manufacturing, and high
membrane resistance due to low water saturation.
It may be possible in the near future to obtain as high

as 0.89 A cmÿ2 at 0.7 V with air at atmospheric pressure
and 0.2 mg Pt cmÿ2 loading. Improvements include: the
membrane resistance reduced to 0.0125 X cm2 (which is
the inherent resistance of the new Gore SelectTM 12 lm
membrane [37]), the ionic conductivity of the active
layer polymer improved by 50% (using a lower equi-
valent weight ionomer), and the substrate limiting
current increased to 5 A cmÿ2 (by metal foam ¯ow
®elds and the removal of the cloth/paper substrate [38]).
At 0.6 V (dropping the hydrogen fuel e�ciency to 48%),
1.7 A cmÿ2 could be obtained with such a cathode
consisting of 63 wt % Na®onTM and 0.07 mg Pt cmÿ2.
This type of performance would allow cell power
densities of 3.4 kW litreÿ1 (not including cooling plates,
endplates, or intercell gas distributors) with very low
catalyst loading.

4. Conclusions

Based on the e�ectiveness factor, a method has been
developed to identify the relative severity of mass
transfer limitation of an existing electrode design or
screen a new material for its transport feasibility. The
evaluation compares inherent mass transfer coe�cients
and is independent of the reaction kinetics. An existing
electrode design can be analysed by comparing the
possible currents or e�ectiveness from each of the mass
transfer processes to identify which processes need to be
improved. New fuel cell materials can be screened before
an electrode is assembled using this method by deter-
mining if the mass transfer rates are su�cient to obtain
the desired operating current.
Simple expressions have been derived to calculate the

maximum current and optimum thickness of the active
layer with proton migration and reactant di�usion mass
transfer losses. The optimum thickness represents a
point that achieves close to the maximum theoretical
current, at reasonable catalyst utilization. The optimum

thickness and maximum current are calculated as
functions of the inherent mass transfer coe�cients and
the intrinsic kinetic rate. An excellent correlation was
obtained between these equations and experiment in
spite of the simplicity of the expressions. They are
accordingly much more useful for optimization than the
experimental trial-and-error approach or complex nu-
merical ®ts in previously published models. The use of
these equations has the potential to save considerable
experimental time and cost for optimizing fuel cell
electrodes.
The design equations predicted performance of low

catalyst loading cathodes with existing materials could
be signi®cantly improved by increasing the amount of
Na®onTM in the active layer from the standard 33% to
about 60 wt % with the 20% Pt/C catalyst. Such an
electrode operating on hydrogen and air at atmospheric
pressure was shown to achieve 0.38 A cmÿ2 at 0.7 V
with 0.39 mg Pt cmÿ2. By combining recent improve-
ments in membrane conductivity, substrate di�usivity,
and active layer proton conductivity, the design equa-
tions predict that a cell should obtain 0.89 A cmÿ2 at
0.7 V with 0.2 mg Pt cmÿ2 operating on hydrogen and
air at atmospheric pressure.
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