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Abstract

The composition and performance optimisation of cathode catalyst platinum and catalyst layer structure in a proton exchange
membrane fuel cell has been investigated by including both electrochemical reaction and mass transport process. It is found that
electrochemical reactions occur in a thin layer within a few micrometers thick, indicating ineffective catalyst utilization for the present
catalyst layer design. The effective use of platinum catalyst decreases with increasing current density, hence lower loadings of platinum
are feasible for higher current densities of practical interest without adverse effect on cell performance. The optimal void fraction for the
catalyst layer is about 60% and fairly independent of current density, and a 40% supported platinum catalyst yields the best performance
amongst various supported catalysts investigated. An optimal amount of membrane content in the void region of the catalyst layer exists
for minimum cathode voltage losses due to competition between proton migration through the membrane and oxygen transfer in the void
region. The present results will be useful for practical fuel cell designs. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Vehicular emissions arising from fossil fuel combustion
have resulted in severe local air pollution in many urban
areas. They causes health problems, and contributes signif-
icantly to the accumulation of atmospheric greenhouse
gases with possible detrimental changes in the global
climate. The increasing consumption of finite fossil fuel
reserves has also called for alternative fuels and energy
sources for sustainable development. Proton exchange

Ž .membrane fuel cells PEMFC , using hydrogen as fuel, are
promising candidates for transportation applications as a
clean and energy efficient power source.

However, the commercial success of PEMFCs depends
on their cost competitiveness with other energy conversion
and power generation devices. Cost reduction of PEM fuel
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Žcells can be achieved by enhancing performance high
.energy conversion efficiency and power density and low-

ering material and fabrication costs. In PEMFCs, the con-
version of the chemical energy of a fuel and an oxidant
into electricity is accomplished in a thin layer of catalyst
located between the membrane electrolyte and cathode,
and the electrolyte and anode, often referred to as the
cathode and anode catalyst layer, respectively. Due to the

Ž .low cell operating temperature 80–958C and acidic na-
ture of the reaction, expensive precious metals like plat-
inum and its alloys are invariably used as catalyst to
facilitate the electrochemical reactions. If PEMFCs are
successful in replacing the present internal combustion
engines as the vehicle power source, substantial increases
in world platinum production will be required at the
present loadings of platinum.

An estimate of required platinum production may be
made as follows: assume each vehicle has a power source
of 50 kW net power, provided by PEMFCs with a power
density of 0.6 Wrcm2 and a cell platinum loading of 1
mgrcm2. Then each new vehicle power train requires 83.3
g of platinum. Considering approximately 2.2 g of plat-

w xinum per vehicle 1 is currently expected to be used for

0378-7753r99r$19.00 q 1999 Elsevier Science S.A. All rights reserved.
Ž .PII: S0378-7753 98 00161-X



( )C. Marr, X. LirJournal of Power Sources 77 1999 17–2718

Fig. 1. Typical breakdown of cell voltage losses in a proton exchange
w xmembrane fuel cell 4 .

spark plugs and catalytic converters, and 16 million new
w xvehicles produced per year in North America 2 , a 95%

recovery rate from platinum recycling requires an addi-
tional 31.5 tonnes of platinum production per year. This
dictates an increase of 22% in world annual platinum

w xproduction, which is approximately 144 tonnesryear 3 ,
in order to maintain new vehicle production in North
America alone. However, before large scale market pene-
tration of fuel cells into transportation applications, plat-
inum recycling is not available and economically viable.
On the other hand, if PEM fuel cells successfully becomes
the choice of power source for the 2% zero emission
vehicles, required by year 2003, out of total 16 million
new vehicles produced annually, that requires an increase
of 26 tonnes, or 18%, beyond the current world annual
platinum production solely for the North American market.
Therefore, minimisation of platinum usage in PEMFCs is
of significance not only in the reduction of PEMFC intrin-
sic cost, but also to mitigate rises in platinum cost from
increased demand.

Because the thin catalyst layers are the regions where
the electric power is generated, cell performance depends
largely on the optimisation of various processes occurring
there. As shown in Fig. 1, the highest irreversible losses in
cell voltage occur in the cathode catalyst layer at practical
current densities of 0.3–0.5 Arcm2, while the losses in the

w xanode catalyst layer are relatively small by comparison 4 .
Hence, performance of the cathode catalyst layer in a
PEMFC has significant impact on the overall performance
of the cell, and the optimisation of cathode catalyst layer
composition and performance becomes the objective of the
present study.

Previous studies have concentrated on various aspects
of PEMFC operation, and their effect on cell performance.

w xFuller and Newman 5 investigated strategies for thermal
w xand water management. Springer et al. 6 developed an

isothermal, one-dimensional, steady state model for water
transport through a complete PEMFC based on experimen-
tal results, and their modelling results provided useful

insight into the cell’s water transport mechanisms and their
effect on the cell performance. Bernardi and Verbrugge
w x7,8 developed a comprehensive mathematical model for a
PEMFC from fundamental transport properties. Nguyen

w xand White 9 formulated a quasi-two-dimensional model
to account for the variations of mass and heat transfer
between the electrode and reactant gas mixture in the flow

w xchannel. Amphlett et al. 10 presented a semi-empirical
model for a specific PEMFC performance. Recently, Weis-

w xbrod et al. 11 presented a simplified through-the-elec-
trode model, including water saturation and transport within
the electrode and reaction kinetics within the cathode
catalyst layer. The model was validated with single cell
experimental data, and was then used to investigate the
impact of cell operating temperature and pressure on the
cell performance.

Clearly, few studies in literature have focused on the
catalyst layer performance and its composition optimisa-
tion under various conditions, as well as the impact on cell
performance. The present study follows earlier work of

w x w xBernardi and Verbrugge 7,8 , and Weisbrod et al. 11 . A
steady state, isothermal and one-dimensional model of the
cathode catalyst layer is formulated by including both
electrochemical kinetics and mass transport processes of
reactant oxygen dissolved in a fully hydrated ionomer
membrane. The present results highlight the existence of
optimal operating and design parameters as well as their
inter-dependence, and will be useful in aiding the design of
practical fuel cells.

2. Formulation

The cathode catalyst layer is assumed to consist of a
mixture of catalyst platinum, ionomer membrane elec-
trolyte and void space, as shown schematically in Fig. 2.

Fig. 2. Schematic of the cathode catalyst layer.
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The small catalyst particles, either on their own or sup-
ported on relatively large carbon black particles, are cov-
ered by a thin, continuous layer of ionomer. The spatial
coordinate z is defined in Fig. 2 so that the positive
direction points from the cathode electrode to the mem-
brane with its origin located at the interface between the
cathode electrode and catalyst layer. All fluxes are taken as
positive in the positive z-direction, while the electric cur-
rent density is opposite to the z-direction, as shown. The
void space is usually sufficiently large so that the Knudsen
diffusion is unimportant compared to the bulk diffusion
w x12 . It is further assumed that the catalyst layer has a
uniform distribution of its various components and a small
thickness compared to its height and depth so that a
one-dimensional approximation in the z-direction is made.

In the catalyst layer, protons diffuse into the layer from
the anode through the membrane on the right and oxygen
diffuses into the layer from the cathode electrode on the
left. Electrons from the electrode travel through either the
catalysed carbon black particles or platinum particles, de-
pending on the type of catalyst used, to the catalyst
surface. On the surface of the catalyst particles, the oxygen
is consumed along with the protons and electrons and the
product liquid water is produced along with the waste heat.
The overall electrochemical reactions occurring at the reac-
tion site may be represented by the following reaction:

4Hqq4eyqO ™2H OqHeat 1Ž .2 2

The liquid water formed at the catalyst surface may be
removed through the cathode electrode or via back diffu-
sion through the membrane to the anode, depending on the
operating condition. Therefore, the ionomer layer sur-
rounding the catalyst particles is taken to be fully hydrated,
and the void region in the catalyst layer is assumed to be
fully flooded, although many other researchers have as-
sumed open gas pores in their modelling of single cell

w xperformance 5–11 . This is because in many of the single
cell experimental measurements based on which these
previous models were developed, water flooding is not a
serious problem at reasonable current densities, especially
under relatively high stoichiometric flow rates of the reac-
tants used in those studies in order to boost cell perfor-
mance. In fact, entire reaction product—liquid water—can
be removed from the anode side to avoid water flooding of
the cathode if sufficiently high fuel stream flow rates are

w xemployed 13,14 . On the other hand, there are experimen-
tal evidences that water flooding occurs at very low cur-
rent densities during the operation of practical fuel cell
stacks because the stoichiometric flow rates of the reac-
tants involved cannot be excessively high due to, e.g.,
efficiency and economic consideration and practical limita-
tions. Since a stack or stacks of many individual cells have
to be put together for all practical applications, and the
purpose of the present study is to provide aids for practical
fuel cell designs, it is justifiable to assume that the cathode
catalyst layer is fully flooded. Ideally, one might like to

study the case of partially-flooded cathode, and to investi-
gate the effect of the various degree of water flooding on
the performance and optimal design—this is not an easy
problem, and it will be dealt with in a future study. The
waste heat produced may be removed in a manner similar
to that of water removal such that the entire catalyst layer
maintains isothermal conditions. As a result, the primary
processes to be modelled in the catalyst layer are electro-
chemical reactions at the catalyst surface as given in Eq.
Ž .1 , the delivery of reactants to the reaction site and the
ohmic losses associated with proton and electron migra-
tion.

The reactant supply to the reaction site is governed by
the conservation of species. For an infinitesimal control
volume d z located at z, this becomes

dC d Ni i
sy qv 2Ž .id t d z

where C is the molar concentration of species i, N is thei i

molar flux, and v is the rate of production for species ii

due to the electrochemical reaction. At steady state, no
species accumulation occurs within the control volume,

Ž .thus Eq. 2 reduces to, for the three reactant species,

d NO 2 sv 3Ž .O 2d z

d N qH
qsv 4Ž .Hd z

d Ne
sv 5Ž .ed z

The rate of species production is related by the stoichio-
metric coefficients of the various species involved in the

Ž .reaction. For the cathode reaction given in Eq. 1

1 1 1
qyv sy v sy v s v sv 6Ž .O H e H O2 24 4 2

where v represents the rate of reaction.
Ž . Ž . Ž .Combining Eqs. 3 , 4 and 6 yields

d N q1 d NO H2 s 7Ž .
d z 4 d z

Integrating from the membranercatalyst layer interface to
any location z in the catalyst layer, and noting that the
proton molar flux and protonic electric current density are

Ž .related by Faraday’s constant Fs96,487 coulombsrmol
with the relation IsyN qF , where the negative signH

arises from the fact that the positive direction of the
current density I is opposite to the proton flux assumed,
and the oxygen molar flux N vanishes at zsd byO 2

assuming that no oxygen crosses through the membrane,
we have

1
N z sy I z y I 8Ž . Ž . Ž .O d2 4F
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Ž .where I s I d represents the current density loading ford

the cell. The oxygen flux through the catalyst layer is
assumed due to concentration gradient only, so that from
the Fick’s law of diffusion, we have

dC NO O2 2sy 9Ž .effd z DO 2

where the effective diffusion coefficient, Deff, is calculatedO 2

from the bulk diffusion coefficient, D , for oxygen diffu-O 2

sion through the void region of the catalyst layer and a
correction factor to account for the non-diffusing space

w xoccupied by the solid catalyst particles 17

Deff sf 3r2D 10Ž .O O2 2

where f represents the void fraction, or porosity, of the
Ž . Ž .catalyst layer. Combining Eqs. 8 and 9 gives the equa-

tion for the oxygen concentration variation in the catalyst
layer

dC 1O 2 s I z y I 11Ž . Ž .deffd z 4FDO 2

As mentioned earlier, the void space in the catalyst
layer is filled completely with a mixture of water and
ionomer, and oxygen dissolved in liquid water diffuses
through the liquid water first, then through the thin ionomer
surrounding the catalyst particle before reaching the reac-
tion sites. If the ionomer coating the catalyst is evenly
distributed over the catalyst particles, the overall O diffu-2

sion processes in the void region of the catalyst layer may
be approximated with a series resistance model. At steady
state, the resistance, per unit area, to O transfer by2

w xdiffusion is 18

L qL L Ll m l m
s q 12Ž .

D D DO O - H O O - m2 2 2 2

where L and L are the equivalent thickness of liquidl m

water and ionomer membrane, respectively, in the catalyst
layer per unit geometrical surface area, and D andO - H O2 2

D are the diffusion coefficient of O in liquid waterO - m 22

and membrane, respectively. Because the ionomer loading
l of the catalyst layer is defined as the ratio of the volumem

occupied by the ionomer to the total void space available
in the catalyst layer, it is directly proportional to the

Ž .equivalent thickness L . Then, Eq. 12 can be rearrangedm

to give the bulk O diffusion coefficient as follows:2

D DO - m O - H O2 2 2D s 13Ž .O 2 1y l D q l DŽ .m O - m m O - H O2 2 2

The ohmic resistance in the catalyst layer is associated
with both proton migration through the ionomer and elec-

tron transfer in the conducting solid catalyst. Applying
Ohm’s law to both the proton and electron motion yields

dc Is e
sy 14Ž .effd z ks

and

dc Im
sy 15Ž .effd z km

where c and c represent electrical potential in the solids m

catalyst particles and ionomer membrane, respectively, ks

and k are the corresponding electrical conductivity, Im e

denotes the electronic current density and I the protonic
current density defined earlier. Because the overpotential h

in the cathode layer driving the electrochemical reactions
is related to the difference in potential c and c ass m

follows:

hsc yc qconstant 16Ž .s m

Ž . Ž .the change of h becomes, from Eqs. 14 and 15

dh I Ie
sy q 17Ž .eff effd z k ks m

The electronic and protonic current density can be
Ž . Ž .related. From Eqs. 4 – 6 , we have d Ird zsyd I rd ze

because both the protonic and electronic current density
are proportional to their respective molar flux. Integrating
from d to z yields

I z y I d syI z 18Ž . Ž . Ž . Ž .e

Ž .since I d s0 as the membrane region is electronicallye

insulated, no electrons can flow through the membrane.
Ž . Ž .Substitution of Eq. 18 into Eq. 17 results in

dh 1 1 1
s q Iy I 19Ž .deff eff effž /d z k k km s s

Typically, the electrical conductivity in the solid is
several orders of magnitude larger than that in the ionomer
so that the second term in the above equation is almost
always small relative to the first term, except for very
small current densities near zs0. The effective electric
and ionic conductivity are determined from the correla-
tions accounting for the porous nature of the catalyst layer
w x17 similar to that for gas diffusion discussed earlier. They
are

3r2effk s l f k 20Ž . Ž .m m m

3r2effk s 1yf k 21Ž . Ž .s s

where k and k are the bulk conductivities of them s

ionomer and solid catalyst, respectively. In obtaining Eq.
Ž .20 , it has been assumed that the liquid water in the void



( )C. Marr, X. LirJournal of Power Sources 77 1999 17–27 21

region of the catalyst layer blocks the conduction of proton
in a similar non-linear fashion as solid spheres.

Ž .The distribution of the current density I z within the
Ž . Ž .catalyst layer, as appeared in Eqs. 11 and 19 , depends

Ž .on the rate of electrochemical reaction v shown in Eq. 6 .
For fully hydrated ionomer in the cathode catalyst layer,
the concentration of proton at the reaction sites is fixed
and constant, and its specific value depends on the type of
the membrane used. Therefore, absorbing the proton con-
centration into the pre-exponential constant, which eventu-
ally becomes the exchange current density, the Butler–
Volmer equation for the rate of the electrochemical reac-

Ž .tion given in Eq. 1 becomes

a Fh a Fhc agv )sB)C exp yexp y 22Ž .O 2 ž / ž /RT RT

where a is the transfer coefficient, h is the cathode
overpotential, T is the temperature of the catalyst layer, R
is the universal gas constant, and B) is the pre-exponen-
tial constant. Typically, the reaction order g is usually
taken as unity. The reaction rate v ) represents the molar
change per unit time per unit reaction surface area. It
should be pointed out that oxygen reduction in acidic
media is in general irreversible like in the phosphoric acid

Ž . Žfuel cells PAFCs , and the open-circuit potential i.e., at
.zero cell current density is a mixed potential between

some electrode oxidation process, such as carbon oxidation
and oxygen reduction. Therefore, high cell voltage opera-
tion must be avoided for PAFCs in order to extend cell

w xlifetime 15 . However, for PEM fuel cells which operate
Ž .at much lower temperature about 808C than the corre-

Ž .sponding phosphoric acid fuel cells about 2008C , experi-
w xmental observations 15 indicate that the electrode corro-

sion reactions, typically occurring at open-circuit voltage
or at extremely small cell current densities, are much
alleviated compared to the PAFCs. Further, all practical
PEM fuel cells operate at current densities far away from
the open-circuit voltage in order to maximize cell power

Žoutput, and at such practical cell current densities )0.1
2 .Arcm the electrode corrosion reactions are negligible.

Therefore, almost all the past PEM fuel cell models have
adopted the Butler–Volmer equation for the electrochemi-
cal reactions, and the model results agree reasonably well

Ž wwith various experimental results e.g., see Refs. 5–
x.11,16 .

Because the catalyst layer is not flat, but composed of a
mixture of three-dimensional particles, the surface reaction
rate v ) can be converted into a volumetric reaction rate
v by the effective catalyst surface area per unit geometric
volume of the catalyst layer, A , through the relationv

Ž . Ž .vsv ) A . Combining with Eqs. 4 and 6 and notingv

that IsyN qF , we haveH

d I a Fh a Fhc agsA BC exp yexp y 23Ž .v O 2 ž / ž /d z RT RT

where Bs4FB) is a constant, usually determined from a
reference value measured at a known reference oxygen
concentration at the reaction site, i.e.,

Bs i Cg 24Ž .0,ref O ,ref2

Ž .Then the current density distribution, Eq. 23 , becomes
g

Cd I a Fh a FhO c a2sA i exp yexp yv 0,ref ž / ž /ž /d z C RT RTO ,ref2

25Ž .

The specific reaction surface area A is given byv

A sm A d 26Ž .v Pt s

where m is the catalyst mass loading per unit area of thePt

cathode, A is the catalyst surface area per unit mass ofs

the catalyst, and d is the catalyst layer thickness. The
catalyst surface area varies greatly for different types of
supported catalysts and platinum black, as shown in Table

w x1 19 .
It should be noted that the void fraction f is related to

the type of catalyst, m and d as follows:Pt

1 1y%Pt mPt
fs1y q 27Ž .ž /r %Pt r dPt C

where %Pt represents the percentage of platinum catalyst
on the carbon black support by mass, r and r are thePt C

densities of platinum and carbon black, respectively.
Therefore, for a given type of catalyst, only two out of the

Ž .three parameters f, m and d need to be specified andPt
Ž .the third can be determined from Eq. 27 . For pure

platinum, often called platinum black, %Pts100%. It
should be noted that the true volume density of carbon
black may be higher than the density of the packed carbon
powder materials, and the effective density of a
platinumrcarbon layer may vary, depending on, e.g., the
method of preparation and fabrication. However, the dif-
ference in these various densities is represented in the

Ž .present model by the void fraction as defined in Eq. 27 .
The void fraction is a macroscopic parameter representing
the porous nature of the catalyst layer, although the micro-
scopic characteristics of the layer may be very complex
and difficult to describe exactly.

Table 1
w xRepresentative catalyst surface areas for different catalyst types 19

Catalyst type Surface arearPt mass,
2Ž .A m rgs

10% Pt on carbon black 140
20% Pt on carbon black 112
30% Pt on carbon black 88
40% Pt on carbon black 72
60% Pt on carbon black 32
80% Pt on carbon black 11
Pt black 28
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w xThe experimental data of Parthasarathy et al. 20 were
used to correlate the reference exchange current density for
oxygen reduction in Nafion. The data were correlated with
the cell temperature, with a confidence level of 97.7%

4001
log i s3.507y 28Ž . Ž .10 0,ref T

where i is in Arcm2 and temperature T is in Kelvins.0,ref
Ž . Ž . Ž .Because the model Eqs. 11 , 19 and 25 consist of

three first order ordinary differential equations, three
boundary conditions are required for a unique solution. At
the cathode electrode and catalyst layer interface, the
protonic current must vanish as electrode is ionically insu-
lated:

Is0 at zs0 29Ž .
On the other hand, the protonic current density at zsd is
equal to the cell current density, or

Is I at zsd 30Ž .d

The oxygen concentration at zs0 is taken to be known.
There oxygen gas dissolves into the liquid water before
transporting into the fully flooded catalyst layer. Hence,

Ž .C 0 is determined instead of arbitrarily specified, fromO 2

the solubility of oxygen gas in liquid water using the
Henry’s law:

pO 2C 0 s at zs0 31Ž . Ž .O 2 HO 2

Ž .where C 0 is the oxygen concentration in the liquidO 2

water at zs0, p is the partial pressure in atm of oxygenO 2

on the gas side, and H is the Henry’s constant forO 2

Ž 3 .oxygen gas dissolution in liquid water atm cm rmol .
The Henry’s constant is calculated from an empirical

w xcorrelation 8

666
ln H sy q14.1 32Ž .Ž .O 2 T

3. Operating conditions and physical parameters

There are several operating and physical parameters that
are needed for the model calculations. In this study, it is

Table 2
Operating parameters used in the present model calculations

Parameter Value

Cell inlet pressure 3 atm abs
Cell temperature 350 K

Cathode gas mixture 20%r80% O rN2 2

Relative humidity 100%
O stoichiometry 2.02

Anode gas mixture 100% H 2

Relative humidity 100%
H stoichiometry 2.02

Table 3
Physical parameters used in the present model calculations

Parameter Value

a 1.0c

a 0.5a
y5 2D 9.19=10 cm rsO - H O2 2
y6 2D 7.88=10 cm rsO - m2
2k 7.27=10 Srcms

k 0.170 Srcmm
3r 2.0 grcmC

3r 21.5 grcmPt
y6 3C 1.2=10 molrcmO ,ref2

assumed that the oxygen from the cathode flow channel
diffuses through the unflooded electrode void region. The
diffusion through the electrode is modelled using a
Bruggeman correction factor to account for the effect of

w xvoid fraction 10 . A similar approach is used for the fuel
transport in the anode side. Both electrodes are assumed
with a thickness of 0.30 mm and void fraction of 0.40.
Further, an operating pressure of 3 atm and temperature of
350 K is used with a stoichiometry of 2.0 and a fully
saturated gas stream of 20%r80% O rN for the cathode2 2

reactant and of pure H for the anode reactant. Tables 22

and 3 summarise the parameters used in the present model
calculations. A complete description of the conditions and

w xmethodology used can be found in Ref. 4 . It should be
noted that in Table 3 the diffusion coefficient for oxygen
in liquid water is obtained from the Wilke–Chang equation
w x Ž 2 .21 , and the diffusion coefficient cm rs for oxygen in
Nafion is calculated using an empirical relation derived

w xfrom a curve fit of data published in Ref. 20 :

D sy1.0664=10y5 q9.0215=10y6
O ym2

=
Ty273.15

exp 33Ž .ž /106.65

4. Results and discussion

w xA fourth order Runge–Kutta method 22 is used to
solve the set of governing differential equations, and Fig. 3
shows a typical result for the distribution of the O con-2

centration, current density and cathode overpotential within
the cathode catalyst layer. The layer considered has a
thickness of 5.0 mm and a platinum loading of 4.0 mgrcm2

and is operated at the conditions listed in Tables 2 and 3.
The cell current density for this figure is 0.5 Arcm2. The

Ž .current density I z has been normalised by I , while thed

O concentration and overpotential are normalised by their2
Ž . y6 3respective values at zs0, C 0 s0.7=10 molrcmO 2

Ž .and h 0 s0.567 V. It is seen from the figure that the O2

concentration decreases rapidly whereas the current den-



( )C. Marr, X. LirJournal of Power Sources 77 1999 17–27 23

Fig. 3. Distribution of current density, O concentration and overpotential2

in the catalyst layer of 5 mm thick for 0.5 Arcm2 and 4 mgrcm2 Pt
black loading.

sity increases nearly exponentially. At a distance less than
40% of the catalyst layer thickness, the O concentration2

vanishes while the current density reaches the value of I .d

In fact, within the first 20% of the catalyst layer thickness,
over 95% of the O has been consumed by the electro-2

chemical reaction for the production of electric current,
and consequently very little of the reaction occurs in the
remainder of the catalyst layer. Therefore, the cathode

Ž .overpotential h z is nearly linear with z for the majority
of the layer, except for zrd-20%, where h increases
more slowly. It should also be pointed out that the varia-

Žtion of h is quite small within the catalyst layer less than
.0.1% as compared with the O concentration and the2

current density.
The cathode overpotential, as pointed out earlier, consti-

tutes the largest irreversible losses in the cell voltage, and
is influenced by the composition of the void space in the
catalyst layer. Because the diffusion of oxygen is faster
through liquid water than ionomer, increased oxygen con-
centration will result from decreasing the amount of

Fig. 4. Effect of ionomer content in the void region of the catalyst layer
on overpotential for a 5.0 mm thick layer of Pt black with a platinum
loading of 4 mgrcm2.

Fig. 5. Optimal ionomer loading as a function of the cell current density
for a 5.0 mm thick layer of Pt black and a platinum loading of 4
mgrcm2.

ionomer in the void space l . Conversely, increasing them

ionomer loading in the void space will increase the ionic
conductivity and lower the ohmic resistance to proton
migration. In Fig. 4, the volume of the void space occupied
by ionomer, l , is varied from 5% to 100% of the voidm

space for current densities from 0.05 to 0.6 Arcm2 at the
operating conditions specified in the previous section. For
the calculations, a 5 mm thick layer of Pt black is used
with a platinum loading of 4 mgrcm2. It is seen that the
cathodic overpotential decreases first as ionomer content is
increased, due to increased ionic conductivity for proton
transfer. However, the resistance to O transport is in-2

creased at the same time, and becomes dominant at higher
ionomer loadings, leading to an increase in the voltage
loss. It is also clear that the overpotential increases signifi-
cantly with the cell current density, and the minimum
voltage loss and the corresponding optimal ionomer load-
ing depend on the cell current density as well.

The optimal ionomer loading has been determined by
w xusing a Golden Section algorithm 23 and the results are

Fig. 6. Location of zero O concentration in the catalyst layer, normalized2

by the layer thickness d , as a function of cell current density for 4
mgrcm2 Pt black loading and 5 mm layer thickness.
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Fig. 7. Effect on cell performance of reducing both Pt loading and
catalyst layer thickness by a factor of 10. Catalyst used is platinum black.

shown in Fig. 5 as a function of the cell current density.
The apparent scatter in the calculated data points is due to
the relatively small changes in the overpotential for differ-
ent ionomer loadings, and truncation errors in the numeri-
cal solution. It is evident that the optimal ionomer loading
increases with the cell current density I until reaching ad

maximum value around I s0.3 Arcm2, then it decreasesd

at higher current densities. The point of decrease starts in
the range of current densities where mass transport limita-
tions begin to occur. This behaviour of the optimal ionomer
loading l can be explained physically as follows: at lowm

I the rate of O diffusion is sufficiently fast compared tod 2

the rate of electrochemical reactions, as a result, higher
ionomer loading reduces voltage losses associated with

proton transfer. On the other hand, high cell current densi-
ties consume a large quantity of reactants, making oxygen
supply the controlling process for optimal performance.
Hence a decrease in the ionomer loading is required for a
larger passage for faster mass transfer of the reactant
oxygen.

The rapid decrease of the O concentration in the2

catalyst layer, as shown in Fig. 3, is due to the finite rate
of mass transfer and fast consumption by the electrochemi-
cal reactions. As a result, not all the expensive catalyst in
the layer is used for the production of electricity. This
implies that the portion of unused catalyst can be removed
without any effect or degradation of the catalyst layer
performance. The portion of the catalyst that contributes to
the electrochemical reaction is indicated by the location of
zero O concentration. Note that the location of zero O2 2

Ž .concentration corresponds to the location where I z s I .d

Fig. 6 shows the location of zero O concentration in the2

catalyst layer as a function of the cell current density I ford

ds5 mm and a platinum loading of 4.0 mgrcm2. It is
seen that for low current densities, the entire catalyst layer
is used for electric current production. This is because the
rate of O consumption by the reaction is slow compared2

to the rate of mass transport, and O has sufficient ability2

to diffuse into the entire catalyst layer. However, at the
high cell current densities, the rate of O consumption2

becomes very large by comparison, and O concentration2

is quickly depleted before reaching out to the rest of the
catalyst layer. Hence, due to the mass transport limitations,
the use of the catalyst in the layer decreases as the cell
current density loading is increased. The foregoing result

Fig. 8. Effect of Pt loading and void fraction on the effective Pt use for the current densities of 0.5 and 0.9 Arcm2. Catalyst used is platinum black.



( )C. Marr, X. LirJournal of Power Sources 77 1999 17–27 25

suggests that less catalyst is actually required at the practi-
cal high cell current densities than at the low cell current
densities, opposite to common intuition. Therefore, a re-
duction of the platinum loading will not affect the catalyst
layer performance at the practically high current densities,
although the performance is somewhat lower at low values
of I . Fig. 7 illustrates the effect on the cell performanced

when both the platinum loading and the catalyst layer
w xthickness are reduced by a factor of 10 4 . Clearly, the cell

performance is affected only at low I . At high I valuesd d

of practical importance, the cell performance remains un-
changed. This observation is of significant practical impor-
tance. First, the usual practice has been trying to achieve
the cell polarisation curve as high as possible by increasing
the platinum loading. This approach only increases the cell
voltage at low current densities. Second, the energy con-
version efficiency is proportional to the cell voltage, hence

Žit increases as the cell current density I is lowered i.e., atd

.partial load . However, the efficiency for almost all heat
engines reduces at the partial load. Therefore, in order to
compare the performance and cost of fuel cells with heat
engines, fuel cells should be optimised at the designed
operating conditions of high current density at which cell
platinum loading can be safely reduced considerably from
the present platinum loading level without degradation of
cell performance. Although the fuel cell performance at the
partial load is slightly decreased from its best possible
condition, it will still be better than the corresponding heat
engines. This approach would allow fuel cells with optimal
performance and lower possible cost of materials.

Another implication is for the anode catalyst layer.
Because the exchange current density for hydrogen oxida-
tion is several orders of magnitude larger than the oxygen
reduction reaction, the reactant H may not penetrate2

deeply into the catalyst layer. As a result, significant
amounts of platinum may be reduced for the anode catalyst
layer as compared to the cathode side, and the current
practice of using the same amount of platinum loading for
both anode and cathode may not be the optimal approach
for cell design.

The location of zero O concentration in the catalyst2

layer represents the degree of platinum used in the fuel
cell. As shown in Fig. 6, it depends on the operating
conditions and the catalyst layer composition, and is the
result of the balance between the electrochemical reaction
and mass transport. The former is affected by the effective
reaction surface areas per unit volume, A , and the latterv

is influenced by the void fraction, f. For a given type of
catalyst, A is related directly to the amount of platinumv

Ž .loading as given in Eq. 26 . The catalyst utilization in the
catalyst layer may be measured by effective platinum use
defined below:

Location of zero O concentration, z2
Effective Pt Uses

Thickness of catalyst layer, d

34Ž .

which also represents the ratio of the platinum contributing
to the reactions to the total amount of platinum in the
catalyst layer. Fig. 8 shows the effect of platinum loading

Fig. 9. Cathodic overpotential as a function of catalyst layer thickness, catalyst type and platinum loading at 0.5 Arcm2. Percentage of platinum supported
on carbon black is shown in the figure.
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and void fraction on the effective platinum use for the
current densities of 0.5 and 0.9 Arcm2. The type of
catalyst considered is platinum black. It is clear that the
effective platinum use decreases significantly as the plat-
inum loading and the cell current density are increased.
There appears to exist an optimal void fraction of about
60%. At low void fraction, mass transport limitation keeps
the platinum utilisation at a low level. An increase in the
void fraction leads to more void space available for oxy-
gen diffusion, contributing to higher platinum utilisation.
However, the reaction surface area A is decreased, result-v

ing in a thicker layer for a given platinum loading. Eventu-
ally the effective platinum use is reduced because the
catalyst layer becomes too thick and the rate of mass
transfer is limited.

The concept of effective platinum use yields lower
optimal platinum loading, and is related to the reduction of
cell material cost. However, conventionally platinum load-
ing reduction has been achieved by increasing the effective
reaction surface area through the use of small platinum
particles supported on relatively large carbon black parti-
cles, as shown in Table 1. Fig. 9 shows the effect of
supported catalyst on cathodic overpotential at the current
density of 0.5 Arcm2. It is seen that for a given catalyst
there exists an optimal platinum loading, below which the
shortage of reactive surface area increases the voltage loss.
Above it, the voltage loss also increases due to the loss of
void space for the oxygen supply for a given catalyst layer
thickness.

For a given platinum loading, increase of the catalyst
layer thickness also increases the voltage loss because of
the limited rate of mass diffusion. For the same type of
catalyst, it is also noticed that for high percentage platinum
the voltage loss is less sensitive to the amount of platinum
loading. Fig. 9 also reveals that there exists an optimal
type of catalyst which yields the smallest cathodic voltage
loss. Among the type of catalyst investigated, it is evident
that 40% supported catalyst is the optimal one. Again, this
is the result of trade-offs between the conflicting influence
of the limited rate of mass transport and electrochemical
reactions. As the percentage of platinum supported on
carbon is reduced, the effective reactive surface area in-
creases per unit mass of platinum. Therefore, the platinum
loading is reduced. On the other hand, the lower percent-
age of supported catalyst eventually increases the voltage
loss due to reduction in reaction surface area.

5. Conclusions

The performance of the cathode catalyst layer in a
Ž .proton exchange membrane fuel cell PEMFC has been

studied by including both electrochemical reaction and
mass transport processes, and the composition and perfor-
mance optimisation of catalyst platinum has also been
investigated. It is found that most of the electrochemical

reactions occurs in a thin layer within a few micrometers
thick. This suggests that the catalyst is not being effec-
tively utilised for the present catalyst layer design. It is
also shown that the effective use of platinum catalyst
decreases with increasing current density, and hence lower
loadings of platinum are feasible for higher current densi-
ties of practical interest without adverse effect on cell
performance. Further, it is possible to optimise the catalyst
layer composition by considering the competing effects of
increased reaction surface area and limited rate of reactant
diffusion. It is shown that the optimal void fraction for the
catalyst layer is about 60%, which appears to be fairly
independent of current density, and a 40% supported plat-
inum catalyst yields the best performance amongst 20%,
40%, 60% and 80% supported platinum catalysts investi-
gated. There also exists an optimal amount of membrane
content in the void region of the catalyst layer for mini-
mum cathode voltage losses because of competition be-
tween proton migration through the ionomer membrane
and oxygen transfer in the void region. The present results
will be useful for the design of practical fuel cells.
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