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Abstract

This work introduces a new method for the construction of gas-diffusion electrodes (GDEs) for fuel cells. Sampled dc voltammetry is used
to study the oxygen reduction reaction (ORR) during the rate-determining step. In this study, GDEs are fabricated in two separate stages:
pressure processing followed by temperature processing. The GDE that gives the best performance is constructed at a pressure of 60 kF cm ™2,
and has a platinum loading of 0.5 mg cm 2 and 30% polytetra fluoroethylene (PTFE) in the reaction layer. The values of the symmetry factor
and exchange current density of this optimal GDE are 0.5279 and 35.16 mA cm™2, respectively. In order to reduce or eliminate the
polarization effect, two types of electrocatalyst (platinum on carbon and platinum on activated charcoal) with different surface areas are
combined to create a mixed electrocatalyst. An investigation is made of the electrochemical characteristics of pure samples of each
electrocatalyst and mixtures of the two electrocatalysts over a range of mole ratios. The results indicate that, under optimized conditions (a

platinum loading of 0.9 mg cm ™2 with a mole fraction of platinum on carbon of 0.8), the exchange current density is 92.55 mA cm 2. The use

of a mixed electrocatalyst reduces the concentration polarization of the ORR in the rate-determining step.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Currently, a variety of fuel cells are in different stages of
development. They can be classified into diverse categories
according to the type of fuel and oxidant, whether the fuel is
processed inside (internal reforming) or outside (external
reforming) the fuel cell, the type of electrolyte, the tem-
perature of operation, whether the reactants are fed into the
cells by internal or external manifolds, etc. The operating
temperature and useful life of the fuel cell dictate the
physicochemical and thermomechanical properties of the
materials used in the cell components. The capabilities of
proton exchange membrane (PEM) fuel cells rely on their
simplicity. In PEM fuel cells, the electrolyte is a solid
polymer which contains mobile protons. The performance
of PEM cells depends on the electrochemical properties of
the cell elements. The electricity production capability of
PEM fuel cells is depends on the performance of gas-
diffusion electrodes [1,2].
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The cathode electrode consists of an electrode support and
an electrocatalyst layer. The electrode support is made from
porous carbon paper, while the electrocatalyst layer consists
of platinum-dispersed carbon powders which are joined by
polytetra fluoroethylene (PTFE) particles. Like the electrode
support, the electrocatalyst layer is also porous to gases. The
electrode support supplies reactant gases such as hydrogen
and oxygen to the electrocatalyst layer; the electrochemical
reactions occur in the electrocatalyst layer [3].

The performance of fuel-cell electrodes can be improved
either by using a more active electrocatalyst or by improving
the structure of the electrocatalyst so as to minimize trans-
port losses and to increase the chances of simultaneous
contact of gaseous reactant, catalyst and electrolyte [4].
Pt/C catalysts are widely used both in electrochemical power
sources and in electrolysis. For example, gas-diffusion
electrodes made from Pt/C catalysts are employed in fuel
cells to reduce the quantity of noble metal used [5].

Many studies have reported synergistic properties for
mixed systems such as mixed surfactants, physical mixture
of catalyst, etc. [6-16]. Recent articles [17,18] suggest that
hydrogen spillover [19-24] can be ‘harnessed’ to yield

0378-7753/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0378-7753(02)00710-3



H. Gharibi, R.A. Mirzaie/Journal of Power Sources 115 (2003) 194-202 195

highly active and selective catalysts. Spillover involves the
transport of an active species sorbed or formed on a first phase
to another phase on which the active species does not sorb or
form under the same conditions. For example, hydrogen
atoms generated by a noble metal can activate bond-shift
type isomerization on a physically separated second surface.
Specifically, kinetic studies in which FeCe/Grafoil was incre-
mentally added to a bed which initially contained only Pt/
Grafoil showed that the physical mixture is 10X more active
than the sum of the activities of the individual materials [25].
Indeed, it was found that each incremental addition of FeCe/
Grafoil led to an increase in activity far larger (100x) than
that which would be anticipated based on the measured
activity of FeCe/Grafoil in the absence of platinum. It was
also shown that physical mixtures containing a graphite-
supported ‘alloy’ (FeCe) and a graphite-supported noble
metal (palladium or platinum) display synergism for buta-
diene hydrogenation/isomerization. That is, the activity of the
mixtures is far higher than that anticipated from the addition
of the activities measured for each material alone.

Electronic interactions and synergetic effects between the
metal and the support in electrocatalytic systems have been
demonstrated to be of primary importance in a fashion
similar to heterogeneous catalysis [26]. Several studies have
shown that the difference in work function between the
metal and the support induces changes in the electronic state
of the supported Pt, and that these changes account for the
observed variations in electrocatalytic activity in these
systems [27-29].

The electrochemical reduction of oxygen on platinum
plays an important role in energy conversion since the
associated overpotential corresponds to a voltage loss of
200-300 mV at operational current densities [30—40]. The
influence of electrocatalyst characteristics on the activity
and the stability of the oxygen reduction reaction in phos-
phoric acid fuel cells has been investigated [41-43].

In the present study, GDEs have been fabricated in which
the electrocatalyst consists of a mixture of two types of
electrocatalyst with different surface areas. Specifically, a
mixture of platinum on carbon with high and low surface
area is used. Such mixtures provide an opportunity to
improve the cell performance compared with that of cells
with a single carbon substrate. Various factors influence the
performance of a GDE for the oxygen reduction reaction. In
this work, three key factors are examined, namely: the
amount of PTFE in the reaction layer, the pressure applied
to compress the electrodes, and the synergetic effect of using
a mixture of electrocatalyst.

2. Experimental

2.1. Fabrication of the gas-diffusion electrode

Commercially available cathode electrocatalysts were
used to prepare the PTFE bonded porous GDE. Two

electrocatalysts with different surface areas, 10% platinum
on carbon (surface area 100 m* g~') and 10% platinum on
activated charcoal (surface area 900 m? g_l), were obtained
from Electro Chem. and Merck, respectively. In this paper,
platinum on carbon and platinum on activated charcoal
electrocatalysts are referred to as PC and PAC, respectively.
The catalyst dough was formed by mixing PTFE solution
(Electro Chem.), distilled water and isopropyl alcohol
(Aldrich 99%). Ultrasound was used to create a highly-
dispersed mixture and the resulting dough was rolled to the
desired size. The catalyst layer was bonded to 50% PTFE-
loaded carbon papers, pressed by a hydraulic press, and
sintered at 350 °C for 20 min under inert conditions.

2.2. Electrochemical studies of GDE

The oxygen reduction reaction was evaluated in the
cathode by a new approach, in which the current density
was measured with respect to potential using a half-cell
measurement apparatus which comprised a three-electrode
system. An Ag/AgCl electrode was employed as the refer-
ence electrode, a Pt electrode constructed from Pt plate was
utilized as the counter electrode, and the GDE described
above was used as the working electrode. The GDE con-
tained catalyst and a gas-diffusion layer.

The GDE was set in a glass holder and then placed in
sulfuric acid (3 mol dm ). In all experiments, oxygen gas
was introduced into the holder under a pressure of 1 atm.
The temperature of the was controlled by circulation of
water at 333 K. The electrochemical behaviour of the GDEs
was studied by means of sampled dc voltammetry using a
potentiostat/galvanostat  electrochemical —measurement
apparatus (EG&G, Model 273A).

The scanning rate, scan increment and step/drop time used
in the experiments were 1 mV sfl, 2mV, and 2 s, respec-
tively. The voltage was scanned from 0.7 to —0.2 V versus a
Ag/AgCl electrode. Tafel plots were used to determine the
symmetry factor () and exchange current density (ip) at the
rate-determining step.

2.3. Deterinination of o and iy

In 1905, Tafel plotted overvoltage against log of current
density and found that, for most values of the overvoltage,
the graph approximates to a straight line. Such plots are now
known ‘Tafel plot’. Most values of the overvoltage, #, are
given by the Tafel equation
_ 23RT i

log ~ |
naF 8, M)

n

where R is the gas constant; T the temperature, n the number
of exchanged electrons; o the symmetry factor; i and i the
current density, and exchange current density respectively
[44].

At zero exchange current density (iy) no reaction can
occur. This exchange current density is crucial to the control
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of the performance of fuel-cell electrodes. It is vital to make
the value of ij as high as possible. It is affected by several
parameters other than the material used for the electrode.
Increasing the value of iy reduces the voltage drop [4].
Exchange current densities are analogous to rate constants
in chemical reactions. Unlike rate constants, however, cur-
rent densities are concentration dependent. Variations due to
concentration are not very significant when compared with
the range of variations in the rate constants [45]. Tafel plots
are used to determine the values of the symmetry factor (o)
and iy. The slope and intercept of a Tafel plot give « and iy,
respectively.

3. Results and discussion

3.1. Optimization of GDE fabrication pressure at a
range of PTFE concentrations

To investigate the influence of pressure on the fabrication
and structure of GDEs, were constructed at pressures of 400
and 60 kgF cm ™2 with various PTFE concentrations. These
electrodes are referred to below as high compressed GDE
(HGDE) and low compressed GDE (LGDE), respectively.
The final content of platinum in the reaction layer of cathode
was 0.5 mg cm ™ in all cases.

3.1.1. Exchange current density

A plot of exchange current density versus PTFE concen-
tration in the reaction layer is shown in Fig. 1. HGDE and
LGDE give the highest exchange current densities at 50%
PTFE and 30% PTFE, respectively, and the maximum
exchange current density of the LGDE is higher than that
of the HGDE. According to the data in Fig. 1, the oxygen
reduction rate depends on both the concentration of PTFE
and the fabrication pressure of the GDE.

3.1.2. E/i response

The current density versus PTFE percentage in the reac-
tion layer at voltages of 300, 500 and 700 mV for the HGDE
and LGDE are given in Figs. 2 and 3, respectively. At all
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Fig. 1. Exchange current density vs. PTFE content at 333 K: (¢), HGDE;
(), LGDE.
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Fig. 2. Current density vs. PTFE content at 333 K at several voltages using
HGDE: (¢), 700 mV; (H), 500 mV; (A), 300 mV.
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Fig. 3. Current density vs. PTFE content at 333 K at several voltages using
LGDE: (¢), 700 mV; (H), 500 mV; (A), 300 mV.

voltages, the highest value of the current density is observed
at 50 and 30% PTFE for the HGDE and LGDE, respectively.
Notably, both the HGDE and LGDE systems at 700 mV
show very little variation in current density with increasing
PTFE concentration. By contrast, the current density at
300 mV is strongly dependent on PTFE concentration
because of mass transport. At high voltages, the process
is controlled by electron transfer and by diffusion of the
electroactive reactants.

3.1.3. Symmetry factor
The dependence of the symmetry factor on the PTFE
concentration in the reaction layer for the HGDE and LGDE
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Fig. 4. Symmetry factors vs. the PTFE content at 333 K: (@), HGDE;
(M), LGDE.
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Fig. 5. Exchange current density vs. pressure of fabrication of electrodes
at 333 K.

is shown in Fig. 4. For both electrodes, the symmetry factor
is around 0.5. This indicates that the reaction is reversible
rate-determining step. In practice, the cathodic and anodic
current densities across the electrode with change of over-
potential are symmetrical. The value of o is the proportion of
the applied electrical energy that is harnessed in changing
the rate of the electrochemical reaction. Its value depends on
the reaction involved and the electrode material, but it must
be in the range 0-1. For the hydrogen electrode, « is about
0.5 for a wide variety of electrode materials. The charge-
transfer coefficient at the oxygen electrode shows greater
variation, but is still between about 0.5 and 0.9 in most cases.
For the electrodes studied here, the value of o varies between
0.45 and 0.65 depending on the amount of PTFE in the
electrode. Taken together, our results indicate that the best
performance is obtained for a system with 30% of PTFE in
the LGDE.

3.2. Optimization of fabrication pressure for GDE
containing 30% PTFE

3.2.1. Effect of GDE fabrication pressure on exchange
current density of ORR

As shown in Fig. 5, the exchange current density varies
with the pressure applied during electrode preparation for
electrodes with 30% PTFE in the reaction layer. The highest

200

value of the exchange current density is observed at
60 kgF cm 2. The exchange current density is approxi-
mately constant at pressures greater than 100 kgF cm 2,
which suggests that the fabrication pressure of the GDE
does not influence the rate of the ORR in this pressure

region.

3.2.2. Effect of GDE fabrication pressure on E/i
responses of ORR

The variation in current density with pressure applied
during electrode preparation for voltages of 300, 500, and
700 mV is presented in Fig. 6. At all voltages, the maximum
current density is at 60 kgF cm 2. The system at 300 mV has
greater fluctuations of current density, and that this effect
arises due to mass-transfer control of the ORR which, in
turn, arises from high compression of pores.

3.2.3. Effect of GDE fabrication pressure on symmetry
factor of ORR

The dependence of the symmetry factor, o, on the pressure
used to fabricate the GDE with 30% PTFE is given in Fig. 7.
The symmetry factor varies with increasing fabrication
pressure in the low pressure region (40—100 kgF cm ™),
but remains almost constant at pressures greater than
100 kgF cm 2. The value is approximately 0.5 at all pres-
sures applied during electrode preparation. These results
indicate that the GDE with 30% PTFE gives the best
performance when prepared at 60 kgF cm 2.

3.3. Synergetic effect of mixed electrocatalysts

To study the effect of synergism on ORR performance of
GDEs, GDEs were prepared from a mixture of electrocata-
lysts which had carbon substrates with different surface
areas, specifically, platinum electrocatalysts with surface
areas of 100m?g~' (PC) and 900 m* g~' (PAC). In the
mixed electrocatalyst, the amount of platinum was varied
from 0.3 to 1 mg cm ™2 since the mole fractions of the mixed
electrocatalyst was changed according to Fig. 8. The opti-
mized pressure (60 kgF cm™ ') and PTFE content (30%)
obtained from the experiments described in Sections 3.1
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Fig. 6. Current density vs. pressure of fabrication of electrodes at 333 K at various voltages: (), 700 mV; (H), 500 mV; (A), 300 mV.
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Fig. 7. Symmetry factors vs. pressure of fabrication of electrodes
at 333 K.

and 3.2 were used in the fabrication of the mixed-catalyst
GDEs.

3.3.1. Exchange current density

The exchange current density as a function of platinum
concentration for GDEs made from either PC or PAC is
shown in Fig. 9. For platinum loadings of 0.3-0.7 mg cm ™=,
PC gives a higher current density than PAC. On further
increase of the platinum loading, however, PAC gives a
higher current density than PC. In Fig. 8, the exchange
current density is plotted against the mole fraction of PC in
the reaction layer. Here, the mole fraction is equal to O for

the composition layer free of PC, but equal to 1 for the
composition layer free of PAC. Thus, the values of i, are
based on two types of electrocatalysts, namely pure and
mixed electrocatalyst.

3.3.1.1. Pure electrocatalyst. As has been shown in Fig. 9,
in the case of pure PC, the best GDE performance is obtained
with a loading of 0.5 mg cm ™2 of platinum. For pure PAC,
the best and worst efficiency is observed for a loading of 0.3
and 1 mg cm ™2, respectively. This indicates that the ORR
depends on both the composition and amount of platinum
electrocatalyst in the reaction layer.

3.3.1.2. Mixed state. In the system containing a mixture of
PC and PAC, the ORR performance of the GDEs varied with
the mole fraction of electrocatalyst for electrodes with the
same loading of platinum. This indicates that the electrode
efficiency is related to both the amount of platinum and the
relative amounts of PC and PAC in the electrocatalyst. An
increase in the loading of PC in the GDE reaction layer
results in a decrease in GDE performance because of
concentration overvoltage. The physical mixture of PC
and PAC causes, however, a reduction in the conce-
ntration polarization of the ORR. It is considered that this
reduction is the result of synergetic effects between the two
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Fig. 8. Exchange current density vs. mole fraction of PC of platinum on carbon for various electrocatalyst loadings at 333 K: (&), 0.3 mg cm™2; (&),
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Fig. 9. Exchange current density vs. platinum concentration at 333 K: (@), platinum on carbon; (), platinum on activated charcoal.
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Fig. 10. Current density vs. concentration of platinum on carbon at 333 K
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Fig. 11. Current density vs. concentration of platinum on charcoal active
at 333 K at several voltages: (#), 700 mV; (H), 500 mV; (A), 300 mV.

components of the mixed electrocatalyst. For GDEs with
1 mg cm ™2 platinum in the reaction layer, the best result is
obtained at a mole fraction of 0.4. The exchange current
density in this case is higher than that obtained with a
0.3 mg cm ™2 loading of PC. The highest exchange current
density is obtained for a platinum loading of 0.9 mg cm™>
since the mole fraction of PC is equal to 0.8. These results
may be ascribed to synergetic effects of the electrocatalyst
substrate (carbon and charcoal).

3.3.2. E/i response

The dependence of current density on platinum concen-
tration for the pure PC and PAC systems, at voltages of 300,
500 and 700 mV is given in Figs. 10 and 11, respectively.

The optimal platinum loading is 0.5 mgcm > for both
electrocatalysts in the pure state, but PC shows better
efficiency (i.e. higher current density) in comparison with
PAC. Of particular note is the fact that, contrary to the
expectation that efficiency would monotonically increase
with increasing platinum concentration, the experimental
results indicate that a high platinum loading gives lower
performance. At high platinum loadings, PAC performs
better than PC due to its higher surface are. It should be
emphasized that at high voltage (i.e. 700 mV), the change in
current density is not too high, with increasing concentration
of platinum over the range 0.3—1 mg/cm?®. At low voltage
(300 mV), however the current density varies markedly
because of the appearance of a concentration overvoltage.

Plots of current density versus mole fraction of PC of
electrocatalyst for a constant amount of platinum in the
reaction layer are presented in Figs. 12-16. These experi-
ments have been done at various voltages include 300, 500
and 700 mV. The maximum point in each graph indicates the
best efficiency of ORR at the rate-determining step. As
earlier mentioned, at 700 mV the variation of mole fraction
once again has little influence on the current density. On the
other hand, at 300 mV the current density is strongly depen-
dent on the composition of the reaction layer. The reason for
this behaviour is that at low voltage mass transfer rather than
heterogeneous kinetics restricts the current density. At a
loading of 0.3 mgcm 2 of platinum (Fig. 12), the best
performance is obtained using a mole fraction of PC of
0.8 for all of the voltages considered. For platinum loadings
of 0.5, 0.7, 0.9 and 1 mg cm 2 (Figs. 13-16), the optimum
mole fractions of PC are 0.5, 0.4, 0.8 and 0.4, respectively.
The synergism effect is predominant at large amounts of
platinum such as 0.9 and 1 mg cm™? since the value of the
current density is increased by factors of two at the rate-
determining step of the ORR with respect to that for the pure
state of either PC or PAC.

3.3.3. Symmetry factor
The dependence of the symmetry factor (o) on the con-
centration of platinum in pure PC and PAC is shown in

Current density mA cm’

0 Q1 02 03 04

05 06 Qo7 08 Q9 1

Mole fraction of PC

Fig. 12. Current density vs. mole fraction of PC at 333 K at several voltages using 0.3 mg cm 2 of platinum: (@), 700 mV; (H), 500 mV; (A), 300 mV.
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Fig. 13. Current density vs. mole fraction of PC at 333 K at several voltages using 0.5 mg cm 2 of platinum; (4), 700 mV; (H), 500 mV; (A), 300 mV.
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Fig. 14. Current density vs. mole fraction of PC of mixed carbon at 333 K at several voltages using 0.7 mg cm ™2 of platinum: (¢), 700 mV; (H), 500 mV;
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Fig. 17. Symmetry factor against concentration of platinum at 333 K: (@),
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Fig. 17. In the case of PAC, « is approximately constant. By
contrast, the symmetry factor of the PC system changes from
0.5 to 0.8 as the amount of platinum is increased from 0.3 to
1 mg cm 2. In the rate-determining step, since the amount of
loaded platinum on PC is more than 0.7 mg cm ™2, the ORR
has irreversible kinetics, where the ORR on PAC has rever-
sible kinetics independent of the amount of platinum loaded
in the reaction layer.
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Fig. 18. Symmetry factors vs. mole fraction of platinum on carbon with
various amounts of electrocatalyst at 333 K: (), 0.3 mg cm™% (@),

0.5 mg cm’z; (@), 0.7 mg cm’z; (&), 0.9 mg cm’z; (M), 1 mg cm 2,
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The symmetry factors for systems with various mole
fractions and a range of platinum loading are given in
Fig. 18. In all cases, with the exception of the pure PC
system, the symmetry factor is around 0.5 and, consequently
the ORR is reversible. It is concluded that at high loading of
platinum, the reversibility of the ORR is due to synergetic
effects arising from the presence of a physical mixture of the
types of electrocatalyst in the reaction layer in a mole ratio
between 0.2 and 0.8. The results presented here show that the
strength of the synergetic effect depends on the amount of
platinum in the reaction layer and the composition of the
electrocatalyst.

4. Conclusions

In the present study, GDEs are fabricated in two stages:
pressure processing followed by temperature processing.
This novel construction methodology produces GDEs with
higher current densities than those previously attained using
GDE:s constructed by means of simultaneous pressure and
temperature processing. These results indicate the optimized
operation of GDE is related to the fast kinetics of the ORR.
The observation of high current densities and symmetry
factors confirm this conclusion. Sampled dc voltammetry
and a half-cell measurement apparatus have been used to
determine the kinetic parameters of the ORR.

GDEs fabricated at low pressure gave superior ORR
efficiency. The ORR shows a regular change in kinetics
parameters (symmetry factor and exchange current density)
when the GDE is fabricated at low pressure; an increase
in the symmetry factor causes a decrease in exchange
current density. A GDE with 30% PTFE in the reaction
layer fabricated at a pressure of 60 kg cm ™2 gives the best
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Fig. 19. Polarization curve for rate-determining step of ORR at 1 mg cm >
loading of platinum electrocatalyst: (a) mixed carbon with 0.4 mole
fraction of platinum on carbon; (b) platinum on carbon.

performance, with reversible ORR and fast kinetics being
observed.

Physical mixtures of platinum electrocatalysts with dif-
ferent surface areas are found to enhance synergetically the
catalytic performance in terms of both the voltage and
current of the GDE. This synergism had two valuable
consequences, it eliminates polarization concentration
(Fig. 19) and gives rise to reversible ORR kinetics. Future
work should be undertaken to understand and control the
concerted electrocatalytic actions of carbon surfaces.

This is the first report of physical mixtures of electro-
catalysts with different surface areas having a synergetic
effect on the ORR. To observe the synergism, the correct
mixture of electrocatalyst should be prepared. For example,
at a platinum loading of 0.3 mg cm™?, the maximum effi-
ciency appears at a mole fraction of PC of 0.8, whereas at a
platinum loading of 0.5 mgcm 2 the maximum value
appears at a mole fraction of PC of 0.5.
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