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Abstract

We report on the use of dual carbon supports activated charcoal (AC) and Vulcan XC-72R (VC) as catalysts for the fabrication of a gas diffusion
electrode. The electrocatalytic properties for the oxygen reduction reaction were evaluated in a sulfuric acid electrolyte using polarization curves
and electrochemical impedance spectroscopy. The water uptake and oxygen permeability were also obtained, as were the performances of electrodes
in a membrane electrode assembly. A binary support electrode exhibits better performance than the usual single support electrode, with the best
performance being obtained when the mass ratio of the two carbons is 50:50.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are
receiving increasing attention due to their high efficiency and
environmentally friendly characteristics [1]. Their performance
is mainly dependent on the structure and properties of the mate-
rial used for the gas diffusion electrode (GDE) [1,2]. The type
and properties of the carbon support, such as its hydrophobic-
ity [3], surface area [4], electronic conductivity [5], and surface
functional groups [6], all contribute to the overall performance
of the GDE [7].

Carbon is not only used to conduct electrons in a GDE, but
also should result in the presence of macro- and microscopic
pores [8] and help to stabilize the three-phase boundary and
morphology [7]. The importance of the atomic structure of the
carbon support on catalytic activity and the effect of carbon
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support on the platinum work function have also been studied
[9].

Various types of carbon and graphite, such as Vulcan [10],
black pearl [11,12], acetylene black [11-13], Ketjen black car-
bon [13], Iranian carbon black [14], graphite nanofiber [3],
carbon nanotube [15], high-surface-area carbon nanohorns [16],
treated carbon blacks [17], and other materials such as ionic and
electronic conductive polymers [18] and silicon carbide [19]
have been applied as single supports in investigations of the oxy-
gen reduction reaction (ORR) in GDEs. However, when using a
single carbon support it may be difficult to obtain the optimum
parameters needed for enhancing the gas diffusion performance
of the ORR, and to obtain optimized ionic and electronic con-
ductivity, and good morphology, surface area, electron diffusion,
and product removal [7]. Sakaguchi et al. [20] and Watanabe et
al. [21] first reported the use of binary carbon supports in liquid
electrolyte fuel cells. Wang et al. [7] and Gharibi and Abdul-
lah Mirzaie [22] reported the use of binary carbon supports
with different surface areas. Huang et al. [23] recently used
carbon nanotubes as secondary supports in an alkaline GDE,
and obtained better electrochemical performance and improved
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utilization of platinum catalysts when using binary carbon sup-
ports.

In this work we used active charcoal (AC) and Vulcan XC-
72R (VC) as catalyst supports in a GDE for PEMFCs at different
mass ratios in order to determine the best mass ratio of these
types of carbon. Each carbon type has advantages and dis-
advantages when used in isolation. The surface area of AC
(900 m? g_l) are higher than VC (254 m? g_l) since the water
removal of VC is better than AC. Also the particle size of AC
(4 nm) is smaller than VC (30 nm). 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 opportu-
nity to improve the cell performance compared with that of cells
with a single carbon substrate. We evaluated and characterized
the optimal synergism effects through combining two types of
carbon on the performance of a GDE by measuring polarization
curves at different temperatures (from 298 to 333 K in 5-K steps)
and performing electrochemical impedance spectroscopy (ELS)
in a conventional three-electrode system. The performance of
electrodes was also examined in single-cell fuel cell.

2. Experimental
2.1. Electrode preparation

The three-layer electrode was prepared by casting a 40 wt.%
polytetrafluoroethylene and 60 wt.% active carbon Vulcan XC-
72 slurry on a TGP-060H carbon paper (Electrochem), as
detailed elsewhere [24]. The attained electrode was hot pressed
and sintered. Catalyst inks were prepared by mixing a platinum-
on-activated-charcoal (10 wt.%) catalyst (Pt/AC; Merck) and/or
a platinum-on-Vulcan-XC-72 (10 wt.%) catalyst (Pt/V; E-Tek)
in different mass ratios with Nafion solution (5 wt.%; Aldrich,
with low-molecular-weight aliphatic alcohols) in isopropyl alco-
hol, distilled water, and glycerol [25]. The loadings of platinum
and Nafion were 0.5 and 1 mgcm™2, respectively. After spray-
ing the catalyst ink on the diffusion layer, the electrodes were
air dried at 353 K. The loading of the catalyst are controlled
by weighing. Catalyst inks were prepared with five mass ratios
using a content of Pt/V from 0 to 100 wt.% and that of Pt/AC
in reverse (to ensure a constant total platinum loading of
0.5mgcm™2).

2.2. Membrane electrode assembly fabrication

Two similar electrode and a treated [26] Nafion-117 sheet
were coupled into a single-cell membrane electrode assembly
(MEA) by hot pressing at 395 K and 70 atm for 5 min. The MEA
was then cooled at room temperature and placed in gold-coated
stainless steel single-cell fuel cell for electrochemical testing.

2.3. Electrochemical measurements

The ORR was investigated at the GDE (geometric exposed
area of 1 cmz) in 0.5 M sulfuric acid (Merck).

The electrochemical measurements were performed at dif-
ferent temperatures in a conventional three-electrode system,
with gas flowing along the back of the GDE. The GDE was
mounted in a Teflon holder containing a graphite ring as the
current collector and having the provision for an oxygen sup-
ply at the back of the electrode. A platinum flat electrode was
used as a counter electrode, and an Ag/AgCl reference elec-
trode was placed close to the working electrode surface using a
Luggin capillary. The electrochemical cell was connected to a
PC-controlled potentiostat—galvanostat (EG&G 273 A).

After pre-treating the GDE with Pt [26], slow-sweep voltam-
mograms were recorded at eight temperatures (as mentioned
in Section 1) oxygen purged solutions at a rate of 0.1 mV s~!
between 1 and —0.3V relative to an Ag/AgCl electrode for
an oxygen supply at the back of the electrode at a rate of
30 mlmin~!. To determine the charge associated with the active
area and the electrochemical platinum surface area, cyclic
voltammograms were recorded after cycling the electrodes until
a stationary response was obtained, in an argon atmosphere. The
cyclic voltammetry (CV) scan rate was S0 mV s~! between —0.3
and 1.2V relative to an Ag/AgCl reference electrode. The mea-
surements were performed at various potentials that are cathodic
to the equilibrium potential of the oxygen electrode. An ac
potential of SmV was superimposed on the dc potential, and
the impedance spectra were collected for frequencies between
10kHz and 0.1 Hz.

Chronoamperograms were obtained by holding the potential
of the GDE at 1V for 20 s and then stepping it to 0.2 V relative
to the Ag/AgCl electrode for 10 s with oxygen flowing along the
back of the electrode.

A fuel test station (FCT-2000, Electrochem) was used to mea-
sure cell polarization. Hydrogen and gases were passed through
a temperature-controlled humidifiers to reflect on the separate
humidifiers used for oxygen and hydrogen. The humidifica-
tion temperatures of the anode and cathode gases were 358 and
343 K, with flow rates of 50 and 30 ml min—!, respectively. The
cell was kept at 333 K, and the gas pressure at the back of each
electrode was 1 atm.

3. Results and discussion

3.1. Evaluation of electrode kinetics of oxygen reduction
parameters from slow-sweep voltammetry as a function of
temperature

Fig. 1 shows example voltammograms recorded for differ-
ent electrodes. The observed polarization curves are far from
the theoretical reversible potential, due to the poor kinetics of
the reaction. The kinetics data were obtained using the Tafel
equation [27]:

2.303RT i
T’ =

log— 1
oankF Ogio M

where n=(F — E%) is the overpotential, R the gas constant, T the
absolute temperature, « the transfer coefficient, i the exchange
current density, n the number of electrons, and F is the Fara-
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Fig. 1. Potential vs. current density for different electrodes at 25 °C and an oxy-
gen flow rate of 30 ml min~—! (scan rate, | mV s~ ). Mass ratio of Vulcan/active
charcoal Pt support: 0/1 (¢), 0.125/0.375 (l), 0.5/0.5 (A), 0.375/0.125 (O), and
1/0 (»).

day’s constant. All current densities in Eq. (1) were calculated
relative to the real area of the working electrode. The exchange
current density was calculated by extrapolating the linear por-
tions of the Tafel plots. The theoretical reversible potential, E,
is the standard electrode potential, Ep, for oxygen reduction
(1.229 'V relative to a standard hydrogen electrode at 298 K and
an oxygen pressure of 1 atm) [1,28] corrected for different tem-
peratures [1,28]. Fig. 2 shows Potential versus current density of
an example electrode at various temperatures, which exhibit two
well-defined linear Tafel regions. Despite the change in the Tafel
slopes, the rate-determining step is the same in both the low-
current-density (LCD) and high-current-density (HCD) regions
[29], corresponding to the following one-electron transfer reac-
tion:

024+ H30" + ¢~ — OzH(ags-H20 (2)

and hence n=1 in Eq. (1). The kinetics data were obtained in
both LCD and HCD regions, but the exchange current density for
the HCD region varies with the thickness of the oxide layer on
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Fig. 3. Tafel slope vs. temperature for different electrodes under the same con-
ditions as in Fig. 1. Mass ratio, of Vulcan/active charcoal Pt support: 0/1 (O),
0.125/0.375 (W), 0.5/0.5 (A), 0.375/0.125 (@), and 1/0 (O).

the platinum surface [30]. Therefore, kinetics data are obtained
for the LCD region is more useful in comparisons.

Fig. 3 shows the Tafel slope versus temperature in the LCD
region. Electrode 1 in the figure has the lowest Tafel slope, which
can be attributed to the high surface area of the catalyst layer.
The exchange current densities in the LCD (Fig. 4) and HCD
(Fig. 5) regions show that the electrode kinetics is best in HCD
electrode 3.
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Fig. 4. HCD-region iy vs. temperature for different electrodes under the same
conditions as in Fig. 1. Mass ratio of Vulcan/active charcoal Pt support: 0/1 (#),
0.125/0.375 (M), 0.5/0.5 (&), 0.375/0.125 (), and 1/0 (OJ).
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Fig. 2. Potential vs. current density for electrode with similar mass ratio of char-
coal and Vulcan Pt support at different temperatures under the same conditions
as in Fig. 1.
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Fig. 5. LCD-region iy vs. temperature for different electrodes under the same
conditions as in Fig. 1. Mass ratio of Vulcan/active charcoal Pt support: 0/1 (O),
0.125/0.375 (M), 0.5/0.5 (A), 0.375/0.125 (@), and 1/0 (OJ).
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Fig. 6. Logiy (HCD region) vs. 1/T for different electrodes. Mass ratio of
Vulcan/active charcoal Pt support: 0/1 (Q), 0.125/0.375 (W), 0.5/0.5 (A),
0.375/0.125 (@), and 1/0 (O)).

The activation energy was calculated from Arrhenius plots
of log ip versus T~ ! (Fig. 6) according to the following relation
[31]:

d (logip)
d(1/7)

The activation energy values from both the LCD and HCD
regions are listed in Table 1, from which it is clear that the acti-
vation energy is a minimum for electrode 3 in the HCD region,
implying that the kinetics of the ORR are better in this region.
Moreover, this means that electrode 3 has the optimum GDE
parameters in this region. Charcoal can uptake water more than
Vulcan (Table 1), and decreasing the charcoal content decreases
flooding in electrode; whereas decreasing the water content
reduces the performance because of the reducing ionomer ion
conductivity.

E, = —2.303R ©)

3.2. Chronoamperometry

The oxygen diffusion coefficients from different electrodes
were determined by chronoamperometry. Fig. 7 plots I versus
=12 for the oxygen reduction, which indicates the presence of
the following linear relationship for different electrodes [32,33]:

nFAD.*Cy

1) = (ﬂl)l/2

4
where A is the geometric area of the electrode, Dy, the diffusion
coefficient, Cy the concentration of oxygen, n the number of
electron in overall reaction of ORR, F' the Faraday’s constant,
t the time and 7 is equal to 3.14. The equation indicates that
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Fig. 7. Plots of i vs. 1~ for oxygen reduction at different electrodes at 303 K
and an oxygen pressure of 1 atm. Mass ratio of Vulcan/active charcoal Pt support:
0/1 (©), 0.125/0.375 (M), 0.5/0.5 (A), 0.375/0.125 (@), and 1/0 (OJ).

decreasing the charcoal content reduces Dy, Y 2Cb (permeabil-
ity), which implies that the oxygen permeability is higher in
electrodes containing ac than in those containing VC.

3.3. Impedance diagrams

The Nyquist plots of the different electrodes obtained at dif-
ferent cathode potentials using EIS are shown in Figs. 8 and 9.
The loop present in the low-frequency region depends on the
kinetics impedance of the ORR and decreases with increasing
overpotential, whereas the loop in the high-frequency region is
independent of the overpotential, which indicates the impedance
of the pours electrode is due to an ohmic process [34].
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-0.5
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Fig. 8. Impedance spectra at a potential of 0.2V (relative to Ag/AgCl) in the
HCD region for different electrodes. Frequency range, 10 kHz-0.1 Hz. Mass
ratio of Vulcan/active charcoal Pt support: 0/1 ((J), 0.5/0.5 (W), and 1/0 (O).

Table 1
Activation energy (E,ct), water absorption, and electro active surface EAS) of various electrodes
Electrode E, in HCD E, in LCD Permeability, Dg's Cy Water absorption EAS (m? g’l)
region (kJ mol~1) region (kJ mol~1) (x10~" mol cm—25707) (mg cm~2)
1 65.8 32.6 8.63 63.4 96.1
2 21.6 74.9 8.13 55.9 84.3
3 12.4 62.6 5.57 52.9 75.2
4 47.0 24.1 3.67 53.7 61.4
5 38.9 48.0 1.42 45.7 58.1

Catalyst inks was prepared with five mass ratios using a content of Pt/VC from 0, 25, 50, 75 and 100 wt.% and that of Pt/AC in reverse (to ensure a constant total
platinum loading of 0.5 mg cm~?2). The attained electrodes labeled by 1-5, respectively.
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Fig. 9. Impedance spectra at a potential of 0.5V (relative to Ag/AgCl) in the
LCD region for different electrodes. Frequency range, 10 kHz—0.1 Hz. Mass
ratio of Vulcan/active charcoal Pt support: 0/1 ((J), 0.5/0.5 (W), and 1/0 (O).
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Fig. 10. Schematic representation of the equivalent circuit for the different elec-
trodes. Rq: electrolyte resistance (subtracted from results), R.: electrode intrinsic
resistance, R¢: charge transfer resistance, Q: constant-phase element.

Fig. 10 shows an equivalent circuit for the electrode process
described above, where R; is the electrolyte resistance, R is
the electrode intrinsic resistance, R is the charge transfer resis-
tance, and O and Q> (constant-phase elements) represent the
double-layer capacitances distributed between the ohmic and
faradic processes, respectively [6]. The obtained parameters are
listed in Table 2. The electrode resistance decreases with increas-
ing Vulcan content, but electrode 3 has an unexpectedly low
resistance, which may be due to an increase in the electronic con-
ductance by synergism [35]; this should be evaluated in future
studies. As has been shown by the Tafel parameters, the charge
transfer resistance is a minimum in the LCD region for elec-
trode 5, and electrode 3 exhibits the best kinetics in the HCD
region.

3.4. Single-cell data

The polarization curves for MEAs fabricated with different
electrodes are illustrated in Fig. 11. The better performance of
electrode with mole ratio 50:50 confirms the above-obtained
parameters, and suggests that mixing different types of carbon

Table 2
Parameters obtained from EIS diagrams with the equivalent circuit shown in
Fig. 11 using nonlinear least-squares fitting (Zview, ver. 2.0)

Electrode R. () R (2)
HCD region LCD region
1 0.615 1.076 3.501
3 0.525 0.456 2.211
5 0.594 0.840 1.385

Mass ratios of Vulcan/active charcoal Pt support are 0/1 (electrode 1), 0.5/0.5
(electrode 3), and 1/0 (electrode 5).
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Fig. 11. MEA polarization curves. The humidification temperatures of the anode
and cathode gases were 358 and 343 K, with flow rates of 50 and 30 ml min~!,
respectively. The cell was kept at 333 K, and the gas pressure at the back of
the electrodes were 1 atm. Mass ratio of Vulcan/active charcoal Pt support for
cathode: 0/1 (0), 0.125/0.375 (M), 0.5/0.5 (A), 0.375/0.125 (OJ), and 1/0 (A).

on the active surface area results in the optimal water content in
the catalyst layer, and good oxygen permeability and electronic
conductance. Fabricated electrode with mole ration 50:50 pro-
duces the best results for all the parameters and optimal condition
for the surface area.

3.5. Scanning electron microscopy characterization

Typical scanning electron microscopy images of the elec-
trodes are shown in Figs. 12-16. The surfaces of all the
electrodes are rough and porous. The micrographs with a mag-
nification of 250x show that increasing the activated charcoal
content in the catalyst layer increases the porosity of the elec-
trodes, which can be attributed to the electrode surface area
increasing with an increasing content of fine-sized activated
charcoal. This change in construction will also increase the
permeability of oxygen.

Fig. 12. SEM micrograph of surface of electrode 1 (mass ratios of VC/AC is
0/1 and platinum loading is 0.5 mg cm~2). recorded at 250x magnification.
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Fig. 13. SEM micrograph of surface of electrode 2 (mass ratios of VC/AC is
0.125/0.375 and platinum loading is 0.5 mg cm~2) recorded at 250x magnifi-
cation.

Fig. 14. SEM micrograph of surface of electrode 3 (mass ratios of VC/AC is
0.5/0.5 and platinum loading is 0.5 mg cm~2) recorded at 250 x magnification.
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Fig. 15. SEM micrograph of surface of electrode 4 (mass ratios of VC/AC is
0.375/0.125 and platinum loading is 0.5 mg cm~2) recorded at 250 magnifi-
cation.

i

"

Ace - SpotiMagn .+ Dety WO fes———————=f 00 ym

" 250KV 3.0, 260K

SE 17056
8

Fig. 16. SEM micrograph of surface of electrode 5 (mass ratios of VC/AC is
1/0 and platinum loading is 0.5 mg cm™2) recorded at 250 x magnification.

4. Conclusions

The main functions of the carbon support are to (a) disperse
the ultra fine electrocatalyst particles, (b) bind strongly with the
electrocatalyst particles and with the neighboring carbon sup-
port, and (c) facilitate mass transport of the reactant gases to
the active sites. Having an optimized structure and composition
of the active layer is vital for minimizing activation and more
s0, mass transport and ohmic overpotentials in the active layers.
This is particularly essential for attaining the desired high power
densities in PEMFCs. The electrochemical properties of GDEs
based on different types of carbon black as catalyst supports have
been investigated in binary support electrodes. Compared with
single support electrodes, the binary electrodes exhibit improved
polarization performance. The best performance is obtained in
the electrode whose catalyst layer is composed of active char-
coal and Vulcan XC-72R at a mass ratio of 50:50. This optimal
content reduced activation energy at HCD region.

The electrode utility deteriorates when more active charcoal
is present, but this increases the oxygen permeability that in
turn enhances the efficiency of the GDE in the ORR. Finally,
the electronic resistance of electrode is reduced by using binary
support at the optimal mass ratio 50:50. It is believed that the
improvement in the binary electrode is resulted from better con-
tact between Pt and electrolyte ionomer provided by the mixture
of VC and AC carbon. AC materials have different structural
properties from VC. As they are mixed together with electrolyte
Nafion ionomer, smaller AC particles are expected to occupy the
voids inside or between agglomerates formed by larger VC par-
ticles. Therefore, the highly conductive AC particles connect the
separated conductive paths, and thus the electronic conductivity
of the electrode is increased.
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