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Abstract

Electrocatalytic activities of various carbon-supported platinum-based binary, namely, Pt—Co/C, Pt—Cr/C and Pt—
Ni/C, and ternary, namely, Pt—-Co—Cr/C and Pt—Co-Ni/C, alloy catalysts towards oxygen reduction in solid—
polymer—electrolyte direct methanol fuel cells were investigated at 70 °C and 90 °C both at ambient and 2 bar
oxygen pressures. It was found that Pt—Co/C exhibits superior activity relative to Pt/C and other alloy catalysts.

1. Introduction

At present, platinum is being used as oxygen—reduction
catalyst in solid—polymer—electrolyte direct methanol
fuel cells (SPE-DMFCs) [1-7]. But Nafion, the most
commonly employed solid—polymer—clectrolyte mem-
brane, has the drawback of permeability to methanol
which poisons the platinum catalyst [1-3]. Attempts are
therefore being made to find methanol-tolerant oxy-
gen—reduction catalysts for SPE-DMFC:s [8, 9]. Several
carbon-supported binary and ternary-alloys of plati-
num, namely, Pt-Ni/C and Pt—-Co—Ni/C, have been
shown to offer good performance as oxygen—reduction
catalysts in phosphoric acid fuel cells (PAFCs) [10-21]
and more recently in polymer electrolyte fuel cells
(PEFCs) [22-24] but the viability of these alloy
catalysts as oxygen—reduction catalysts in SPE-
DMFCs has not been tested hitherto. In this commu-
nication, we report the electrochemical activities of
several carbon-supported platinum-based binary and
ternary-alloy catalysts, namely, Pt-Ni/C, Pt—Co/C, Pt—
Cr/C, Pt-Co—Cr/C and Pt-Co-Ni/C, towards oxygen
reduction in SPE-DMFCs in relation to Pt/C catalyst.
It is found that among the catalysts studied, Pt-Co/C
exhibits superior performance towards oxygen reduc-
tion.

2. Experimental details

2.1. Catalyst preparation and their physical
characterization

The various carbon-supported platinum-based binary
and ternary alloy catalysts prepared during this study,

besides Pt/C, were Pt—Co/C, Pt—Cr/C, Pt-Ni/C, Pt—-Co—
Cr/C, and Pt—Co—Ni/C.

2.1.1. Preparation of 20 wt % Pt/Vulcan XC-72

20 wt % platinized carbon was prepared by the sulfito-
complex route [2, 21]. For this purpose, Nag[Pt(SO3)4]
precursor was obtained from chloroplatinic acid. Chlo-
roplatinic acid was dissolved in distilled water and the
pH of the solution was adjusted to 7 by adding Na,COs.
Subsequently, the pH of the solution was lowered to 3
by adding NaHSOj;. The solution was then gently
warmed until it became colourless. The pH of the
solution was then raised to 6 by adding Na,CO;. This
resulted in a white precipitate of Nag[Pt(SOs)4] which
was filtered, washed copiously with hot distilled water,
and dried in an air oven at 80 °C.

To obtain 20 wt % Pt/Vulcan XC-72 catalyst sample,
the required amount of Vulcan XC-72 was suspended in
distilled water and agitated in an ultrasonic water bath
at about 80 °C to form the slurry. The required amount
of Nag[Pt(SO3)4] was dissolved in 1 M H,SO4; and
diluted with distilled water. This solution was added
dropwise to the carbon slurry with constant stirring at
80 °C. This was followed by the addition of 30% H-O,
with the temperature maintained at 80 °C which result-
ed in vigorous gas evolution; the solution was further
stirred for 1 h. Subsequently, platinized carbon was
obtained by reducing it with 1 wt % formic acid
solution which was filtered, washed copiously with hot
distilled water and dried in an air oven at 80 °C for 2 h.

2.1.2. Preparation of binary Pt—Co/C, Pt—Cr/C,

and Pt—Ni/C alloy catalysts

The required amount of 16 wt % Pt/Vulcan XC-72 was
prepared as described in Section 2.1.1 and dispersed in
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distilled water followed by ultrasonic blending for
15 min. The pH of the solution was raised to 8 with
dilute ammonium hydroxide. Stirring was continued
during and after the pH adjustment. The required
amount of respective salt solution (Co(NO;3), or
Ni(NO3), or Cr(NOs3); ) containing the required amount
of the salt was added to this solution. This was followed
by the addition of dilute HCI to the solution until a pH
of 5.5 was attained. Stirring was continued for 1 h and
then the resultant mass was dried at 90 °C in an air oven
for 2 h. Subsequently, it was ground well and the powder
was heat-treated at 900 °C in nitrogen atmosphere for
1 h to form the respective binary alloy catalyst. The
catalyst compositions were maintained as 20 wt % Pt—
Co/C, 20 wt % Pt—Cr/C, and 20 wt % Pt-Ni/C.

2.1.3. Preparation of ternary Pt—Co—Cr/C

and Pt—Co—Ni/C alloy catalysts

The required amount of 16 wt % Pt/Vulcan XC-72 was
prepared as described in Section 2.1.1 and dispersed in
distilled water followed by ultrasonic blending for
15 min. The pH of the solution was adjusted to 8 with
dilute NH4OH solution. Stirring was continued during
and after the pH adjustment. The required amount of
the Cr(INO3); salt solution of known concentration was
added to the pH adjusted solution and its pH was re-
adjusted to 5.5 by addition of dilute HCI. A solution of
Co(NO;3), of known concentration containing the
required amount of cobalt was then added to this
solution. The pH was maintained at 5.5 by adding dilute
HCI. Stirring was continued during the process. The
solution was dried at about 90 °C and then heat-treated
at 900 °C in nitrogen atmosphere for 1 h. Pt—-Co—Cr/
Vulcan XC-72 catalyst thus obtained was characterized
by obtaining its powder X-ray diffraction pattern. The
catalyst composition was maintained as 20 wt % Pt—
Co—Cr/C. A similar procedure was adopted to prepare
Pt—-Co—Ni/Vulcan XC-72 catalyst.

All the carbon-supported platinum-based binary and
ternary catalysts were characterized by recording their
powder X-ray diffraction (XRD) patterns on a Philips
X -Pert 3710 X-ray diffractometer using Cuk, radiation.
The catalysts were also subjected to energy dispersive
analysis by X-rays (EDAX) employing a Jeol JSM-840A
scanning electron microscope to determine the compo-
sition of the elements.

2.2. Preparation of membrane electrode assemblies
(MEAs )

Both the anode and cathode consist of a backing layer, a
gas-diffusion layer and a reaction layer. A Teflonized
(20 wt % Teflon) carbon paper (Kureha) of 0.3 mm
thickness was employed as the backing layer in these
electrodes. To prepare the gas-diffusion layer, Ketjen
Black carbon was suspended in water and agitated in an
ultrasonic water bath. To this, 10 wt % of Teflon
(Fluon GP-2) suspension was added with continuous
agitation. The required amount of cyclohexane was then

added to it dropwise. The resultant slurry was spread on
a Teflonized carbon paper and dried in an air oven at
80 °C for 2 h. To prepare the reaction layer, the
required amount of the catalyst (20 wt % Pt/C or
carbon-supported Pt-based alloys for the cathode or
Pt-Ru/C for the anode) was mixed with 10 wt % of
Teflon suspension. The mixture was suspended in water
and agitated in an ultrasonic water bath, and 15 wt %
of Nafion (5 wt %) solution (Aldrich) was added to it
with continuous stirring. The paste thus obtained was
spread onto the gas-diffusion layer of the electrode, and
pressed at 75 kg cm ™ for 5 min. The anode contained
Pt—Ru/C catalyst with a platinum loading of 4 mg cm™>
which was kept identical in all the MEAs. The platinum
content of the cathode in all the MEAs was maintained
at 1 mg ecm™2. A thin layer of 5 wt % Nafion solution
was spread on the surface of each electrode. The
membrane electrode assembly was obtained by pressing
the cathode and anode on either side of a pre-treated
Nafion-117 proton exchange membrane by compaction
with a pressure of 50 kg cm™ at 127 °C for 3 min.

2.3. Electrochemical studies

Liquid-feed SPE-DMFCs were assembled employing
the membrane electrode assemblies described in Section
2.2. The anode and cathode of the SPE-DMFCs were
contacted at their rear with gas/fluid-flow field plates
machined from high-density graphite blocks in which
channels had been formed. The channels were machined
to achieve minimum mass-polarization in the SPE-
DMFCs. The ridges between the channels make electri-
cal contact with the back of the electrode and conduct
the current to the external circuit. The channels supply
methanol to the anode and oxygen to the cathode.
Electrical heaters were placed behind each of the
graphite blocks in order to heat the cell to the desired
temperature. The methanol solution was pumped to the
anode chamber through a peristaltic pump and the
unreacted solution was collected in the reservoir. Oxy-
gen gas at about 2 bar pressure was introduced to the
cathode chamber. The graphite blocks were also pro-
vided with collectors for electrical contact and small
holes to accommodate thermocouples. An electrolytic
cell was prepared by coupling two palladium—gold grids
(5 mm x 10mm) onto the Nafion membrane. A small
d.c. voltage was imposed between these electrodes. The
cathode, where hydrogen is generated, was used as a
reference electrode after calibrating it against a bubbling
hydrogen electrode by adjusting the current through the
electrolytic cell so as to give a potential difference of
~1 mV between the cathode and the bubbling hydrogen
electrode. The cathode was used as reference electrode
and is referred as dynamic hydrogen electrode (DHE).
Galvanostatic-polarization data on the activated
SPE-DMFCs were obtained at various pressures and
temperatures. The active geometrical area of the elec-
trodes was 4 cm”. The current densities were calculated
from the active geometric area of the electrodes. In situ



cyclic voltammetric studies on electrodes with different
electrocatalysts were conducted to obtain platinum
surface areas employing an Autolab (AUT-30) poten-
tiostat/Galvanostat. Electrochemical surface areas of
the electrodes from the voltammetric data were estimat-
ed using the procedure described in the literature [25].

3. Results and discussion

The powder X-ray diffraction (XRD) patterns of various
carbon-supported binary and ternary alloy catalysts are
given in Figures 1 and 2, respectively. The diffraction
peak at 26 ~25° observed in all the diffraction patterns of
the carbon-supported catalysts is due to the (002) plane
of the hexagonal structure of Vulcan XC-72 carbon.
Although the XRD patterns of carbon-supported Pt—Ni
and Pt-Cr catalysts resemble the face-centred cubic
structure of carbon-supported Pt catalyst, these actually
belong to the single-phase of disordered Pt—Ni and Pt—
Cr alloys [13]. By contrast, the XRD patterns of carbon-
supported Pt—Co catalyst resemble the ordered tetrago-
nal structure of Pt—Co alloy [13]. The XRD patterns of
the carbon-supported ternary Pt—-Co—Cr and Pt—Co—Ni
alloy catalysts are akin to the ordered tetragonal
structure reported for single-phase alloys [26, 27]. The
EDAX analysis of all the electrocatalysts along with
their nominal compositions are given in Table 1. The
EDAX analysis of binary-alloy catalysts gave near 1:1
atomic ratio of Pt : base metal (M) ratio and physical
characterization of these alloy catalysts suggest these to

(211)

Intensity / a.u.

(11)

= CB(002)
(220)
311)

(222)

Sample 1

I . 1 . 1 . ! . 1
20 40 60 80 100

20/ Degrees

Fig. 1. Powder X-ray diffraction patterns of carbon-supported plati-
num-based binary-alloy catalysts.
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Fig. 2. Powder X-ray diffraction patterns of carbon-supported plati-
num-based ternary-alloy catalysts.

be akin to PtsM (M = Co, Cr, Ni) phases of the
respective alloys [27, 28]. The metal content in two
ternary-alloy catalysts, namely Pt—-Co—Cr and Pt—Co-
Ni, were found to be approximately 2:1:1 in atomic
ratios.

The galvanostatic-polarization data for oxygen re-
duction at 70 °C and 2 bar oxygen pressure against a
DHE are shown in Figure 3(a). The data suggest that
the performance of the electrode containing 20 wt %
Pt—Co/C catalyst is superior to that of the 20 wt % Pt/C
electrode, as well as the other carbon-supported Pt-
based binary and ternary-alloy catalysts. To examine the
effect of temperature on polarization data of these
electrodes, we also carried out galvanostatic-polariza-
tion studies at 90 °C and 2 bar oxygen pressure, as
shown in Figure 3(b). An improvement of about 50 mV
in the performance of the electrode containing Pt—Co/C
catalyst was found over the entire range of polarization
values. We also obtained galvanostatic-polarization

Table 1. Chemical compositions of various platinum-based carbon-
supported catalysts as determined by EDAX

Sample Catalyst Catalyst
compositions compositions
(Nominal) (EDAX)

1 20 wt % Pt/C -

2 20 wt % Pt—Co/C 61:39

3 20 wt % Pt-Cr/C 58:42

4 20 wt % Pt-Ni/C 60:40

5 20 wt % Pt—Co—Cr/C 51:22:27

6 20 wt % Pt—-Co-Ni/C 57:23:20
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Fig. 3. Galvanostatic-polarization data for oxygen—reduction reaction
on cathodes with various binary and ternary-alloy catalysts at (a)
70 °C, and (b) 90 °C both obtained at 2 bar oxygen pressure.

data for electrodes at ambient oxygen pressures both at
70 °C and 90 °C; the respective data are shown in
Figure 4(a) and (b). Under all these conditions, the
electrodes containing Pt—Co/C were found to exhibit the
best performance.

For the electrodes used in this studyj, it is critical to get
some measure of the active surface area of the catalysts
participating in the oxygen—reduction reaction. As the
electrodes are painted with Nafion® solution to provide
the ionic contact with the platinum surface, it is possible
for the extent of this contact to vary with the different
catalyst formulations. This can have a large influence on
the assessment of the merits of one catalyst compared to
another. Platinum surface-areas from in situ cyclic
voltammetry, which gives a good measure of it, are
given in Table 2. Some variation in the Pt surface-areas
for various catalyst formulations is evident. The cur-
rent—voltage plots in Figures 3 and 4 have been
corrected for available electrochemical surface areas
and internal resistance to obtain Tafel slopes in order to
best probe the kinetic effects at different catalyst
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Fig. 4. Galvanostatic-polarization data for oxygen-reduction reaction
on cathodes with various binary and ternary-alloy catalysts at (a)
70 °C, and (b) 90 °C both obtained at ambient oxygen pressure.

Table 2. Platinum surface-areas for various platinum-based carbon-
supported catalysts as obtained from in situ cyclic voltammetry

Sample Catalyst compositions Pt surface-area
(Nominal) /m? g7
1 20 wt % Pt/C 103
2 20 wt % Pt—Co/C 82
3 20 wt % Pt-Cr/C 81
4 20 wt % Pt-Ni/C 72
5 20 wt % Pt—-Co—Cr/C 84
6 20 wt % Pt—Co—Ni/C 97

surfaces. The respective Tafel slopes for Pt/C and
Pt-Co/C electrodes for oxygen—reduction were found
to be about 60 and 45 mV (decade)™!. Accordingly, the
respective exchange current-densities for the Pt and
Pt—Co electrodes are estimated as 4.4 x 10 and
1.2 x 107 mA/em 2. The Pt-Co/C electrode seems to
have poor electrocatalytic activity towards oxygen
reduction in relation to Pt/C electrodes. Although,
Pt-Co/C may be a poor electrocatalyst in terms of
exchange current it appears to be electrocatalytically
superior in relation to Pt/C at high overpotentials since
the Tafel slope for Pt—Co/C electrodes has a relatively
lower value [29]. The cell performance data, along with
the constituent electrodes of the MEA comprising
Pt-Ru/C and Pt/C cathodes operating at 70 °C and 2
bar oxygen pressure, are shown in Figure 5(a). Similar
data for the cell operating at 90 °C and 2 bar oxygen
pressure are shown in Figure 5(b). The galvanostatic-
polarization data for the cell at 70 °C and 90 °C
operating at ambient oxygen pressure are shown in
Figure 6(a) and (b), respectively. Among these data, a
maximum power density of 125 mW cm ™ is found for
the cell operating at 90 °C with 2 bar oxygen pressure.

The cell performance data along with constituent
electrodes of the MEA comprising Pt—Ru/C anode and
Pt—Co/C cathode operating at 70 °C and 2 bar oxygen
pressure, are shown in Figure 7(a). Similar data for the
cell operating at 90 °C and 2 bar oxygen pressure are
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Fig. 5. Galvanostatic-polarization data for SPE-DMFCs employing
20 wt % Pt/C cathode catalyst obtained at (a) 70 °C, and (b) 90 °C
both operating at 2 bar oxygen pressure.
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shown in Figure 7(b). Relative to the cell operating at
70 °C and 2 bar oxygen pressure, an improvement of
about 75 mV in the cell performance at its maximum
power density of 160 mW cm™ was noted while oper-
ating at 90 °C. This improvement may be attributed
to the reduction in ohmic resistance of the cell due to
increased conductivity of the Nafion™ membrane, as
well as to an increase in the rates of both oxygen
reduction and methanol oxidation at the cathode and
anode sides of the MEA, respectively. The galvanostat-
ic-polarization data for the cell at 70 °C and 90 °C, both
operating at ambient oxygen pressure, are shown in
Figure 8(a) and (b), respectively. Little change in the
performance of the SPE-DMFC at 70 °C and 90 °C is
seen under operation at ambient oxygen pressure.

A plausible explanation for the enhanced activity of
Pt—Co/C for oxygen reduction is as follows. As pointed
out by Yeager [30], oxygen reduction may take place by
either a direct four-electron pathway or a peroxide
route. The four-electron transfer has been reported with
platinum phthalocyanine [31, 32]. On a metal or alloy—
catalyst surface the peroxide pathway appears to be the
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Fig. 7. Galvanostatic-polarization data for SPE-DMFC employing
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Fig. 8. Galvanostatic-polarization data for SPE-DMFC employing
20 wt % Pt-Co/C cathode catalyst obtained at (a) 70 °C, and (b)
90 °C both operating at ambient oxygen pressure.

dominant reaction mode. In this reaction, the oxygen
molecule reacts with the surface by first accepting an
electron from the catalyst as shown below.

Pt-M + O; + ¢ —— Pt-M-0-O"
P

Hle _
— Pt-M-O-OH (1)

Pt-M + Oy «— Pt-MT-0-0O~

N
— Pt-M*"-O-OH™ (2)
where Reaction 1 is electrochemical and Reaction 2 is
purely chemical. However, in either case, the chemi-
sorbed species is negatively charged. It is therefore
electrostatically bound to the surface. If the reaction is
chemical, the electrostatic component of the force
between the chemisorbed species and the surface will
depend on the applied voltage and the net intrinsic
charge on the surface atom. In an element, the intrinsic
charge is neutral and in a transition-metal alloy, like Pt—
Co, the d-electron transfer from the constituent to the
left in the periodic table makes this constituent effec-
tively more positive as the empty d-states become the
acceptors of the oxygen lone-pair electrons. For a given
voltage, the d-electron transfer would make the constit-
uent more attractive to the negatively charged species.
In Pt—Co alloy, for example, an oxygen species will be
more tightly bonded to the cobalt atom surface. In this
alloy, therefore, cobalt acts as a promoter of Reaction 1.
It is noteworthy that the active phase in the alloy is
mainly composed of Pt sites and the Co-sites from the
underlying layer exert their electronic effects as dis-
cussed by Toda etal. [33, 34]. Subsequently, two
reaction pathways are available for the next critical step
in the reduction process.

Pt-M-O-OH +H" +¢ — Pt-M-O~ +H,0 (3)

Pt-M-O-OH~ + H«— Pt-M + H,0, (4)
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where Reaction 3 is electrochemical and Reaction 4 is
chemical. In Pt—Co alloy, the more electropositive base-
metal (M), namely Co, to which the oxygen species is
attached, provides an electrostatic force that favours the
desired electrochemical pathway relative to the chemical
reaction. Thus, the electrochemical Reaction 3 is en-
hanced. The final steps in the electrochemical reduction
reaction of oxygen are not rate limiting on either the
elemental or alloy catalysts [35, 36].

4. Conclusions

This study shows that it is possible to substantially
improve the performance of SPE-DMFCs by employing
carbon-supported Pt—Co binary alloy as oxygen—reduc-
tion catalyst on the cathode side in place of carbon-
supported platinum.
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