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Methanol-tolerant PdPt/C alloy catalyst for oxygen electro-reduction reaction
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Abstract—A carbon-supported Pd-based PdPt catalyst (PdPt/C) with a small amount of Pt was prepared by borohy-
dride reduction method and its activity in the oxygen electro-reduction reaction (ORR) was investigated in acidic con-
ditions both with and without methanol. For comparison, carbon-supported Pt (Pt/C) and Pd (Pd/C) catalysts were pre-
pared and the ORR activities were compared. Results revealed that the PdPt/C catalyst showed slightly lower ORR
activity in terms of onset potential of oxygen reduction than Pt/C catalyst in 0.1 M HCIO,. However, PdPt/C catalyst
exhibited enhanced activity toward selective ORR with methanol-tolerant characteristics in 0.1 M HCIO, in the presence
of methanol. The PdPt/C catalyst prepared here is suitable for use as a cathodic electrocatalyst in direct alcohol fuel cells

after addition of small amount of expensive Pt metal.
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INTRODUCTION

In the last decades, Pt-based catalysts have attracted a great deal
of attention due to their promising applications, particularly as the
electrode catalyst for low-temperature fuel cells and considerable
progress has been achieved [1-8]. Although Pt-based catalysts have
excellent electrocatalytic activity in both methanol electro-oxidation
and oxygen electro-reduction, some obstacles still remain for the
commercialization of fuel cells, such as the high cost of Pt and the
reduction of the cell performance that originates from the mixed
potential by liquid fuel crossover from anode to cathode [9,10]. Con-
sequently, the major issues facing low temperature fuel cells are the
costdown of electrode and finding a new selective oxygen-reduction
catalyst on cathode electrode. Therefore, many research groups have
attempted to develop new low-cost electrocatalysts that could not
only reduce expensive Pt-based catalysts, but selectively catalyze
oxygen electro-reduction with strong tolerance to methanol [11,12].

Recently, two approaches have been extensively investigated to
reduce Pt cost in fuel cells: the first one is to explore non-noble metal
catalysts, and the second is to reduce the Pt loading [13,14]. In the
first approach, non-noble catalysts, such as metal carbide, transition
metal chalcogenides, and heat-treated transition metal macrocycles,
showed electrocatalytic activity toward ORR with high methanol
tolerance [15-19]. However, their catalytic activities were still insuf-
ficient for the practical fuel cell operation and their stability was
limited for long-term operation. The second approach is Pt-metal
alloying [20,21]. Some results on the use of Pt-metal alloys have
been reported for catalytic activity enhancement and fuel cell per-
formance improvement. However, the high cost of a catalyst, the
short lifetime of a low Pt-loading catalyst and the severe decrease
in fuel cell performance due to the mixed potential of simultaneous
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reactions of ORR and methanol electro-oxidation on the cathode
are still serious obstacles for practical applications.

As an alternative way, Palladium (Pd)-based alloy catalysts were
investigated as a fuel cell catalyst. Pd is less expensive and more
abundant (Pd is at least 50 times more available) than Pt [22,23].
Recently, it has been reported that Pd has considerable catalytic ac-
tivity toward hydrogen oxidation (HOR) and ORR, and no signifi-
cant activity with CO and methanol [24-26]. In addition, it has been
known that Pd-based electrocatalysts exhibited considerable perfor-
mance in practical low temperature fuel cells. Especially, Pd-based
PdPt/C catalyst with a Pd : Pt atomic ratio of 19: 1 was success-
fully applied for anode electrode in polymer electrolyte fuel cell
(PEMFC) [27]. Pd is also a potential electrocatalyst for cathodic
oxygen electro-reduction in direct methanol fuel cells (DMFC). It
is reported that Pd has a direct 4-electron oxygen reduction pathway,
which is a similar property to Pt and Pd showing inactivity in metha-
nol electro-oxidation [28].

The ORR activity of Pd-based electrocatalysts was enhanced by
alloying with another transition metal such as Pt, Au, Co or Fe [29-
34]. However, the ORR overpotential of Pd catalysts was still higher
than that of Pt. Thus, for practical use in direct methanol fuel cells,
it is necessary to develop cost-effective Pd-based alloy catalysts that
have enhanced activity toward selective ORR in the presence of
methanol.

In this work, we prepared carbon-supported Pd-based PdPt alloy
catalysts with small Pt content by sodium borohydride reduction.
The prepared PdPY/C catalyst was characterized by XRD, TEM and
electrochemical methods. The ORR activity of PdPt/C catalyst was
investigated by using linear sweep methods in an acidic electrolyte
both with and without methanol.

EXPERIMENTAL

Carbon-supported PdPt, Pd and Pt catalysts were prepared by
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NaBH, reduction. Pd precursor (PdCl,;, Aldrich) and Pt precursor
(H,PtCl;, Acrose) were dissolved in deionized water, and the car-
bon support (Vulcan XC-72, Carbot Corp.) was well dispersed with
an ultrasonicator for 30 min. As a reducing agent, aqueous 0.2 M
NaBH, was added dropwise to the parent solution, and the mixture
was kept in ambient condtion for 3 hr with vigorous stirring, The
above mixutre was filtered and washed with copious amounts of
water to obtain the PdPt/C catalyst. The metal content was main-
tained at 20 wt% in the catalyst with a 5 : 1 weight ratio of Pd/Pt.
For comparision purposes, 20 wt% carbon-supported Pd (Pd/C) and
Pt catalyst (Pt/C) were prepared by the same method.

X-ray diffraction patterns of the prepared catalysts were recorded
on an M18HF-SRA diffractometer (MAC science) using CuKa
radiation. Morphologies and metal dispersions of the prepared cata-
lysts were observed by transmission electron microscopy (TEM,
Jeol JEM-3010).

Electrochemical properties of the prepared catalysts were inves-
tigated by conventional three-electrode system with EG&G 263A
potentiostat. A saturated calomel electrode (SCE) and a platinum
gauge were used as the reference electrode and the counter elec-
trode, respectively. The working electrode was prepared by coating
catalyst ink on disk-type graphite. Cyclic voltammograms (CVs)
of the prepared catalysts were obtained at ambient temperature in
0.1 M HCIO, solution in the range of —0.25 to 1 V (vs. SCE) at 20
mV/s. The ORR activities of the prepared catalysts were evaluated
in O,-saturated 0.1 M HCIO, with and without 0.5 M CH;OH by
using a rotating glassy carbon disk electrode (RDE 616, Princeton
Applied Research) at ambient temperature. Slow sweep voltammo-
grams were recorded between 0.8 and —0.2 V (vs. SCE) at 5 mVJs.

RESULTS AND DISCUSSION

The Pt and Pd contents of the prepared Pt/C, Pd/C and PdPt/C
catalysts were determined by FE-SEM EDS. The average compo-
sition of Pd and Pt in PdPt/C catalyst was a weight ratio of 79 to 21.
The structure and crystalline phase of the prepared catalysts were
investigated by XRD, as shown in Fig. 1. Broad peaks at about 26=
25° were observed in all catalysts due to the (002) diffraction plane
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of the hexagonal structure of the carbon support, which implied that
support material of carbon (Vulcan XC-72R, Carbot) has partially
crystalline properties. The prepared catalysts showed (110), (200) and
(220) diffraction peaks at about 39°, 46° and 68°, which indicated
that Pt, Pd and PdPt alloy nanoparticles with typical face-centered
cubic (fce) structure were formed on the carbon support. The 26
values of the diffraction peaks were seen at the almost identical
positions in all catalysts. Since the atomic radii of Pt and Pd are al-
most same, diffraction peaks of Pt, Pd and PdPt alloy catalysts were
observed at the same 2@ position as seen in Fig. 1. Average crystal-
lite sizes of Pt, Pd and PdPt alloy nanoparticles were calculated by
using the Scherrer formula based on the (220) peak because the (220)
peak is isolated from other carbon-related diffraction peaks.

_ 094
Bcos b,

Where D is an average crystallite size, A is the X-ray wavelength
(CuKa=1.54 A), B is the full width half maximum (FWHM), and
6, values represent (220) peak positions. In addition, surface areas
(S) of Pt, Pd and PdPt nanoparticles were calculated from the crys-
tallite size by using the following equation:

_ 6000
pd

Where S is the surface area (m%/g), d is the average crystallite size
(nm), and o represents densities of Pd (12.3 g/emr’), Pt (21.4 g/em®)
and PdPt alloy (13.82 g/em’®). The density of PdPt/C catalyst was
calculated from the following equation, assuming that all Pt and Pd
atoms are homogeneously alloyed.

S

Prae=Pr* Xpit 00 % X,

Where Opp, 0rs and p,, are densities of PdPt alloy, Pd and Pt,
respectively. X, and X, are weight ratios of Pd and Pt in PdPt/C
catalyst, respectively. The crystallite size and surface area are sum-
marized in Table 1.

Morphologies and metal dispersion were examined by TEM anal-
ysis (Fig. 2). Pt, Pd and PdPt nanoparticles were well dispersed on
the spherical carbon support. Among three catalysts, Pt/C had the
smallest Pt particle size with high metal dispersion, while Pd/C cata-
lyst had the largest Pd nanoparticle. The average particle size was
estimated by measuring particles using randomly distributed 100
particles in TEM images. Metal nanoparticle sizes of Pt/C, Pd/C
and PdPt/C were estimated to be a ca. 4.6, 5.2 and 4.8 nm, respec-
tively. These estimated metal sizes from TEM were consistent with
those estimated from XRD results.

Electrochemical properties of the prepared Pt/C, Pd/C and PdPt/C
catalysts were investigated by cyclic voltammetry in acidic condi-
tions (0.1 M HCIO,). Fig. 3(a) shows the cyclic voltammograms

Table 1. Average crystallite sizes calculated from the (220) diffrac-
tion plane using the Scherrer equation and surface areas
of Pt, Pd and PdPt alloy crystallites

Dz (nm) Syrp (7 2)

20 30 60 70

40 50
2 Theta (degree)

Fig. 1. XRD patterns of the prepared catalysts.

Pt/C 43 64
PdPt/C 4.5 97
Pd/C 4.9 97
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Fig. 3. (a) Cyclic voltammograms of the prepared catalysts and (b) voltammograms in the oxygen reduction region in 0.1 M HCIO,, at

a scan rate of 20 mV/s.

(CVs) of the prepared Pt/C, Pd/C and PdPt/C catalysts. The CV of
Pt/C catalyst exhibits the typical proton ion electro-adsorption/de-
sorption, double-layer charging current, Pt oxide formation and oxy-
gen reduction region. CVs of Pd/C and PdPt/C were similar to that
of Pt/C. The Pd/C electrocatalyst exhibits hydrogen peaks below
0V, which are caused by desorption of hydrogen ions on the sur-
face of the Pd particle and dissolution of the adsorbed hydrogen
into the bulk of the Pd particle. In the ORR region [Fig. 3(b)], the
PdPt/C catalyst exhibited lower overpotential in oxide reduction
than the Pd/C catalyst. It should be noted that the ORR kinetics of
Pd catalysts was enhanced by the addition of a small amount of Pt
as seen Fig. 3(b).

In order to evaluate catalytic activities of the prepared catalysts
in ORR, linear sweep voltammetry was conducted at a scan rate of
5 mV/s using a rotating disk electrode (RDE). Fig. 4 shows the re-
presentative polarization curve of Pt/C and polarization curves of
Pt/C, Pd/C and PdPt/C in terms of onset potential (inset figure) for
ORR at 1,500 rpm in an oxygen-saturated 0.1 M HCIO, solution.
In the linear sweep voltammogram, the polarization curve exhibited
three regions: Tafel region, mixed diffusion-kinetics control region
and diffusion-control region. The limiting current was observed in
the diffusion control region (below 0.4 V) indicating that the diffusion
process becomes the dominant step in the electrocatalytic reaction.
Compared to Pt/C catalysts, two Pd-based catalysts had lower onset
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Fig. 4. Representative linear sweep voltammograms of the Pt/C
catalysts and ORR polarization curves of the prepared cata-
lysts in terms of onset potential in oxygen-saturated 0.1 M
HCIO, at a scan rate of S mV/s and with a rotating speed
of 1,500 rpm.

potential in oxygen reduction (inset in Fig. 4). This indicates that
overpotentials of Pd-based catalysts are higher than that of the Pt/C
catalyst in oxygen reduction. In terms of onset potential for oxygen
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Fig. 5. Mass-transport corrected Tafel plots for the oxygen reduc-
tion reaction of the prepared catalysts in oxygen-saturated
0.1 M HCIO, with a rotating speed of 1,500 rpm.

reduction, the PdPt/C catalyst exhibited lower cathodic potential
than the Pd/C catalyst. Consistent with cyclic voltammetry results,
ORR activity of the PdPt/C catalyst was enhanced by the addition
of a small amount of Pt resulting in the formation PdPt alloy.
Further characterization of electrocatalytic activities of the pre-
pared Pt/C, Pt/C and PdPt/C was carried out with Tafel plots. Fig.
5 shows mass transport-corrected Tafel plots of the Pt/C, Pd/C and
PdPt/C catalysts for ORR by plotting potential vs. iXi/(i—1), where
i, is the diffusion-limiting current. Two different Tafel linear regions
were observed for ORR in all electrocatalysts, with slopes near 60
and 120 mV/dec at low current density region and high current den-
sity region, respectively. This indicates that ORR mechanisms of
the Pt/C, Pd/C and PdPt/C catalysts are similar. For platinum and
other metal electrodes, the oxygen reduction mechanism in acidic
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Fig. 6. Linear sweep voltammograms of the prepared catalysts in
oxygen-saturated 0.1 M HCIO,+0.5 M MeOH at a scan rate
of S mV/s with a rotating speed of 1,500 rpm.

solution has been sufficiently discussed in previous works [29-31].
The above values of slope have been explained in terms of the cov-
erage of adsorbed oxygen with the Temkin isotherm at low over-
potential and the Langmuir isotherm at higher overpotential [32].
Based on Tafel plots, Pt/C exhibited the highest ORR activity at all
overpotential regions. Although PdPt/C had slightly lower ORR
activity than Pt/C, the addition of a small amount of Pt significantly
enhanced the activity, compared to pure Pd/C.

Fig. 6 shows the oxygen reduction voltammograms of the pre-
pared Pt/C, Pd/C and PdPt/C catalysts in oxygen-saturated 0.1 M
HCIO, solution containing 0.5 M methanol. Generally, small amounts
of active Pt sites result in less methanol activity and higher metha-
nol tolerance. In order to compare the methanol tolerance of PdPt/
C catalysts per amount of Pt, the 3.5 wt% Pt/C, which has the same
amount of Pt on carbon support with PdPt/C (5 : 1), was prepared
and ORR activity was investigated. The Pt/C catalyst exhibited high
methanol electro-oxidation peak at 0.52 V during the cathodic sweep.
Pt/C has high overpotential for the ORR due to the simultaneous
reaction of the ORR and the methanol oxidation reaction (MOR).
3.5 wt% Pt/C catalyst showed also small methanol oxidation peak
(Fig. 6 (insert)). On the other hand, no such current peak was ob-
served on Pd/C catalyst, which indicates that Pd/C has no signifi-
cant catalytic activity for methanol electro-oxidation. As compared
to linear sweep voltammograms in 0.1 M HCIO, (Fig. 4), the Pd/C
exhibited almost similar voltammograms in 0.1 M HCIO, containing
0.5 M methanol as shown in Fig. 6. The PdPt/C catalyst showed
similar linear sweep voltammograms during the cathodic sweep in
oxygen-saturated 0.1 M HCIO, solution containing methanol. As
compared to Pd/C catalyst, the onset potential of PdPt/C was en-
hanced to lower cathodic potential, indicating that the ORR activ-
ity was enhanced. In addition, no MOR-related peak was observed
in linear sweep voltammograms, indicating that the PdPt/C catalyst
has methanol-tolerant characteristics because of alloying Pd with Pt.
Thus PdPt/C catalyst showed enhanced activity in terms of onset
potential and tolerance toward methanol oxidation.

CONCLUSIONS

Pd-based alloy catalyst with small Pt content was prepared by
sodium borohydride reduction and the ORR activity was investigated
in acidic electrolyte both with and without alcohol. Compared to
pure Pd/C catalyst, the ORR activity of PdPt/C catalyst was signif-
icantly enhanced in terms of onset potential. It originated from the
formation of alloy structure between Pd and Pt by addition of a small
amount of active Pt. The PdPt/C catalyst also has a selective ac-
tivity toward oxygen electro-reduction while maintaining methanol
tolerance. From the experimental results, we concluded that the selec-
tive and enhanced activity is the result of the formation of PdPt alloy.
Therefore, PAPt/C catalyst described herein is a potential candidate
for the electrode catalyst in direct methanol fuel cells.
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