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A series of carbon-supported Pd-Pt alloy (Pd-Pt/C) catalysts for oxygen reduction reaction (ORR) with
low-platinum content are synthesized via a modified sodium borohydride reduction method. The struc-
ture of as-prepared catalysts is characterized by powder X-ray diffraction (XRD) and transmission electron
microscope (TEM) measurements. The prepared Pd-Pt/C catalysts with alloy form show face-centered-
cubic (FCC) structure. The metal particles of Pd-Pt/C catalysts with mean size of around 4-5nm are
uniformly dispersed on the carbon support. The electrocatalytic activities for ORR of these catalysts are
investigated by rotating disk electrode (RDE), cyclic voltammetry (CV), single cell measurements and
electrochemical impedance spectra (EIS) measurements. The results suggest that the electrocatalytic
activities of Pd-Pt/C catalysts with low platinum are comparable to that of the commercial Pt/C with the
same metal loading. The maximum power density of MEA with a Pd-Pt/C catalyst, the Pd/Pt mass ratio
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of which is 7:3, is about 1040 mW cm~2.
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1. Introduction

Due to the high power density, high efficiency and low
emissions, proton exchange membrane fuel cells (PEMFCs) are con-
sidered as a promising technique for portable power sources and
electrical vehicles [1]. One of the major obstacles for the com-
mercial application of PEMFCs is the extremely high cost of the
platinum based catalysts [2]. Several strategies have been explored
to reduce the Pt loading and enhance the utilization of Pt, one
of which is alloying Pt with a second metal. Many researchers
have demonstrated that Pt-based alloys with transitional metal
exhibited much higher ORR activity than pure Pt [3-7]. How-
ever, the loss of transitional metal in acid condition, which greatly
reduces the durability of catalysts, hinders the practical application
of Pt-M (M =Fe, Co, Ni, Cr, etc.) catalysts [3,8-11]. Furthermore,
the leaching out of metal ions would contaminate the proton
exchange membrane and invalidate the fuel cell. Therefore, the
development of low Pt catalyst with high activity and high dura-
bility in acidic condition becomes one of most important topic in
PEMFC.

Palladium possesses a similar valence electronic configu-
ration and lattice constant to platinum [12]. The stability
of palladium in acidic condition is comparable to platinum
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[13,14]. Recent reports have shown that Pt-rich carbon-supported
Pt-Pd alloys showed high activity and durability for ORR.
Li et al. [15] reported that a carbon-supported Pt3Pd cata-
lyst prepared by the polyol process showed a slightly higher
ORR activity compared with carbon-supported Pt. He et al.
[16] synthesized carbon supported Pt-Pd alloys with differ-
ent atomic ratios, among which the Pt,Pd/C catalysts showed
a comparative activity to Pt/C. However, the particle size of
carbon-supported Pd-Pt alloys increases remarkably with the
increasing of Pd content [13,15,17,18]. Furthermore, the activ-
ities of these carbon-supported Pd-Pt alloys with high Pd
content (atom ratio Pd/Pt>1) are much lower than that of
Pt/C[15,16,18].

To further decrease the cost of PEMFC catalyst, a series of
carbon-supported Pd-Pt alloys catalysts with high Pd content were
synthesized by modified sodium borohydride reduction method
in this paper. Similar with our previous work, this method used
ammonia as ligand of the precursor and sodium borohydride as
reduction reagent [19]. The obtained particles of Pd-Pt catalysts
are uniformly dispersed on the carbon support, and the mean par-
ticle size of them is in the range of 4-5 nm which is the optimized
particle size range for the ORR [20]. The particle size of Pd-Pt alloys
keeps constant with the increasing of Pd content due to the instan-
taneous reduction of the precursor and the protection of ammonia.
To investigate the effect of Pd/Pt ratio on the catalysts structure and
the catalytic activity for ORR, Pd-Pt/C catalysts with different Pd/Pt
mass ratios were prepared and investigated in detail.
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Fig. 1. (A) Powder XRD patterns of the (a) JM Pt/C, (b) Pd1,Pts/C, (c) Pd14Pts/C, (d)
Pd46Pt4/C, (e) PdygPt,/C, and (f) Pd/C catalysts. (B) Detailed lines and Gaussian fitted
lines of fcc (22 0) peaks powder XRD patterns of the (a) JM Pt/C, (b) Pd;,Ptg/C, (c)
Pd4Pts/C, (d) Pdy6Pts/C, (e) PdygPt;/C, and (f) Pd/C catalysts.

2. Experimental
2.1. Catalysts preparation

Carbon-supported Pd-Pt alloys (Pd-Pt/C) with different Pd/Pt
mass ratios were synthesized by the modified sodium borohydride
reduction method reported in our previous work [19]. The prepara-
tion process is described in detail as follows: Vulcan XC-72 carbon
black was used as the support. PdCl, dissolved in hydrochloric acid
and H,PtClg dissolved in deionized water were used as the precur-
sors of Pd and Pt, respectively. The Pd/Pt mass ratios were ranged
from 9:1 to 6:4 and the total metal loading was kept as 20 wt.%. The
designed amount of PdCl; in hydrochloric acid was mixed with the
mixture of deionized water and ethylene glycol. Then 1 mL ammo-
nia (25 wt.%) was added to the mixed solution under continuously
stirring. When the color of the solution changed from yellow to
colorless, the designed amount of H,PtClg was introduced into the
solution. Afterward, excessive NaBH4 solution was added drop-
wisely to reduce these precursors. The catalysts were obtained after
centrifuging, washing and drying the mixture. The Pd-Pt/C cata-
lysts with different Pd/Pt mass ratios ranged from 9:1 to 6:4 were
denoted as PdgPt;/C, PdgPt4/C, Pd 4Ptg/C and Pd;,Ptg/C, respec-

tively. The Pd/C catalyst reported in our previous paper [19] was
used to compare with these Pd-Pt/C catalysts.

2.2. Physicochemical characterizations

Powder X-ray diffraction (XRD) analysis was conducted to
confirm the crystalline structures of the Pd-Pt/C catalysts and
commercial Pt/C with PANalytical X'Pert-Pro powder X-ray diffrac-
tometer using Ni-filtered Cu Ko radiation (A =1.54056 A). The XRD
patterns were recorded over a 26 range of 10-90° at the step size
0f 0.033°. The (2 2 0) peak of the face-centered cubic (fcc) reflection
patterns was fitted to Gaussian line shapes on a linear background.
The average crystallite size and the lattice parameters were evalu-
ated by Scherrer formula and Bragg’s equation [21,22], respectively.

Transmission electron microscope (TEM) tests were recorded on
a JEOL JEM-2000EX microscope operating at 120 kV. The Pd-Pt/C
catalyst was placed in a vial containing ethanol, and then ultrason-
ically agitated to form homogeneous slurry. A drop of the slurry was
dispersed on a holey amorphous carbon film on a Cu grid for analy-
ses. Particle size distribution for the nanocomposite materials was
obtained by randomly measuring 200 particles from bright-field
micrographs. The mean particle size dy, was calculated with the
following formula [23]

do — >_inidi

il
where n; is the number of particles and d; is the diameter of the
particle with the number of n;.

(1)

2.3. Electrochemical characterizations

Electrochemical measurements were performed on CHI 600
electrochemical station (CH Corporation, USA) with an RDE sys-
tem (EG&G model 636). A standard three-electrode electrochemical
cell was used as the measurement system. A large-area Pt foil
(3cm?) and a saturated calomel electrode (SCE) were served as
the counter electrode and the reference electrode, respectively. All
the electrode potentials in this paper were quoted to reversible
hydrogen electrode (RHE). The working electrode was prepared as
follows: 5mg of catalyst was mixed with 1 mL isopropyl alcohol
and 50 pL Nafion solution (5wt.%, Du Pont Corp.). Then the mix-
ture was homogenized in an ultrasonic bath for 30 min to obtain
ink slurry. 10 pL of the slurry was dispersed on the surface of the
glassy carbon electrode (area: 0.1256 cm?) and dried in the air to
obtain a thin film catalyst layer. Cyclic voltammetry (CV) measure-
ments were conducted in the high purity N, saturated 0.5 M H,SO4
solution and carried out between —0.01V and 1.14V versus RHE at
50mVs~! scan rate. The polarization curves were obtained in the
potential range of 0.24-1.09V versus RHE with the applied scan
rate of 5mVs~!. The disk electrode rotation speed is 1600 rpm.
Prior to the RDE test, the H,SO,4 solution was saturated with high
pure O,.

2.4. Fabrication of membrane electrode assembly (MEA) and
single-cell test

The fabrication of electrodes and MEAs was referred to in our
previous work [24]. The process in detail is described as fol-
lows: the designed amount of catalysts, 5 wt.% Nafion solution (Du
Pont Corp.) and isopropyl alcohol were mixed together to form
homogeneous slurry. The slurry was brushed on the surface of
wet-proofed carbon gas diffusion layer (SGL, 6% PTFE). The total
metal loading of Pd and Pt on the electrode was about 0.4 mg cm~2
and the dry Nafion loading was also about 0.4mgcm~2. The
commercial Pt/C (20wt.%, Johnson Matthey Corp.) cathode was
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Fig. 2. TEM images of (a) Pd/C, (b) Pd1sPt2/C, (c) Pd16Pts/C, (d) Pd14Pts/C, (e) Pd12Pts/C and (f) JM Pt/C catalysts.

prepared by the same process and same loading for compar-
ing. The anode adopted the commercial 28.4% Pt/C catalyst (TKK
Corp.) with Pt loading of 0.3 mgcm—2. The dry Nafion loading
in the anode was about 0.4 mgcm~2. The MEAs were fabricated
by hot-pressing the anode and the cathode to Nafion 212 mem-
brane (50 wm, Du Pont Corp.) with a sandwich structure, the active
area of which was about 5cm?. It was operated at 140°C and
1 MPa for 1 min. The singe-cells were tested at 80°C and 0.2 MPa
with saturated humidification and fed with pure hydrogen and
oxygen.

Electrochemical impedance spectra (EIS) of the cells were
recorded using a KIKUSUI FC Impedance Meter KFM 2030
frequency-response analyzer. The anode of the single cell was used
as the counter electrode and reference electrode, and the cathode
was used as working electrode. The impedance spectra were mea-
sured at different current densities (100, 200 and 500 mA cm~—2)
to investigate the electrochemical impedance of the single cell.
The impedance spectra were measured by sweeping the frequency
between the 10kHz and 100 mHz range and recorded with loga-
rithmic spacing.
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Fig. 3. Histograms of metal particle sizes of (a) Pd/C, (b) Pd;gPt;/C, (c) Pd16Pt4/C, (d) Pdq14Pts/C, (e) Pty12Ptg/C and (f) JM Pt/C catalysts.
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Fig. 4. Current-potential polarization curves for Pd-Pt/C catalysts, Pd/C and JM Pt/C
in O,-saturated 0.5 M H»S0O,. Scan rate: 5mV s~!. Rotation speed: 1600 rpm.

3. Results and discussion
3.1. Physicochemical characterizations

Fig. 1A shows the XRD pattern of Pd-Pt/C catalysts. The com-
mercial Pt/C catalyst (Johnson Matthey, 20 wt.% Pt/C) and the Pd/C
catalyst reported in our previous work [19] are introduced for
comparison. The diffraction peaks of Pd-Pt/C catalysts at about
40°, 46°, 68°, 81° and 86° are attributed to the (111), (200),
(220), (311) and (222) planes of the face center cubic (FCC)
structure of the Pd-Pt alloys. The mass ratio of Pd/Pt has a
slight effect on the crystalline structure due to the similar crys-
talline structures of Pt and Pd. Diffraction peaks, which can be
assigned to oxides or hydroxides of palladium and platinum, are
not detected. This result suggests that palladium and platinum exist
as metallic phases due to the strong reductive activity of sodium
borohydride.

The mean metal crystalline size and lattice parameters of all the
catalysts were calculated by Scherrer formula and Bragg’s equation
[21,22] with the (22 0) peaks. The detailed lines and Gaussian fit-
ted lines of fcc (2 2 0) peaks of these catalysts are shown in Fig. 1B.
The data of crystalline size and lattice parameters are listed in the
Table 1. As seen in Table 1, the lattice parameters of all the carbon-
supported Pd-Pt catalysts are in the range of JM Pt/C catalysts and
Pd/C catalysts. This result indicates that Pd-Pt binary metal of the
Pd-Pt/C catalysts exist as the alloy form. It may be attributed to the
intense reductive activity of sodium borohydride which can mix
the Pd and Pt at the level of atoms when they were reduced. The
metal crystalline size of all the Pd-Pt/C catalysts is smaller than
that of Pd/C and JM Pt/C catalysts. It is interesting that crystalline
size of the metal nanoparticles is not increase with the increase
of the Pd content, which is different from the report in the liter-
atures [13,15,17,18]. The reason for the smaller crystalline size of
the Pd-Pt/C catalysts with high Pd content may be attributed to the
rapid reduction of Pd and Pt precursors and the protective effect of
ammonia.

Fig. 2 shows the TEM images of the Pd-Pt/C, Pd/C and JM Pt/C
catalysts. The corresponding particle size distribution histograms
are shown in Fig. 3. The mean metal particle size of these cata-
lysts calculated with Formula (1) is collected in Table 1. As seen
in Fig. 2, the spherical metal particles of all the catalysts are uni-
formly dispersed on the carbon support. With the addition of
low amount of platinum, the mean particle size of Pd-Pt/C cat-
alysts decreases obviously. The mean particle sizes of PdgPt,/C,
Pdq6Pt4/C, Pd14Ptg/C, Pd1,Ptg/C and JM Pt/C samples are 4.7 nm,
4.4nm, 4.5nm, 5.0nm and 3.3 nm, respectively. The mean parti-
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Fig. 5. Cyclic voltammograms (a) and the details of hydrogen region (b) and oxygen
region (c) of Pd-Pt/C, Pd/C and JM Pt/C catalysts in N»-saturated 0.5 M H,SO4 at room
temperature, recorded at sweeping rate of 50 mV cm—2,

cle size of Pd/C sample is 7.8 nm which is nearly twice as large
as that of Pd-Pt/C samples. Furthermore, the particle size distri-
bution of Pd-Pt/C catalysts is narrower than that of Pd/C catalyst.
For example, the particle sizes of Pd;gPt;/C and PdgPt4/C are nar-
rowly distributed in the range between 2.5 nm and 7.3 nm, which
is remarkably narrower than that of Pd/C catalyst, which is in
the range of 3 nm and 15 nm. Interestingly, the mean particle size
counted by TEM images of all the Pd-Pt/C catalysts is nearly twice
as large as the crystalline size calculated by XRD patterns. This phe-
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Table 1

Date of lattice parameter, crystalline sizes and mean particle size of Pd-Pt/C, Pd/C and JM Pt/C catalysts.

Catalyst sample Lattice parameter (nm)

Crystalline size (nm) Mean particle size (nm)

Pd/C 0.3968 2.8 7.8
PdygPt,/C 0.3941 2.2 4.7
Pdy6Pts/C 0.3912 2.3 4.4
Pd;4Pts/C 0.3920 2.8 4.5
Pdq,Ptg/C 0.3904 25 5.0
JM Pt/C 0.3902 2.9 33
Table 2
The electrochemical data of Pd-Pt/C, Pd/C and JM Pt/C catalysts.
JM Pt/C Pdq,Ptg/C Pd;4Ptg/C Pd;6Pt4/C Pd;sPt,/C Pd/C
Onset potential (V) 1.06 1.06 1.06 1.03 1.01 0.86
i, at 0.85V (mAcm~2) 2.26 1.65 0.84 0.78 0.36 -
The half-wave potential E'? (V) 0.825 0.822 0.807 0.802 0.777 0.749

nomenon mentioned is also observed and discussed in detail in our
previous work [19].

3.2. Electrochemical characterizations

Fig. 4 displays the ORR polarization curves for Pd-Pt/C cata-
lysts in O,-saturated 0.5M H,SO4 solution at room temperature.
The polarization curves of Pd/C and commercial Pt/C catalysts are
included for comparison. As seen in Fig. 4 and Table 2, the half-
wave potentials of all the Pd-Pt/C catalysts are comparable to that
of JM Pt/C catalyst but much higher than that of Pd/C catalyst. With
the platinum content increasing, the ORR catalytical activities of
Pd-Pt/C catalysts increase. When the amount of platinum is up
to 4wt.%, the catalytic activity for ORR is comparable to that of
JM Pt/C. The high activity might be ascribed to the following two
aspects: Firstly, the metal particles of Pd-Pt/C catalysts with small
size are uniformly dispersed on the carbon support, which results
in the high active surface area of the catalysts. Secondly, the syner-
gic effect of Pd-Pt binary is beneficial for the dissociation of oxygen
molecule [15,25-27], which can enhance the ORR.

Table 2 shows the electrochemical data of Pd-Pt/C, Pd/C and JM
Pt/C catalysts. According to the thin-film rotating disk electrode
theory [28], the apparent resistance (1/i) can be obtained from the
kinetic resistance (1/iy) and the limit diffusion resistance (1/iy),
with the following equation

1 1 1

- = — 2
1 1 1q ( )
where i, i;, and iy are the apparent current density, the kinetic cur-
rent density and diffusion limit current density, respectively. Eq.
(2) could be converted to the following equation which is used to
calculate the kinetic current density (i) [28].

. 1-1q
== (3)

As seen in Table 2, the onset potential and i, at 0.85V of these
Pd-Pt/C catalysts are comparable to those of JM Pt/C. The kinetic
current density i, at 0.85V of Pd;Ptg/C and Pdi4Ptg/C are 1.65
and 0.84 mA cm~2, respectively, which are close to that of JM Pt/C
(2.26 mAcm~2). The results demonstrate that the intrinsic activi-
ties of Pd-Pt/C catalysts with low Pt content are comparable to that
of JM Pt/C.

Toinvestigate the possible electrochemical reaction of hydrogen
and oxygen on the surface of catalysts, cyclic voltammograms mea-
surements were carried out on Pd-Pt/C catalysts, JM Pt/C and Pd/C
catalyst respectively in the potential range of —0.01V and 1.14V.
Fig. 5a exhibits the CV curves of Pd-Pt/C catalysts, JM Pt/C and Pd/C

catalyst. Fig. 5b and ¢ shows the detailed information of hydrogen
region (Fig. 5b) and oxygen region (Fig. 5c). As seen in hydro-
gen region, three peaks around 0V, 0.13V and 0.20V of JM Pt/C
can be attributed to hydrogen under-potential deposition (Hypq),
hydrogen adsorption on Pt(110) plane and hydrogen adsorption
on Pt(111) plane, respectively [29]. Two typical peaks attributed
to the hydrogen under-potential deposition (Hypq) and hydrogen
oxidation are observed round 0.08V and 0.25V [26]. The current
density plateau of all these catalysts (between 0.3V and 0.8V) is
attributed to the double layer current. The current densities in the
double layer region of Pd-Pt/C catalysts are close to that of Pd/C
catalyst and markedly lower than that of JM Pt/C. The positive and
negative peaks in high potential region (above 0.7 V) are ascribed
to the oxidation of metal and reduction of the corresponding metal
oxide [30].

3.3. Performance of single cell and EIS spectra

The Pdq4Ptg/C catalyst was selected to investigate its single
cell performance due to its high ORR activity and low Pt load-
ing. The performance of single cells at 80°C with Pd;4Ptg/C and
JM Pt/C as cathode catalyst is shown in Fig. 6. The total metal load-
ing of both cathodes is 0.4 mgcm~2. The open circuit voltages of
MEAs with Pd4Ptg/C and JM Pt/C as cathode catalyst are 0.93V
and 0.97V, respectively. During the low current density region
(below 500 mA cm~2), the cell voltage of Pdq4Ptg/C cathode MEA
is only 10-20mV lower than that of JM Pt/C catalyst MEA at the
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Fig. 6. Performances of single cells with the Pd;4Pts and the JM Pt/C as the cath-
ode catalysts at cell operating temperature of 80°C. Anode: the commercial TKK
28.4wt.% Pt/C with the Pt loading is 0.3 mgcm~2. Total metal loading of cathode:
0.4mgcm~2. Hy /O, pressure: 0.2 MPa/0.2 MPa. Membrane: Nafion 212. Pure hydro-
gen and oxygen were put into the cell with saturated humidification.
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cathode catalysts and (b) EIS of the PEM single cells with the Pd;4Ptg/C catalyst at
different current density. The area of electrode was 5 cm?.

same current density. The maximum power density of MEA with
Pdq4Ptg/C catalyst achieved 1040 mW cm~2 at the current density
of 2300 mA cm~2, which is only 70 mW cm~2 lower than the maxi-
mum power density of MEA with JM Pt/C catalyst. It is clear that the
performance of MEA with Pd4Ptg/C as cathode catalyst, in which
the Pt loading of MEAs is only 0.12 mg cm~2, is comparable to that
of the MEA with JM Pt/C catalyst. Thus Pdi4Ptg/C is a really good
candidate to substitute the currently used platinum, which can
dramatically decrease the cost of PEMFC.

Fig. 7 exhibits the EIS spectra of the single cells with Pd4Ptg/C
and JM Pt/C catalysts (Fig. 7a) at the current density of 100 mA cm—2
and the EIS spectra of Pdi4Ptg/C at different current densities
(Fig. 7b). As shown in Fig. 7, the intersection of the real axis and the
impedance at high frequency is attributed to the total ohmic resis-
tances of the single cell. The larger loop of EIS spectra is ascribed
to the charge-transfer resistance of the cathode oxygen reduction
[31]. As seen in Fig. 7a, the total ohmic resistance and the charge-
transfer resistance of the cathode of MEA with Pd;4Ptg/C catalyst
are very close to that of MEA with JM Pt/C catalyst, which is well
agreement with the result of the ORR measurement and the perfor-
mance of MEAs. Fig. 7b shows the EIS spectra of MEA with Pd4Ptg/C
catalyst at different current density. The total ohmic resistance does
not change with the increase of current densities, while the charge-
transfer resistance of the cathode decreases with the increase of
current density. It can be attributed to that the increasing current
density in low polarization region can enhance the electrochemical
kinetics of ORR [32].

4. Conclusion

In this study, a series of Pd-Pt/C catalyst with low platinum con-
tent were synthesized via modified sodium borohydride reduction
method. The results demonstrate that the Pd-Pt binary metal exists
as alloy form. The metal crystalline size of all the Pd-Pt/C catalysts
is smaller than that of Pd/C and JM Pt/C catalysts, which may result
in the high active surface area of the catalysts. The obtained par-
ticles of Pd-Pt alloys are uniformly dispersed on the carbon, the
mean size of which is around 4-5 nm. The particle sizes of Pd-Pt
alloys do not increase with Pd content increasing due to the instan-
taneous reduction of the precursor and the protection of ammonia.
The electrochemical measurements indicate that the ORR activi-
ties of Pd4Ptg/C and Pdq,Ptg/C catalysts are comparable to that
of JM Pt/C catalyst. The high activity of Pd-Pt/C catalysts might be
ascribed to the high active surface area of the catalysts and the
synergic effect of Pd-Pt binary. The maximum power density of
MEA with Pd4Ptg/C catalyst achieved at the current density of
2300 mA cm~2 is 1040 mW cm~2, which is only 70 mW cm~2 lower
than the maximum power density of MEA with JM Pt/C catalyst.

In summary, the Pd-Pt/C catalyst is a really good candidate to
substitute the currently used platinum, which can dramatically
decrease the cost of PEMFC. The study of Pd-Pt/C catalysts is sig-
nification for the commercial application of PEMFCs. Further effort
should focus on the optimization of preparation process to improve
the catalytic activity of Pd-Pt/C catalysts.
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