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a b s t r a c t

Surface and structure of carbon-supported Pd3Pt1 (Pd3Pt1/C) bimetallic nanoparticles of small particle
size can be tuned during synthesis through the use or nonuse of trisodium citrate (TC) as the complexing
agent. The addition of TC during the synthesis results in Pd enrichment on the surface layers of the
Pd3Pt1/C catalysts and to an abnormal lattice expansion as compared to that of pure Pd/C and Pt/C. How-
ever, without the addition of TC, a normal lattice constant and Pt enrichment on the surface layers of the
catalysts are obtained. Among the prepared catalysts, the maximum activity for the oxygen reduction
reaction (ORR) occurs for Pd3Pt1/C catalyst with Pt surface enrichment. Importantly, the Pd3Pt1/C cata-
lysts with Pd surface enrichment exhibited substantially higher methanol tolerance during the ORR than
both the Pd3Pt1/C catalyst with Pt surface enrichment and the Pt/C catalyst. Thus, Pd3Pt1/C catalysts may
represent a methanol-tolerant ORR cathode catalyst.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Recently, direct methanol fuel cells (DMFCs) have attracted a
considerable attention due to their potential applications in porta-
ble devices [1,2]. However, methanol crossover from the anode to
the cathode is a major hurdle that DMFCs must surmount in order
to reach their commercialization. This problem derives from the
fact that the commonly used expensive Pt-based cathode catalysts
are also active for the adsorption and oxidation of methanol [3],
and intrinsic methanol crossover from the anode to the cathode re-
sults not only in a mixed potential effect at the cathode, but also
decreases fuel utilization. Efforts to avoid these detrimental pros-
pects have involved the development of novel and less methanol
permeable membranes [4,5] and the utilization of new oxygen
reduction catalysts that exhibit high oxygen reduction reaction
activity and high methanol tolerance [6–22].

Thus, considering the cost of Pt cathode material that is nor-
mally used, the issue of methanol tolerance and stability is imper-
ative that new electrocatalysts be developed for the oxygen
reduction reaction (ORR). Considerable attention has, in fact, fo-
cused on the development of Pd-based alloy nanoparticles, not
only because of lower costs and greater abundance, but also espe-
ll rights reserved.

5@hotmail.com (H. Yang).
cially because of the lower reactivity of Pd-based alloys to the
adsorption and oxidation of methanol, which is of great impor-
tance for the improved methanol tolerance in a DMFC [3,9–22].

Numerous studies over the past few years have shown that the
catalytic activity of Pd for the ORR could be improved significantly
by adding non-noble metal (M) elements, such as Co, Fe, and Ni
[3,9–22]. The enhancement in ORR activity has been attributed to
several factors, including effects that are electronic and structural
in nature. However, these non-noble metal elements might have
a strong potential to leach out under electrochemical conditions,
as indicated in the prior investigations for Pt–M catalysts [23–
25]. Under DMFC operating conditions, the dissolution of the
non-noble metal components within the Pd alloys might lead to
limited lifetime of the DMFC. To avoid this potential problem, stud-
ies have involved the utilization of PdPt-based electrocatalysts for
the ORR and methanol-tolerant ORR, because the long-term stabil-
ity of Pd in acidic solution is comparable with that of Pt [26–29]. It
is thus of great importance to investigate the PdPt-based nanosized
catalysts as potential methanol-tolerant catalysts for oxygen
electroreduction.

It is widely accepted that the electrocatalytic activity of Pt- or
Pd-based binary or ternary catalysts is strongly influenced by bulk
and/or surface composition, the microscopic nature of the struc-
ture, the local arrangement of atoms in the metallic core of the
nanoparticles, and the dispersion of nanoparticles [30]. However,
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synthesis procedures that result in catalysts with desirable bulk
and/or surface composition, suitable microstructure and controlled
nanoparticle size with a narrow dispersion have remained an enor-
mous challenge.

Here, we report a novel strategy for surface and structure-con-
trolled synthesis of carbon-supported Pd3Pt1 nanoparticles
(Pd3Pt1/C) for the ORR as well as for methanol-tolerant ORR. The
as-prepared Pd3Pt1 catalysts have been characterized by various
physical and electrochemical techniques, including X-ray diffrac-
tion at wide angles (WAXS), with line profile fitting using Pear-
son-VII type functions to evaluate the structure of the bimetallic
catalysts, and electrocatalytic activities of the nanoparticle cata-
lysts for the ORR. The possible influence of surface composition
and structure of the Pd3Pt1/C on the ORR activity in the absence
and presence of methanol is also reported.

2. Experimental

2.1. Catalyst synthesis

The Pd3Pt1/C catalysts with Pt enrichment on the surface layers
of the catalysts were synthesized via a facile, one-step synthesis
route. Ethylene glycol (EG) was used as solvent and reducing agent.
In brief, 80.0 mg of XC-72R carbon, 35.7 mg of palladium acetylace-
tonate [Pd(acac)2], and 15.8 mg of platinum acetylacetonate [Pt(a-
cac)2] were dissolved in 50 mL of EG to form a mixture. Such a
reacting mixture was then maintained at an optimized refluxing
temperature of 175 �C in a three-necked flask for 6 h. After cooling
to room temperature, the mixture was filtered, washed, and dried
under vacuum at ca. 75 �C for 12 h. The obtained catalyst is de-
noted as Pd3Pt1/C-1. Alternatively, different amounts of TC as a
complexing agent and stabilizer [31,32] were added into the
above-mentioned reacting mixture before refluxing. Three bime-
tallic Pd3Pt1/C nanoparticle catalysts with Pd enrichment in their
surface layers can be synthesized by way of an improved one-step
synthesis route. The amounts of TC used were 0.1, 0.15, and 0.2 g in
50 mL of EG, corresponding to a TC/(Pd + Pt) molar ratio of 2.19,
3.28, and 4.38, respectively; resultant catalysts are denoted as
Pd3Pt1/C-2, Pd3Pt1/C-3 and Pd3Pt1/C-4, respectively. For the sake
of comparison, the Pd/C catalyst was also synthesized with the
same procedure. The total metal loading was controlled at
20 wt.% for all the catalysts.

2.2. Physical characterization

The bulk composition analysis of the catalysts was performed
with an IRIS Advantage ICP-AES system (Thermo, America). The
particle size and morphology of the catalysts were analyzed by
transmission electron microscopy (TEM) using a JEOL JEM 2100F
instrument operated at 200 kV.

The evaluation of the electronic structure and surface composi-
tion of the catalysts was carried out by X-ray photoelectron spec-
troscopy (XPS) using Al Ka radiation (Kratos AXIS UltraDLD,
Britain). The binding energy of the XPS was referenced to the C
1s spectrum of carbon support at 284.45 eV.

X-ray diffraction measurements were carried out on a Guinier
powder diffractometer (Huber), set at a 45� transmission angle
using the Cu Ka1 radiation (k = 0.15406 nm). The sample contain-
ing ca. 10–20 mg of catalyst was slightly pressed to a thin pellet
of 0.3 mm thickness. This pellet was then fixed between two 3-
lm polyethylene foils into the sample holder. The WAXS patterns
were obtained with high resolution in the step-scanning mode
with a narrow receiving slit of 0.125 mm, corresponding to
0.125/4� theta. Scans were recorded in the theta-range of 5� to
48� at room temperature. The background-corrected patterns were
subjected to the usual angular correction for absorption, polariza-
tion, and geometric factors, and plotted versus the reciprocal scat-
tering length b = 2sinh/k, where h is the Bragg angle and k is the
wavelength of the X-ray radiation. The line profile fitting was con-
ducted using five Pearson-VII type functions to extract the integral
line width and line positions.

2.3. Electrochemical characterization

Porous electrodes were prepared as described previously [6]. In
brief, 10 mg of Pd3Pt1/C catalyst, 0.5 mL of Nafion solution (5 wt.%,
Aldrich), and 2.5 mL of ultrapure water were mixed ultrasonically.
A measured volume (3 lL) of this ink was transferred via a syringe
onto a freshly polished glass carbon disk (3 mm diameter). After
the solvent was evaporated overnight at room temperature, the
electrode was used as the working electrode. Each electrode con-
tained ca. 28 lg cm�2 of the metal.

All chemicals used were of analytical grade and all solutions
were prepared with ultrapure water (Milli-Q, Millipore). Electro-
chemical measurements were performed using a CHI 730 Potentio-
stat and a conventional three-electrode cell. The catalytic activity
for the ORR was measured with a RDE (Radiometer, France). The
counter electrode was a glass carbon plate, and a saturated calomel
electrode was used as the reference electrode. However, electrode
potentials in this work are referenced with respect to the reversible
hydrogen electrode (RHE). The electrolyte used was 0.1 M HClO4 or
0.1 M HClO4 + 0.5 M CH3OH. Prior to any electrochemical measure-
ment, the porous electrodes were cycled between 0.05 and 1.00 V/
RHE at a scan rate of 50 mV s�1 under N2 until a reproducible cyclic
voltammogram (CV) was obtained (ca. 15 cycles). The latter step
was conducted to remove contaminants from the electrode; the
upper potential was set to ca. 1.00 V/RHE, so that any change in
particle size could be avoided. After 15 cycles (until 100 cycles),
the CV curves almost kept the same, revealing that the catalysts
are stable and that no obvious change in the Pd/Pt surface compo-
sition occurs under these conditions. To probe the surface of the
catalysts, CO-stripping voltammetric tests were performed as fol-
lows: CO was pre-adsorbed onto the catalyst at a given potential
of 0.05 V/RHE for 30 min by bubbling CO into 0.1 M HClO4 solution.
CO in the solution was subsequently removed by purging with
high-purity N2 for 45 min. High-purity nitrogen or oxygen was
used for deaeration of the solutions. During measurements, a gen-
tle gas flow was kept above the electrolyte solution.

All experiments were carried out at a temperature of 25 ± 1 �C.

3. Results and discussion

3.1. The morphology and surface of the Pd3Pt1/C bimetallic catalysts

The average bulk composition of the Pd3Pt1/C bimetallic cata-
lysts was evaluated using ICP-AES analysis. The results obtained
are nearly the same as original stoichiometric values, suggesting
that as a result of our synthesis methodology Pd and Pt are totally
reduced to form Pd/Pt bimetallic nanoparticles.

Fig. 1 shows TEM images of as-prepared Pd3Pt1/C catalysts and
their corresponding particle size histograms based on the observa-
tion of more than 500 nanoparticles. The obtained mean particle
size in diameter and the standard deviation for all the Pd3Pt1/C cat-
alysts are given in the figure. The Pd3Pt1 bimetallic nanoparticles
appear to be well dispersed on the surface of carbon and have a rel-
atively narrow particle size distribution. With increase in TC added
during the synthesis, a slight decrease in mean particle size is
found, which might be due to the formation of complexes between
TC with Pd and Pt (data not shown in this work) and attributable to
the co-reduction of Pd and Pt. The synthesis approach used here
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Fig. 1. TEM images of the as-prepared Pd3Pt1/C catalysts and their corresponding particle size distribution histograms.
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appears to represent an efficient method for obtaining nanostruc-
tured bimetallic catalysts with a narrow particle distribution and
a good dispersion on the support.

To explore the electronic properties and surface composition of
the Pd3Pt1/C catalysts, two typical Pd3Pt1/C samples were selected
for XPS analysis. It is known that the escape depth of photoelec-
trons for metals is ca. 20 Å. In our study, however, the obtained
mean particle diameter for all the Pd3Pt1/C catalysts is around
5 nm (>20 Å). Therefore, Pd and Pt atoms on the surface layers of
the catalysts can be detected by XPS. Fig. 2 shows XPS spectra of
the Pd3Pt1/C-1 and Pd3Pt1/C-3 catalysts in the binding energy
ranges of Pd3d and Pt4f. In Fig. 2a, each curve exhibits two Pd peaks,
assigned to Pd5/2 and Pd3/2. The observed binding energies are close
to those of metallic Pd, with binding energies of 335.2 and
340.4 eV, for Pd5/2 and Pd3/2, respectively [13,33,34], and much
lower than those for palladium oxide that has corresponding bind-
ing energies of 338.1 and 343.0 eV [35,36], indicating that Pd in the
Pd3Pt1/C samples exists mostly in its metallic state. The binding
energies for these two Pd3Pt1/C catalysts are shifted to higher ener-
gies with respect to the corresponding peaks of metallic Pd, which
could be ascribed to the mutual interaction between Pd and Pt, as
well as the formation of Pd/Pt alloys. Furthermore, the binding
energies for the Pd3Pt1/C-1 are slightly lower than those for the
Pd3Pt1/C-3, suggesting that the microenvironment and electronic
properties for these two catalysts are different.

In Fig. 2b, each curve shows two peaks located at ca. 71.2 and
74.8 eV, which are assigned to the Pt 4f7/2 and Pt 4f5/2 levels of
metallic platinum, respectively, [37,38]. The binding energies for
the two Pd3Pt1/C samples are slightly shifted to lower binding en-
15000

20000

25000

30000

35000

40000

Pd3Pt1/C-3

3d 5/2

In
te

ns
ity

 / 
cp

s

Binding Energy / eV

3d 3/2

Pd3Pt1/C-1

(a)

332 334 336 338 340 342 344

70 72 74 76 78
0

2000

4000

6000

8000

10000

Pd3Pt1/C-3

Pd3Pt1/C-1

4f 7/2

In
te

ns
ity

 / 
cp

s

Binding Energy / eV

4f 5/2

(b)

Fig. 2. XPS spectra of the Pd3Pt1/C-1 and Pd3Pt1/C-3 catalysts in the binding energy
ranges of (a) Pd 3d, and (b) Pt 4f.
ergy compared to the corresponding peaks of metallic Pt. Again,
such a shift can be attributable to the interaction between the Pd
and Pt, as supported by Pd XPS studies.

According to the peak area ratio of Pd3dand Pt4f, as determined
from the peaks shown in Fig. 2a and b, the Pd/Pt surface atomic ra-
tios of the Pd3Pt1/C-1 and Pd3Pt1/C-3 catalysts are estimated to be
1.54 and 4.36, respectively, clearly indicating Pt enrichment on the
surface layers of Pd3Pt1/C-1 catalyst and Pd enrichment on the sur-
face layers of Pd3Pt1/C-3 catalyst when compared with the Pd/Pt
bulk composition of 3:1. The underlying mechanism of surface Pt
enrichment of the Pd3Pt1/C-1 catalyst might be attributed to the
fact that the decomposition temperature of Pd(acac)2 is much low-
er than that of Pt(acac)2, thus leading to more Pt atoms on the sur-
face layers of the catalyst. Alternatively, the Pd3Pt1/C-3 catalyst
with Pd enrichment on the surface layers might be attributed to
the formation of complexes of TC with Pd and Pt after the addition
of TC during the synthesis. Similar conclusions can be drawn for
the Pd3Pt1/C-2 and Pd3Pt1/C-4 catalysts.

In order to get more insight into surface microstructures of the
catalysts, CO-stripping voltammograms of the commercial Pt/C,
Pd/C and two Pd3Pt1/C catalysts are shown in Fig. 3. From the fig-
ure, it is clear that the oxidation peaks of adsorbed CO species on
the Pd3Pt1/C catalysts are located at the intermediate position be-
tween Pt/C and Pd/C catalysts. Note that the (CO)ad oxidation peak
on the Pd3Pt1/C-1 catalyst is closer to that on the Pt/C catalyst;
however, the (CO)ad oxidation peak on the Pd3Pt1/C-3 catalyst,
which is shifted to more positive potential compared with that
on the Pd3Pt1/C-1 catalyst, is closer to that on the Pd/C catalyst.
The results clearly indicate that the Pt enrichment on the surface
layers was formed on the Pd3Pt1/C-1 catalyst and the Pd enrich-
ment on the surface layers was formed on the Pd3Pt1/C-3 catalyst,
which are in qualitative agreement with the data obtained from
XPS. Furthermore, the CO tolerance increases in the order of
Pt/C < Pd3Pt1/C-1 < Pd3Pt1/C-3 < Pd/C, probably due to the effect
of surface Pd/Pt composition of the catalysts – implying that the
methanol tolerance of the catalysts may increase in the same or-
der. It is worth mentioning that adsorbed CO oxidation involves
only a single peak on the Pd3Pt1/C catalysts, suggesting that the
peak is not simply an addition of fractional contributions of Pt
and Pd sites and that a synergistic effect is evident [39]. Thus, from
XPS and CO-stripping voltammetric results, one can conclude that
the surface Pd/Pt composition can be tuned by adding TC as com-
plexing agent during the synthesis.
0.2 0.4 0.6 0.8 1.0
-0.5

0.0

0.5

1.0

1.5

2.0

d
cb

a

J 
/ m

A
 c

m
-2

E / V (vs. RHE)

(a) Pt/C
(b) Pd3Pt1/C-1

(c) Pd3Pt1/C-3

(d) Pd/C

Fig. 3. CO-stripping voltammograms of the Pt/C, Pd/C, and two Pd3Pt1/C catalysts in
0.1 M HClO4 at a scan rate of 20 mV s�1. Current densities are normalized to the
geometric surface area.



Fig. 4. The corrected diffraction patterns of the Pd/C and Pd3Pt1/C catalysts versus
b = 2sinh/k. Solid lines are Lorentzian profile fits.

Fig. 5. (a) Integrated line widths, and (b) lattice constants determined from five
reflections: (111), (200), (220), (311), and (222). The samples are labeled as
follows: Pd: �; Pd3Pt1/C-1: ‘; Pd3Pt1/C-2:  ; Pd3Pt1/C-3: M; Pd3Pt1/C-4: . Line
shifts of the individual peaks are affected by deformation stacking faults.
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3.2. Structural studies

High quality X-ray diffraction data combined with an accurate
line profile fitting have been acquired. The WAXS patterns of the
as-prepared carbon-supported Pd3Pt1 bimetallic catalysts and the
Pd/C catalyst background contribution, corrected for angular fac-
tors of polarization, absorption, and geometric effects, are provided
in Fig. 4. The resultant patterns are fitted with Lorentzian func-
tions, which closely resemble the experimental profiles, plus a
residual linear background, and can provide a wealth of informa-
tion of the nanoparticles defect structure. As shown in Fig. 4, all
of the patterns can be fitted using a continuous functional form
for the five observable Bragg peaks (111), (200), (220), (311),
and (222), demonstrating that all the as-prepared bimetallic cata-
lysts contain the single-phase disordered Pd or Pt fcc-structure
(i.e., solid solution).

The integrated line widths db of 5 peak fits exhibit fluctuations
as shown in Fig. 5a, which can be attributed to size broadening
(dbL = 1/L), where L is the mean crystallite size, and additional
hkl-dependent broadening contributions [40] that may have differ-
ent origins:

(i) Stacking faults, dba = (1.5a + b)Khkl, caused by the departure
from the ideal fcc stacking sequences ABCABC. . ., which
may be deformation faults (probability a) and/or twinning
faults (probability b). Khkl in this expression is a factor
between 0.43 and 1 depending on the indices hkl [41];

(ii) Internal lattice strains dbr = 2br/Ehkl, where r is the RMS
intrinsic strain, Ehkl is the Young’s modulus [41]; and

(iii) Fluctuation dc in the composition of individual particles
about the average composition c0 of the alloy system:
dbc = dc(b/a)(da/dc), where da/dc is the change in the lattice
constant (a) with compositional change.

There is a distinct variation in the width from peak to peak,
which would not be expected for pure size broadening. Simple size
broadening would produce a straight horizontal line in this graph,
independent of the individual Bragg peaks. The patterns are similar
for the samples Pd3Pt1-2, -3, and -4. But there is a slight systematic
shift of the high-order Bragg peaks 220 and 311.1 Sample Pd3Pt1/
C-1 was subjected to a hydration/dehydration cycle prior to a peak
1 The 222-peak width is very inaccurate, and has been excluded from the
evaluations.
fitting routine to form a more homogenous alloy system by expo-
sure to H2 at room temperature and successive heating to 170 �C.2

Together with the pure Pd/C catalyst, these line widths differ dis-
tinctly from those of the samples Pd3Pt1/C-2, -3, and -4 prepared
by the addition of TC.

Since the four parameters L, (1.5a + b), r, and dc affect each
other, they can be only roughly determined from the measured
integrated line width. Their proximal numbers are provided in
Table 1.

Samples Pd3Pt1/C-2, -3, and -4 are similar, with high stacking
defect probability between 6% and 9%, and compositional fluctua-
tions between 2% and 3%. The differences are seen as a slight in-
crease of stacking faults with the amount of TC added during the
synthesis. Samples Pd3Pt1/C-1 and Pd/C have less stacking faults
and no compositional fluctuations. The crystallite size is larger,
with L between 7 and 8 nm, and internal strains go up to
�103 N/mm2. At present, the origin of such a large strain is
unclear.

Warren’s theory predicts a characteristic line shift induced by
deformation stacking faults [41], following the equation: bhkl =
a/(h2 + k2+l2)1/2, where a = a0(1 � aAhkl), with Ahkl being a constant,
�0.07 < Ahkl < +0.03 [42]. Since the bhkl-values are determined with
high accuracy, the variations in a can be clearly observed (cf.
Fig. 5b). Again, these numbers can be fitted using a0 and a as free
parameters. The values a0 are listed in Table 1. The numbers ob-
tained for a agree with those of column 3 of Table 1, with the
assumption that twinning probability is not significant (b � 0).
Note that the lattice constants of samples Pd3Pt1/C-2, -3, -4 are
2 In the as-received state of this sample, the line profiles are asymmetric, which
akes the data evaluation inconsistent.
m



Table 1
X-ray data obtained from line profile analysis.

Sample Lattice constant a0 (Å) Stacking fault prob. 1.5a + b
(%)

Internal strains b (N/mm2) Compositional fluctuations dbc

(%)
Mean crystallite size L (nm)

Pd/C 3.891 3.1 (2.1)a 700 0 7.1
Pd3Pt1/C-1b 3.899 2.3 (1.5) 1000 0 7.9
Pd3Pt1/C-2 3.960 6.1 (4.1) <500 2 5.0
Pd3Pt1/C-3 3.949 8.7 (5.8) <500 3 5.0
Pd3Pt1/C-4 3.943 8.9 (5.9) <500 3 5.0

a Numbers in parentheses are the a-values for b � 0.
b Sample hydrated and dehydrated at 170 �C.

Fig. 6. Effect of hydride formation on the (111)-peak profile before (solid line,
under vacuum), and after H2 exposure (dashed line, at 1 bar H2 at room
temperature).

Fig. 7. Comparison of the full in situ diffraction patterns in the hydrated state of Pd/
C and Pd3Pt1/C-1 catalysts.
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well above that of bulk platinum (a = 3.9236 Å), which is unex-
pected and unusual for alloy particles formed of Pd and Pt. The
slight increase of a0 from samples Pd3Pt1/C-2, -3 and -4 is corre-
lated to the increase in the amount of TC during the synthesis.
The observed lattice expansion for samples Pd3Pt1/C-2, -3, -4 is
likely due to the stacking faults.

3.3. Hydration/dehydration studies

The study of hydrogen adsorption to palladium in its nanosized
form has attracted much attention due to palladium’s importance
as a catalyst in hydration processes [43–45]. Only a few studies
have focused on structural aspects of hydrogen dissolved in the
volume of the particles [43,46,47]. In a prior publication, we have
calculated the effect of the size mismatch for a core-shell cluster
morphology [47]. It was found that the lattice constants extracted
from the Debye function of the model cluster depend mainly on the
interatomic distance of atom species that forms the cluster core.
Accordingly, it is expected that hydride formation of clusters with
a palladium core would produce a strong lattice expansion. On the
other hand, a Pt core surrounded by Pd would not produce a strong
lattice expansion. For the Pd-Pt binary system under investigation,
X-ray diffraction should therefore be able to probe the degree of
alloying, and/or to test for the formation of an intrinsic core-shell
structure. In this study, hydration/dehydration experiments were
performed with an in situ cell attached to the Guinier diffractom-
eter [47,48]. Fig. 6 shows the diffraction patterns of three catalysts
before (solid line, under vacuum) and after hydration (dashed line,
at 1 bar of H2) at room temperature.

Fig. 6 clearly shows a lattice expansion for sample Pd3Pt1/C-1,
and the pure Pd/C catalyst after hydration. However, no expansion
or only marginal expansion is observed for sample Pd3Pt1/C-3. This
is in full agreement with the XPS and CO-stripping voltammetric re-
sults, which suggest a Pt-rich core for samples Pd3Pt1/C-2, -3, and -
4, and a Pd-rich core for sample Pd3Pt1/C-1. For the as-prepared
Pd3Pt1/C-1, the lattice constant is ca. 3.900 Å, which follows Ve-
gard’s law [48]. After hydration, the lattice constant expands to
3.995 Å, which is much larger than that of bulk platinum. However,
after dehydration, the lattice constant goes down again to ca.
3.899 Å, which is the same as that of the as-prepared sample. The
asymmetry of the line profile seen for sample Pd3Pt1/C-1 must be
related to a certain degree of compositional inhomogeneity of this
sample. The differences become more evident at the high-order
Bragg peaks, as shown in Fig. 7. Thus, from WAXS studies, one can
conclude that the core of sample Pd3Pt1/C-1 is enriched in Pd, while
the core of samples Pd3Pt1/C-2, �3, and �4 is rich in Pt, since plat-
inum is known not to dissolve hydrogen into its lattice. Such a con-
clusion is supported by XPS and CO stripping results.

3.4. Effects of the surface and structure of Pd3Pt1/C catalysts on the
ORR activity in pure acidic and methanol-containing solution

As reported in the literature [7,49], Pt monolayer deposited on
suitable metal substrates might enhance ORR activity significantly
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Fig. 10. LSVs of methanol oxidation on the Pt/C and Pd3Pt1/C catalysts in 0.1 M
HClO4 + 0.5 M CH3OH saturated with pure N2. The other conditions are identical to
those shown in Fig. 8.
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with very low Pt loading, and the Pt1Pd1/C catalyst with a Pt skin
layer shows slightly higher ORR activity than Pd3Pt1/C catalyst.
Fig. 8 depicts the ORR on the commercial Pt/C and Pd3Pt1/C cata-
lysts under the same experimental conditions. From the figure,
the ORR on all the catalysts is shown to be diffusion controlled
when the potential is less than 0.70 V, and under mixed control
in the potential region between 0.70 and 0.85 V. When the poten-
tial is greater than 0.85 V, the ORR is found to be under kinetics
control in the Tafel region. As can be seen, the ORR activity de-
creases in the order Pd3Pt1/C-1 > Pt/C > Pd3Pt1/C-3 > Pd3Pt1/C-2 >
Pd3Pt1/C-4. The Pd3Pt1/C-1 catalyst with a Pt surface enrichment
shows the highest ORR activity, and the activity for the ORR is
slightly higher than that of the commercial Pt/C catalyst. However,
commercial Pt/C catalyst shows a better ORR performance than the
other three Pd3Pt1/C catalysts with Pd surface enrichment.

RRDE data shown in Fig. 8 are also illustrative of the ORR path-
way on the Pt/C and Pd3Pt1/C catalysts. The fraction of peroxide,
XH2O2 , at a typical fuel cell operating potential of 0.75 V/RHE, was
evaluated from disk current (ID), ring current (IR), and collection
factor (N = 0.20) using the equations: XH2O2 = 2I/N/(ID+IR/N) [17].
The fractions are lower than 0.1% for the Pt/C and Pd3Pt1/C cata-
lysts. Thus, the ORR reveals a negligible peroxide production on
the Pd3Pt1/C catalysts and indicates a four-electron process leading
to water formation.

Fig. 9 shows an ORR comparison on the commercial Pt/C and
Pd3Pt1/C catalysts in the presence of 0.5 M CH3OH. Compared to
the ORR in pure acidic solution, all the catalysts show an increase
in overpotential in the presence of methanol. The significant in-
crease in overpotential (ca. 200 mV) of ORR on the Pt/C catalyst
is due to the competition reaction between oxygen reduction and
methanol oxidation; the overall process is a combination of the
ORR and methanol oxidation reaction, which leads to the forma-
tion of the mixed potential. However, the potential losses of the
ORR at 0.5 mA cm�2 on the Pd3Pt1/C-1, -2, -3, and -4 are ca. 35,
16, 15, and 13 mV, respectively. Obviously, the Pd3Pt1/C-3 catalyst
shows the highest ORR activity, which is attributed to Pd enrich-
ment on the surface layers, and the ORR activity in the kinetic
and mixed regions on all the Pd3Pt1/C catalysts is much higher than
that on the Pt/C catalyst, indicating that the Pd3Pt1/C catalysts ex-
hibit a high methanol tolerance during the ORR.

To further understand the origin of high methanol tolerance of
the Pd3Pt1/C catalysts during the ORR, the methanol oxidation
reaction was studied in N2-saturated solution under similar exper-
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Fig. 8. Linear scan voltammograms (LSVs) of the Pt/C and Pd3Pt1/C catalysts in
0.1 M HClO4 saturated with pure O2 (5 mV s�1 and 1600 rpm). Current densities are
normalized to the geometric surface area. The ring current, RRDE data, for the
hydrogen peroxide production are contrasted.
imental conditions. Fig. 10 shows linear scanning voltammograms
of the methanol oxidation on the Pt/C and Pd3Pt1/C catalysts in
0.5 M CH3OH. The current densities of methanol oxidation on the
Pd3Pt1/C catalysts are much lower than that of the Pt/C catalyst,
and the methanol oxidation peak current densities decrease in
the order of Pt/C > Pd3Pt1/C-1 > Pd3Pt1/C-2 > Pd3Pt1/C-3 > Pd3Pt1/
C-4. It is clear that the methanol tolerance of the Pd3Pt1/C catalysts
increases with the amount of TC added into the reacting mixture.
Thus, high methanol tolerance of the Pd3Pt1/C catalysts during
the ORR is due to the weak competitive reaction of methanol oxi-
dation, which could be induced by the composition effect associ-
ated with the presence of Pd atoms. The high tolerance of the
Pd3Pt1/C catalysts to methanol suggests that the Pd3Pt1/C catalysts
may be an economically viable candidate to replace Pt as a cathode
catalyst in a DMFC.

4. Conclusions

In summary, we reported a surface and structure-controlled
synthesis of the Pd3Pt1/C catalysts for the ORR. XPS, CO-stripping
voltammetric and WAXS results confirm that the addition of TC
as the complexing agent during the synthesis leads to the forma-
tion of a Pd enrichment on the surface layers of the Pd3Pt1/C cata-
lysts and to lattice expansion. Without the addition of TC, however,
a normal lattice parameter and Pt enrichment on the surface layers
of the catalysts are found. Furthermore, the Pd3Pt1/C catalysts pre-
pared with the addition of TC have high stacking fault probability
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(between 6% and 9%) and compositional fluctuations (between 2%
and 3%). For the Pd/C catalyst and the Pd3Pt1/C catalysts prepared
without the addition of TC, however, there are fewer stacking
faults and no compositional fluctuations. Interestingly, the highest
ORR activity was observed for the Pd3Pt1/C catalyst that exhibited
Pt surface enrichment; and the activity, in fact, surpasses that of
state-of-the-art Pt/C catalyst. However, the Pd3Pt1/C catalysts with
the Pd surface enrichment exhibit much higher methanol tolerance
during the ORR. Thus, since Pd is more abundant and much cheap-
er than Pt, Pd3Pt1/C catalysts may represent a promising type of
catalyst for selective ORR in a DMFC.
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