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Abstract: Highly dispersed PtPd bimetallic nanocrystals

with enhanced catalytic activity and stability were pre-

pared by adjusting the interfacial wettability of the reac-
tion solution on a commercial carbon support. This ap-

proach holds great promise for the development of high-
performance and low-cost catalysts for practical applica-

tions.

The proton exchange membrane fuel cell (PEMFC) is one of
the most promising clean energy conversion techniques due

to its high power density, low working temperature, and zero
pollutant emission.[1] The widespread commercialization of

PEMFC is impeded by the sluggish kinetics of the oxygen re-
duction reaction (ORR) at the cathode.[2] Pt-based nanomateri-

als are currently the most efficient catalysts in ORR.[3] However,

the low abundance and high cost of Pt as well as the poor sta-
bility greatly limit their practical applications.[4] A universal

strategy for enhancing both catalytic performance and utiliza-
tion efficiency of Pt is to utilize Pt-based alloys instead of pure

Pt as the catalysts due to the favorable synergistic effect be-
tween each metal.[5]

Moreover, exploitation of support materials has been exten-

sively studied to improve the catalytic activity and stability of
catalysts.[6] The loss of surface active sites due to aggregation

and/or Ostwald ripening is the major issue that results in the
fast degradation of supported catalysts.[7] To overcome this

problem, substitute efforts have been devoted to preparation
of highly dispersed catalysts on supports, which could effi-

ciently prevent the occurrence of aggregation and/or Ostwald

ripening due to the confinement effect of matrix materials.[8]

Many successful methods, such as ion exchange/wetness im-

pregnation,[9] in situ encapsulation,[10] organic modification,[11]

and nanoencapsulation,[12] had been developed for preparing

catalysts with high dispersion. With increasing requirements
for highly dispersed nanometals in practical applications, fur-
ther progress has been achieved. For example, a photochemi-

cal deposition method was reported by Xia’s group to synthe-
size highly dispersed Pt nanoparticles on porous nanofibers.[13]

A high-viscosity-solvent method was presented by our group
to prepare PtPd nanocrystals highly dispersed in various meso-

materials.[14] Despite these notable achievements, two major
disadvantages have to be pointed out: i) those reported syn-

thetic procedures are usually complex and/or need harsh con-
ditions, which are not suitable for upscaling in commercializa-
tion; ii) the fabrication of supported materials is generally cum-
bersome and time-consuming that means their cost is expen-
sive. Therefore, a procedure to prepare highly dispersed Pt-

alloy catalysts that can effectively solve the aforementioned
issues is highly desired for industrial applications.

The wettability is a very important property of material sur-
faces/interfaces, and can be altered by adjusting the chemical
composition and surface microstructure.[15] Highly dispersed

nanometals could also be prepared by utilizing this property,
such as surface functionalization and hydrophobicity control of

support materials.[16] However, the control of wettability of sup-
port materials during the synthesis procedure of metal nano-
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materials in an effort to synthesize nanometals with high dis-
persion is quite rare. Herein, we present a facile interfacial

wettability method to prepare highly dispersed PtPd bimetallic
nanoparticles on Vulcan carbon (XC-72) by controlling the hy-

drophilic/hydrophobic relationship between reaction solvent
and support. The rationale for choosing Vulcan carbon as the

support is due to its mature production technology and low
price as a commercial product, and good conductivity and

high surface area as a common electrocatalyst support. Nota-

bly, when using hydrophobic Vulcan carbon as the support
material in the hydrophilic reaction solution of 1,5-pentanediol

during the metal synthesis, PtPd nanoparticles with high dis-
persion (denoted as PtPd/C) were obtained. While using hydro-

philic oxidized Vulcan carbon as the support under the same
synthesis conditions, aggregated PtPd nanoparticles (denoted
as PtPd/OC) were formed. Compared to both PtPd/OC and

commercial Pt/C catalysts, the PtPd/C sample exhibits superior
electrocatalytic activity and durability in ORR.

The PtPd/C sample was prepared by using a hydrothermal
synthesis method in 1,5-pentandiol solution (act as the solvent
and the reducing agent) with polyvinylpyrrolidone (PVP) as the
surfactant in the presence of Vulcan carbon (see the Support-

ing Information for the experimental details). These as-synthe-

sized products were initially examined by powder X-ray diffrac-
tion (PXRD). As shown in Figure S1, the broad peak at about

258 represents the existence of amorphous carbon and the
other three peaks at 40.08, 46.68, and 68.08 can be readily in-

dexed to the (111), (200), and (220) reflections of face-centered
cubic (fcc) PtPd. These three peaks are slightly shifted to lower

2 theta values in comparison with the corresponding peaks of

Pd crystal, indicating that the Pt atoms had been inserted into
the lattice of Pd crystal and caused the increase of lattice pa-

rameters.[15] In particular, these three peaks for PtPd crystals
are broadened, demonstrating their nanoscale structural fea-

tures.
Representative electron microscopy images of the as-synthe-

sized PtPd/C sample are shown in Figure 1. High angle annular

dark field scanning transmission electron microscopy (HAADF-
STEM) image (Figure 1 A) shows that a large number of nano-
particles with an average size of about 5 nm are highly dis-
persed on the surface of carbon spheres. High resolution TEM

(HRTEM) image (Figure 1 B) clearly shows that these nanoparti-
cles exhibit well-defined lattice fringes, indicating their good

crystallinity. The fast Fourier transformation (FFT) of PtPd/C
(inset of Figure 1 B) shows both concentric rings and discrete
diffraction spots, indicating that these PtPd nanoparticles are

highly crystalline with a fcc polycrystalline structure. To charac-
terize the elemental distribution in these nanoparticles, PtPd/C

sample was measured by HAADF-STEM energy-dispersive X-ray
spectroscopy (HAADF-STEM-EDX). As shown in Figure 1 C–F, Pt

elements are distributed on the surface of nanoparticles while

Pd elements are only located in the center of nanoparticles,
displaying a typical core-shell nanostructure with a Pt surface

layer.
X-ray photoelectron spectroscopy (XPS) was used to investi-

gate the surface composition of the PtPd/C sample. The sur-
veyed spectra (Figure S2A) demonstrated that there are Pt, Pd,

C, and O elements in the sample. The high resolution Pt 4f

and Pd 3d spectra were deconvoluted. For Pt 4f line (Fig-
ure S2B), the principle peaks were attributed to Pto at 71.4 eV

(4f7/2) and 74.7 eV (4f5/2), while the peaks at 72.8 eV (4f7/2) and

76.1 eV (4f5/2) were assigned to Pt in the 2 + oxidation state.[16]

For Pd 3d line (Figure S2C), the principle peaks at 334.5 eV

(3d5/2) and 339.8 eV (3d3/2) represented for Pdo and peaks at
335.2 eV (3d5/2) and 340.8 eV (3d3/2) stood for Pd2 + .[17] The de-

convolution results of the Pt 4f and Pd 3d spectra also sug-
gests that &73 % surface Pt and &72 % surface Pd are in the
metallic state while &27 % surface Pt and &28 % surface Pd

are in the oxidized state.
To better understand the formation mechanism of highly

dispersed PtPd nanoparticles in our synthesis, the effect of hy-
drophilic/hydrophobic property of the support materials in the

reaction system was investigated in detail. Vulcan carbon, simi-
lar to carbon simple substance, is naturally hydrophobic due

to the low molecular polarity of carbon.[18] The contact angle
test shows that Vulcan carbon has a high contact angle of
1358 with water (Figure S3A), indicating its hydrophobic fea-

ture. To change the hydrophilic/hydrophobic property, Vulcan
carbon was oxidized by acid treatment (see the Supporting In-

formation for details). After oxidation, the Vulcan carbon
turned to be hydrophilic, which was proven by the contact

angle test (Figure S3B) due to the introduction of the hydro-

philic groups of hydroxyl and carboxyl (Figure S4 and the ac-
companying text). Then, PtPd/OC sample was prepared under

the same conditions used in the synthesis of PtPd/C sample
but replacing Vulcan carbon with oxidized Vulcan carbon.

Figure 2 shows the proposed formation mechanism of PtPd
nanoparticles on a hydrophobic support (Vulcan carbon; Fig-

Figure 1. (A) HAADF-STEM image of PtPd/C at low magnification. (B) HRTEM
image of PtPd/C and corresponding FFT of the whole area (inset).
(C) HAADF-STEM image of PtPd/C at high magnification of the area indicat-
ed by red box in (A), and (D-F) corresponding EDX elemental maps: Pt
(green) and Pd (red).
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ure 2 A) and a hydrophilic support (oxidized Vulcan carbon;

Figure 2 B). In the synthesis, the metal precursors and support
materials are firstly dispersed in the solvent of 1,5-pentandiol.

Due to the inverse correlation between hydrophilic solvent
and hydrophobic Vulcan carbon, the reaction solution has

poor wettability on the surface of Vulcan carbon, which means
the contact area between the reaction solution and Vulcan

carbon is relatively small (Figure 2 Aa). During the metal nucle-
ation and growth stage, the deposition speed of the primary

synthesized nanoclusters/nanoparticles on the support can be
consequently slowed down (Figure 2 Ab), which can effectively

avoid the metal aggregation. Additionally, the small contact
area can also prevent the anchored nanoclusters/nanoparticles

to overgrow. Thus, PtPd nanoparticles with small size and high
dispersion are obtained (Figure 2 Ac). In contrast, because of
the same hydrophilic properties of both the reaction solution

and support materials, their contact area is much bigger (Fig-
ure 2 Ba). So the primary synthesized nanoclusters/nanoparti-

cles could be deposited on the support fast and easy to over-
grow (Figure 2 Bb), resulting in the aggregation and large size

of the as-synthesized PtPd nanoparticles (Figure 2 Bc). TEM re-
sults confirm the above-mentioned difference of obtained

PtPd nanoparticles synthesized in the hydrophobic support
(Figure 1 A and Figure S5) and the hydrophilic support (Fig-
ure S6) under otherwise same synthesis conditions. Therefore,
our results demonstrate that highly dispersed metal nanoparti-
cles can be simply and efficiently synthesized by controlling

the hydrophilic/hydrophobic relationship between reaction sol-
vent and support.

The electrocatalytic properties of PtPd/C sample toward the

ORR were evaluated. For comparison, PtPd/OC and commercial
Pt/C (20 wt % Pt, JM) catalysts were also measured. Figure 3 A

shows the cyclic voltammetry (CV) curves of these three cata-
lysts performed in N2-purged 0.1 m HClO4 solutions at room

temperature with a sweep rate of 50 mV s@1. The electrochemi-
cally active surface area (ECSA) was estimated by integrating

the charge collected in the hydrogen adsorption/desorption

region (0.05–0.35 V) after double-layer correction, assuming
that the value of the adsorption of a hydrogen monolayer is

0.21 mC cm@2. The obtained value of the ECSA based on Pt
mass for PtPd/C sample is 74.6 m2 g@1, which is much higher

than that of PtPd/OC sample (38.7 m2 g@1), and slightly higher
than that of the commercial Pt/C catalyst (71.0 m2 g@1). The

Figure 2. Schematic illustration of the proposed formation mechanism of
PtPd nanocrystals prepared in the presence of (A) hydrophobic Vulcan
carbon and (B) hydrophilic oxidized Vulcan carbon: (Aa and Ba) dispersing of
metal precursors and support materials in reaction solution; (Ab and Bb) re-
ducing metal precursors after thermal treatment; (Ac and Bc) producing the
supported metal nanocrystals.

Figure 3. (A) CV curves, (B) ORR polarization curves (C) mass activity and (D) specific activity of PtPd/C, PtPd/OC, and commercial Pt/C catalysts.

Chem. Asian J. 2018, 13, 1119 – 1123 www.chemasianj.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1121

Communication

http://www.chemasianj.org


ORR measurements were performed on a glassy carbon rotat-
ing disk electrode (RDE) at room temperature in O2-saturated

0.1 m HClO4 solutions at a sweep rate of 10 mV s@1. Figure 3 B
shows the ORR polarization curves of PtPd/C, PtPd/OC, and

commercial Pt/C catalysts. The kinetic current density was cal-
culated based on the Koutecky–Levich equation[19] and then
normalized with respect to the loading amount of Pt and ECSA
to obtain the mass activity and specific activity, respectively
(Table S1). As shown in Figure 3 C, the PtPd/C sample displays

a mass activity of 0.34 A mgPt
@1 at 0.9 V vs. a reversible hydro-

gen electrode (RHE), which is 34 and 3 times greater than that
of the PtPd/OC sample (0.01 A mgPt

@1) and the commercial Pt/C
catalyst (0.11 A mgPt

@1), respectively. Similar trends can also

been found in the specific activities of these catalysts (Fig-
ure 3 D). The specific activity of PtPd/C sample (0.46 mA cm@2)

is 15 and 3 times greater than that of the PtPd/OC sample

(0.03 mA cm@2) and the commercial Pt/C catalyst
(0.15 mA cm@2). The Tafel plots can also demonstrate the supe-

rior mass activity and specific activity of PtPd/C sample (Fig-
ure S7), which are better than that of the previously reported

PtPd/C catalysts (Table S2). The superior ORR activity of the
PtPd/C sample can be reasonably attributed to their bimetallic

composition, high dispersion on carbon support and fast elec-

tron transfer (Figure S8 and the companying text).
Since the durability of catalysts is regarded as one of the

most important challenges that hinder the commercialization
of PEMFCs, we also evaluated the long-term electrochemical

stability of PtPd/C and commercial Pt/C catalysts by using ac-
celerated durability tests (ADTs). The ADTs were conducted by

applying a cyclic potential between 0.6 and 1.1 V vs. RHE in

O2-saturated 0.1 m HClO4 at room temperature with a scan rate
of 50 mV s@1. Figure 4 A, B show the CV curve changes of the

PtPd/C sample and the commercial Pt/C catalyst at different
cycles during ADTs. With increasing numbers of CV cycles, the

PtPd/C sample exhibits a slight drop for the currents of the

peaks in the hydrogen adsorption/desorption potential regions
between 0.05–0.35 V vs. RHE (Figure 4 A). By comparison, the

currents of the peaks in the same potential regions for the
commercial Pt/C catalyst display a significant drop (Figure 4 B).

The values of normalized ECSA of the PtPd/C sample and the
commercial Pt/C catalyst at different cycles are shown in Fig-

ure 4 C. After 3000 potential cycles, the PtPd/C sample displays
only 30 % loss in their ECSA, while the ECSA of the commercial
Pt/C catalyst shows a significant loss of 62 %, demonstrating

that the durability of the PtPd/C sample is much better than
that of the commercial Pt/C catalyst. To reveal the reasons for

their different durability behaviours, the morphologies of these
catalysts after durability tests were also measured by TEM. As
shown in Figure 4 D, the PtPd/C sample shows no obvious
change in terms of particle size and dispersity after ADT. In

contrast, serious aggregation and sintering happened to the
commercial Pt/C catalyst (Figure S9), leading to the significant
decrease of their ECSA. Overall, in comparison with the com-
mercial Pt/C catalyst, the PtPd/C sample with high dispersion
and bimetallic structure demonstrates a greatly enhanced ac-

tivity, stability, and durability toward ORR. Considering their
synthesis features, such as facile and low-cost, the as-synthe-

sized PtPd/C sample is highly expected to promote the devel-

opment of next-generation high-performance PEMFC catalysts.
In conclusion, we have proposed an efficient interfacial wett-

ability method to prepare highly dispersed PtPd bimetallic
nanoparticles by adjusting the hydrophilic/hydrophobic prop-

erties of support materials. The formation mechanism of highly
dispersed PtPd nanoparticles has been illustrated. The as-syn-

thesized PtPd/C sample is highly active and durable in the

ORR, benefiting from their high dispersion and bimetallic com-
position. This efficient method is favorable for the facile syn-

thesis of highly dispersed catalysts with excellent performance
in various applications.

Figure 4. CV curves for (A) PtPd/C and (B) commercial Pt/C catalysts before and after various numbers of cycles. (C) Normalized ECSA calculated by ADT results
and (D) TEM image of PtPd/C after 3000 cycles of ADT.
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