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Composition-tunable PdPt bimetallic nanoalloys with Sub-2.0
nm islands have been successfully synthesized through a
facile aqueous solution approach. Among them, the PdsqPts,
nanoalloys exhibit much higher catalytic activity and
durability for the methanol oxidation reaction than
commercial Pt black.

Recent years, the direct methanol fuel cells (DMFCs) have attracted
much research interest as they are promising candidates for
providing clean energy and using in portable devices.* It is well
known that Pt is the best catalyst of all pure metals for
low-temperature DMFCs. However, the rare reserves and rising
price of Pt bring about the obstacle for the widespread development
of the methanol fuel cell technology. On the other hand, the poor
reaction Kkinetics and the decrease of catalytic activity over time of
pure Pt catalyst also limit the practical large-scale commercialization
of DMFCs. In order to overcome these problems, a variety of
fabrication approaches are designed to prepare Pt-based bimetallic
nanomaterials, which has been considered as promising catalysts for
DMFCs because of their enhanced catalytic activity rooting in the
modification of the electronic structure of surface Pt atoms that
triggered by the close proximity exotic metal atoms.*** As a matter
of fact, the size, shape, and composition of Pt-based bimetallic
nanomaterials are still vital parameters for impacting their catalytic
performances.**?° For instance, spherical PdPt nanoalloys’ displayed
a composition-dependent catalytic performance for methanol
oxidation. PtZn nanoalloys® demonstrate a shape-dependent
electrocatalytic activity for methanol oxidation. Therefore, in order
to develop electrocatalysts with improved catalytic activity and
durability, the controllable synthesis of Pt-based bimetallic
nanoalloys still remains a significant challenge.

Among reported Pt-based bimetallic nanostructures, the dendritic
nanostructures have been attracting extensive interest because the
unique nanostructures can bring about more catalytic active sites
such as corner atoms and boundaries those considered as major
active sites in catalytic reaction.?®* For instance, the Pt-on-Pd
nanodendrites?™ # via two-step, seed-mediated epitaxial growth
method reported by Xia’s and Yang’s groups have displayed
significantly enhanced activity and stability towards oxygen
reduction reaction. The Pt-on-Pd nanodendrites synthesized through
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a one-step synthetic method reported by Yamauchi’s group® exhibit
enhanced activity and stability for methanol electrooxidation.
However, it still remains a great challenge to design a rational,
economic, and environmentally friendly approach to fabricate PdPt
nanoalloys with many active sites such as corners, steps and
boundaries.

Here, we report a facile aqueous method to directly prepare
high-yield PdPt nanoalloys with sub-2.0 nm islands using
cetyltrimethylammoniumchloride (CTAC) and citric acid as
surfactant and reductant, respectively (Fig. S1 (ESIT)). Interestingly,
by adjusting the ratio of Pd to Pt precursors, the composition of PdPt
alloyed nanocrystals can be tuned. More importantly, the
as-synthesized  PdsoPts; nanoalloys  exhibit much  higher
electrocatalytic activity and durability for methanol oxidation than
commercial Pt catalysts.

Fig. 1(a), Fig. S2a ((ESIt) and Fig. 1(b) show the representative
transmission electron microscopic (TEM) and the high-angle annular
dark-field scanning transmission electron microscope
(HAADF-STEM) images, respectively, of the as-synthesized
PdsoPtsg sample (the feeding molar ratio of H,PtClg to Na,PdCl, is
1:1. The sample is marked as PdsqPtso). The ICP-OES analysis also
indicates that the atomic ratios of Pd and Pt are in agreement with
the feed ratio of metal precursors (Table S1 (ESIf)), which
represents the complete reduction of the reaction (Fig. S1 (ESI{)).
As can be seen, the product consists of a large quantity of uniform
particles and the average diameter of particles is about 35 2.0 nm.
Moreover, many ultrasmall islands distribute on the surface. The
high-resolution TEM (HRTEM) image of a single particle is shown
in Fig. 1(c). The well-resolved lattice fringes are clearly observed in
the whole particle and the lattice orientation of ultrasmall islands is
the same as host particle, which implies the whole particle is a single
crystal and it is also proven by the corresponding FT pattern (Fig.
1c). The interval between two lattice fringes was measured to be
0.22 nm, closed to the (111) lattice spacing of the face-centered
cubic (fcc) Pd/Pt. As shown in Fig. 1(d) and Fig. S2b (ESI{), the
lateral length of ultrasmall islands is below 2.0 nm, about 1.75 0.3
nm. It means that sub-2.0 nm islands can be successfully acquired by
our current aqueous method. More importantly, these PdPt
nanoalloys with sub-2.0 nm islands contain many steps, corners and
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boundaries (Fig. 1c, 1d and Fig. S2b (ESI})), which can act as
highly catalytic active sites in catalytic reaction.?* %

20 nm

Fig.1 TEM (a), HADDF-STEM (b) and HRTEM (c, d) images of
as-synthesized PdsPtsy nanoalloys with sub-2.0 nm islands. (The
inset in (c) is the corresponding FT pattern.)

The X-ray diffraction (XRD) pattern (Fig.2a) of the
as-synthesized product shows five peaks corresponding to (111),
(200), (220), (311) and (222) of fcc Pd/Pt (Pd: JCPDS-65-2867; Pt:
JCPDS-65-2868). Moreover, the energy dispersive X-ray (EDX)
spectra also reveal the product is made of Pt and Pd (Fig. 2b). The
positional distribution of Pd and Pt in the PdsoPtsg nanoalloys was
revealed by EDX line-scan analysis and element analysis mapping.
Fig. 2c-f show Pd and Pt uniformly distribute in the whole particle,
which indicates the as-synthesized nanoparticle is alloy structure. It
is well known that Pd and Pt very easily form alloy through the
co-reduction of Pd and Pt salts in the solution phase because they
have a very small lattice mismatch of only 0.77% and similar redox
potential (PACI,*/Pd (0.62 V versus RHE); PtClsZ/Pt (0.74 V versus
RHE)). Furthermore, the composition of the PdPt nanoalloys with
sub-2.0 nm islands can be tuned by changing the molar ratio of metal
salts of Pd and Pt (Fig. S3 (ESIY)).
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Fig.2 XRD pattern (a), EDX spectra (b), HADDF-STEM images
(c), the corresponding EDX line scanning profiles (d) and elemental
maps (¢) Pd (Red) and (f) Pt (Golden yellow) of as-synthesized
Pds,Ptso bimetallic nanocrystals with sub-2.0 nm islands. (The red
and the blue in XRD pattern stand for the standard peaks for Pd and
Pt, respectively).
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Fig. 3 XPS of as-synthesized PdPt nanoalloys with sub-2.0 nm
islands. (a) Pd 3d region; (b) Pt 4f region.

Generally, the catalytic activity is more determined by the
composition of surface (the outmost layer) or near-surface of catalyst.
Therefore, we checked the near-surface composition by X-ray
photoelectron spectroscopy (XPS) that can probe the region of a few
nanometers within the surface.”® %’ Fig. 3a and 3b show the XPS
spectra of Pd 3d and Pt 4f for the as-synthesized dendrite-like PdPt
nanoalloys. The 3ds, and 3d, peaks at about 335.4 and 340.7 eV
are attributed to metallic Pd (Fig. 3a). The 4f;;, and 4f;, peaks at
about 71.2 and 74.5 eV are attributed to metallic Pt (Fig. 3b). The
Pd : Pt atomic percentage of samples is determined by combining the
integrated area with sensitivity factors of Pd 3d and Pt 4f.?"%° They
are 61.7 : 38.3, 51.3 : 48.7 and 41.6 : 58.4 for sample PdgoPt,,
PdsoPtsg and Pd4oPtgo, respectively, which is consistent with the
feeding ratio of Pd and Pt and also revealing complete reduction of
Pd?* and Pt ** species in our synthesis.

This journal is © The Royal Society of Chemistry 2012J. Name., 2012, 00, 1-3 | 2

Page 2 of 4



Page 3 of 4

ChemComm

The catalytic performance of the PdPt alloyed nanocrystals with
sub-2.0 nm islands toward methanol oxidation reaction (MOR) was
tested with three-electrode system in the nitrogen saturated
electrolytes of 0.1 M HCIO, and 0.1 M CH;OH at a scan rate of 50
mV/s at room temperature (25 <€). For comparison, the catalytic
performance of the commercial Pt black was also tested. All current
density values were normalized to the electrochemically active
surface area (ECSA) estimated from the hydrogen
adsorption-desorption charges (Fig. S4 (ESIt)), which is correspond
to the intrinsic catalytic activity of the catalyst. The initial cyclic
voltammetric curves (CVs) are shown in Fig.4 (a).The PdPt alloyed
nanocrystals demonstrated a composition-dependent catalytic
performance toward MOR. The peak current density of PdgoPtso,
PdsoPtso and PdsoPtsg is respectively 0.35, 0.79 and 1.08 mA cm™.
And the PdsoPtso nanoalloys show the best performance, which may
be ascribed to the electronic coupling between Pd and Pt metals and
the electronic coupling could be optimized when the atomic
percentage of Pt is ~ 50%.%> 23 |t is well known that MOR is a
structure-sensitive reaction® *! and thus the change of surface atom
arrangements of bimetallic PdPt nanocrystals easily leads to the
activity change for MOR although they have the same shape and the
same size. Compared to commercial Pt black, the peak current
density on the PdsoPtsy nanoalloys is 2.03 times that on the
commercial Pt black (0.53 mA cm?). The enhancement in
electrocatalytic activity for the PdsoPtsg bimetallic nanoalloys with
sub-2.0 nm islands may be ascribed to the many corners, edges and
boundaries existing in the surface of the unique structure (Fig. 1a-d)
together with the synergistic effect originating from the coexistence
of surface Pd and Pt atoms. " 32
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Fig. 4  The initial cyclic voltammetric curves (CVs) of

as-synthesized PdPt nanoalloys with sub-2.0 nm islands and
commercial Pt black. (a) Specific activity in 0.1M CH;0H + 0.1 M
HCIO, solution; (b) Current~time curves of methanol oxidation on
PdsPtsonanoalloys and commercial Pt black in 0.1 M CH;0H + 0.1
M HCIO, solution at 0.5 V for 2000 s; (c) The 400th CVs of
PdsPtsy nanoalloys and commercial Pt black; (d) The durability
performance of PdsoPtsy nanoalloys and commercial Pt black in 0.1
M CH;O0H + 0.1 M HCIO; solution.

The stability of the PdsoPtso nanoalloys with sub-2.0 nm islands
and the commercial Pt black has also been investigated. The
obtained current-time curves recorded at 0.5 V for 2000 s are shown
in Fig.4 (b). We can see, after 2000s, the current density value on the
PdsoPtso nanoalloys (0.16 mA cm) is much higher than that on

commercial Pt black (0.070 mA cm?), which implies that the
PdsqPtso nanoalloys have better stability. In order to further confirm
it, the durability of the as-synthesized PdsoPtsy nanoalloys with
sub-2.0 nm islands and commercial Pt black were tested by repeating
the CV for 400 cycles in 0.1 M HCIO, + 0.1 M CH3;0OH and 800
cycles in 0.1 M HCIO, + 0.5 M CH3;OH. After 400 cycles, the
current density value of the PdsoPtsy nanoalloys remained much
higher than that of the commercial Pt black (Fig.4c), they are 1.25
and 0.86 mA cm?, respectively. Relative to the maximum current
density value (1.44 mA cm? for the PdsoPtso nanoalloy; 1.21 mA
cm?for commercial Pt black. (Fig. 4d, Fig. S5a-b) (ESIT)), the loss
of activity of the PdsqPtso nanoalloys and the commercial Pt black is
13.2% and 28.9%, respectively (Fig.4d). It shows that the PdsoPts,
nanoalloys have a higher durability than the commercial Pt black.
Significantly, after 400 cycles, the remaining mass density value
over the PdsqPtsy nhanoalloys is a little higher than the maximum
value over the commercial Pt black, they are 1.25 to 1.21 mA cm
(Fig. 4d). It was further confirmed by repeating the CV for 800
cycles with higher methanol concentration (0.5 M) (Fig. S5c-d and
Fig. S6 (ESIT)). After 800 cycles, the loss of activity of the PdsyPts
nanoalloys is 33.3% (1.88mA cm after 800 cycles; the maximum:
2.82 mA cm); the loss of activity of commercial Pt black is 48.5%
(1.03mA cm“after 800 cycles; the maximum: 2.0mA cm?). The
reason for the better durability of the PdsoPtsq nanoalloys may be
ascribed to the more durable nature of the (111) facet of PdPt
bimetallic nanoalloys and the synergetic effect of the Pd and Pt
atoms, which has been reported in the MOR with PdPt bimetallic
nanoalloys as electrocatalysts.” *2

In conclusion, the high-yield, composition-tunable PdPt
nanoalloys with Sub-2.0 nm islands were firstly achieved through a
facile aqueous approach. These PdPt nanoalloys demonstrated a
composition-dependent electrocatalytic activity toward methanol
oxidation. Among them, the PdsoPts, displayed the highest catalytic
performance. Due to the special structure and modified electronic
structure, the PdsoPtsg nanoalloys exhibited a remarkable catalytic
activity and durability. This research may not only provide a simple
and convenient approach to synthesize novelty PdPt nanoalloyed
structures as highly active and highly durable catalysts for direct
methanol fuel cells, but also enable the potential applications of PdPt
nanoalloys for various chemical reactions such as CO oxidation
reaction and hydrogenation of aromatic hydrocarbons.
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