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During the past decade, bimetallic nanocrystals (NCs) with
core-shell and alloy structures have attracted tremendous
research interest because of their prominent catalytic activ-
ities and stabilities over monometallic NCs.'! Several
previous studies have shown that the catalytic performance
of bimetallic NCs could be tuned through the modulation of
their morphology, size, and composition. For example, control
over the morphology of NCs can tailor their catalytic activity
and selectivity because the surfaces of NCs are enclosed by
specific facets according to their shapes, which play a decisive
role in determining the overall catalytic properties of the
NCs.**! In addition, the variation of NC size should change
the relative amount of catalytically active surface area, and
this results in the alteration of the catalytic reactivity of
NCs.""" Since the relative amount of each constituent metal
in the bimetallic NCs could modify the electronic state of the
primary catalytic component and tune the binding properties
for intermediate species during the reaction, the composition
of bimetallic NCs also has a great influence on their catalytic
properties.131)

Despite the fact that the atomic distribution in bimetallic
NCs could have a significant impact on their catalytic
performance, this variable has not been closely explored
relative to the extensive studies on the morphology-, size-,
and composition-dependent catalytic efficiencies of NCs. This
difference can be attributed to certain experimental difficul-
ties. To study the influence of the atomic distribution in
bimetallic NCs, NCs with various distributions of constituent
metals should be prepared under similar experimental con-
ditions, while the shape and size are maintained. Further-
more, the structure-regulating surfactant must be the same for
all NCs for exact comparison because the catalytic properties
of NCs are usually affected by the surfactant molecules.*!"]
However, it is an extremely hard task to synthesize atomic-
distribution-controlled bimetallic NCs with identical mor-
phology and size together with the same surfactant because of
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the complex NC growth kinetics of bimetallic systems. In this
regard, the preparation of NCs that satisfy these requirements
and investigation of their properties would be very intriguing
and significant for advanced catalytic applications.

In this work, we synthesized Au-Pd alloy, Au@Pd core—
shell, Pd, and Au NCs with an identical octahedral morphol-
ogy (Figure 1), which is a representative polyhedral structure

Au-Pd alloy NCs Au@Pd NCs

Pd NCs

Figure 1. Geometrical models of the octahedral Au—Pd alloy, Au@Pd
core—shell, Pd, and Au NCs. Violet and yellow denote Pd and Au,
respectively.

enclosed by {111} facets, to investigate the effect of atomic
distribution in bimetallic NCs on the electrocatalytic perfor-
mance toward formic acid oxidation. The surface of the
Au@Pd bimetallic core-shell NCs consists exclusively of Pd,
whereas that of the Au-Pd alloy NCs has Pd and Au
compositions simultaneously. The prepared octahedral NCs
are of similar size and have the same surfactant, cetyltrime-
thylammonium (CTA™), which was used in the synthesis.
Since the direct formic acid fuel cell (DFAFC) has drawn
increasing attention as an alternative power source for
portable electronic devices,'*!”! the electrooxidation of
formic acid was chosen as a model catalytic reaction. In
addition, Pd and Au were selected as composition ingredients
because Pd nanostructures have been reported to have
efficient electrocatalytic activity for formic acid oxida-
tion,??2! and incorporation of Au into Pd catalysts improves
catalytic activity and selectivity and provides resistance to
poisoning.”?! The catalysis experiments unambiguously
demonstrate that the activity and stability of the NCs can be
tuned by changing their atomic distributions.
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Figure 2. SEM images of a) Au-Pd alloy, (b) Au@Pd core-shell, (c) Pd,
and (d) Au NCs.

NCs with various atomic distributions were synthesized in
aqueous solutions by employing the same surfactant (CTA")
and reducing agent (L-ascorbic acid). Figure 2 shows typical
scanning electron microscopy (SEM) images of the as-
prepared NCs, indicating that the NC sizes of the various
samples are very similar and the NCs definitely have identical
octahedral morphology. The average edge lengths of the Au-
Pd alloy, Au@Pd core-shell, Pd, and Au NCs are 40+ 5, 39 +
3,38 +4, and 34 £ 5 nm, respectively. The Au@Pd core-shell
and Au octahedral NCs were prepared by following the
reported protocols, which we developed previously.”*>! The
Au/Pd ratio of the Au@Pd core-shell NCs was estimated to be
4:1 by inductively coupled plasma—atomic emission spec-
trometry (ICP-AES), and the mean thickness of Pd shell was
5 nm. Elemental mapping of Au and Pd, and the cross-
sectional compositional line profiles on a single octahedral
Au@Pd NC obtained by high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)-
energy-dispersive X-ray spectroscopy (EDS) demonstrate
that the prepared NCs have core-shell structure (Fig-
ure 3a,b). In this work, the methods of synthesizing octahe-
dral Au-Pd alloy and Pd NCs were newly developed. In
particular, this is the first report on the synthesis of bimetallic
alloy Au-Pd NCs with a well-defined octahedral shape.
HAADF-STEM-EDS data imply that the prepared NCs are
definitely Au-Pd alloys (Figure 3c,d). The ICP-AES-deter-
mined composition of the Au-Pd alloy NCs (Au:Pd=4:1)
was the same as that of the Au@Pd core-shell NCs. The
surface composition of the Au-Pd alloy NCs was estimated to
be Au:Pd =53:47 by Auger electron spectroscopy, indicating
the alloy nature of their surfaces. However, the surface
composition is different from the bulk value. This can be
attributed to the slower reduction rate of Pd precursor than
that of Au precursor.’” The difference in Pd composition
between the bulk and surface of the Au-Pd alloy NCs was also
reflected in the change of Pd composition during the reaction
(Figure S1 in the Supporting Information).
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Figure 3. HAADF-STEM-EDS mapping images of an octahedral

a) Au@Pd and c) Au-Pd alloy NC. HAADF-STEM image and cross-
sectional compositional line profiles of an octahedral b) Au@Pd and
d) Au—Pd alloy NC. The scale bars are 10 nm.

In the synthesis of the octahedral Au-Pd alloy NCs, the
reduction rate is the key to the formation of NCs. In fact, the
octahedral Au@Pd core—shell NCs were produced when both
metal precursors were co-reduced by cetyltrimethylammo-
nium chloride (CTAC) in the absence of ascorbic acid.?
Owing to the slow reduction kinetics, the formation of the
Au@Pd NCs was initiated by nucleation of Au atoms to form
the Au octahedral core, followed by the epitaxial growth of a
Pd layer on the Au core. To verify the importance of the
reduction rate, we synthesized NCs by employing various
amounts of L-ascorbic acid under otherwise identical exper-
imental conditions. When the final concentration of L-
ascorbic acid was decreased to 0.05 mm (0.075 mMm ascorbic
acid was used in the preparation of the Au-Pd alloy NCs
shown in Figure 2a), roughly truncated octahedral NCs with
an average size of 60 nm were produced in 2 h, which are
larger than the Au-Pd alloy NCs (Figure S2 and S3a in the
Supporting Information). The compositional line profiles
obtained by HAADF-STEM-EDS proved that the prepared
NCs with 0.05 mm ascorbic acid for 2h are Au NCs (Fig-
ure S3d). After 24 h reaction time, Au@Pd core—shell NCs
with dendritic Pd shell were finally formed (Figure S3b,e).
This slow reduction process with 0.05 mm ascorbic acid
yielded a small number of Au seeds, and then, a relatively
larger amount of the remaining precursors were slowly
reduced on the seeds, leading to the formation large Au
NCs. Through the subsequent reduction of Pd, Au@Pd core-
shell NCs were eventually formed. When a relatively larger
amount of L-ascorbic acid (0.1 mM) was used than that used in
the original experiment, quasi-spherical NCs with an average
size of 20 nm were synthesized (Figure S3c). The composi-
tional line profiles show the formation of alloy NCs (Fig-
ure S3f). The formation of smaller alloy NCs can be
attributed to the fast reduction rate, which commonly
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produces a larger number of seeds. Taken together, the
control of the reduction kinetics through the use of an
appropriate amount of L-ascorbic acid is crucial to the
formation of well-defined octahedral Au-Pd alloy NCs.

High-resolution TEM (HRTEM) images and the corre-
sponding selected-area fast Fourier transform (FFT) patterns
of the octahedral NCs are shown in Figure S4 in the
Supporting Information. The d spacings for adjacent lattice
fringes of the Au-Pd alloy, Au@Pd core-shell, Pd, and Au
NCs are 230, 2.24, 2.24, and 2.36 A, respectively, which
correspond to those of the (111) planes of face-centered cubic
(fcc) Au-Pd, Au@Pd, Pd, and Au, respectively (insets of
Figure S4a,c,e,g), indicating that the surfaces of all the
prepared NCs are bound by {111} facets.”*?*?"! For the
Au@Pd core-shell NCs, the lattice distance of the Pd shell
region was especially measured. FFT patterns further support
that all the octahedral NCs are single crystals enclosed by
{111} facets (Figure S4b,d,f,h). The X-ray diffraction (XRD)
patterns of the NCs also show the characteristic diffraction
peaks from the reflections of the fcc metal structure (Fig-
ure S5), demonstrating the crystalline nature of the prepared
NCs. For the Au-Pd alloy NCs, XRD peaks were observed
between the peak positions for Pd and Au NCs, revealing the
formation of single-phase Au-Pd alloy.

To investigate the influence of atomic distribution on the
catalytic activity of NCs, the electrocatalytic properties of the
NCs for formic acid oxidation were tested. For electrochem-
ical experiments, 2 ug of NCs (based on ICP-AES analysis)
were loaded onto a glassy carbon electrode (GCE) for each
sample. Since the elimination of surfactants and residual
organic materials on the NC surface is very critical for exact
catalysis experiments,®?! the NC-loaded electrodes were
precleaned by potential cycling between 0.25 and 1.0 V at a
scan rate of 50 mVs™' until stable cyclic voltammograms
(CVs) were obtained. For the Au NCs, potential ranging from
0to 1.45 V was used for electrochemical cleaning. The CVs of
the various NCs in 0.1m HCIO, are displayed in Figure 4a. In
the CVs of the Pd NCs, characteristic current peaks that can
be ascribed to the hydrogen adsorption/desorption on Pd-
(111) surface are identified around —0.2 and 0V, indicating
the effective removal of surfactants and organic materials
from the surfaces of the NCs by the electrochemical cleaning
process. The hydrogen adsorption/desorption peaks of the
Au-Pd alloy and Au@Pd core-shell NCs were positively
shifted relative to those of the Pd NCs. This result can be
attributed to the presence of Au on the surface and in the core
of NCs for the Au-Pd alloy and Au@Pd core-shell NCs,
respectively, which could modify the adsorption/desorption
characteristics of Pd for hydrogen. The Au NCs showed no
peak associated with hydrogen adsorption/desorption
because Au is inactive for hydrogen adsorption.” It is
noticeable that the oxidative currents of the Au-Pd alloy and
Au@Pd core-shell NCs from the formation of surface oxides
started at 0.6 V, whereas the onset potential of oxidative
current on the Pd NCs was 0.5 V. This finding implies that the
incorporation of Au into NCs could improve their resistance
to oxidation.

Figure 4b shows the formic acid electrooxidation activ-
ities of four different types of octahedral NCs. The CVs were
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Figure 4. CVs of the Au-Pd alloy, Au@Pd core-shell, Pd, and Au NCs on
GCE in a) 0.1m HCIO, and b) 0.1 M HCIO,+0.5m formic acid. Scan rate
50 mVs™'. Current values were normalized with respect to the ECSA.

c) Current densities and mass activities for formic acid oxidation on the

1000

four different types of NCs. d) Chronoamperometric curves of the NCs on

GCE in 0.1m HCIO,+ 0.5 m formic acid at 0.2 V vs. Ag/AgCl. Current
values were normalized with respect to the ECSA.

obtained in 0.1M HCIO, solution containing 0.5M formic acid,
and the current values were normalized to the electrochemi-
cally active surface areas (ECSA). The ECSA values were
calculated by measuring the coulombic charge for desorption
of the monolayer of oxygen.”*? As shown in the CV traces,
when the electrode potential was scanned from —0.2 to 1.0 V
vs. Ag/AgCl, distinct peaks assigned to the oxidation of
formic acid through the efficient formate pathway (see below)
were observed at about 0.3 V vs. Ag/AgCl on the Au-Pd alloy,
Au@Pd, and Pd NCs. Au NCs scarcely exhibited catalytic
activity for formic acid oxidation.”™ On the reverse scan,
small peaks attributed to the oxidation of adsorbed CO
intermediate were observed at 0.6 and 0.5 V vs. Ag/AgCl for
Au-Pd NCs and Pd NCs, respectively, were followed by the
oxidation of formic acid at similar potentials as those
observed in the forward potential sweep. It is noteworthy
that the current density of the Au-Pd alloy NCs is highest
among the various NCs over the entire potential region. The
peak current density of the Au-Pd alloy NCs was
12.3 mA cm 2, which is about 1.3 and 3.0 times higher than
those of the Au@Pd NCs (9.8 mAcm™) and the Pd NCs
(4.1 mA cm™), respectively (Figure 4c). Moreover, the cor-
responding mass activity of the Au-Pd alloy NCs was 0.42 A/
mgu, ps, Whereas those for the Au@Pd and Pd NCs were
0.35 A/mga,.ps and 0.24 A/mgp,, respectively (Figure 4c).
Interestingly, the Au@Pd core-shell NCs showed better
electrocatalytic activity than Pd NCs, although the surfaces
of the two NCs were composed of the same metal. This result
means that the incorporation of Au into the core and the
surface of Pd NCs could improve their electrocatalytic
performance. Chronoamperometric experiments at 0.2 V vs.
Ag/AgCl also reveal that the electrochemical stability of the
Au-Pd alloy NCs for formic acid electrooxidation is superior
to that of other NCs. The oxidation current on the Au-Pd
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alloy NCs at the end of measurement is higher than those on
the other NCs, and the current decay is the slowest among the
various NCs (Figure 4d). The catalysis experiments unam-
biguously demonstrate that Au enhances the properties of Pd
NCs although it cannot directly oxidize formic acid, and that
the atomic distribution in the NCs has a profound influence
on the electrocatalytic activities and stabilities of the NCs.
The electrocatalytic performances of the four different
catalysts follow the order Au-Pd alloy > Au@Pd core—shell
> Pd > Au NCs.

It has been widely accepted that formic acid oxidation can
proceed by the dual pathway shown in Equations (1) and
(2)'[34]

reactive intermediate (formate) pathway :
HCOOH — HCOO,, + H' +e¢° — CO,+ 2H" + e
1)

poisoning intermediate (CO) pathway : .
HCOOH — CO,, + H,0 — CO, + 2H" + 2¢ @
Since adsorbed CO generally disturbs formic acid oxida-
tion by blocking catalytically active sites, the formate pathway
is a more efficient route than the CO pathway, and it has been
reported to be the main pathway for formic acid oxidation on
Pd-based catalysts.*>>*! It can be speculated that the formate
pathway is more activated on both the Au-Pd alloy and
Au@Pd core-shell NCs than on the Pd NCs due to the
modification of the electronic structure of Pd by the
incorporation of Au. To investigate the change of the
electronic structure of Pd in the Au-Pd alloy and Au@Pd
core—shell NCs, all NCs were characterized by X-ray photo-
electron spectroscopy (XPS). Binding energies for Pd 3d of
the Au-Pd alloy and Au@Pd core—shell NCs shifted to lower
values than those of the Pd NCs (Figure S6). For example, the
Pd 3ds, binding energies of the Au-Pd alloy and Au@Pd
core-shell NCs are 335.5 and 335.6 eV, respectively, whereas
that of the Pd NCs is 337 eV. This modified electronic
structure of Pd in Au-Pd alloy and Au@Pd core-shell NCs
can optimize the binding energy between formate (HCOO,)
and Pd on the NC surface,”” thus resulting in enhanced
activities toward formic acid oxidation compared to Pd NCs
because decomposition of formate to CO, is a rate-determin-
ing step in the formate pathway.®*l
Although the formate pathway is the efficient main route
of formic acid oxidation, the CO pathway is frequently
involved together with the formate pathway in formic acid
oxidation. Therefore, a practical route to enhance the activity
of catalysts for formic acid electrooxidation is to eliminate the
adsorbed CO on their surfaces. In this regard, catalysts that
can easily oxidize adsorbed CO to CO, have shown excellent
activity toward formic acid electrooxidation. In several
previous reports, CO-stripping experiments were used to
evaluate the CO removal ability of NCs.**** Therefore, we
performed CO-stripping experiments to check the CO-
removal abilities of the NCs. The CO-stripping voltammo-
grams clearly reveal that the Au-Pd alloy NCs are the most
effective for CO oxidation (Figure S7). In addition, the
Au@Pd core-shell NCs were more efficient than the Pd
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NCs for CO removal. No CO stripping peak was observed on
the Au NCs. The higher CO removal abilities of bimetallic
Au-Pd NCs are responsible for the mixing effect of Au with
Pd. The incorporation of Au into Pd could induce the
improvement of the CO oxidation capability of the bimetallic
NCs through the lowering of CO adsorption energy,“” thus
more Pd active sites were available for the formic acid
oxidation. From the better CO-removal performance of Au—
Pd alloy NCs over Au@Pd NCs, it can be inferred that Au on
the surface (Au-Pd alloy NCs) more effectively blocks the
adsorption of CO than Au in the core (Au@Pd NCs), thus
resulting in the higher electrocatalytic activity and stability of
the Au-Pd alloy NCs over the Au@Pd NCs.

In summary, we have investigated the influence of atomic
distribution on the catalytic properties of bimetallic NCs
toward formic acid electrooxidation. For this study, Au-Pd
alloy, Au@Pd core-shell, Pd, and Au NCs with the identical
octahedral shape and with similar NC size were prepared to
exclusively examine the effect of atomic distribution on the
catalytic performance of NCs. The catalytic activities and
stabilities are highly dependent on the atomic distribution in
the NCs. The overall electrocatalytic performances of the
various catalysts follow the order Au-Pd alloy > Au@Pd
core-shell > Pd > Au NCs. Au-Pd bimetallic NCs exhibited
higher electrocatalytic activity and stability for formic acid
oxidation than those of monometallic NCs, and the Au-Pd
alloy NCs resulted in the largest improvement in the catalytic
activity. The enhanced reactivity of the Au-Pd alloy NCs can
be attributed to the modified electronic structure and their
excellent CO removal ability due to the promotional effect of
Au on the surface of NCs. This method can be extended to
other metal systems, and further improvement of catalytic
performance and its application to other catalytic reactions
are expected through more precise tuning of the morphology
and atomic distribution of NCs.
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