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ABSTRACT The development of an efficient synthesis method to produce multi- -
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possible applications. However, the controlled synthesis of NPs consisting of multiple
(n = 3) noble metal components has been relatively unexplored in comparison to
bimetallic NPs. In the present work, we have demonstrated a facile one-pot aqueous
approach for the controlled synthesis of trimetallic Au@PdPt core—shell NPs with a

|
& -
il

reducing agents, namely, ascorbic acid and hydrazine, gave a fine control over the nucleation and growth kinetics of NPs, resulting in the formation of novel

well-defined octahedral Au core and a highly crystalline dendritic Pd—Pt alloy shell

(Auy:@PdPt NPs). The simultaneous reduction of multiple metal precursors with dual

Au,@PdPt NPs. The prepared NPs showed excellent catalytic performance for methanol electrooxidation, which can be attributed to their optimized
binding strength toward adsorbate molecules due to the improved charge transfer between core and shell of the NPs. The present strategy can offer a
convenient and valuable way to fabricate multicomponent nanostructures with desired structures and functions.
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ynthesis of noble metal nanoparticles

(NPs) has attracted increasing atten-

tion because of their fascinating
applications in a variety of fields, such as
plasmonics,' ~3 chemical sensing,* surface-
enhanced Raman scattering (SERS),® 2 drug
delivery,®'® and catalysis.""'? Tremendous
effort has been especially devoted to the
synthesis of multimetallic NPs due to
their advantages, including high selectivity,
activity, and chemical/physical stability, in
comparison to those of the corresponding
monometallic components.’*>~'® As in the
case of monometallic NPs, the properties
of multimetallic NPs are entirely affected
by their shape. In particular, NP shape can
determine the overall catalytic properties
of NPs due to the presence of different types
of exposed facets on their surfaces.'”~'°
Accordingly, there have been many studies
in the past decades on the synthesis
of bimetallic NPs with well-defined mor-
phologies, such as octahedral,?®?' rhombic
dodecahedral,?? prismatic,23’24 cubic,?~%
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wire-like,222° flower-like,2%3" and dendritic
NPs,3273% as well as high-index-faceted
NPs,*>739 for tuning the catalytic activity
and selectivity of NPs in various chemical
and electrocatalytic reactions.

Despite great advances in this field, the
controlled synthesis of NPs consisting of
multiple (n = 3) noble metal components
has been relatively unexplored in compar-
ison to bimetallic NPs, although they can
provide new insights into the structure—
composition—property relationships in noble
metal NPs. There have been a few reports
on the preparation of trimetallic NPs with
well-defined morphologies. For example,
Puntes et al. reported the preparation
of Pd—Au—Ag nanoboxes from Ag nano-
cubes by sequential or simultaneous gal-
vanic exchange and Kirkendall growth.*
Yamauchi and co-workers reported the
synthesis of spherical Au@Pd@Pt triple-
layered core—shell NPs, which have better
catalytic activity than bimetallic core—
shell NPs.*"*2 Very recently, we succeeded
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in the production of Pt—Pd—Ag ternary alloy nano-
tubes with a nanoporous framework using ZnO nano-
wires as sacrificial templates.*® Nevertheless, it is still
a highly challenging task to design and synthesize
multimetallic NPs with well-defined morphologies
due to the formidable difficulties in controlling the
nucleation/growth kinetics of NPs in the presence of
multiple metal precursors with different reduction
potentials. As such, preformed NP seeds or structure-
directing templates have been commonly employed
to generate nanostructures with multiple metallic
constituents. Therefore, the development of an effi-
cient and straightforward synthetic route to prepare
multimetallic NPs with a desirable structure is quite
demanding to determine their characteristics and
investigate their possible applications.

We demonstrate here that trimetallic Au@PdPt core—
shell NPs with a well-defined octahedral Au core and
a dendritic Pd—Pt alloy shell (Au,;@PdPt NPs) can be
synthesized in a high yield by a facile aqueous one-pot
synthesis method with no assistance of a presynthe-
sized seed or template. The co-reduction of multiple
metal precursors with dual reducing agents (ascorbic
acid and hydrazine) gave a fine control over the nuclea-
tion and growth kinetics of NPs, resulting in the forma-
tion of Auy,@PdPt NPs. Since the present one-pot
method does not require multiple steps, such as seed
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Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of the Au,@PdPt NPs. HAADF-STEM image of a NP is shown in the inset of

preparation and an intermediate workup process, the
synthesis of multimetallic NPs with a well-defined shape
could be greatly simplified. Furthermore, the prepared
NPs showed excellent catalytic activity and stability for
the electrooxidation of methanol in acidic media.

RESULTS AND DISCUSSION

In a typical synthesis of Au,.@PdPt NPs, a HAuCl,/
K,PdCl4/K,PtClg mixture in a molar ratio of 1:1:1 was
simultaneously reduced by both ascorbic acid and
hydrazine in the presence of cetyltrimethylammonium
chloride (CTAC) (see the Method section for details).
Figure 1a and b show representative scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM) images of the as-synthesized Au,@PdPt
core—shell NPs, respectively, demonstrating the high-
yield (>90%) production of NPs. The high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) and high-
resolution TEM (HRTEM) images of a NP clearly show
that NPs have an octahedral shape overall, which
consists of an octahedral core and a uniform dendritic
shell (inset of Figure 1b and c). The average edge
length of the Au,@PdPt NPs measured by TEM
images was 61.0 = 1.3 nm. The average edge length
of the core and the shell thickness were 38.3 + 3.8 and
13.6 + 1.6 nm, respectively. The high-magnification
HRTEM image (Figure 1d) and corresponding selected

(b). Scale bar indicates 20 nm. (d) High-magnification HRTEM image of the square region in (c). (¢) HAADF-STEM image and
cross-sectional compositional line profiles of an Au,@PdPt NP. Scale bar indicates 20 nm. (f) HAADF-STEM-EDS elemental

mapping images of an Au,@PdPt NP.
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Figure 2. TEMimages of NPs collected at different reaction times: (a-1) 1, (a-2) 10, (a-3) 20, (a-4) 40, (a-5) 60, (a-6) 100, (a-7) 120,
and (a-8) 150 min. Scale bars indicate 50 nm. (b) Photographs of reaction solution reacted under different reaction times.
(c) Schematic illustration of the formation mechanism of the Au,..@PdPt NPs.

area electron diffraction (SAED) pattern of the square
region in Figure 1c (Figure S1a in the Supporting
Information (SI)) demonstrate the single crystallinity
of the Pd—Pt shell in the prepared NPs. The d-spacing
of 0.22 nm for adjacent lattice fringes matches well
with that of the (111) planes of face-centered cubic
(fcc) Pd—Pt alloy,*** indicating that the exposed
facets of the Pd—Pt shell in the Auy@PdPt NPs are
mostly {111}. HAADF-STEM—energy-dispersive X-ray
spectroscopy (EDS) measurements were performed to
get more insight into the distribution of each element
in the NPs. As shown in Figure 1e, the cross-sectional
compositional line profiles reveal the presence of a Au
core and a Pd—Ptalloy shell in the Au,@PdPt NPs. EDS
elemental mapping images further confirm the core—
shell structure of the Au,@PdPt NPs (Figure 1f). The
X-ray diffraction (XRD) pattern of the Au,..@PdPt NPs
also reveals their core—shell structures (Figure S2a in
SI). Typical diffraction peaks, which could be indexed to
the reflections of fcc structure of metal, were observed.
Notably, peak positions are similar to those of pure Au.
However, each XRD peak has an asymmetric line
shape inclined toward the higher-angle side. This can
be attributed to the Pd—Pt shell, in line with previous
observations for other bimetallic core—shell NPs364
The Au:Pd:Pt atomic ratio of the Auy@PdPt NPs was
estimated to be 55:25:20 by inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES).

The morphological evolution of the NPs was investi-
gated by measurement of the TEM images of NPs
sampled at different reaction times (Figure 2a). Octahe-
dral NPs with an average edge length of 30.3 + 2.0 nm
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were initially formed in 1 min (Figure 2a-1). After 10 min
of reaction, small protrusions started to grow over
the surface of the NPs (Figure 2a-2), and numerous
branches were clearly visible after 20 min (Figure 2a-3).
These dendritic branches grew further as the reaction
time increased (Figures 2a-4—7), and eventually, well-
defined Auy@PdPt core—shell NPs were produced in
150 min (Figure 2a-8). The shape evolution of the NPs
was also reflected in the color change of the reaction
solution (Figure 2b). The color of the solution changed
from turbid yellow to pink, dark brown, and finally
to black over the course of reaction, which corresponds
to the sequential formation of Au NP cores and
Au,@PdPt core—shell NPs (Figure 2c). The change in
composition of each metal element and the variation of
NP size during the reaction estimated by ICP-AES and
TEM analyses, respectively, further confirmed that Au
precursors were initially reduced to form Au NP cores,
followed by the deposition of Pd and Pt onto the formed
Au cores (Figure 3).

The formation of Au,.@PdPt core—shell NPs could
be the result of controlled nucleation/growth kinetics
of NPs, which was manipulated by the reducing
agents used in the synthesis, i.e., ascorbic acid and
hydrazine. To decipher the formation mechanism of
the Au,.@PdPt NPs, several control experiments were
performed. In a previous work, we showed that Au@Pd
core—shell nanocrystals with {111}-faceted octahedral
structure were formed when AuCl,”™ and PdCl,™ pre-
cursors were co-reduced by CTAC at ~90 °Cin an oven
for 48 h in the absence of additional reducing agent.*®
On the basis of this fact, the growth of octahedral

A N N
VOL.7 = NO.9 = 7945-7955 = 2013 A@@L%{\j

WWW.acsnano.org

7947



1104 —u—Au 65
1004 = —e—Pd I
—a— Pt I 60
901 —*x— NP size
% 80 . 1 55
g 709 .\ 50 5
E w0 . T o,
e} — N
® 504 1 *:L 45 ©
o I/J. T =
S 40 4o 3
% I/J_
o 304 J_I/j' L s .
g_ 204 /./,/ — i ol
0] ¥ /‘/4 L5
Ak
04 &
. ————— —1+25

T T T x T
0 20 40 60 80 100 120 140 160
Time / min

Figure 3. Compositional changes for each metal element
and the variation of NP size during the reaction estimated
by ICP-AES and TEM analyses, respectively.

Au@Pd—Pt core—shell nanocrystals is expected when
Pt precursor is added in this system. However, as
shown in Figure 4, dendritic Au@PdPt NPs with sphe-
rical shape overall (Aug,n@PdPt NPs) were formed
when the mixture of HAuCl,/K,PdCl,/K,PtClg in a molar
ratio of 1:1:1 was co-reduced with CTAC without
any additional reductants, such as ascorbic acid
and hydrazine, at 95 °C in an oven for 48 h. SEM and
TEM images of the products showed that Aus,n@PdPt
NPs have a spherical structure with an average size of
43.3 £ 5.1 nm (Figure 4a and b). The average core
diameter and shell thickness were 27.8 £ 3.9and 7.6 +
1.3 nm, respectively. HAADF-STEM, EDS, and XRD
measurements revealed the core—shell structure of
the NPs (Figure 4c and d, Figure S2b in Sl), consisting of
a spherical Au core and a dendritic Pd—Pt alloy shell.
The Au:Pd:Pt atomic ratio of the Aus,,@PdPt NPs
was determined to be 41:32:27 by ICP-AES. Notably,
in contrast to the case of Au,@PdPt NPs, the SAED
pattern obtained from the shell of Aus,n@PdPt NPs
indicated the polycrystalline nature of the Pd—Pt shell
(Figure S1b in Sl), implying that the structure of the Au
NP core can determine the crystallinity of the Pd—Pt
shell grown on its surface.*” From these observations,
it can be inferred that the existence of a Pt precursor
might affect the NP growth habit by interacting with a
surfactant and/or other metal precursors (vide infra). In
fact, the presence of multiple metal precursors in the
reaction media induces complicated reduction kinetics
as a result of mutual interaction as well as complexa-
tion with surfactant molecules and reductants.*®~>°
The successful generation of the Au,.@PdPt core—
shell NPs with well-defined octahedral Au core and
dendritic Pd—Pt shell was achieved exclusively when
both ascorbic acid and hydrazine were employed
in the synthesis as reducing agents. When ascorbic
acid was solely used as a reductant in the synthesis,
dendritic Pd—Pt alloy NPs were produced instead
of ternary Au—Pd—Pt NPs (Figure S3a and b in SI).
Elemental mapping of Pd and Pt on the prepared NPs
(Figure S3c in Sl) and compositional line profiles on an
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Figure 4. (a) SEM and (b) TEM images of the Au,,,@PdPt
NPs. (c) HAADF-STEM image and cross-sectional composi-
tional line profiles of an Au,,,@PdPt NP. Scale bar indicates
20 nm. (d) HAADF-STEM-EDS elemental mapping images of
the Au,,,@PdPt NP.

individual NP (Figure S3d in Sl) obtained by HAADF-
STEM-EDS reveal that the synthesized NPs were defi-
nitely a Pd—Pt alloy. The Pd:Pt atomic ratio of the
dendritic Pd—Pt alloy NPs was estimated to be 65:35
by ICP-AES. Surprisingly, despite the higher reduction
potential of an Au precursor than Pd and Pt ones (the
standard reduction potentials of Au(lll) (AuCl,"/Au),
Pd(ll) (PACl,> /Pd), and Pt(IV) (PtCls> /Pt) are +1.498,
+0.591, and +0.68 V vs SHE (standard hydrogen
electrode), respectively),”'*? Au was not detected in
the elemental analysis of NPs with EDS (Figure S3e in SI)
and ICP-AES. As previously mentioned, the nucleation
and growth mechanism of NPs in the presence of
multiple metal precursors and surfactant molecules
cannot be explained simply in terms of the reduction
potentials of the metal precursors due to their compli-
cated reduction kinetics. On the other hand, polyhedral
Au NPs with a variety of shapes were produced when
mixed metal precursors were reduced only by hydra-
zine, while the other experimental conditions were
kept unchanged (Figure S4a and b in SI). Noticeably,
the EDS elemental analysis for the prepared NPs
showed no signal of Pd or Pt (Figure S4c in SI).
These findings unambiguously demonstrate that the
use of dual reductants is indispensable for the success-
ful formation of trimetallic Auy(@PdPt core—shell NPs
under our experimental conditions: hydrazine and
ascorbic acid facilitate, respectively, the generation of
the Au core and dendritic Pd—Pt shell of NPs.
Regarding the formation mechanism of the Au,.@
PdPt NPs, a remaining issue is the origin of the forma-
tion of octahedral Au NP cores. In this regard, it is worth
pointing out that homogeneous Au NPs with an octa-
hedral shape (average edge length = 45.8 + 3.8 nm)
were produced when a HAuCl,/K,PdCl, mixture was
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Figure 5. (a) SEM and (b) TEM images of NPs prepared by reducing the HAuCl,/K,PdCl,; mixture by hydrazine. (c) EDS
spectrum of the prepared NPs. (d) UV—vis absorption spectra of the reaction solution (black curve) and an aqueous solution

containing Pd precursor and CTAC (red curve).

reduced by hydrazine (Figure 5a and b), whereas
the reduction of a HAuCl,/K,PdCl,/K,PtClg mixture by
hydrazine yielded polyhedral Au NPs of various shapes
(Figure S4 in Sl). The EDS analysis of the purified NPs
showed no signal of Pd (Figure 5c¢). The UV—vis absorp-
tion spectrum of the reaction solution showed an
absorption peak at 553 nm, which can be assigned
to the dipole surface plasmon resonance (SPR) mode
of octahedral Au NPs (Figure 5d).>* Interestingly, an
additional strong absorption peak was also identified
at 285 nm in the UV—vis spectrum. From the compar-
ison with the UV—vis absorption spectrum of an aqu-
eous solution containing Pd precursor and CTAC, this
peak can be assigned to the ligand-to-metal charge
transfer (LMCT) peak of a complex formed between Pd
precursor and CTAC molecules.>* These experimental
results explicitly indicate that the Pd precursor—CTAC
complex plays a crucial role in the formation of Au NPs
with the well-defined octahedral shape. In fact, it has
been reported that Pd precursor—surfactant molecule
complexes manipulate the nucleation and growth of
NPs, thus providing fine control over the final morphol-
ogy of products.>**>~>” When other non-ammonium
surfactants, such as sodium dodecyl sulfate (SDS),
F127, P123, and Brij58, were used instead of CTAC,
NPs of various shapes with nonuniform size were
produced (Figure S5 in Sl). The production of inhomo-
geneous Au NPs with hydrazine in the presence of Pt
precursors can then be ascribed to the inhibition of
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complex formation between the Pd precursor and the
surfactant molecules by the Pt precursor due to its
stronger binding affinity to N-containing surfactant
molecules than Pd precursor.>° On the basis of these
observations and findings together with the fact that
the Au,@PdPt NPs with well-defined octahedral
Au NP cores were formed when both ascorbic acid
and hydrazine were used, we can infer that ascorbic
acid not only facilitates the deposition of a Pd—Pt
shell on a Au core but also effectively prohibits the
aforementioned inhibition action of Pt precursor,
thus promoting the structure-directing activity of the
Pd precursor—CTAC complex toward the formation
of an octahedral Au core. Taken together, we can
identify the formation mechanism of the Au,.@PdPt
NPs (Figure 2c). At the initial stage of reaction, Au pre-
cursors are reduced by hydrazine to form octahedral
Au NP cores with the assistance of the Pd precursor—
CTAC complex as a structure-regulating agent. Subse-
quently, Pd—Pt alloy shells are grown on the surface of
the Au cores by ascorbic acid.

A series of control experiments with different ratios
of metal precursors and reducing agents compared to
the standard synthesis conditions validated further the
proposed mechanism and the importance of growth
kinetic control for the formation of Aug..@PdPt NPs.
For instance, reactions with 2:1:1 and 1:1:2 molar ratios
of a HAuCl,/K,PdCl,/K,PtClg mixture did not yield well-
defined Au,.@PdPt NPs (Figure S6a and b in Sl);
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instead, irregularly shaped NPs with a broad size dis-
tribution were produced. It can be inferred that the
relative concentration of Pd precursor is not enough to
direct the formation of homogeneous Au NP cores with
octahedral shape in the case of the 2:1:1 molar ratio of
mixed metal precursors, and ascorbic acid cannot fully
prohibit the inhibition action of Pt precursor in the case
of the 1:1:2 ratio of mixed metal precursors due to the
high relative concentration of Pt precursor. In contrast,
when a metal precursor mixture with 1:2:1 molar ratio
was used, uniform-sized Au@PdPt NPs were generated
(Figure Séc in Sl). However, the shape of the Au core
could not be regulated (Figure S6d in Sl), indicating
that the excess amount of Pd precursor cannot effec-
tively drive the formation of uniform octahedral Au NP
cores. These results reveal that the proper Au/Pd/Pt
ratio in the precursor solution can generate well-
defined Au,@PdPt NPs through fine control over
the nucleation/growth kinetics of Au cores. In addi-
tion, the relative concentration of hydrazine and as-
corbic acid was also crucial for the formation of the
Auy@PdPt NPs. When the concentration of hydrazine
was decreased by half, while the other conditions
were retained, large core—shell NPs with no particular
shape were produced (Figure S7a in Sl). This implies that
the concentration of hydrazine was not sufficient
to produce the appropriate amount of Au NP cores
with octahedral shape. On the contrary, Au,@PdPt
NPs were obtained by increasing the concentration of
hydrazine by 2-fold; however, the yield was less than
50% (Figure S7b in SI). On the other hand, decreasing
the concentration of ascorbic acid by half under other-
wise identical experimental conditions to the standard
procedure did not lead to the formation of Au,.;@PdPt
NPs (Figure S7c in SI). This can be ascribed to the
fact that the low concentration of ascorbic acid cannot
effectively block the inhibition action of Pt precursor,
as in the case of reaction with a 1:1:2 molar ratio
of a HAuCl,/K,PdCl,/K,PtClg mixture (Figure S6b in
Sl). Meanwhile, the low-yield (~50%) production of
Au,:@PdPt NPs with somewhat thick Pd—Pt shells was
observed when the concentration of ascorbic acid
was increased by 2-fold (Figure S7d in SI). These
findings collectively verify the formation mechanism
of the Au,:@PdPt NPs and distinctly demonstrate that
maneuvering the NP growth kinetics by employing
the proper amount of metal precursors and reductants
is the key to controlling the final morphology of NPs.
The electrocatalytic activity of the Au,@PdPt NPs
toward methanol oxidation was tested to investigate
the catalytic performance of the prepared NPs, and the
results were compared with those of the Aug,,@PdPt
NPs (Figure 4), dendritic Pd—Pt alloy NPs (Figure S3in SI),
and a commercial Pt/C catalyst (Johnson Matthey, 20 wt
%, average Pt particle size = 3 nm, see Figure S8 in SI).
The surface compositions of the Auy@PdPt, Aug,,@
PdPt, and dendritic Pd—Pt NPs were determined to be
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Figure 6. (a) CVsin 0.1 MHCIO, + 0.5 M methanol of Au,@
PdPt NPs, Aug,,@PdPt NPs, dendritic Pd—Pt alloy NPs,
and Pt/C catalysts. Scan rate = 50 mV s 1. (b) CA curves
for the various catalysts in 0.1 M HCIO,4 + 0.5 M methanol at
0.6 V vs Ag/AgCl.

Pd:Pt = 49:51, 50:50, and 48:52, respectively, by X-ray
photoelectron spectroscopy (XPS), indicating that these
NPs had similar surface compositions. Figure 6a shows
the cyclic voltammograms (CVs) of methanol oxidation
obtained with different catalysts, in which characteristic
methanol oxidation peaks are identified in the forward
and backward sweeps. The currents were normalized to
the electrochemically active surface area (ECSA) of each
catalyst, which was calculated by measurement of the
Coulombic charge for hydrogen underpotential desorp-
tion in the CVs of catalysts in 0.1 M HCIO, (Table 1 and
Figure S9 in SI). It is apparent that the catalytic activity
of the Au,@PdPt NPs is significantly higher than
those of other catalysts: the peak current density of
the Auy@PdPt NPs is 2.7, 3.9, and 5.2 times higher than
those of the Aus,n@PdPt NPs, dendritic Pd—Pt alloy
NPs, and Pt/C, respectively (Table 1). Furthermore, the
Au,@PdPt NPs exhibited a greatly improved mass
activity compared to those of other catalysts (Table 1).
It is worth mentioning that a large difference in catalytic
performance was observed between the Au,.@PdPt
and Au,,,@PdPt NPs, although both NPs had Au@PdPt
core—shell structures consisting of a Au NP core and a
dendritic Pd—Pt alloy shell, and they showed similar
ECSA values and surface compositions. This demon-
strates that the shape of the Au core has a profound
effect on the catalytic activity of NPs. Furthermore, the
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TABLE 1. ECSA and Catalytic Properties toward Methanol
Oxidation for Each Catalyst

ECSA current density mass activity

catalyst m*g™)  (mAam ) (mA mgp, ")
Auo@PdPt NPs 69.3 £22 2.19 £ 0.04 1485 + 26
Aug,,@PdPt NPs 676 £ 69 0.802 & 0.039 5045 £ 24.6
dendritic Pd—Pt alloy NPs  16.7 &= 1.8 0.566 = 0.015 1021 £ 2.7
Pt/C 343 + 04 0403 & 0.022 1493 £ 8.1

chronoamperometry (CA) curve for the Au,@PdPt NPs
exhibited a slower current attenuation with much high
retention of current after 1000 s compared to other
catalysts (Figure 6b), revealing that the octahedral Au
core of the Au,@PdPt NPs could promote catalytic
stability as well as activity in the electrooxidation of
methanol.

A comparison of the catalytic activity of different
catalysts explicitly indicates that the pronounced elec-
trocatalytic activity of the Auy,q@PdPt NPs can be
attributed to the presence of the well-defined octahe-
dral Au NP core and the Pd—Pt alloy shell of the NPs.
The electrocatalysis experiments showed that the cat-
alysts consisting of bimetallic Pd—Pt alloy surfaces
have higher specific activities for methanol electroox-
idation than the Pt/C catalyst. It is widely known that
the catalytic function of Pt can be enhanced by alloying
with Pd due to the synergism between Pt and Pd.®%¢
In addition, the presence of a high-index stepped
surface in the dendritic Au@PdPt and Pd—Pt NPs might
also contribute to their enhanced catalytic function.?
On the other hand, the higher catalytic activities of
Au@PdPt catalysts compared to that of dendritic
Pd—Pt alloy NPs can be ascribed to the promoted
electronic structure modification of Pt by the Au cores.
In core—shell NP catalysts, the modification of the
electronic structure of the shell metal through a charge
transfer between core and shell elements plays a
decisive role in determining the catalytic activity of
NPs, as it can tune the binding energy of reaction
intermediates on the NP surfaces.%>~%® For instance,
Ngrskov et al. reported that the rate of reaction cata-
lyzed by core—shell NPs increases as the d-band center
of the shell metal is shifted more negatively with
respect to the Fermi level due to the decreased ad-
sorption strength of intermediates.®”’ %° In fact, XPS
measurements on the Pt 4f core level of the different
catalysts revealed that the Pt 4f binding energies of the
Au@PdPt NPs were blue-shifted compared to that of
the dendritic Pd—Pt alloy NPs (Figure S10 in SI). Con-
sidering the high correlation between core level and
valence band XPS measurements,”®’" this indicates
that the d-band centers of the Au@PdPt NP catalysts
shifted downward compared to that of the dendritic
Pd—Pt alloy NP catalyst. Therefore, the enhanced
electrocatalytic activities of the Au@PdPt NP catalysts
can be attributed to their optimized binding affinity for
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Figure 7. SERS spectra of 4-NBT obtained with the Au,,@
PdPt, Au,,,@PdPt, and dendritic Pd—Pt alloy NPs.

adsorbates compared to the Pd—Pt alloy NP catalyst.
More interestingly, the Au,@PdPt NPs had more posi-
tive Pt 4f binding energy than the Au,,n@PdPt NPs,
which was in good accordance with the electro-
catalysis results. This reveals that the charge transfer
between the Au core and the Pd—Pt shell could
be more facilitated in the Au,@PdPt NPs compared
to the Aug,n@PdPt NPs, resulting in their highly
pronounced electrocatalytic activity. The enhanced
charge transfer in the Au,@PdPt NPs might be due
to their inherent structural characteristics. The well-
defined octahedral Au core and the highly crystalline
Pd—Pt alloy shell of the NPs can ensure the formation
of a core/shell interface with very few defects. Recently,
a similar core morphology-dependent electrical prop-
erty of core—shell NPs was reported by Huang et al,
where Au—Cu,0 core—shell NPs with an octahedral
shape were more conductive than those with a cubic
morphology because an octahedral Au NP core could
provide a conduction pathway to enhance the con-
ductivity of core—shell NPs.”? This together with our
findings indicates that the shape of the inner core of
core—shell NPs should exert a significant effect on the
charge transfer characteristics of NPs.

In order to gain more insight into the improved
charge transfer in the Au,@PdPt NP system, we in-
vestigated the surface-enhanced Raman scattering
properties of the prepared NPs. Figure 7 shows the
SERS spectra of 4-nitrobenzenethiol (4-NBT) obtained
with the Au,@PdPt NPs, Au,,@PdPt NPs, and dendri-
tic P[d—Pt alloy NPs. Prominent SERS peaks at 1336 cm ™
associated with the symmetric stretching vibration
of the nitro group (v5(NO,)) show that the nitro group
was not changed upon the adsorption of 4-NBT on the
NP surfaces.”® Interestingly, the SERS intensity of 4-NBT
on the Au,@PdPt NPs was about 2 and 4 times higher
than those on the Au,,n@PdPt NPs and dendritic Pd—Pt
alloy NPs, respectively. The enhanced SERS signals from
the Au,(@PdPt and Au,,,@PdPt NPs compared to the
Pd—Pt NPs can be attributed to the long-range effect
of the strong electromagnetic field generated by the
plasmonic Au cores of the NPs.”*”> In fact, the UV—vis
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extinction spectra of the Auy,@PdPt and Au,,,@PdPt
NPs in water exhibited broad SPR peaks in the range
500—600 nm, which can be attributed to the dipole
plasmon resonance of the Au core (Figure S11in SI). The
SPR peaks of the Au@PdPt NPs were broadened and
decreased in intensity compared to that of bare Au NPs
(Figure 5d) due to the damping of the dipolar plasmon
oscillations of the Au cores by the Pd—Pt shells.”5””
Notably, despite the similar SPR absorption features
of both Au@PdPt NPs, the Au,q@PdPt NPs showed
a 2-fold increase in SERS intensity as compared to the
Au,,,@PdPt NPs. The cause of this enhanced SERS activity
of the Au,«@PdPt NPs may be the facilitation of the
charge transfer in the NPs. Although the enhance-
ment of the localized electromagnetic field due to the
SPRis indeed the main contribution for SERS on metal
nanostructures (the electromagnetic enhancement
mechanism), the charge transfer between metal
and adsorbate molecules can also contribute to the
SERS effect of nanostructures to some extent because
it is a resonance Raman-like process (the chemical
enhancement mechanism).”® 8% The results of SERS
measurements thus revealed the improved charge
transfer in the Au,@PdPt NP system, which was in
good agreement with the electrocatalysis and XPS
results. Further experimental and theoretical studies
on the catalytic properties and charge transfer ki-
netics of the Au,.@PdPt NPs are required to clarify
the enhanced catalytic function of the NPs, and such
studies are ongoing in our laboratory.

METHODS

Chemicals and Materials. HAuCl, (Aldrich, 99.99+%), K,PdCl,
(Aldrich, 98%), K,PtCls (Aldrich, 98%), ascorbic acid (Dae Jung
Chemicals & Metals Co., 99.5%), CTAC (Aldrich, solution in water,
25 wt %), hydrazine hydrate (N,H,;-H,O, Aldrich, 64%), Pt/C
(Johnson Matthey, 20 wt %), and 4-NBT (TCl, >90%) were all
used as received. Milli-Q water with a resistivity of greater than
18.0 MQ - cm was used in the preparation of aqueous solutions.

Synthesis of the Au,@PdPt NPs. In a typical synthesis of Au,@
PdPtNPs, 1 mL of a 5 mM aqueous solution of a HAuCl,/K,PdCl,/
K,PtClg mixture in a molar ratio of 1:1:1 was added into 5 mL of
a 100 mM aqueous solution of CTAC. To this solution was added
an aqueous solution of ascorbic acid (100 mM, 50 L), and the
mixture was shaken gently. Then, 50 uL of a 16.81 mM aqueous
solution of hydrazine was added, and the resultant solution
was sealed, heated to 95 °C in a conventional forced-convection
oven, and maintained at that temperature for 150 min. The
resultant hydrosol was subjected to centrifugation (11000 rpm
for 5 min 30 s, three times) to remove excess reagents.

Characterization of NPs. SEM images of the samples were taken
with a field-emission scanning electron microscope (FESEM,
FEI model Nova230). TEM images of EDS data were obtained
with a JEOL JEM-2010 transmission electron microscope oper-
ating at 200 kV after placing a drop of hydrosol on carbon-
coated Cu grids (200 mesh). HRTEM, HAADF-STEM, and SAED
measurements were performed with a FEl Tecnai G2 F30 Super-
Twin transmission electron microscope operating at 300 kV.
XRD patterns were obtained with a Bruker AXS D8 DISCOVER
diffractometer using Cu Kot (0.1542 nm) radiation. The com-
position of products was determined by ICP-AES (OPTIMA
3300DV). XPS measurements were carried out using a Thermo
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CONCLUSION

We have developed a facile one-pot aqueous syn-
thesis method for the production of trimetallic
Au@PdPt core—shell NPs with a well-defined octahe-
dral Au core and a highly crystalline Pd—Pt alloy shell.
The successful synthesis of Au,..@PdPt NPs was ac-
complished by control over the nucleation and growth
kinetics of NPs, which was manipulated by the redu-
cing agents used in the synthesis. The prepared NPs
showed excellent electrocatalytic performance toward
methanol oxidation as compared to other catalysts.
The enhanced catalytic function of the Au,.:@PdPt
NPs can be attributed to their optimized binding
affinity for adsorbates due to the improved charge
transfer between the core and shell of the NPs. The
facilitated charge transfer in the Au,.@PdPt NPs
originates from their well-defined structural charac-
teristics, revealing the importance of core structure
in the application of core—shell NPs. We expect that
the present work will be extended to the synthesis
of other multicomponent nanostructures with de-
sired functions, and further improvement of catalytic
function and its application to other valuable chemi-
cal reactions are expected through precise tuning
of the structure and composition of NPs. Further-
more, given the prominent catalytic activity as well as
the distinct SERS efficiency of the Au,.@PdPt NPs,
label-free in situ SERS monitoring of catalytic reac-
tions can be realized using the presented core—shell
nanostructure.®'82

VG Scientific Sigma Probe spectrometer with Al Ko X-ray
(1486.6 eV) as the light source. XPS data were calibrated using
the C 1s peak at 284.6 eV.

Electrochemical Measurements. CV and CA measurements were
carried out in a conventional three-electrode cell using a CH
Instruments model 600C potentiostat. The working electrodes
were fabricated by dropping electrocatalysts onto glassy car-
bon electrodes (GCEs) with a diameter of 3 mm. Pt wire and Ag/
AgCl (in saturated NaCl) were used as the counter and reference
electrodes, respectively. Prior to catalyst loading, the GCEs were
polished with alumina powder and washed thoroughly with
Milli-Q water. The amount of electrocatalysts loaded onto the
GCE was adjusted to 14.08 ugp. cm 2 based on the ICP-AES data.
The electrocatalysts-modified GCEs were covered with 0.05%
Nafion solution and dried at room temperature. The dried GCEs
were cleaned again by washing with water and then electro-
chemically cleaned by 25 potential cycles at a scan rate of
50 mV s~ between —0.20 and 1.00 V vs Ag/AgCl in 0.1 M HCIO,
to remove residual stabilizing agents on the catalyst surfaces. All
CVs were obtained at room temperature. The electrolyte solu-
tions were purged with high-purity N, gas before use for about 1 h.
The ECSA was estimated by the following equation: ECSA =
Q./qo, Where Q, is the surface charge that can be obtained
from the area under the CV trace of hydrogen desorption (see
Figure S6 in SI) and q,, is the charge required for desorption of a
monolayer of hydrogen on the Pd—Pt (Au@PdPt and dendritic
Pd—Pt NPs) or Pt surface (Pt/C) (211 or 210 uC/cm? for Pd—Pt or
Pt surface, respectively).®

SERS Measurements. For SERS measurements, drop-cast films
of NPs on a Si substrate were soaked in 0.1 mM 4-NBT solution in
water for 6 h and then washed with ethanol and dried under
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room temperature. SERS spectra were obtained using a Horiba
Jobin Yvon LabRAM HR spectrometer equipped with an integral
microscope (Olympus BX 41). The 632.8 nm radiation from
an air-cooled He/Ne laser was used as the excitation source.
The laser beam (4.25 mW) was focused onto a spot (ca. 1 mm
diameter) with an objective lens (50x, NA = 0.50). Data acquisition
times were usually 15 s. The holographic grating (600 grooves/mm)
and the slit allowed a spectral resolution of 1 cm~". The Raman
band of a Si wafer at 520 cm ™' was used to calibrate the spectro-
meter. All SERS spectra were obtained by averaging more than five
spectra recorded at different areas on the surface.
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