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Uniform and well-defined truncated trisoctahedral and nanodendrites®® and mesoporous nanocrystals?® have been
octahedral Pt-Au alloy nanocrystals were fabricated by co- s prepared. Generally, however, it is very difficult for the formation
reducing H,PtClg/HAUCI, with tetraethylene glycol (TEG) of a homogenous bimetallic Pt-Au alloy state due to the different

under microwave irradiation for only 140 s. lodide ions were ~ reduction kinetics of Pt(IV) and A1U7(|||) ions, as well as complex
critical to the morphological control and evolution of Pt-Au reaction environment in solution.”" The phase segregation was
alloy nanostructures. The as-prepared Pt-Au alloy often reported.”® Therefore, the creation of bimetallic Pt-Au alloy
nanocrystals exhibited efficient electrocatalytic activities. = nanoparticles is worthy of exploring. _

Herein, microwave irradiation was employed in the shape-
Bimetallic alloy or core-shell nanostructures with uniform sizes ~ controlled synthesis of bimetallic Pt-Au alloy nanocrystals, and
and well-defined morphologies have been paid much attention for ~ unique single-crystalline truncated trisoctahedral Pt-Au alloy
decades Owing to their unique properties and potentia| nanostructures as well as octahedral Pt-Au a||0y nanocrystals
applications in catalysis, optics, and electronics." Especially, their e were obtained in a high yield by one-step method with no
properties, which are strongly dependent upon their sizes, shapes, ~ assistance of pre-synthesized seed or template under microwave
compositions and surface structures, may be superior to those of irradiation in an extremely short time. The presence of iodide
the corresponding monometallic nanoparticles because of their ions was critical to the formation of Pt-Au alloy nanocrystals by

tunable elemental compositions as well as the synergistic effects ~ adjusting the reduction kinetics of Pt and Au precursors. lodide
between bimetal components.? Up to now, a lot of efforts have s ions, microwave penetration as well as co-reduction of Pt and Au

been devoted to the shape-controlled synthesis of bimetallic precursors gave a fine control over the nucleation and growth
nanopartidesi and many bimetallic nanocrysta|s with core-shell kinetics, resulting in the formation of Pt-Au aIon nanostructures
or a||0y structures have been obtained. Genera"y’ a tWO_step with well-defined shapes. The electrocatalytic properties of the
seed-mediated method® has been widely used to generate  as-prepared Pt-Au alloy nanocrystals were also investigated.

bimetallic core-shell nanocrystals with special geometries though 70 In a typical synthesis, together with the use of tetraethylene
a few one-step strategies were also used, while galvanic ~ glycol (TEG) as both a solvent and a reducing agent, a mixed
replacement,® Kirkendall effect® or/and co-reduction®* as well as solution of H,PtClg/HAUCI, with a molar ratio of 1/1 in TEG was
their simultaneous or Sequentia| acti0n59 have usua”y been reduced simUltaneOUSly under microwave irradiation for 140 s in
employed to prepare shaped bimetallic alloy nanoparticles.  the presence of polyvinylpyrrolidone (PVP) and potassium iodide

However, compared with the preparation of bimetallic core-shell 7 (KI) (see ESI for details). The representative transmission
nanostructures, shape-controlled synthesis of bimetallic alloy electron microscopy (TEM) images and scanning electron
nanocrystals is more difficult due to complicated reduction microscopy (SEM) images of the as-prepared samples are
kinetics of two metal precursors.” Thus, development of a facile presented in Fig. 1a and b, respectively, as well as Fig. S1, ESI +.

a

and simple method for synthesis of bimetallic alloy nanocrystals As can be seen, all the particles showed trisoctahedral shapes
with specia| morph0|ogies remains agreat Cha"enge_ so With an average size of about 200 nm. Partlcularly, the

As the most chemically stable noble metals and promising trisoctahedral nanoparticles illustrated truncated feature, as
nanomaterials in technological applications, nanoscale Pt and Au ~ shown in Fig. 1c; which displayed one pod of a single particle.
have been widely researched. In particular, it has been reported The geometrical model of a truncated trisoctahedraon is shown in
that bimetallic Pt-Au alloy or core-shell nanostructures exhibited Fig. S2, ESI{. Fig. 1c,, c3 and c, presented individual Pt-Au

@

more unusual catalytic properties than pure Pt and pure Au. For s particle glong_<111>, <110>, ar_1d <_100> directions, respeCtiVEW,
instance, Pt-Au alloy demonstrated outstanding electrocatalytic s described in the corresponding inset models. The high-angle

performance for oxygen reduction,® methanol oxidation in fuel annular  dark-field  scanning  transmission electron
cells because the Au composition suppressed the adsorption of ~ Mmicroscopy (HAADF-STEM) image with the same luminance
poisoning species such as CO.2° So far, bimetallic Pt-Au indicates the alloy structure of the as-prepared Pt-Au nanocrystals

S

nanoparticles with various morphologies such as core-shell o rather than a core-shell structure (Fig. 1d).?* “**** The truncated
concave nanocubes’lo nanowires’ll nanorods’lz Cage_be"’l3 feature can also be visible from HAADT-STEM images (Flg 83,

clover, as well as alloy nanocubes® icosahedra,® ESI). The HRTEM image (Fig. 1e) and the corresponding fast

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Fourier transform (FFT) pattern (Fig. 1f) demonstrated well-
resolved and continuous crystal lattice clearly, revealing a single
crystalline structure and good crystallinity for an individual
truncated trisoctahedral Pt-Au nanocrystal. The single-crystal
s feature was ascribed to their same face-centered cubic (fcc)
structures.
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Fig. 1 (a) Typical TEM and (b) SEM of the truncated trisoctahedral Pt-
Au alloy nanocrystals; (c) TEM images of an individual Pt-Au alloy
truncated trisoctahedron (ci: one pod; c,-C4: projections along <111>,

15 <110> and <100> directions; The insets are the corresponding structure
models, respectively); (d) HAADT-STEM image; (¢) HRTEM image and
f) the corresponding FFT pattern.

The energy dispersive X-ray spectroscopy (EDX) elemental
20 mapping further revealed that the as-prepared truncated
trisoctahedral structure was made of Pt-Au alloy without phase
segregation, as shown in Fig. 2a; (HAADF-STEM), a, (green,
Pt), a3 (red, Au) and a, (overlap, Pt-Au). The elemental
composition analyses exhibited the presence of 54 atomic%Pt
s and 46 atomic% Au (Fig. 2b). The Pt-Au alloy state and the
elemental distributions were also confirmed by EDX line
scanning profiles across a single particle along the frontage
diagonal (Fig. 2c) and the central waistline (Fig. 2d), showing an
identical distribution of both Pt and Au in different directions
30 with a slightly higher abundance of Pt.
The dependence of the morphological evolution upon the
reaction time was investigated. When irradiating for 100 s,
particles with an average size of about 100 nm were produced

and the trisoctahedral feature was unobvious (Fig. S4a, ESIf).
s When the irradiation time was increased to 120 s, the
trisoctahedral structures with a distinct truncated feature and a
bigger size were generated (Fig. S4b, ESI{). However, with
increasing the irradiation time to 160 or 180 s, no significant
changes in the structure and size were observed (Fig. S4c and d,
40 ESI¥). Moreover, the XRD patterns for the products obtained at
100, 120, 140, and 160 s show that the as-prepared Pt-Au alloy
truncated trisoctahedra can be identified as fcc structures and all
the diffraction peaks appeared at 26 values between those of pure
Au (JCPDS No. 04-0784) and pure Pt (JCPDS No. 04-0802) as
45 single peaks (Fig. S5, ESI¥). Especially, the 26 values remained
unchanged for all the samples obtained from 120 to 160 s (Table
S1, ESIY). These results proved that not only the as-prepared Pt-
Au nanoparticles were indeed an alloy rather than a mixture of
monometals or core-shell structure,® % 8¢ pyut also the
so formation of Pt-Au alloy nanostructures should be attributed to
co-reduction of the metal precursors.
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Fig. 2 (a) HAADT-STEM image (al) together with EDX mapping
images of the selected Pt-Au alloy truncated trisoctahedron (a2: green=Pt;
a3: red=Au; a4: overlap of Pt and Au); (b) EDX spectrum of the Pt-Au
alloy truncated trisoctahedra; (c) and (d) Line-scanning profiles across a
60 single particle along the frontage diagonal and the central waistline,
respectively

Dramatically, under the same other conditions and the same
total concentration of metal precursors, Pt-Au octahedral
65 Nanostructures with an average size of about 130 nm were
obtained in a high yield when the molar ratio of Pt(IV)/Au(lll)
was tuned to 1/3, as the TEM and SEM images presented in Fig.
3a and b, as well as Fig. S6 (ESI¥), respectively. Fig 3c; and c,
show the TEM images of individual Pt-Au octahedral
70 nanoparticles oriented along <100> and <110> directions,
respectively, while both of Fig. 3c; and c; show <111>
orientations.
It is especially noteworthy that XRD patterns of Pt-Au
octahedral nanocrystals demonstrated a significantly different
75 absorption feature compared with that of Pt-Au alloy truncated
trisoctahedra. As shown in Fig. 3d, only two peaks derived from
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Pt-Au octahedral nanocrystals can be observed obviously. An
extremely strong sharp peak at 38.25° and a much weak peak at
81.88° can be indexed to (111) and (222) facets of fcc structure,
while other peaks corresponding to (200), (220) and (311) facets
s are too weak to distinguish. These observations indicated that the
preferential orientation of Pt-Au octahedral structure was {111}
surfaces in the case of 1/3 of Pt(IV)/Au(l11) molar ratio. This was
consistent with the surface structure of Pt or Au octahedron
enclosed by {111} planes.® Moreover, each of the two peaks
10 appeared between that of pure Au and pure Pt as a single peak,
and the peaks were much closer to that of Au compared to Pt,
revealing a single-phase alloy state with more abundant Au than
Pt for the as-prepared Pt-Au octahedra. The HRTEM (Fig. 3e)
image and the corresponding FFT pattern (Fig. 3f) further
1s confirmed their single crystalline structure.

111
( ) a- Pt-Au alloy octahedra
b- Pt-Au alloy trisoctahedra
- Au JCPDS No.04-0784
- Pt JCPDS No.04-0802
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Fig. 3 (a) Typical TEM and (b) SEM of the as-prepared Pt-Au alloy
octahedra; (c) TEM images of an individual Pt-Au alloy octahedron
projected along <100>, <110> and <111> directions. The insets are the
corresponding structure models, respectively; (d) XRD pattern of the

25 octahedral and truncated trisoctahedral Pt-Au alloy nanocrystals as well
as the standard XRD patterns of pure Au and pure Pt; () HRTEM image
and (f) the corresponding FFT pattern..

The EDX elemental mapping images further revealed that the

30 as-prepared Pt-Au octahedron was made of an alloy with
homogenous distribution of both Au and Pt throughout (Fig. 4a).
The elemental composition analyses showed that the atomic
percentage of Pt and Au was 32 atomic% and 68 atomic%,

respectively (Fig. 4b). The elemental compositions and alloy
35 structure were also supported by EDX line scanning profiles
through the vertices and middle planes of a single Pt-Au
octahedron as shown in Fig. 4c and d, respectively. The HAADF-
STEM images with the same luminance further confirmed their
alloy structures rather than core-shell structures (Fig. S7, ESI¥)
40
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Fig. 4 (a) HAADT-STEM image of an individual Pt-Au alloy octahedron

45 (al) together with the corresponding EDX mapping images (a2: green=Pt;
a3: red=Au; a4: overlap of Pt and Au); (b) EDX spectrum of the Pt-Au
alloy octahedra; (c) and (d) Line-scanning profiles through the vertices
and middle planes of a single Pt-Au octahedron, respectively.

o Furthermore, the XPS spectra of the Pt° 4f regions and Au°
regions for both truncated trisoctahedral Pt-Au alloy (the binding
energies of Pt4f;, and Pt4fs, at 71.33 and 74.70 eV, while
Audf;, and Audfs, at 84.10 and 87.80 eV, respectively) and
octahedral Pt-Au alloy nanocrystals (the binding energies of

ss Ptaf;, and Pt4fy, at 71.00 and 74.40 eV, while Au4f;, and
Au4fs, at 83.90 and 87.60 eV, respectively) were shown in Fig. 5.
The binding energies were close to the standard values (70.80 and
74.15 eV for Ptaf;, and Pt4fs,, 83.80 and 87.45 eV for Au4f;,
and Au4fs,),% indicating Pt° and Au® with zero oxidation states.

60 It was noteworthy that the binding energies in the Pt regions were
negatively shifted with increasing Au content, suggesting that Pt
and Au were atomically mixed with no phase separation.?**

Interestingly, under the same other conditions, uniform
truncated octapodal nanocrystals were generated when the molar
es ratio of Pt(I\V)/Au(lll) was changed to 3/1, as shown in Fig. S8,
ESIt. In absence of Au(lll) ions, uniform Pt octapods would be
obtained with using single H,PtClg precursor, as shown in the
previous report.! Notably, however, under the same conditions,
Au(lll) ions alone cannot be reduced by TEG in absence of

70 Pt(IV) ions. These results implied that Pt(IV) species were
essential for not only the formation of Pt-Au alloy octahedra as
well as the morphology evolution with the change of
Pt(IV)/Au(lll) molar ratio, but also the reduction of Au(lll)
precursor. Accordingly, the presence of Pt precursor might affect

s the growth behaviour of Pt-Au bimetallic alloy by interacting
with Au(lI11) precursor or other molecules in the reaction system.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 XPS spectra. (a) Pt 4f and (b) Au4f regions of the as-prepared
s truncated trisoctahedral Pt-Au alloy nanocrystals; (c) Pt 4f and and (d) Au
4f regions of the as-prepared octahedral Pt-Au alloy nanocrystals.

It was found that the use of KI was critical to the control of
the morphologies of Pt-Au alloy nanocrystals and the reduction
kinetics. In the absence of KI, only irregular small nanoparticles
were produced (Fig. S9a, ESI). With addition of 50 mg of KI,
Pt-Au nanocrystals with obscure trisoctahedral feature have
initially taken shapes (Fig. S9b, ESI¥). In contrast, no obvious
change was observed for the Pt-Au alloy truncated trisoctahedra
s when 200 mg of KI (Fig. S9d, ESI+) was used compared with the
optimum amount (100 mg) of KI. Under the same conditions, an
equal amount of KCI or KBr was used instead of Kl according to
the standard procedure, no trisoctahedral nanostructure but
irregular tetrahedral or amorphous particles was obtained (Fig.
S10, ESI+). In addition, it was also found that PVP was important
but not essential for the formation of Pt-Au alloy truncated
trisoctahedra. In the absence of PVP, Pt-Au alloy truncated
trisoctahedra can also be produced though with non-uniform size
and a little aggregation (Fig. S11, ESI¥), indicating that PVP
served mainly as a protecting and a dispersing agent for the
products. Similar results were also observed for the synthesis of
Pt-Au alloy octahedra. These results suggest that the formation of
either truncated trisoctahedral or octahedral Pt-Au alloy
nanocrystals should be attributed to the existence of 1" ions. The
I” ions complexation to metallic ions affected the reducing
kinetics. Normally, Au(lll) ions should be reduced before Pt(1V)
ions because the standard reduction potential (E°) for AuCl, /Au
(+1.000 V vs. SHE) is much higher than that of PtClg> /Pt
(+0.760 V vs. SHE). When 1™ ions were introduced into the
reaction system with TEG solution of H,PtClg/HAUCI, mixture,
more stably coordinated anions [Ptlg]>~ and [Aul,]” became the
dominant species, which would be favourable for the
morphological growth of Pt-Au alloy due to lower reduction
potentials and slower reducing rates. UV-vis absorption
measurements confirmed the transformation of the coordinated
anions in the presence of I” ions. Red shifts occurred for the
absorption bands of both PtClgZ and AuCl, solution alone,
accompanying with changes in color of solution (Fig. S12, ESI+¥).

Moreover, in the presence of KI, the reductive peak potential
of Au(lll) species (+0.240 V vs. SCE) became lower than that of
Pt(IV) species (+0.325 V vs. SCE) (Fig. S13, ESIt). This
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observation means that Pt(1V) species would be preferentially
reduced prior to Au(lll) species. In addition, the potential of
Au(lIl) species became close to that of Pt(IV) species, so that
Au(lll) ions would also be reduced rapidly in the presence of
Pt(IV) ions. Due to I ions coordination, the minor difference
between the reduction potentials of Au(lll) and Pt(IV) species
was favorable for their co-reduction, and then Pt-Au alloy
nanocrystals grew uniformly from the initial Pt nuclei followed
by subsequent or simultaneous co-deposition of Pt and Au atoms.
Meanwhile, microwave irradiation changed the growth kinetics
by its specific nonthermal effect because microwave irradiation
directly activates most molecules and energy transfer occurs in
less than a nanosecond (10°° s),%? promoting the reaction to occur
immediately and finish in a rather short time. Thus, microwave
irradiation facilitated the co-reduction of Pt(IV) and Au(lll)
species, thereby making possible the formation of a perfect Pt-Au
alloy.

On the other hand, the selective adsorption of I~ ions on some
specific facets of Pt and Au guided preferential deposition of Pt
and Au atoms derived from co-reduction with the reaction
proceeding. 1~ ions preferentially adsorbed on Pt {100} facets,>®
2 50 that Pt atoms were selectively deposited onto {111} facets,
resulting in preferential growth along <111> directions. While the
growth of Au {111} facets were inhibited due to the preferential
adsorption of I” ions on Au {111} facets,* so that Au atoms were
selectively deposited onto {100} facets, leading to preferential
growth along <100> directions. Therefore, based on the
coordination and selective adsorption of I ions, comparable
growth along both <111> and <100> directions resulted in the
formation of truncated Pt-Au alloy trisoctahedra in the case with
an equal amount of Pt and Au precursors. Under the same
conditions, Pt-Au alloy octahedra would be generated with a
higher amount of Au precursor due to a dominant growth along
<100> directions, while Pt-Au truncated octapods would be
produced with more Pt precursor due to a dominant growth along
<111> directions. Thus, the morphological evolution of Pt-Au
alloy nanocrystals with the increase of Au content can be
described as follows: Pt octapods — Pt-Au truncated octapods —
Pt-Au alloy truncated trisoctahedra — Pt-Au alloy octahedra (Fig.
S14, ESI¥).

—— Pt-Au trisoctahedra
-+ Pt-Au octahedra
- - Ptblack Y/

————— Pt-Au trisoctahedra
--- Pt-Au octahedra

—— Ptblack

current/ mAcm?® O

Current/ mA-cm® Q)

0 200

400 600
Time /s

800 1000

-0.44
-04 -02 00 02 04 06 08 10
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Fig. 6 (a) CV curves for electro-oxidation of methanol by the as-prepared
Pt-Au alloy trisoctahedra, Pt-Au alloy octahedra and Pt black,
respectively. The methanol oxidation was recorded in 0.1 M HCIO, + 0.1
M CH3OH solution at a scan rate of 50 mV-s* between -0.25 and 1.0 V;
(b) CA curves for the various catalysts in 0.1 M HCIO, + 0.1 M CH;0H
at 0.62 V vs SCE.

The catalytic performances of the as-prepared Pt-Au alloy
truncated trisoctahedra and Pt-Au alloy octahedra were
investigated by electrocatalytic oxidation of methanol.
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Commercial Pt black was used as a reference for comparison. Fig.
6a shows the cyclic voltammetry (CV) curves for the electro-
oxidation of methanol with different catalysts. 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 under potential desorption in the
CVs of catalysts in 0.1 M HCIO,4 (Table S2 and Fig. S15, ESIT).
The peak current densities were measured to be 1.08 and 0.80
mA-cm 2 on Pt-Au alloy truncated trisoctahedra and Pt-Au alloy
octahedra at 0.62 and 0.67 V in 0.1 M HCIO,, respectively,
demonstrating 2.4 and 1.8 times greater than that of Pt black on
which it was 0.45 mA-.cm 2 at 0.67 V. Obviously, though the
ECSA of either Pt-Au alloy truncated trisoctahedra or Pt-Au alloy
octahedra was smaller than that of Pt black which showed a mean
size of about 4.5 nm (Fig. S16, ESIf), both of them exhibited
greatly enhanced electrocatalytic activities for methanol electro-
oxidation. This demonstrated that the shapes of the Pt-Au alloy
nanocrystals have a profound effect on the catalytic activities.
Furthermore, compared with Pt-Au alloy octahedra, the higher
activity of Pt-Au alloy truncated trisoctahedra may be ascribed to
their special surface structure with more ridges and high-energy
concave edges. In addition, the chronoamperometry (CA) curve
for the Pt-Au alloy truncated trisoctahedra exhibited a slower
current attenuation with much high retention of current after 1000
s compared to other catalysts (Fig. 6b), revealing that the
truncated trisoctahedral Pt-Au alloy nanocrystals could promote
catalytic stability as well as activity in the electro-oxidation of
methanol. In addition, the peak current ratio of the forward (l¢) to
backward (lp) scans reflects CO-poisoning tolerance, the larger
the 14/1, ratio, the better the CO removal activity of the catalyst.?
A slight increase of I¢/ly, ratio for truncated trisoctahedral Pt-Au
alloy nanocrystals, compared to that of Pt black (Table S2, ESIY),
indicated a better CO-poisoning tolerance. However, octahedral
Pt-Au alloy nanocrystals, although it exhibited a higher Is than
that of Pt black, displayed a lower I/l ratio than that of Pt black,
indicating that octahedral Pt-Au alloy nanocrystals reduced CO-
poisoning tolerance.

In  conclusions, uniform and well-defined truncated
trisoctahedral or octahedral ~ Pt-Au alloy nanostructures were
successfully synthesized by reducing H,PtClg/HAUCI, mixture in
TEG under microwave irradiation for 140 s. The key to the
success of morphology control for both types of bimetallic alloy
nanostructures relies on H,PtClg/HAUCI, molar ratio, the
presence of KI, and co-reduction under microwave irradiation.
The morphologies of Pt-Au alloy nanostructures can be well
controlled by adjusting the molar ratio of H,PtCl¢/HAuUCI,
precursors. The formation of Pt-Au alloy state was dependent
upon the growth kinetics control which was manipulated by the
use of Kl. Furthermore, microwave irradiation facilitated the co-
reduction of Pt(IV) and Au(lll) species, in favour of the
formation of Pt-Au alloy nanocrystals. Accordingly, the process
provided a facile and efficient method for the controlled synthesis
of bimetallic alloy nanocrystals with unique morphologies as well
as different compositions. The as-prepared truncated
trisoctahedral and octahedral Pt-Au alloy nanocrystals exhibited
efficient electrocatalytic activities towards methanol oxidation.
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