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During the past few decades, substantial advances in the so-
called “bottom-up” synthesis has allowed the precise incor-
poration of atoms into semiconductor[1] or metallic[2] nano-
particles (NPs), that have well-defined structures and fasci-
nating properties. Moreover, with stepwise bottom-up strat-
egy, it is possible to open up the synthetic route to produce
core–shell,[3] branched,[4] alloy,[5] and hybrid[6] structures.
Combining the “bottom-up” strategy and a subsequent
“top-down” carving process, a class of Au–Ag hollow and
framework structures has been synthesized through galvanic
replacement method.[7] Based on this train of thought,
polymetallic hollow NPs with higher complexity could be
produced by a sequential galvanic exchange and a Kirkendall
growth method.[8] These metal nanostructures with character-
istic high surface area and hollow interior have had great
success in optical sensing,[9] catalysis,[10] and drug delivery.[11]

Through selectively etching away the less-noble metal and
the subsequent rearrangement the remaining metal atoms,
the chemical etching approach has been shown to be an
effective and classical “top-down” method to simultaneously
control shape, size, and composition of metallic nanostruc-
tures.[12] In 1926, the industrial catalyst Raney nickel was
developed by selectively removing most of the aluminum
from an Ni–Al alloy.[13] This “old” material with a porous
structure is used as an important catalyst for the hydro-
genation of vegetable oils to this day. Inspired by this
approach, our group has recently synthesized a nanoporous
Pt–Ni alloy which has enhanced catalytic activity.[14] However,
chemical etching suffers from some intrinsic drawbacks,
including that the surface atoms of alloy are usually etched
in random sites[15] and the etching process is usually too
drastic to control.[16] Improving the chemical etching tech-
nique by making it moderate and controllable is still a great
challenge. We predict that, manipulating both the “bottom-
up” and “top-down” processes at nanoscale could enrich the
family of bimetallic structures.

We use coordinating complexes to control the chemical
etching process at room temperature to synthesize a concave
structure. In a typical procedure, 4 mg octahedron shaped Pt–
Ni alloy particles were dispersed in 1 mL water, and an excess
of dimethylglyoxime (10 mg dissolved in 1 mL ethanol). After
stirring for 12 h, dilute acetic acid (50%) was added to
dissolve the nickel dimethylglyoxime generated. The concave
Pt–Ni alloy particles were obtained after washing and
centrifugation. To further understand the nature of the
controllable etching process, we also carried out theoretical
investigations using density functional theory (DFT) calcu-
lations to support experimental observations. Indeed, the
atomic cohesive energy (Ecoh) regarding the chemical poten-
tials of species in the alloys was identified as governing the
different etching priorities on specific sites during the etching
process, determining the structure obtained. Remarkably,
owing to larger surface area and higher density of exposed
atomic steps,[17] the concave nanostructures exhibited supe-
rior activity over the octahedral Pt–Ni alloy particles for both
the electro-oxidation of methanol and hydrogenation of
nitroarenes.

Figure 1a showed transmission electron microscope
(TEM) image of the starlike corroded PtNi2 NPs which
have six uniform arms. Most of the particles lie flat on the

Figure 1. a) TEM image and b) magnified TEM image of corroded
PtNi2. Inset is the ideal model of a concave octahedron. c) HRTEM
image of corroded PtNi2 orientated along {111} direction. Insets are
the FFT (fast Fourier transition) patterns and corresponding lattice ball
models. d) HAADF-STEM image and corresponding elemental maps
(Pt and Ni) of corroded PtNi2 particles.
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substrate using three adjacent arms. As shown in
magnified TEM image and the high-angle annular
dark-field scanning transmission electron microscope
(HAADF-STEM) micrograph (Figure 1b,c, and d),
the six arms were much brighter than the center
region of the particles and each face of NPs was
excavated resulting in a curved cavity, indicating the
presence of the concave structure. The corresponding
elemental maps of HAADF-STEM micrograph
showed that both Pt and Ni were distributed evenly
throughout each individual concave nanocrystal. The
high-resolution TEM (HRTEM) images of a single
concave Pt–Ni NP from different directions (Fig-
ure 1c and Figure S1 of Supporting information)
clearly showed the surface contained rich steps and
defects. Previous synthesis have allowed us to
prepare a series of octahedral Pt–Ni nanocrystals
(average size: 11.8 nm) which were strictly bounded
by six {111} facets.[18] The octahedral Pt–Ni NPs have
excellent monodispersity and were coated with
hydrophilic surfactant molecules allowing them to
be dispersed in various polar solvents, benefiting the
interaction with the water-soluble ligand (dimethyl-
glyoxime) in the subsequent chemical etching proce-
dure (Figure S2 of the Supporting Information).

Figure 2 shows TEM and HRTEM images of Pt–
Ni NPs prepared with increasing concentrations of Ni
(Ni:Pt mole ratio was varied from 2:1 to 3:1 and
10:1). Since more and more Ni could be dissolved
from Ni-rich Pt–Ni alloy, the concavity of the
obtained nanocrystals significantly increased as the
nickel content of the starting alloys increased.
Powder X-ray diffraction (XRD) measurements of
Pt–Ni NPs were used to identify the internal crystal-
line structures (Figure S4). The diffraction patterns
of the Pt–Ni alloys could be indexed to {111}, {200}, and {220}
diffractions of a face-centered-cubic (fcc) structure. After
chemical etching, all the peaks of the corroded Pt–Ni alloys
shifted slightly to a lower 2q value compared to those of
uncorroded Pt–Ni alloys, which could be attributed to the
increased lattice spacing resulting from most of Ni being
etched from the Ni-rich precursors. Intriguingly the XRD
results suggested that all the initially Ni-rich Pt–Ni alloys
gradually eroded into concave structures, all with the
composition Pt3Ni. The accurate compositions were further
verified by energy dispersive spectroscopy (EDS) and induc-
tively coupled plasma-mass spectrometry (ICP-MS) (Fig-
ure S5 and Table S1)

In the synthesis of the concave Pt–Ni bimetallic nano-
structure, the dimethylglyoxime played a crucial role. The
chemical etching process can be described by the chemical
equilibrium Equations (1)–(3).

The Equations (1) and (2) could be considered as two
half-reactions of an oxidation–reduction reaction. The typical
synthetic procedure is shown in Figure S6, initially, the Ni
atoms on the surface were oxidized to NiII by the oxygen in
the air. To test this hypothesis, an experiment showed the rate
of the etching process could be enhanced by the presence of
oxygen. When the oxygen was replaced with the nitrogen, the
etching process barely occurred (Figure S7). For Equa-
tion (3), the dimethylglyoxime selectively coordinates to NiII

rather than PtII to generate a red dimethylglyoxime nickel
precipitate under neutral conditions, indicating the higher
susceptibility and dissolution rate of Ni species compared to
Pt.[19] Quite strikingly, Pt species were not detected by ICP-
MS measurements of the mother solution after washing and
separation, implying Pt was not be etched from the staring
polyhedrons. This result strongly supports the above view
about the chemical etching process. Finally, dilute acetic acid

Figure 2. TEM images of a) corroded PtNi3 and d) corroded PtNi10. Magnified
TEM images of b) corroded PtNi3 and e) corroded PtNi10. c) and f) are the
HRTEM images and corresponding models orientated along {100} (top panel),
{110} (middle panel), and {111} (bottom panel) directions, respectively (scale
bars are 5 nm). g) The evolution of nanoparticle shape as a function of Ni:Pt
mole ratio in the originally Ni-rich alloys.
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(50 %) could be added to dissolve the as-produced precipitate
according to the Equation (3), which could be traced and
verified by the X-ray photoelectron spectroscopy (XPS)
experiments (see Figure S8). Surprisingly, the chemical etch-
ing process did not occur without assistance of dimethyl-
glyoxime even at an elevated temperature (100 8C). However,
the dimethylglyoxime could not completely etch all the Ni
atoms from Pt–Ni alloys, even if the reaction time was
lengthened or the dosage of dimethylglyoxime was increased.
These interesting phenomena could be understood by carry-
ing out measurements on redox potentials of Pt–Ni NP
decorated electrode. (Figure S9) The oxidation potentials (vs.
Ag/AgCl) of a Pt–Ni NP decorated electrode decreased when
the Ni concentration increased or dimethylglyoxime was
introduced, indicating the metal atoms could lose electrons
and then dissolve from NPs much easier. Further, in our
control experiment, the octahedral Pt3Ni could not be etched
by dimethylglyoxime, which means that the Pt3Ni was a stable
phase in this chemical environment. As the chemical etching
proceed, the oxidation potential of the Ni-rich alloy increased
with the increasing ratio of Pt to Ni, revealing that as the alloy
corroded it became more difficult to be etched and finally
terminated in Pt3Ni.

The controllability of this chemical etching method was
shown to be essential for the formation of this metastable
concave structure. We used octahedral PtNi10 as a probe to
gain insight into the morphological evolution during the
etching process. Figure 3 shows a series of NPs with an
increasing concavity could be obtained during different stages
of chemical etching. In the initial stage, the etching process
prevailed along the {100} direction and change the octahe-
drons into round particles, which suggested the etching
process started at the corners first. When the new narrow
{100} facets formed, the etching shifted to the {110} and {111}
directions. In a further step of the etching process, the edges

and the facets would be excavated to curved cavities and then
the concave structure is generated. However, the severely
corrosive conditions, such as concentrated nitric acid treat-
ment usually detach the surface ligands and distort this
metastable nanostructure, resulting in aggregation of the NPs
and collapse of concave structure (Figure S10 of SI).

Chemical etching reflects, to a certain extent, the stability
of the metal atoms of NPs in the reaction environment, which
could be correctly described by the Ecoh of alloys (see
Supporting Information for details). As shown in Table S3,
the value of Ecoh not only varied with the nature of metal (Ni
or Pt) but also with the geometrical site (corner (C), edge (E),
or face (F)). From the thermodynamic point of view, the
calculated Ecoh showed the possibility of removal of metal
atoms from a PtNi3 octahedron decreased in the order of
CNi>ENi(Ni)>ENi(Ni-Pt)>CPt>FNi>EPt(Ni-Pt)>FPt in the same
reaction environment. The schematic illustration of the
proposed etching process of PtNi3 NPs based on DFT
calculations and structural dynamics analysis are summarized
in Figure 4. More precisely, for the corners and edges, the Ni
atoms were preferably removed, followed by the deposition
and segregation of the remaining Pt atoms (Figure 4b and c),
forming round corners and steps. This result was in agreement
with the HRTEM observations in Figure 3. While for the
(111) surface of the octahedron, the Ni atoms were present in
much greater numbers than the Pt atoms, so the dissolution
rate of the Ni atoms was much more pronounced than the
diffusion-segregation rate of the Pt atoms (Figure 4 d),
indicating the predominant role of exfoliation etching.
Furthermore, for the same kind of atoms, the faces are
more stable sites than the corners and edges because of the
Ecoh of the faces is higher than those of the corners and edges
(Table S3). Thus, the etching started from corner sites rather
than {111} faces. The proposed etching process and the
increasing Pt/Ni ratio of corroded NPs were in agreement

with the experimental observations
(detailed discussion in Supporting
Information) Noted that only Pt-seg-
regation occurs in corroded NPs
because the Ni atoms were dissolved
in the solution, which was quite differ-
ent from the cases of Pt3Ni single-
crystals.[20] DFT calculations also
showed that the density of states
(DOS) at (and near) the Fermi level
of the corroded surfaces was more than
twice (and four times) those of {111}
surface of Pt3Ni single-crystal (Fig-
ure S11), indicating that concave
Pt3Ni NPs had a higher activity than
single-crystal ones. Another type of
Pt–Ni alloy with a predictable concave
cubic morphology was also obtained by
our method, if the original octahedron
was replaced with a PtNi3 cube. The
TEM and HRTEM images of concave
cubic Pt3Ni were shown in Figure S12.

Brunauer–Emmett–Teller (BET)
measurements were used to analyze

Figure 3. Shape evolution of octahedral PtNi10 at different chemical etching stage a) 15 min,
b) 30 min, c) 1 h, d) 3 h, e) 6 h, f) 12 h. Insets are the corresponding HRTEM images (scale bars
are 5 nm).
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the surface area of octahedral Pt–Ni NPs and corroded Pt–Ni
alloys (Figure S13). The chemical etching treatment gave the
corroded PtNi3 (64 m2 g�1) a larger surface area than the
octahedral PtNi3 (38 m2 g�1).

To test catalytic properties, the cyclic voltammetry (CV)
and electrocatalytic oxidation of methanol were used to
evaluate the electrochemical activity of as-synthesized Pt–Ni
alloys. Measuring the charge collected in the electrochemical
absorption/desorption region of 0–0.40 V and assuming
a value of 210 mC cm�2 for the adsorption of a monolayer of
hydrogen on platinum, the corroded PtNi10 showed the
highest specific electrochemically active surface area
(ECSA) (71.5 m2 gPt

�1) compared with the other corroded
PtNi3 (67.5 m2 gPt

�1) and corroded PtNi2 (52.3 m2 gPt
�1), results

which correlate with the degree of concavity (Figure 5a).
Figure 5b and 5c show the corroded PtNi3 was much more
active and durable in the methanol oxidation. As summarized
in Table S2, the peak current densities of methanol oxidation
in the forward (positive) potential (Jf) were: corroded PtNi3>

corroded PtNi2> corroded PtNi10 which were, respectively,
around 2.4, 3.2, and 3.8 times higher than for the uncorroded
NPs. Furthermore, the specific activity of corroded PtNi3 was
still at 73% of the original value after the durable test, which
was higher than for the octahedral PtNi3 and Pt3Ni (Fig-
ure 5c). Methanol can be oxidized to CO species which
poison the Pt catalyst sites and limit their activity.[21] Atomic
steps on Pt offer a superior activity for the oxidation of CO,[22]

thus the improved activity of methanol oxidation on corroded

Pt–Ni alloys could be attributed to the high density of Pt-
segregated atomic steps. To confirm that the corroded Pt–Ni
alloys have a better tolerance to poisoning CO, CO stripping
experiments were conducted. As shown in Figure S16, the
peak potentials of corroded Pt–Ni alloys were more negative
than for Pt–Ni octahedrons, showing the enhanced CO-
removal ability of the corroded P-t-Ni alloys.

The structure of the concave Pt–Ni alloy also suggested
potential as a heterogeneous catalyst. We chose the corroded
PtNi3, octahedral Pt3Ni, and PtNi3 as probes to study the
structure–activity dependences in the hydrogenation reac-
tions of nitroarenes, which are important industrial process.[23]

Catalysis by corroded PtNi3, Figure 5d showed the nitro-
benzene was completely converted with nearly 100 % selec-
tivity in 3 h. As listed in Table S4, the calculated initial
activities turnover frequency (TOF) of corroded PtNi3 was
7.9, and 10.5-times higher than that catalyzed by octahedral
PtNi3 and Pt3Ni. Further, the catalyst with concave structure
had enhanced catalytic activity in various hydrogenations of
nitroarenes under similar conditions.

In summary, this work presents a controllable “top-down”
synthesis of concave Pt–Ni alloys through a coordination-
assisted chemical-etching process. Based on the experimental
observations and DFT calculations, the formation of the
concave structure was attributed to the different etching
priorities on specific sites. Owing to the larger surface area
and higher density of exposed atomic steps, concave Pt–Ni
alloys exhibited higher catalytic activity compared to the
uncorroded precursors. We foresee that our method would
open the way to design special morphologies and structures of
bimetallic nanocrystals, which could find use in various
applications.

Experimental Section
Chemical etching treatment of Pt–Ni alloy: The as-prepared Pt–Ni
(4 mg) alloy was dispersed in H2O (1 mL) and dimethylglyoxime
(10 mg dissolved in 1 mL ethanol) added. The reaction mixture was
stirred for 12 h. Acetic acid (5 mL; 50%) was added and stirred for
a further 15 min. The products were collected by centrifugation and
further washed by ethanol for three times.

Characterization: The crystalline structure and phase purity were
determined by Rigaku RU-200b X-ray powder diffractometer with
CuKa radiation (l = 1.5418 �). The composition of the product was
measured by the inductively coupled plasma-mass spectrometry
(ICP-MS) and energy dispersive spectrometer (EDS). TEM images
were recorded by a JEOL JEM-1200EX working at 100 kV. HRTEM
images were recorded by a FEI Tecnai G2 F20 S-Twin high-resolution
transmission electron microscope working at 200 kV and a FEI Titan
80–300 transmission electron microscope equipped with a spherical
aberration (Cs) corrector for the objective lens working at 300 kV. X-
ray photoelectron spectroscopy (XPS) experiments were performed
on a ULVAC PHI Quantera microprobe. Binding energies (BE) were
calibrated by setting the measured BE of C 1s to 284.8 eV. Brunauer-
Emmett-Teller (BET) surface area was measured with N2 at 77 K by
using a Quantachrome Autosorb-1 instrument. Electrochemical
measurements were conducted on CH Instrument 660D electro-
chemical analyzer. The catalytic reaction results were measured by
gas chromatography (GC) (SP-6890) and 1H NMR spectroscopy. The

Figure 4. Schematic illustration of the proposed etching mechanism of
PtNi3 from DFT calculations, combined with a structural dynamics
analysis. a), b), c), and d) show the evolution of whole nanoparticles,
a Ni corner, a {110} edge, and a {100} face, respectively. Red and blue
balls correspond to Pt and Ni atoms. Deposition of Pt atoms and
removal of Ni atoms are indicated by orange and blue arrows,
respectively.
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NMR spectroscopy was conducted on a JEOL JNM-ECX 400 MHz
instrument.
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