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ABSTRACT: Metal cation is an emerging type of morphology
controlling agency in nanoscience, but has rarely been used in
fabrication of hollow structures. Herein, with the addition of Ni2+

ion, PtCu alloy octahedral nanoframes (PtCu AONFs) with plenty
of spiny nanothorns on the apexes are synthesized via one-step
hydrothermal reaction. Ni2+ ion plays a pivotal role in forming
hollow structures because it facilitates the diffusion of Cu atoms in
the replacement reaction between initially formed Cu templates
and PtCl6

2−. The as-prepared PtCu AONFs show a superior
electrocatalytical activity and durability toward oxygen reduction
reaction (ORR) with a mass activity (MA) and specific activity
(SA) of 0.28 A/mgPt and 0.50 mA/cm2 at 0.90 V vs reversible hydrogen electrode (RHE), which are 2.8- and 2.6-fold times that
of commercial Pt/C (0.10 A/mgPt and 0.19 mA/cm2). In addition, the electrocatalytical oxidation property of PtCu AONFs
toward methanol also better than that of commercial Pt/C. This study offers a new strategy for synthesizing hollow
electrocatalysts with enhanced properties.
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1. INTRODUCTION

Among the numerous energy technologies, proton exchange
membrane fuel cells (PEMFCs) are generally acknowledged as
one of the most promising devices because they meet almost
all the expectations of future energy prospects such as being
renewable, environmentally friendly, and sustainable.1−9

Although Pt is publicly recognized as the most active metallic
catalyst for PEMFCs, its energy conversion efficiency is still
limited by commercial Pt/C because of the poor catalytic
performance and high price.4−6 Two effective methods to
increase the electrocatalytic performance of Pt-based catalysts
are changing the surface electronic structure and increasing the
specific surface area.10−18 Alloying Pt with other transition
metals is a common approach to change the surface electronic
structure of the catalytic metal, such as PtCo3 NPs,19 PtCu
NCs,20−23 Pt−Ni/Ni-B composite.24

Although the increase in specific surface area often realized
by regulating the morphology of nanomaterials, whose
interface between reaction molecules and catalyst can be
largely increased, and the efficiency of electrocatalytic reaction
can be enhanced.10,13 In traditional methods, organic
surfactants were utilized to control the morphology due to
their selective binding effect on different facets.10,25−27 For
example, CTAB played a pivotal role in fabricating porous Pt
nanotubes and cubic PtCu3 nanocages;22,28,29 Pluronic F127
was crucial for the synthesis of porous Au@Pd@Pt nano-
spheres;30 and PVP assisted the formation of Pd−Pt core−
shell polyhedron.31,32 Octadecylamine (ODA) facilitated the

fabrication of Au−Ag octahedral NFs.33 Among various kinds
of nanocrystal morphologies, hollow NFs are a class of highly
promising and competitive nanostructures in electrocatalysis
because of their unique omnidirectional exposed ridges
skeletons, which can remarkably maximize the utilization
efficiency of Pt to achieve cost savings.34−38 However, the
fabrication processes of these NFs always need multiple steps,
increasing the difficulty in operation.35

Recently, some metal ions, such as K+, Ag+, Fe2+/Fe3+, and
Al3+ were also used to fabricate PdCu nanochain networks,39

Au nanorods,40,41 Pt nanowires,42 and CdSe nanocubes43 by
controlling the nanocrystal assembling and growth rate in the
different crystallographic directions. However, to the best of
our knowledge, hollow NFs have rarely been fabricated by
cations because of the limited knowledge on the morphology-
controlling ability of metal ions.
Herein, with the help of Ni2+ ion, we have successfully

synthesized PtCu AONFs through a simple one-step hydro-
thermal process. In this evolution, there was a replacement
reaction between solid Cu templates and Pt (IV) ion in
aqueous and a selective deposition of resultant Pt and Cu
atoms on the active sites.44,45 Although Ni2+ did not
incorporate in the NFs, it was essential in the formation of
NFs structure due to the possible function in facilitating the
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diffusion of Cu atoms in replacement reaction.46,47 The as-
prepared PtCu AONFs not only maintained the advantages of
the NFs architecture, but also had abundant highly anisotropic
spiny nanothorns on the apexes of the octahedral which could
offer highly dense of ridge, corner and step atoms.34,35 So the
as-prepared PtCu AONFs showed better activity and durability
than commercial Pt/C for both ORR and MOR.48,49

2. EXPERIMENTAL SECTION
2.1. Chemicals. Glycine (99.5−100.5%), hexachloroplatinic acid

hexahydrate (H2PtCl6·6H2O, > 37.0%), nickel nitrate hexahydrate
(Ni(NO3)2·6H2O, > 98.0%), potassium iodide (KI, > 98.5%),
ethanolamine (99.0−100.3%), potassium hydroxide (KOH, >
85.0%), methanol (>99.5%), ethanol (>99.7%) and perchloric acid
(HClO4, 70.0−72.0%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Poly(vinylpyrrolidone) (PVP-40, Mw = 40 000) was
purchased from Biosharp. Copper chloride dehydrate (CuCl2·2H2O,
> 99.0%) was purchased from Shanghai Kechang Chemicals
Company. 5.0 wt % of Nafion ethanol solution were purchased
from Sigma-Aldrich. The ultrapure H2O with a conductivity of 18.2
Ω/cm was obtained from the Direct-pure UP (Echo Pu International
Ltd., USA). All of the chemicals in the experiment were not further
purified.
2.2. Synthesis of PtCu AONFs with Abundant Spiny

Nanothorns. In a typical synthesis, PVP-40 (0.10 g), KI (1.00 g, 6
mmol) and glycine (0.15 g, 2 mmol) were dissolved in 3.65 mL of
H2O with stirring, followed by the sequential adding of H2PtCl6·
6H2O (20 mM, 1 mL), CuCl2·2H2O (20 mM, 1 mL) and Ni(NO3)2·
6H2O (20 mM, 0.335 mL). The color of solution changed from pale

yellow to scarlet brown immediately. Then, 0.70 mL of ethanolamine
was injected into the aforementioned solution and its color was
gradually changed to light yellow-brown. After stirring it for 45 min,
the resulting transparent yellow-green liquid was removed into a
Teflon autoclave (25 mL) and treated at 160 °C for 16 h. After
cooling to room temperature, the obtained black suspension was
centrifuged with 12 000 rpm for 10 min to remove supernatant,
followed by washing thrice with deionized H2O and alcohol in turn to
deduct surfactants and other contaminants. Finally, the cleaned
products were redispersed in a 50% alcohol aqueous solution for
subsequent characterization and electrochemical measurements.

2.3. Characterization. Transmission electron microscopy (TEM)
images were taken from a JEM-2010 with 200 kV accelerating voltage,
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and high-resolution transmission
electron microscopy (HRTEM) images were collected by using FEI
Talos F200C at 200 kV. The XRD spectra were obtained by using
Bruker D8 Advance X-ray diffractometer with Cu Kα radiation. The
XPS result was measured by using a Thermo Scientific, ESCALAB
250Xi spectrophotometer with Al Kα X-ray radiation and stand-
ardized by using the C 1s peak (284.8 eV). The energy dispersive X-
ray spectroscopy (EDS) elemental mapping was conducted on Tecnai
G2 F30 and the data for inductively coupled plasma mass
spectrometry (ICP-MS) was acquired via an Agilent-7900 ICP-MS
system.

2.4. Electrochemical Measurements. To increase the specific
surface area and conductivity of as-prepared electrocatalyst, about 2.0
mg of porous carbon materials were added to the as-prepared PtCu
AONFs dispersion (about 0.2 mg), followed by ultrasonic assembling
for 30 min to get carbon-supported PtCu AONFs catalyst.

Figure 1. (A) TEM and (B) HRTEM images for the selected area in inset a of PtCu AONFs. (C) HAADF-STEM image of PtCu AONFs. (D)
HAADF-STEM image and the corresponding EDS elemental mapping of a typical PtCu AONF, as well as a schematic illustration of a typical
octahedral nanoframe structure, wherein the red particles represent Pt atoms and purple are Cu atoms.
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The ORR electrochemical measurements for PtCu AONFs were
carried out by combining Pine Modulated Speed Rotator (Pine, USA)
with CHI 600B electrochemical workstation (Chenhua Instruments
Corp, Shanghai). All measurements were carried out at 25 °C with a
normal three electrode system, and its working, reference and counter
electrodes were glass-carbon rotating disk electrode (RDE, 0.196
cm2), Ag/AgCl and spiral Pt wire, respectively. Before test, the
working electrode RDE was successively polished on the correspond-
ing polishing plate with 1.0, 0.3, and 0.05 μm γ-aluminum oxide
powder and then sonicated about 15 s in 50% HNO3 solution. After
blowing dry with N2, the carbon-loaded PtCu AONFs dispersions
were added dropwise on RDE surface and dried in air. The actual

loading of Pt mass on the electrode was calculated by ICP-MS.
Subsequently, 5.0 μL of diluted Nafion alcohol solution (0.5 wt %)
were modified to the surface of PtCu AONFs-decorated RDE. After
drying in air naturally, the ORR performance of carbon-loaded PtCu
AONFs was measured in O2-saturated 0.1 M HClO4 aqueous with 10
mV/s scan speed and 1600 rpm rotation rate.

For MOR measurments, all electrochemical tests were recorded
using the CHI 600D electrochemical workstation (Chenhua Instru-
ments Corp, Shanghai). The working electrodes were conventional
glassy carbon electrode (GCE, d = 3 mm). All glassy carbon
electrodes were prepared in the same manner as the ORR
mearsurements, followed by a modified 5.0 μL of carbon-loaded

Figure 2. (A) Pt 4f and (B) Cu 2p XPS peaks of PtCu AONFs.

Figure 3. (A) TEM images of products with 335 μL Ni2+ at different reaction times: (A1) 8, (A2) 10, (A3) 12, (A4) 14, and (A5) 16 h. (B) TEM
image of the final products without Ni2+ for 16 h. (C) Schematic illustration of the corresponding (A, B) TEM images. (D, E) Plots represent the
time-dependent XRD patterns and corresponding compositional evolution for the formation of PtCu AONFs with 335 μL Ni2+.
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PtCu AONFs on the GCE surface. Finally, 5.0 μL of diluted Nafion
alcohol solution (0.5 wt %) were added dropwise on the surface. After
drying, the MOR measurements were executed in 1 M of KOH
aqueous consist of 1 M of CH3OH at 50 mV/s scan speed.
The electrochemical measurements of commercial Pt/C were all

similar to as-prepared PtCu AONFs. The Pt/C was prepared as
follows: 5 mg of commercial Pt/C (JM, Pt 20 wt %) was added to 2
mL of alcohol aqueous solution (50 wt %) and sonicated around 1 h
until the dispersion was homogeneous (Pt = 0.50 mg mL−1).

3. RESULTS AND DISCUSSION
3.1. Material Characterization. The morphology of the

obtained nanomaterials was first characterized by TEM. Figure
1A clearly showed the well-defined PtCu AONFs with
abundant highly anisotropic spiny nanothorns on the apexes
of the octahedral. For the most of PtCu AONFs (Figure 1A),
the average length of the ridges was approximately 40 nm and
the thickness of frames was about 8 nm, whereas the length of
anisotropic spiny nanothorns was around 11 nm. The
magnified HRTEM image in Figure 1B showed that the lattice
fringe spacing was nearly 0.21 nm, which was attributed to the
(111) plane of face-centered cubic (fcc) PtCu AONFs.37,50

Moreover, their lattice spacing were slightly smaller than the
(111) plane of fcc pure Pt crystal (0.226 nm), which indirectly
indicated the formation of PtCu alloy.51 As shown in HAADF-
STEM image (Figure 1C, D), the homogeneous distribution of
Pt and Cu elements on the whole nanostructure further
indicated the alloy nature of PtCu AONFs.44,51 Besides, the
elemental composition of acquired products was also analyzed
via ICP-MS technology. The as-prepared PtCu AONFs had an
atomic ratio of platinum to copper of approximately 28.0/72.0,
i.e., Pt28Cu72 AONFs and no Ni element was existed. The EDS
spectrum showed that the PtCu AONF was a Cu-rich structure
(Figure S1), in accordance with the previously mentioned ICP-
MS data.
The XPS spectra were used to characterize the surface

composition and surface chemical states of PtCu AONFs
(Figure 2 and Figure S2). As shown in Figure 2A, the binding
energies of Pt 4f7/2 and Pt 4f5/2 for PtCu AONFs were located
at 70.0 and 73.4 eV, respectively, which were evidently lower
than that of pure Pt (71.1 eV, 74.6 eV).52 The decrease in Pt 4f
binding energy confirm the changes in surface electronic
structure of Pt, which could be attributed to the surface
electronic interaction between Pt and Cu.50−52 After peak
fitting, it was confirmed that there were Pt0 and Pt2+ two
valence states and the majority of Pt atoms were metal state on
PtCu AONFs surface.51,52 Meanwhile, the typical Cu 2p peaks
in Figure 2B were also fitted into Cu0 2p3/2 (931.8 eV), Cu2+

2p3/2 (932.8 eV), Cu0 2p1/2 (951.6 eV), and Cu2+2p1/2 (954.3
eV) respectively. And according to the peaks intensity, it
suggested that Cu atoms were also mainly Cu0 state.50,51 The
XRD pattern (Figure S3) of PtCu AONFs demonstrated that
the 2θ values of the main diffraction peaks were located at the
(111), (200), and (220) planes, and the diffraction peak
accounting for the dominant advantage was derived from the
(111) plane corresponding to the classic fcc structure, which is
consistent with the HRTEM results. At the same time, every
diffraction peak were existed between pure Pt (JCPDS: 01−
1194) and pure Cu (JCPDS: 01−1241), indicating the
formation of PtCu alloy nanocrystals.22,37,50,51,53,54

The time-evolution TEM images were used to observe the
forming process of PtCu AONFs with abundant highly
anisotropic spiny nanothorns (Figure 3A, Table S2). In the
presence of Ni2+, solid Cu octahedral templates with an

average edge length about 40 nm were first formed in the
initial stage because of the higher reduction rate of Cu2+ than
PtCl6

2−, which was tuned by glycine (Figure 3A1 and
3CA1).

35,44,45 The formation of Cu intermediate was
characterized by XRD analysis. Because of the unstable Cu
intermediate was easily oxidized under air condition, only the
characteristic diffraction peak of CuO (JCPDS: 02−1040) was
detected (Figure 3D).44,55,56 The ICP-MS data (Figure 3E)
also confirmed that Cu was indeed the prominent component
of the solid octahedral templates (atomic ratio of Cu 93.5%
and Pt 6.5%). As the reaction went on, hollow structures were
gradually formed because of the replacement reaction between
Cu templates and PtCl6

2− in the aqueous.11,12,35 Additionally,
the coreduction of PtCl6

2− (H2PtCl6) and Cu2+ (dissolved
from solid Cu octahedron) also occurred during the
replacement reaction and the resulting Pt and Cu atoms
selectively deposited on the apexes whose atoms were more
active than other places, leading to the growth of spiny
nanothorns (Figure 3A2−A4 and 3CA2−CA4).

35,53 The
emerging PtCu alloy characteristic diffraction peaks and the
disappearance of CuO characteristic diffraction peak in XRD
results also proved the formation of Pt composition in those
intermediates during the replacement reaction (Figure 3D).
The same trend can also be found in the ICP-MS results
(Figure 3E). After reaction for 16 h, the final PtCu AONFs
were formed, which possessed dense spiny nanothorns from
the apexes (Figure 3A5 and CA5).
However, in the absence of Ni2+, only concave octahedral

solid nanocrystals existed in the final products in a similar
condition of aforementioned reaction (Figure 3B and Figure
S4a). To verify the Ni2+ effect of forming hollow structure, we
added different amounts of Ni2+ in this hydrothermal reaction
(Table S3). As shown in Figure S4, the hollow structure of the
final products became more obvious with the rise of Ni2+

concentration. Therefore, we speculated that Ni2+ may
facilitate the diffusion of Cu atoms during the replacement
reaction, leading to the formation of hollow structure.46,57,58

The adsorption of Ni ion on the surface of Cu atom alters the
surface energy of Cu nanoparticles, accelerating the displace-
ment reduction rate of the adsorbed Pt4+ precursor and the
diffusion of Cu atoms.59,60

To verify this hypothesis, we analyzed the composition of
PtCu solid concave octahedrons synthesized without Ni2+ ion
by ICP-MS. As shown in Table S4, the Cu/Pt atomic ratio was
approximately 79:21, which was higher than that of PtCu
hollow NFs synthesized with Ni2+ (72:28). Therefore, the
lower Cu amount in PtCu hollow NFs indicated a higher
diffusion release of Cu atoms in the presence of Ni2+. The
effect of Cu atoms diffusion rate on forming hollow structure
was also verified by changing the reaction temperature (Table
S5). Generally, a higher temperature would cause a quicker
diffusion rate in a reaction.36,47,58 As shown in Figure S5, when
the temperature was increased to 180 °C, the hollow structure
emerged even in the absence of Ni2+, and when the
temperature further rose to 200 °C, the hollow structure
became more obvious but the dispersibility and specific surface
area decreased.

3.2. Evaluations of Electrochemical Performance. The
electrochemically active surface areas (ECSA) of spiny PtCu
AONFs was calculated by the hydrogen adsorption/desorption
region of cyclic voltammograms (CVs) in Figure S6 tested in
N2-saturated 0.1 M HClO4 aqueous solution with a sweep
speed of 50 mV/s.14,54 The mass of Pt loaded on the rotating
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disk electrode normalized by the geometrical area of the glassy
carbon were 28.7 and 27.7 μg/cm2 for PtCu AONFs and Pt/C.
After correcting the double-layer and assuming a value of 210
μC cm−2 for the adsorption of a hydrogen monolayer, the
ECSA of spiny PtCu AONFs and commercial Pt/C were 56.2
and 55.3 m2/gPt, respectively (eq S1, Table S6).
The ORR measurements of spiny PtCu AONFs and

commercial Pt/C was tested in an O2-saturated 0.1 M
HClO4 aqueous solution at a sweep rate of 10 mV/s with a
rotation rate of 1600 rpm. The spiny PtCu AONFs showed the
higher diffusion-limiting current density (∼5.50 mA/cm2) and
more positive half-wave potential (∼0.914 V vs RHE,) than
Pt/C (Figure 4A, Table S6). There were 37.0 mV differences
for half-wave potential between PtCu AONFs and Pt/C, which
exhibited that PtCu AONFs had an ideal ORR overpotential
and implied superior catalytic activity for ORR.52,54,61,62

According to MA and SA Tafel plots as exhibited in Figure

S7, PtCu AONFs possessed higher current density under the
same potential compared to Pt/C. Their kinetic current was
calculated based on the Koutecky−Levich equation (eq
S2).52,54,63−65 Figure 4B is a columnar comparison of MA
and SA for ORR of PtCu AONFs and Pt/C at 0.9 V vs RHE
and included two reported PtCu NPs: Pt25Cu75 NPs14 and
PtCu3 NPs.

66 The MA and SA for PtCu AONFs were 0.28 A/
mgPt and 0.50 mA/cm2, which are approximately 2.8 and 2.6
times that of to Pt/C (0.10 A/mgPt, 0.19 mA/cm2),
respectively. Meanwhile, the superiority of hollow NFs to
solid NPs is reflected with the two reported PtCu solid NPs
(Pt25Cu75 NPs,14 0.06 A/mgPt, 0.18 mA/cm2, PtCu3 NPs,66

0.088 A/mgPt, 0.25 mA/cm2). The MA and SA of PtCu
AONFs as shown in Figure 4C were all higher than Pt/C at
different potential. Furthermore, we also collected and listed a
large number of ORR mass activities of other reported Pt-
based nanomaterials in Table S7. The enhanced ORR

Figure 4. (A) ORR polarization curves of PtCu AONFs and Pt/C. (B) Comparison of MA and SA for PtCu AONFs, Pt25Cu75 NPs,
14 PtCu3 NPs

66

and Pt/C at 0.9 V vs RHE. (C) MA and SA for PtCu AONFs and Pt/C at different potential vs RHE. (D) ORR polarizations of PtCu AONFs and
Pt/C before and after ADT. (E) MA and SA before and after the ADT at 0.95 and 0.9 V vs RHE, respectively. (F) CV curves of PtCu AONFs and
Pt/C in 1 M KOH and 1 M methanol. In A and D, j (mA/cm2) were normalized in reference to the electrode geometric area (0.196 cm2).
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performance can be attributed to following issues: first, the
hollow nanoframe structure increased Pt-based catalyst specific
surface area.35−37 Second, the anisotropic spiny nanothorns
provided more active site, such as edge, corner and step
atoms.34,35,44,50,51 Third, the PtCu alloy changed the surface
electronic structure of pure Pt catalyst, which could greatly
push forward the electrocatalytic performance toward ORR
owing to the decline of adsorption energy between Pt and
O.44,67,68

In addition, the durability of PtCu AONFs was evaluated in
O2-saturated 0.1 M HClO4 aqueous solution at a scan rate of
50 mV/s and a rotation rate of 1600 rpm. After 8000 cycles of
the accelerated durability test (ADT) were measured at the
potential between 0.60 and 1.0 V vs RHE, PtCu AONFs held
the lesser decline for ECSA/gPt (54.8 m2/gPt, Figures S8 and
S9), which only reduced by 1.19 m2/gPt (2.10%) in
comparison to original (56.2 m2/gPt). The ECSA/gPt for Pt/
C after 8000 cycles was 43.9 m2/gPt, which decreased by 11.4
m2/gPt (20.5%) compared with the initial value (55.3 m2/gPt).
Figure 4D was ORR polarization for PtCu AONFs before and
after 8000 cycles. It showed better half-wave potential (0.929
V) for PtCu AONFs, which were 65.0 mV higher than Pt/C
(0.864 V) after ADT (Figure 4D, Figure S9). The PtCu
AONFs had better durability than Pt/C according to Figure 4E
and Figure S10 before and after ADT at 0.80, 0.85, 0.90, and
0.95 V vs RHE, and the Tafel plots also proved this conclusion
(Figure S11). Their MA (0.096 A/mgPt) and SA (0.18 mA/
cm2) after ADT of PtCu AONFs were 7.4 and 5.6 times
corresponding to that of Pt/C (0.013 A/mgPt, 0.032 mA/cm2)
at 0.95 V vs RHE. Meanwhile, the MA (0.44 A/mg Pt) and SA
(0.81 mA/cm2) at 0.90 V vs RHE were 6.0 and 4.5 times than
Pt/C (0.073 A/mgPt, 0.18 mA/cm2). Surfactant and specific
surface area may be the reason for the increase of ORR activity.
In a typical characterization, the PtCu AONFs were directly
added on the electrode to make ADT test without the mix of
carbon support. The XPS characterization showed that the
chemical state of PtCu structure did not change (Figure S13),
but the atom ratio of C on the surface of catalyst decreased
from 72.8% to 42.2% after the ADT test. Due to the absence of
carbon support, the content of C was derived from surfactant
(PVP). Additionally, from the TEM and HRTEM character-
ization (Figure S12), the microstructures of PtCu AONF did
not change after the ADT test, ruling out the possible effect of
specific surface area. Therefore, the increase of ORR activity
could be attributed to the clearance of surfactant on the surface
of catalysts during the ADT test, increasing the exposure of
active sites.69,70

For the MOR, the loaded quantities were 39.5 and 35.4 μg/
cm2 for PtCu AONFs and Pt/C. First, the catalysts modified
on GCE were first activated in 0.1 M HClO4 aqueous. The
obtained CV curve (Figure S14) was used to calculate the
ECSA (PtCu AONFs: 57.3 m2/gPt; Pt/C: 54.3m

2/gPt). Then,
the CV curves (Figure 4F, Figure S15) normalized with respect
to the loaded-Pt mass or ECSA were tested in 1 M KOH and 1
M methanol and PtCu AONFs showed better MOR catalytic
activity than Pt/C. The MA and SA of PtCu AONFs were 4.46
A/mgPt and 7.78 mA/cm2, which were nearly 3.80 and 3.60
times than Pt/C (1.16 A/mgPt, 2.14 mA/cm2) as show in
Figure S16. Meanwhile, the MOR mass activity of the PtCu
AONFs and various of reported Pt-based nanomaterials are
listed in Table S8. PtCu AONFs also showed good
electrocatalytic activity toward MOR, which may closely
related to the aforementioned synergy mentioned.18,22 The

Amperometric i-t curve (Figure S17) was used to evaluate the
catalytic endurance of the catalysts. The current density of Pt/
C sharply decreased from the beginning, whereas the PtCu
AONFs maintained higher current density compared to Pt/C
during 5000 s. The above results reveal that the PtCu AONFs
have the better catalytic endurance.

4. CONCLUSIONS
In this study, a nickel-ion-oriented one-step hydrothermal
method was adopted to prepare the well-defined PtCu
bimetallic alloy octahedral nanoframes with abundant spiny
nanothorns on the apexes. Ni2+ metal ion played a pivotal role
in forming hollow structure due to the acceleration of Cu atom
diffusion during the replacement reaction between Cu
intermediate and Pt precursors. And the formation of spiny
nanothorns was attributed to the selective deposition of Pt and
Cu atoms in active sites. The as-prepared spiny PtCu AONFs
exhibit higher electrochemical catalytic activity and durability
for ORR and MOR than Pt/C and other reported Pt-based
nanostructures. This method offered a new potential approach
to fabricate other hollow structures, expanding the utilization
of metal ions in nanoarchitecture.
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