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The rational design and synthesis of anisotropic three-dimensional nanostructures with specific
composition, morphology, surface structure and crystal phase is of significant importance for
their diverse applications. Here, we report the synthesis of well-crystalline lotus thalamus-
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shaped Pt-Ni anisotropic superstructures (ASs) via a facile one-pot solvothermal method. The
Pt-Ni ASs with Pt-rich surface are composed of one Ni-rich “core” with face-centered cubic
(fcc) phase, Ni-rich “arms” with hexagonal close-packed (hcp) phase protruding from the core,
and facet-selectively grown Pt-rich “lotus seeds” with fcc phase on the end surfaces of the
“arms”. Impressively, this unique Pt-Ni ASs exhibit superior electrocatalytic activity and
stability towards the hydrogen evolution reaction under alkaline conditions compared to the
commercial Pt/C and previously reported electrocatalysts. The obtained overpotential is as low
as 27.7 mV at current density of 10 mA cm, and the turnover frequency (TOF) reaches 18.63
Hz st at the overpotential of 50 mV. Our work provides a new strategy for the synthesis of
highly anisotropic superstructures with a spatial heterogeneity to boost their promising

application in catalytic reactions.

The rational design and synthesis of anisotropic three-dimensional (3D) architectures with
complicated structures and promising functionalities have drawn considerable attention in
recent years.[*"*l Delicate control of the spatial composition, morphology, surface structure and
crystal phase in such 3D nanomaterials is of great importance for their diverse applications.™
To date, various strategies, including seed-mediated growth,!? oxidative etching,®! self-
assembly of building blocks™! and site-selective growth,™ have been developed to synthesize
anisotropic 3D nanostructures. However, it still remains a great challenge to prepare anisotropic
3D nanostructures with desired chemical composition, surface structure, and crystal phase for
specific applications, which are significant not only in fundamental studies, but also in practical
applications.

Recently, anisotropic Pt-based nanostructures have attracted increasing research interests in
the electrocatalysis because of their inherent physical and chemical properties originating from
their unique structures.>®! In order to enhance the electrocatalytic activity of Pt-based

anisotropic nanomaterials, various approaches, including alloying Pt with earth-abundant
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transition metals,®! engineering crystal phase of Pt-based alloys,!® shaping Pt-based
nanostructurest®”®l and constructing Pt-based hybrid nanomaterials,®% have been developed.
Particularly, the anisotropic 3D Pt-based nanostructures with Pt-rich surface or unusual crystal
phase are effective to improve their electrocatalytic activity. For example, Pt-Ni nanoframes
with Pt-rich surfacel®l and Pt-Ni nanomultipods with novel hexagonal close-packed (hcp)
phasel®! have been reported to exhibit enhanced electrocatalytic activities towards hydrogen
evolution reaction (HER) under alkaline conditions. Therefore, it is critically important to
rationally design and synthesize novel anisotropic 3D structures possessing both Pt-rich surface
and unusual crystal phase in order to further enhance their HER performance.

Herein, for the first time, we report a facile one-pot solvothermal method to synthesize well-
crystalline lotus thalamus-shaped Pt-Ni anisotropic superstructures (ASs), referred to as Pt-Ni
ASs. The obtained Pt-Ni AS with the spatial heterogeneity of compositional elements and
crystal structures is composed of one Ni-rich “core” with face-centered cubic (fcc) phase,
several Ni-rich “arms” with hcp phase protruding from the core, and facet-selectively grown
Pt-rich “lotus seeds” with fcc phase on the end surfaces of the “arms” (Figure 1 and Figure S1).
It is worth mentioning that the entire surface of Pt-Ni AS is Pt-rich. Impressively, the obtained
Pt-Ni ASs exhibit superior electrocatalytic activity and stability towards HER under alkaline
conditions compared to the commercial Pt/C and previously reported electrocatalysts.

The detailed experiment for the synthesis of the Pt-Ni ASs is described in Supporting
Information. The representative high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) (Figure 1a, b and Figure S1a) and scanning electron microscopy
(SEM) images (Figure S1b) show that the obtained products consist of branched structures.
Each branch resembles the thalamus of lotus (Figure S1c), i.e., some sharp-shaped nanoparticles
selectively grown on the end surface of the “arm” (Figure S1d). TEM images show that the
length of the “arm” is about 40 nm (Figure 1a, inset). The height of deposited nanoparticles,

i.e., “lotus seeds”, is sub-10 nm (Figure 1a, inset). Therefore, the obtained Pt-Ni ASs display
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the highly anisotropic feature. Figure 1c shows the aberration-corrected HAADF-STEM image
of the typical “lotus seed” and the “arm” of Pt-Ni ASs. The “arm” shows the atom stacking
mode of hcp structure, i.e., “ABAB”, along the [001]x close-packed direction (Figure 1c—),**
141 whereas the “lotus seed” exhibits a characteristic stacking sequence of “ABCABC” along
the [111]¢ close-packed direction (Figure 1c, f and g), adopting the conventional fcc
structure.[*12151 Moreover, twin boundaries along the [001]n/[111]¢ directions are observed in
the transition region between the “arm” and the “lotus seed” (Figure 1c). Figure 1h shows the
aberration-corrected HAADF-STEM image of the “arm” along the [100]n zone axis. Owing to
the different atomic number between Pt (Z = 78) and Ni (Z = 28), it is easy to distinguish Pt
and Ni atoms by the Z-contrast in the HAADF-STEM images (Figure 1h), i.e., the brighter
atoms are Pt and the darker ones are Ni. The enrichment of brighter atoms on the surface
indicates Pt-rich surface in the “arm”. The fast Fourier transform (FFT) patterns (Figure 1i and
k) and magnified aberration-corrected HAADF-STEM images (Figure 1j and 1) of the “arm”
confirm its hcp phase. The continuous lattice alignment from the backbone to the shell in the
“arm” indicates their epitaxial growth (Figure 1h, j and I). Importantly, some low-coordinate
atomic steps can be identified on the side surface of the “arm” (Figure 1h). The “core” of the
Pt-Ni AS possesses a polyhedral morphology (Figure 1m and n), serving as a central node to
grow the “arms” (Figure S1d). The X-ray diffraction (XRD) patterns further confirm the co-
existence of fcc and hcp phases, which are 37.2 wt% and 62.8 wt%, respectively, in the Pt-Ni
ASs (Figure S2 and Table S1). The chemical composition of the Pt-Ni ASs was measured by
the inductively coupled plasma optical emission spectrometry (ICP-OES) and the energy-
dispersive X-ray spectroscopy (EDS), which gave very similar Pt/Ni atomic ratios, i.e.,
18.4/81.6 and 18.6/81.4 (Figure S3), respectively. The HAADF-STEM and the corresponding
EDS elemental mapping images reveal the Pt-rich surface of the Pt-Ni ASs (Figure 10).

A HAADF-STEM tilt series for an individual Pt-Ni AS was collected, aligned and

reconstructed to visualize its three-dimensional (3D) architecture (Figure S4 and Movie S1).
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From the reconstructed 3D visualization of the nanostructure by isosurface rendering (Figure
S4a—f), the Pt-Ni AS is composed of four “arms” protruding from the “core” with some “lotus
seeds” selectively grown on their end surfaces. The “lotus seeds” are Pt-rich, as evidenced by
the slice of the tomogram and their segmented volume (Figure S4i). Moreover, a Pt-rich core
can be identified at the central region of thin slices sectioned from the tomogram (Figure S4g
and h). These results are consistent with the aforementioned ones (Figure 1 and Figure S1).
The X-ray absorption near-edge structure (XANES) and the extended X-ray absorption fine
structure (EXAFS) were performed to investigate the local atomic and electronic structures of
the Pt-Ni ASs. Figure 2a shows the Pt Ls-edge XANES spectra of the Pt-Ni ASs, Pt foil and
PtO>. Note that Pt foil and PtO- are used for reference. The intensity of the white line peak at
about 11.56 keV for the Pt-Ni ASs is similar to that of the Pt foil, indicating the metallic state
of Pt in the Pt-Ni ASs, which is consistent with the Pt 4f X-ray photoelectron spectroscopy
(XPS) spectra of the Pt-Ni ASs (Figure 2e). The main peak in the Pt Ls-edge FT-EXAFS spectra
represents the nearest coordination shells of Pt atoms, which was well reproduced through a
fitting using Pt-Ni and Pt-Pt paths (Figures S5 and S6 and Table S2). The shorter atom distance
of the main peak in the Pt-Ni ASs suggests the shorter bond length than that of the Pt foil (Figure
2b), owing to the heteroatomic interaction in binary alloy nanostructures.[**18 The discrepancy
of the oscillations in K space also suggests the different coordination environment of Pt in the
Pt-Ni ASs and the Pt foil (Figure S7). The Ni K-edge XANES spectra of the Pt-Ni ASs, NiO,
and the Ni foil are shown in Figure 2c, in which NiO and Ni foil are used for reference. It is
worth mentioning that the Ni foil crystallizes in an fcc structure, whereas the Ni in Pt-Ni ASs
mainly possesses an hcp structure, which has a larger nearest Ni-Ni distance (around 2.63 A)
compared to Ni foil (around 2.44 A) (Figure 2d). The fitting result shows that the Ni in the Pt-
Ni ASs is predominant in the metallic state (Figure S8 and Table S3). However, in the Ni 2p
XPS spectra of the Pt-Ni ASs (Figure 2f), the peak corresponding to Ni*" is even higher than

that corresponding to metallic Ni, indicating the surface oxidation of Ni. The peak located
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between 1.6 and 2.9 A in the Ni K-edge FT-EXAFS spectra of the Pt-Ni ASs can be well
reproduced through the fitting using Ni-Ni and Ni-Pt scattering paths (Figure S9 and Table S3).

In order to study the formation mechanism of Pt-Ni ASs, the time-dependent experiments
were conducted. At the reaction time of 2 h, the faceted polyhedron-shaped nanoparticles with
size of about 10 nm were obtained (Figure 3a and Figure S10). The EDS result shows that the
Pt/Ni atomic ratio is about 3.2/96.8 (Figure 3f and Figure S11). As the reaction continuously
proceeded, the branched nanostructures consisting of “arms” with length of about 20 nm were
formed at the reaction time of 4 h (Figure 3b). The EDS result (Figure 3f and Figure S12), the
HAADF-STEM and the corresponding EDS elemental mapping images (Figure S13) show that
the product is Ni-rich, giving the Pt/Ni atomic ratio of 2.1/97.9. The XRD pattern shows that
the product possesses an hcp phase (Figure 3g). At the reaction time of 6 h, the branched
nanostructures further grew with longer “arms” of about 40 nm (Figure 3¢ and Figure S14). As
shown in Figure S14, the “core” shows an fcc phase, whereas the “arm” possesses an hcp phase.
Significantly, in the transition region between the “core” and the “arm”, there are twin
boundaries. The EDS result shows that the Pt/Ni atomic ratio is about 4.3/95.7 (Figure 3f and
Figure S15). The HAADF-STEM and the corresponding EDS elemental mapping images reveal
the uniform distribution of Pt on the surface of the product (Figures S16 and S17). The XRD
pattern shows that the product retains the hcp phase (Figure 3g). When the reaction time reached
9 h, some sharp-shaped nanoparticles selectively grew on the end surfaces of the “arms” (Figure
3d). The Pt/Ni atomic ratio was increased to 10.5/89.5, as shown by the EDS pattern (Figure 3f
and Figure S18). The HAADF-STEM and the corresponding EDS elemental mapping images
demonstrate the formation of Pt-rich surface of the product (Figure S19). The XRD pattern
shows the appearance of fcc phase, co-existing with hcp phase (Figure 3g and h). Finally, at the
reaction time of 14 h, the well-crystalline lotus thalamus-shaped Pt-Ni anisotropic
superstructures with Pt/Ni atomic ratio of about 18.6/81.4 (Figure 3f and Figure S3), i.e., Pt-Ni

ASs, were obtained (Figure 1 and Figure S1). The XRD pattern of Pt-Ni ASs is similar to that
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of the product obtained at the reaction time of 9 h (Figure 3g and h), indicating their mixed
hcp/fcc crystal phases.

Based on the aforementioned time-dependent structure evolution, we proposed a possible
mechanism for the synthesis of Pt-Ni ASs. As schematically illustrated in Figure 3e, the Ni-
rich polyhedral nanostructures were first formed (Figure 3a and e-1). As reported, the
formaldehyde can be decomposed into CO and H; at elevated temperature.[*-21] The produced
H. and oleylamine in the reaction solution could facilitate the preferential reduction of Ni2*
ions,**! although the standard redox potential of Ni%*/Ni (-0.25 V) is more negative than that
of Pt**/Pt (1.18 V).*?22% Then, the polyhedral Ni-rich nanostructures grew into branched
structures (Figure 3b and e-2), probably originating from the polymorphism of Ni.?4l With the
increase of reaction time, the branched nanostructures became larger (Figure 3c and e-3).
During the aforementioned evolution process, a galvanic replacement reaction between Ni-rich
branched nanostructures and Pt precursor (Pt(acac)z) took place on the whole surfaces of Ni-
rich branched nanostructures. Simultaneously, the Ni?* ions (from the dissolution of Ni-rich
branched nanostructures) and Pt>* ions (from Pt(acac).) were reduced by the reductants in the
solution. Subsequently, the resulting Ni and Pt atoms selectively deposited on the end surfaces,
i.e., {001} planes, of the “arm” rather than its side surfaces, i.e., {011} planes (Figure 3d and
e-4 and Figure S1d). As known, the surface energy, y, of hcp metal nanostructures follows the
order of {001} < {100} < {110} < {111}.[2°2% Therefore, the selective deposition of Pt and Ni
atoms should occur on the {011} planes rather than on the {001} planes of the “arms”. However,
in our experiment, the preferential deposition was not observed on the {011} planes of the
“arms” but on the {001} planes instead. This might be due to the strong capping effect of
benzoin or oleylamine, acting as the facet-selective adsorption reagent on the side surface of
the “arms”.[®?4 As the reaction proceeded, the final product, i.e., Pt-Ni ASs, was obtained at
reaction time of 14 h (Figure 1). It is worth mentioning that the Ni-rich polyhedral

nanostructures were first formed during the shape evolution process (Figure 3a and e-1),
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whereas the “core” in the Pt-Ni ASs is Pt-rich (Figure S4g and h). This could be attributed to
the subsequent galvanic replacement reaction between metallic Ni and Pt?* ions in the solution.

The chlor-alkali industry and water-alkali electrolysis are the main sources for
electrocatalytic hydrogen production.®*] However, the HER activities of Pt catalysts in
alkaline solution are usually about two to three orders of magnitude lower than those in acidic
solution.[®*! Therefore, it is very urgent to develop advanced electrocatalysts with superior
HER activity in alkaline solution. As a proof-of-concept application, we evaluated the
electrocatalytic HER performance of Pt-Ni ASs in 1.0 M KOH aqueous solution and compared
it with the commercial Pt/C catalyst (20 wt% Pt on Vulcan XC-72R carbon, Figure S20). The
linear sweep voltammetry (LSV) curves (with Ohmic drop correction) of Pt-Ni ASs with the
optimum Pt loading of about 0.017 mg cm™ at scan rate of 5 mV s (Figure S21) is shown in
Figure 4a. Pt-Ni ASs show a nearly equal onset potential to Pt/C, but present a much higher
current increase rate, indicating the superior HER activity. Accordingly, a rather small Tafel
slope of 27 mV dec was observed for Pt-Ni ASs, which is 17 mV dec* lower than that of Pt/C
(44 mV dec?) and even much lower than other previously reported HER catalysts (Figure 4b,
Figure S22 and Table S4). The low Tafel slope of Pt-Ni ASs suggests that the recombination
of chemisorbed hydrogen atoms on their surface is the rate-limiting step and the HER reaction
involves the VVolmer-Tafel mechanism.?®! Furthermore, the exchange current density of Pt-Ni
ASs, obtained from the Tafel plot, reaches as high as 1.35 mA cm, which is higher than that
of Pt/C (1.29 mA cm) (Figure 4c), reflecting their superior intrinsic electrocatalytic activity.
The mass activity (Figure 4d) and specific activity (Figure S23) were obtained by normalizing
the current densities with respect to the mass loading of Pt (0.017 mg cm™) and the
electrochemically active surface area (ECSA) (Figure S24), respectively. Remarkably, the Pt-
Ni ASs show significantly higher mass and specific activities than does Pt/C (Figure 4d and

Figure S23). Specifically, at the overpotential of 70 mV, the mass and specific activities of Pt-
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Ni ASs were 2.80 A mgei* and 13.7 mA cm2, which are about 3.2 and 13.4 times those of Pt/C,
i.e. 0.88 A mgert and 1.02 mA cm?, respectively.

In order to further reveal the intrinsic electrocatalytic activity, the TOF values for Pt-Ni ASs
and Pt/C were calculated based on the estimated numbers of active sites (Figure $24).1281 As
summarized in Figure 4e, Pt-Ni ASs achieve the extremely high TOF value at the investigated
potential region in 1.0 M KOH aqueous solution. Particularly, the TOF value of Pt-Ni ASs
reaches 18.63 H s at the overpotential of 50 mV, which is much higher than that of Pt/C (1.62
H. s1) and other recently reported advanced HER electrocatalysts, such as Ru@CzN (1.66 H.
s at overpotential of 50 mV),? NisP4 (2.9 Hz s at overpotential of 200 mV),?”1 Ni-Mo
nanopowders (0.05 Hz s™ at overpotential of 100 mV),18 y-Mo2N (0.07 H s at overpotential
of 250 mV)?°! and a-Mo.C (0.9 H, st at overpotential of 200 mV)2% (Figure 4e). To the best
of our knowledge, the Pt-Ni ASs possesses the greatest TOF value, proving that the Pt-Ni AS
is a highly efficient electrocatalyst for HER. Additionally, the comparison of the overpotential
at 10 mA cm2 for Pt-Ni ASs with Pt/C and other recently reported HER electrocatalysts is also
provided (Figure 4d, g and Table S4). A quite low overpotential of only 27.7 mV is required
for Pt-Ni ASs to achieve the target current density (10 mA cm™2), which is among the best in
reported electrocatalysts. Moreover, the electrocatalytic stability of Pt-Ni ASs towards HER
was investigated by a long-term cycling test. As shown in Figure 4f, almost no shift of the
polarization curve was observed after 10,000 potential cycles from 0.1 V to -0.1 V (versus
reversible hydrogen electrode (RHE)) in 1.0 M KOH aqueous solution. Importantly, as
evidenced by the TEM characterization (Figure S25), there is no obvious change of shape, size
and phase of Pt-Ni ASs after the electrocatalytic stability test. All the aforementioned results
demonstrate the excellent catalytic activity and durability of Pt-Ni ASs for the HER under
alkaline conditions.

The superior electrocatalytic performance of the Pt-Ni ASs could be attributed to the

following reasons. First, the Pt-Ni ASs with highly anisotropic structure possess relatively large
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surface area. Meanwhile, the small sharp-shaped Pt-rich nanoparticles on the end surfaces, i.e.,
{001} planes, and the few-layer Pt-rich shells on the side surfaces of the “arms” could provide
abundant active sites and improve the atom utilization efficiency of Pt,*%3 which are favorable
for the HER. Second, as demonstrated by the previous reports, the catalytic performance of
noble metal-based nanostructure can be rationally modulated by their crystal phase, %2152 and
those with hcp phase could show enhanced HER activity compared with their fcc phase, arising
from the distinct atomic arrangement and electronic structure.[®32331 In this work, the “arms” of
Pt-Ni ASs possess an hcp phase, which is beneficial to the electrocatalytic HER activity. In
addition, the change of coordination environment and chemical bonding at the crystal phase
boundaries of the Pt-Ni ASs might also induce the change of electron band structure, thus
leading to the enhancement in electrocatalytic activity.**¢1 Third, the rough surfaces with rich
atomic steps in the “arms” (Figure 1h) and the synergistic effect between Pt and Ni®®4] could
also contribute to the HER activity of Pt-Ni ASs. Furthermore, the Ni oxide species arising
from the surface oxidation (Figure 2f) may facilitate the water dissociation and thus improve
the HER activity in alkaline environments.[*%

In summary, for the first time, we have synthesized the well-crystalline lotus thalamus-
shaped Pt-Ni ASs with Pt-rich surfaces and hcp/fcc crystal phases via a simple one-pot
solvothermal method. The time-dependent experiments showed that the Ni-rich polyhedron-
shaped nanoparticles were first formed, which then grew into branched nanostructures.
Meanwhile, the galvanic replacement reaction between Ni branched nanostructures and Pt
precursors in the solution and the subsequent facet-selective co-deposition of Pt and Ni atoms
are responsible for the formation of the Pt-Ni ASs. Impressively, the as-synthesized Pt-Ni ASs
exhibit superior electrocatalytic activity and stability towards HER under alkaline conditions
compared to the commercial Pt/C and other reported electrocatalysts. Our work provides a new
strategy for the synthesis of highly anisotropic superstructures with unique spatial heterogeneity,

which could boost their promising applications in catalytic reactions.
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Figure 1. a,b) HAADF-STEM images of the Pt-Ni ASs. Inset in (a): TEM image of a single Pt-
Ni AS. c¢) Aberration-corrected HAADF-STEM image of the “lotus seed” grown on the end
surface of an “arm” of the Pt-Ni AS. d,f) FFT patterns and e,g) magnified aberration-corrected
HAADF-STEM images taken from the corresponding two white squares in (c). h) Aberration-
corrected HAADF-STEM image of a side surface of an “arm” of the Pt-Ni AS. i,k) FFT patterns
and j,I) magnified aberration-corrected HAADF-STEM images taken from the corresponding
two white squares in (h). m) TEM and n) magnified TEM images taken from the white square
in (m) of a Pt-Ni AS. 0) HAADF- STEM and the corresponding EDS elemental mapping images
of a typical Pt-Ni AS.
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Figure 2. a) The XANES and b) the Fourier transforms of EXAFS spectra of Pt-Ni ASs, Pt foil
and PtO; for the Pt Lz-edge. ¢) The XANES and d) the Fourier transforms of EXAFS spectra

of Pt-Ni ASs, Ni foil and NiO for the Ni K-edge. e) Pt 4f and f) Ni 2p XPS spectra of Pt-Ni
ASs.
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Figure 3. HAADF-STEM images of the products obtained at different reaction time: a) 2 h, b)
4 h, c) 6 h, and d) 9 h. e) Schematic illustration of the corresponding products shown in (a—d)
obtained at different reaction time. f) Pt and Ni atomic percentage of the products obtained at
different reaction time. g) XRD patterns and h) the corresponding magnified XRD patterns of
the products obtained at different reaction time.
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Figure 4. a) Polarization curves of Pt-Ni ASs and commercial Pt/C. Linear sweep voltammetry
was conducted in 1.0 M KOH aqueous solution at a scan rate of 5.0 mV s™. b) Tafel plots
obtained from the polarization curves in (a). ¢) Overpotentials at current density of 10.0 mA
cm (left) and exchange current densities (right) of Pt-Ni ASs and commercial Pt/C. d) Mass
activities of Pt-Ni ASs and commercial Pt/C. e) Comparison of the TOF values of Pt-Ni ASs,
commercial Pt/C and previously reported electrocatalysts. The TOF values of Pt-Ni ASs and
commercial Pt/C were calculated based on the number of active sites using the Equation S2 in
Supporting Information. Note that the TOF values of Ru@C:N, ! NisP4,?" Ni-Mo,128! and both
0-Mo2C and y-Mo2NP2*! were calculated based on number of active Ru atoms, total Ni atoms,
surface Ni and Mo atoms, and surface Mo atoms in the corresponding catalysts, respectively.
f) Durability test of Pt-Ni ASs. The polarization curves were recorded before and after 10,000
potential cycles in 1.0 M KOH aqueous solution from 0.1 to -0.1 V (vs. RHE). g) Comparison
of the overpotentials of Pt-Ni ASs, commercial Pt/C and previously reported electrocatalysts at
current density of 10 mA cmin 1.0 M KOH aqueous solution.
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The well-crystalline lotus thalamus-shaped Pt-Ni anisotropic superstructures (ASs) with
unique hcp/fce crystal phases and Pt-rich surface are synthesized via a simple one-pot
solvothermal method. The obtained Pt-Ni ASs exhibit superior electrocatalytic activity
and stability towards hydrogen evolution reaction under alkaline conditions compared to
the commercial Pt/C and other reported electrocatalysts.

Keywords: Alloy, anisotropic structure, crystal structure, electrocatalysis, hydrogen evolution
reaction.
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