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ABSTRACT

Binary transition metals can facilitate the hydrogen evolution reaction (HER) through the synergistic
integration of different electrochemical properties. To determine binary transition metals that are highly
active, Greely et al. conducted a simulation of 256 different binary transition metals. They demonstrated
that BiPt, PtRu, AsPt, SbPt, BiRh, RhRe, PtRe, AsRu, IrRu, RhRu, IrRe, and PtRh could be used as efficient
electrocatalysts for HER. However, only few of them are synthesized and used as electrocatalysts. In this
work, we report the synthesis of the raspberry-like antimony-platinum (SbPt) nanoparticles (NPs) via a
colloidal nanocrystal synthesis. These NPs exhibited efficient activity with a low overpotential of 27 mV
to reach 10 mA cm? in acidic media. We conducted long-term durability test for 90,000 s under an
applied voltage of 0.5 V (vs. RHE) and cycling tests of over 10,000 cycles under an applied voltage of
0.1 to —0.5 V (vs. RHE). The high activity exhibited by the raspberry-like SbPt NPs may be due to the fol-
lowing reasons: (1) the raspberry-like SbPt NPs exhibited versatile active exposed (110), (100), (101),
and (012) facets as efficient HER catalysts, and (2) as confirmed by both the density functional theory
(DFT) simulation and experimental results, the presence of Sb 3d subsurface broadened the Pt surface
d-band, which caused synergistic effects on water splitting. In summary, synthesis of the new colloidal
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raspberry-like SbPt NPs is essential to elucidate the fundamental properties of the nanomaterial and
nanostructure design. This study could facilitate the development of Pt-group materials that can be used

as HER catalysts.

© 2020 Published by Elsevier Inc.

1. Introduction

Hydrogen (H,), which is a sustainable, clean, and high-energy
density energy resource, has been considered as a promising can-
didate for resolving ecological crisis [1]. To induce the electrolysis
reaction with low overpotential, the use of an efficient electrocat-
alyst is required. Among all electrocatalysts, which include sul-
fides, phosphides, carbides, borides, nitrides, and metal-free
materials, Pt and Pt-group materials are still considered as the
most active electrocatalysts for HER owing to their ability to easily
initiate proton reduction pathway in a relatively small overpoten-
tial. Moreover, they exhibit efficient catalytic performance with
high exchange current densities [2,3]. However, their wide applica-
tion may be hindered by the scarcity of the Pt element [4,5].

With the aim of mitigating the use of Pt, great effort has been
exerted to develop Pt structures and incorporate other metals into
Pt-forming alloys, such as FePt, NiPt, SnPt, GaPts, CoPts, MnPt, GePt,
PdPt, VPt3, CuPts, and ZnPt [6-16]. In the theory of HER, the free
energy of H, adsorption on the surface is critically treated as the
descriptor for the quantification of the efficiency of the catalysts.
Greely et al. conducted a surface simulation of 256 different binary
transition metals to determine the strong synthetic catalysts,
including BiPt, PtRu, AsPt, SbPt, BiRh, RhRe, PtRe, AsRu, IrRu, RhRu,
IrRe, and PtRh [17]. However, only a few of them have been
reported as water splitting electrocatalysts, including BiPt [18]
and PtRu [19,20]. The presence of Sb 3d subsurface has been pro-
ven to broaden the Pt surface d-band, with synergistic effects on
electronic modifications and chemical property, which results in
the weakening of the adsorption energies between surfaces with
H, or oxygen [21-23].

In electrochemistry, elemental Sb NPs have been used, includ-
ing Li-ion and Na-ion batteries [24], as well as conductive anti-
mony tin oxide (ATO) [25]. The SbPt intermetallic compounds
have five intermetallic phases: SbPt;, SbPts, Sb,Pts, SbPt, and Sb,Pt
[26]. SbPt synthesis was performed via arc melting and sintering,
procedures which are applied in methanol electro-oxidation [27].
SbPt/C can also function as a selective electro-oxidation catalyst
for transforming glycerol to dihydroxyacetone [28]. The existence
of Sb exerts predictable geometric structural and synergistic
effects: increased enthalpy could be attributed to higher chemical
and structural stability and thus to make SbPt a durable electrocat-
alyst. However, studies on the synthesis of nanosized SbPt used in
electrolysis are poorly understood.

In this work, we conduct synthesis of colloidal SbPt NPs used in
HER through the decomposition of Pt(II) iodide and Sb(III) iodide
coated with oleylamine. At the start of the nucleation, intermediate
SbPt NPs formed. After being left to stand at a temperature of
150 °C for 20 min, the raspberry-like SbPt NPs formed as the final
products. These NPs exerted a synergistic effect on the HER activ-
ity, which resulted in a higher activity (27 mV to achieve
10 mA cm~2) compared with Pt (30 mV) in acidic media. Moreover,
the raspberry-like SbPt NPs exhibited excellent durability for
90,000 s under an applied voltage of 0.5 V (vs. RHE) and remained
activity after 10,000 CV cycles. The calculated electrochemically
active surface area (ECSA) value of the as-prepared raspberry-like
SbPt NPs is 33.6 m? g~!, which is 1.25 times larger than that of
Pt black. The DFT simulation revealed that the presence of Sb is
important for the electronic and synergistic effects and thus for
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enhancing HER activity. The DFT simulation of the raspberry-like
SbPt NPs with observed exposed (110), (100), (101), and (012)
facets could facilitate HER; moreover, the Gibbs free energy of H,
adsorption (AGy-) of (101) and (012) of the raspberry-like SbPt
NPs is closer to zero than that of Pt black.

2. Experimental details
2.1. Materials and reagents

Chemicals purchased from Sigma-Aldrich: antimony (III) iodide
(Sbl;, 98%, CAS-NO. 7790-44-5), oleylamine (OLA, 70%, CAS-
NO.112-90-3), toluene (>99.5%), sulfuric acid (ACS reagent grade,
95-98%), and ethanol (>99.5%, absolute). Others listed below pro-
cured from Alfa Aesar: platinum (II) iodide (Ptl,, 98%, CAS-NO.
7790-39-8), hexamethyldisilazane (HMDS, 98%, CAS-NO. 999-97-
3), and 1-octadecene (1-ODE, technical grade, 90%, CAS-NO. 112-
88-9). All chemicals were applied as received.

2.2. Synthesis of intermediate and raspberry-like SbPt nanoparticles

In a typical synthesis, 4 mL of yellow-light stock solution con-
taining oleylamine (OLA) and Ptl, (46.4 mg) was added to a well-
dispersed transparent solution composed of 5 mL of OLA, 5 mL of
1-octadecene and Sbl; (48 mg) in three-neck flask under argon
environment. Then, 1 mL of hexamethyldisilazane (HMDS) was
injected. The mixture solution was heated to 150 °C at a rate of 2 °-
C min~'. At the beginning of nucleation, after the solution was kept
at 150 °C for about 8 min, it formed intermediate SbPt nanoparti-
cles. After further kept at 150 °C for 20 min. it formed stable
raspberry-like SbPt nanoparticles. The reaction was quenched by
water bath and the solution is divided into two tubes. Toluene is
added until 45 mL per tube and followed by centrifugation two
times with the ration of toluene and ethanol 1: 1.5 at 8000 rpm
for 5 min with the solid parts remained, which were our product
raspberry-like SbPt nanoparticles, kept in vacuum environment.

2.3. Characterization techniques

The morphologies of SbPt nanoparticles were acquired by scan-
ning electron microscopy (SEM) (Hitachi SU8010) equipped with
energy-dispersive X-ray spectroscopy (EDS) detector. Transmission
electron microscopy (TEM) (JEOL, JEM-ARM200FTH, services pro-
vided by NTHU and NCTU) with an accelerating voltage of
200 kV for investigating further structure analysis including mor-
phology, HRTEM, and SAED. The X-ray photoelectron spectroscopy
(XPS) characteristic peaks were conducted with ULVAC-PHI Quan-
tera II. All the spectra obtained from XPS analysis were first cali-
brated by referencing binding energy of C 1s (284.8 eV), followed
by the curve fitting using the software of XPSPEAK VER. 4.1. The
X-ray diffractometer (XRD, D8 advance eco (Bruker)) data were
obtained with Cu radiation source (A = 1.54 A).

2.4. Electrochemical measurements
All electrochemical data were recorded in a typical three-

electrode system connected with an electrochemical workstation
(Bio-Logic-science Instruments, VMP3) at room temperature. All
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reported potentials in this study were adjusted to the reversible
hydrogen electrode (RHE) as reference with no IR compensation
in an 0.5 M H,S0, electrolyte, a platinum wire as the counter elec-
trode. The working electrode was prepared as following content:
add 6 mg of SbPt powders in a 7 mL sample vial with 2 mL of
toluene and sonicated for about one hour. Then, 5 uL of the
obtained solution was immediately deposited onto the rotation
disk electrode (glassy carbon, D = 0.5 cm, Area = 0.196 cm?) two
times at room temperature.

All the HER measurements were conducted in 0.5 M H,SO,, the
linear sweep voltammetry (LSV) was measured at a scan rate of
5 mV s~! in the range from 0.2 V to — 0.5 V (vs. RHE), and the
long-term durability test data was measured at a current density
of 50 mA cm~2 for 90,000 s under the electrode rotation rate
3000 rpm. Cyclic voltammetry (CV) was performed from 0.2 V to
—0.5 V (vs. RHE) at the speed of 100 mV s~ for 10,000 cycles. Elec-
tric impedance spectroscopy (EIS) measurements were carried out
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at a frequency ranging from 10° to 0.01 Hz with a voltage —0.12 V
(vs. RHE).

3. Result and discussion

We referred to the phase diagram of Sb and Pt (Fig. S1) to deter-
mine the stable temperature and concentration intervals of the
SbPt alloys [26]. SbPt NPs were synthesized via a colloidal reaction,
as presented in the schematic diagram in Fig. 1. Basically, Sbl; and
Ptl, as precursors were placed in a three-neck flask; then 1-ODE
and OLA as the capping agent and solvent, respectively, were
added. Subsequently, the reaction was induced by heating at a
temperature of 150 °C to allow the formation of intermediate SbPt
NPs. Then, after being left to stand at 150 °C for 20 min, the
raspberry-like SbPt NPs formed via the nanoscopic self-assembly
process, which was driven by temperature. In this reaction, iodide

Self-assembly

Intermediate

SbPt NPs Raspberry-like SbPt NPs

Fig. 1. Schematic diagram of colloidal synthesis of intermediate SbPt nanoparticles and raspberry-like SbPt nanoparticles.
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Fig. 2. The raspberry-like SbPt NPs (a) XRD pattern of raspberry-like SbPt NPs and intermediate SbPt along with the corresponding XRD database. (PDF No. 72-1440) (b) The
simulated unit cell of hexagonal raspberry-like SbPt NPs. (c-e) XPS analysis of (c) Pt: 4f, (d) Sb: 3d and (e) C: 1s.
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Fig. 3. (a-c) Intermediate SbPt nanoparticles (a) low magnification TEM images. (b) High magnification TEM images. (c¢) SAED pattern; (d-i) Raspberry-like SbPt
nanoparticles. (d) Low magnification TEM images. (e) High magnification TEM images. (f) Statistics of the SbPt microsphere diameter. (g-h) HRTEM images. (i) Corresponding

indexed SAED pattern.

compounds were selected as the precursors owing to their ability
to completely decompose at a lower temperature.

In Fig. 2(a), the X-ray diffraction (XRD) patterns of the
raspberry-like SbPt NPs exhibited 14 major characteristic peaks:
24.94°, 29.87°, 41.57°, 43.92°, 51.16°, 54.02°, 55.83°, 56.65°,
62.07°, 68.57°, 69.67°, 72.07°, 74.21°, and 79.12°, which can be
indexed to (100), (101), (012), (110), (200), (201), (112),
(013),(202),(004),(210),(121),(014), and (122), respectively.
The high-intensity XRD spectrum demonstrated no impurity or
merely little purity following the synthesis. The XRD characteristic
peaks matched well with those of the hexagonal SbPt crystal (PDF
No. 72-1440) [29]. Fig. 2(b) presents the simulated raspberry-like
SbPt NP unit cell with a hexagonal structure in the space group
P63/m with a lattice parameter (a = b = 4.13, ¢ = 5.47). X-ray pho-
toelectron spectroscopy (XPS) analyses of the raspberry-like SbPt
NPs were conducted to determine the elemental composition and
surface electronic state [30]. Calibration of all the binding energies
was performed, with reference to the C 1s peak of adventitious car-
bon (284.8 eV). The survey on the XPS spectra is demonstrated in
Fig. 2(c-e), where three characteristic peaks were detected, refer-
ring to Pt 4f, Sb 3d, and C 1s; the full spectra of SbPt are also pro-
vided in Fig. S2. As presented in Fig. 2(c-e), the center of C 1s is
248.8 eV, and by observing the C 1s peak, a small upshift tail was
found. The C 1s peak was combined with two peaks of sp? orbit
at 284.8 eV and slight sp? orbit at 285.4 eV. High-intensity Sb
prominent peaks were obtained at 538.9 and 529.5 eV, correspond-
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ing to 3ds;; and 3dsj, respectively, which can be attributed to
metallic Sb® [31,32]. This indicated that the precursors were effi-
ciently reduced during the synthesis. The Pt spectrum of SbPt can
be deconvoluted into Pt® (4f;, 71.35 eV, 4fs;, 74.75 eV) and Pt**
(4f72 72.35 eV, 4fs5); 75.85 eV) [33]. More importantly, the slight
positive shifts within the binding energies of Pt 4f compared with
bulk Pt (70.90 and 74.25 eV) indicated that Pt bonded with the Sb
metal [34].

The morphology of intermediate SbPt nanocrystals was pre-
sented in low/high magnification (Fig. 3(a and b)). Weak crystal
signals were detected using the selected area electron diffraction
(SAED) pattern (Fig. 3(c)). The morphology of the raspberry-like
SbPt NPs is presented in Fig. 3(d and e). Moreover, the average
diameters of colloidal SbPt NPs were 9.08 + 1.42 nm, as presented
in the histogram (Fig. 3(f)); after the initiation of the self-assembly
process, a raspberry-like structure was generated, with sizes rang-
ing from 150 to 250 nm. The high-resolution transmission electron
microscopy images of the raspberry-like SbPt NPs with different
surface areas, as presented in Fig. 3(g-h), matched the XRD results.
Moreover, the lattice d-space of the as-synthesized raspberry-like
SbPt NPs were 3, 3.5, and 2.17 A, which correspond to (101),
(100), and (012), respectively. In Fig. 3(i), the SAED pattern of
the raspberry-like SbPt NPs represents the polycrystalline struc-
ture consistent with the (110), (100), (101), and (012) crystal
planes. The growth mechanism of the nanostructures from
intermediate NPs to raspberry-like SbPt NPs is described below
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Fig. 4. The raspberry-like SbPt nanoparticles. (a-b) Low/high magnification SEM image. (c) Elemental mapping image of the raspberry-like SbPt nanoparticles. (d-e) The
corresponding element Sb (red) and Pt (blue). (Data obtained by the emission of Sb Lo and Pt Mo.) (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

[35-37]. At the start of the synthesis, the reactants usually form
intermediate/quasi NPs, and when the contraction of NPs reach a
critical value, they further self-assemble to a stable formation, thus
generating the raspberry-like structure. The formation of the
raspberry-like structure could enhance the electrocatalytic perfor-
mance of the nanomaterial and provide higher surface area with
more available active sites during the electrochemical reaction
[35]. The higher activity exhibited by the raspberry-like structure
may be due to the increase in roughness. In previous reports, a sim-
ilar overall behavior was observed in the raspberry-like gold
microspheres, which were found to exhibit better electrochemical
performance owing to their high active surface area [36]. The
uneven surface of the raspberry-like structure could provide exten-
sive active sites and further contribute to the enhancement of the
catalytic performance. Altogether, the XRD and XPS measurements
suggested the synthesis of SbPt without any impurities. Moreover,
the SEM images (Figs. 4(a and b) and S3) show a raspberry-like
structure, and the elemental composition is further presented in
the SEM mapping image (Fig. 4(c)) with the corresponding elemen-
tal emission of Sb Lo (red) and Pt Mo (blue) (Fig. 4(d and e)). The
energy-dispersive spectroscopy mapping is also presented in
Fig. S4.

The electrocatalytic activity of the as-synthesized raspberry-
like SbPt NPs sin acidic HER was investigated via linear sweep
voltammetry (LSV). Fig. 5(a) presents the overlay of LSV curves.
Compared with Pt black and intermediate SbPt, the raspberry-
like SbPt NPs exhibit an extraordinary activity of only 27 mV to
achieve 10 mA cm~2, with no IR correction in acidic media
(0.5 M H,S0,4). Conversely, Pt and intermediate SbPt require 30
and 35 mV to reach 10 mA cm~2, whereas Pt-group materials usu-
ally require 20-100 mV [38,39]. SbPt was compared with other Pt-
group materials, as presented in Table S1. As can be seen from the
table, the raspberry-like SbPt NPs exhibited an excellent electro-
catalytic activity. Apparently, the raspberry-like SbPt NPs demon-
strated a much better electrochemical performance than
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intermediate SbPt. This may be because the uneven surface of
the raspberry-like structure could provide extensive active sites
and further contribute to the enhancement of the catalytic perfor-
mance [36]. In Fig. S5, the BET measurement is presented. The
raspberry-like SbPt NPs exhibited the surface area of 88.20 m?
¢!, which is much higher than the 1.22 m? g~' of theoretical
sphere value. The BET values of the raspberry-like SbPt NPs are rea-
sonable and could effectively enhance the surface area compared
with the non-porous sphere structures. The HER kinetics were fur-
ther assessed using the corresponding Tafel slopes (Fig. 5(b)). As
presented in Fig. 5(b), intermediate SbPt, Pt black, and raspberry-
like SbPt NPs exhibit the values of 59.49, 51.17, and 50.45 mV
dec™!, respectively. To investigate the rate determining step in
the evolution of H,, three fundamental mechanisms are consid-
ered: Volmer, Heyrovsky, and the Tafel [40,41]. The Volmer mech-
anism (H* + e~ — H,q) is the first and imperative mechanism which
involves the adsorption of proton, and the second mechanism
forming H, molecule via the Heyrovsky mechanism (H,g +H" +e~ —
H,) or Tafel mechanism (H,q + Hag — H>). The difference between
the Heyrovsky and Tafel mechanisms could be suggested by the
Tafel slope, in which from 42 to 118 mV dec™! be the former reac-
tion and from 29 to ~0 (limiting current) mV dec! be the latter
reaction. Hence, by observing the Tafel slopes of the materials,
the reaction pathway of the raspberry-like SbPt NPs have the
potential to demonstrate the Volmer-Heyrovsky mechanism.
Moreover, lower Tafel slopes indicate a higher electrocatalytic
activity that is beneficial to HER [42]. In Fig. 5(c), electrochemical
impedance spectroscopy (EIS) measurements were performed
under an applied voltage of — 0.12 V (vs. RHE) in the range from
10° to 0.01 Hz, thus confirming that the raspberry-like SbPt NPs
exhibited an improved charge transport property than Pt black.
As presented in Fig. 5(c), the EIS of HER is composed of three resis-
tances: R, R, and Rs. Ry indicates the outer solution resistance,
which is supposed to be quite similar for the same equipment.
R¢ indicates the charge transfer resistance. When the first circle
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Fig. 5. (a) HER polarization curves for intermediate SbPt, Pt black, and SbPt raspberry-like recorded at 5 mV s~! with inset of corresponding overpotentials at 10 mA cm 2. (b)
Corresponding Tafel slopes. (c) Electrochemical impedance spectroscopy (EIS) measurements carried out under —0.12 V (vs. RHE) with frequency range of 10° to 0.01 Hz. (d)
Cyclic voltammograms from 0.0 V to 1.2 V in 0.5 M H,S0,. (e) Stability test with applied 0.5 V (vs. RHE) over 90,000 s, the inset is the enlargement of the time region from
30,000 to 30,200 s. (f) LSV curves, initial and after 10,000 cycles from 0.1 V to —0.5 V with scan rate 100 mV s .

is closer to the Y axis, there is a higher charge transport property;
in addition, the first curve of the raspberry-like SbPt NPs is smaller
than that of Pt black, indicating a better charge transport property
than Pt black. The ECSA of the Pt catalyst can be determined by the
adsorption/desorption area of the cyclic voltammogram [43]. In
Fig. 5(d), based on the calculation of ECSA = Q/(m*q) [44,45] where
q (0.21 mC cm™2) denotes the characteristic adsorption value of
the charge density related to the monolayer H, atoms on the Pt
surface. The calculated ECSA value of the as-prepared raspberry-
like SbPt NPs is 33.6 m? g !, which is 1.25 times larger than that
of Pt black (Fig. S6). Another key indicator for electrocatalysis is
the long-term durability [46,47], which indicates the stability of
the activity and the lifespan, thus offering a practical alternative
application. Fig. 5(e) presents the measurement of i-t curve under
an applied voltage of —0.5 V for 90,000 s. After the stability test, it
remained high activity compared with the initial. Moreover, the
raspberry-like SbPt NPs exhibited excellent durability (Fig. 5(f)).
It remained similar i-t curve without IR compensation after
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10,000 cycles under an applied voltage of 0.1 to —0.5 V at a scan
rate of 100 mV s~'. Based on the electrochemical evidences previ-
ously mentioned, the raspberry-like SbPt NPs exhibited an efficient
and sustainable activity in HER. It has been proven that the pres-
ence of Sb 3d broadened the Pt surface d-band, which resulted in
the drastic improvement of the synergistic effects. The mecha-
nisms inside are suggested to be the Volmer and Heyrovsky mech-
anisms. The reasons for the excellent catalytic performances can be
attributed to the adoption of H* on the SbPt surface. Thus, further
DFT simulation should be conducted.

The calculated AGy- has been regarded as the widely accepted
descriptor for HER [48,49]. Moreover, the DFT calculations demon-
strate that the H adsorption strength of SbPt is weakened by the
introduction of Sb to facilitate the H, generation surface. In gen-
eral, an efficient electrocatalyst in HER should exhibit zero AGy-
[50-52], thus providing fast proton-electron transfer steps and
rapid H, release. The DFT results (Figs. 6 and S7-S9) of the
observed crystal facets of the raspberry-like SbPt NPs were
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Fig. 6. DFT simulated adsorption sites of H* on the surface of SbPt of (a) (012) and (b) (101). (c) Calculated free energy diagram with different adsorption sites of H* at

equilibrium potential for SbPt (100), (110), (012), and (101); Pt (111) and (110).

(110),(100),(101), and (012), exhibiting 0.16, 0.178, —0.024, and
0.003 eV, respectively. The AGy- of Pt crystal planes (111) and
(110) were —0.09 and —0.14 eV, respectively [53,54]; the four cal-
culated crystal planes were all active sites with different adsorp-
tion energies, Two of these crystal planes, i.e., (012) and (101),
exhibited an outstanding performance, which were much closer
to zero than those of the classic Pt crystal planes, i.e., (111) and
(110). The DFT results revealed that the crystal planes of the
raspberry-like SbPt NPs were moderated to construct the HER
pathway in the chemisorption of H* generating the superior HER
activity. The experimental results were in good agreement with
the DFT results. The raspberry-like SbPt NPs exposed accessible
(110), (100), (101), and (012) facets, which were observed in
both the XRD patterns and SAED measurements. The XRD pattern
and EIS curve (Fig. S10) of the raspberry-like SbPt NPs after
90,000 s under an applied voltage of —0.5 V were also provided
for durability, and the remaining facets were still correspond to
the original XRD diffraction peaks. Furthermore, it has been
reported that these crystal facets can be used as highly active elec-
trocatalysts for HER, including CoP [55] with (101), (100), (102),
and (110) planes and NisSn,S, [56] quantum dots with (101),
(012), and (110) planes. Interestingly, the Ni3Sn,S, quantum dots
greatly enhance electrochemical HER over NisS,, which shows a
similar result to the DFT simulation that demonstrates that the
(012) surface is the most active site. The existence of 3d orbital
hybridization can hinder the adsorption of H and thus provide a
highly active site. Based on the evidence discussed previously,
the raspberry-like SbPt NPs exhibit higher activity (27 mV to
achieve 10 mA cm2) than Pt, which can be explained by the highly
active (110),(100),(101), and (012) planes for HER and the con-
tribution of the unique raspberry-like structure to higher surface
area, change in the d-band center shift, and the geometric effect
[57].

4. Conclusion

In summary, this work reported the synthesis of new colloidal
raspberry-like SbPt NPs, which are applied in the field of HER.

735

The unique raspberry-like structure provides higher surface area
for the electrochemical reaction. The calculated ECSA value of the
as-prepared raspberry-like SbPt NPs is 33.6 m? g~!, which is 1.25
times larger than that of Pt black. Based on the voltage applied
to reach the current density of 10 mA cm 2, the overpotential of
the raspberry-like SbPt NPs is only 27 mV, with no IR compensa-
tion, whereas Pt and intermediate SbPt required 30 and 35 mV.
The raspberry-like SbPt NPs exhibited efficient activity and long-
term durability in the cycling tests of over 10,000 cycles under
an applied voltage of 0.1 to —0.5 V (vs. RHE) and long-term durabil-
ity tests for 90,000 s under an applied voltage of 0.5 V (vs. RHE).
Furthermore, the DFT results were consistent with the experimen-
tal results. The raspberry-like SbPt NPs were found to exhibit
highly active (110), (100), (101), and (012) planes. Moreover,
the existence of Sb can exert predictable geometric structural
and synergistic effects from 3d orbital hybridization can restrain
the adsorption of H, and thus to exhibit remarkable electrochemi-
cal performance. The synthesis of new colloidal raspberry-like SbPt
NPs is essential to elucidate the fundamental properties of the
nanomaterial and nanostructure design. In addition, this study
could enhance the development of Pt-group materials that can be
used as electrocatalysts for HER.
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