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ABSTRACT: Pt-free electrocatalysts with high activity and
low cost are highly pursued for hydrogen production by
electrochemically splitting water. Ni-based alloy catalysts are
potential candidates for the hydrogen evolution reaction
(HER) and have been studied extensively. Here, we
synthesized novel hollow core—shell structure Ni—Sn@C
nanoparticles (NPs) by sol—gel, chemical vapor deposition,
and etching processes. The prepared electrocatalysts with
porous hollow carbon layers have a high conductivity and large
active area, which exhibit good electrocatalytic activity toward
HER. The Tafel slope of ~3S millivolts per decade measured
in acidic solution for Ni—Sn@C NPs is the smallest one to
date for the Ni—Sn alloy catalysts, and exceeds those of the
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most non-noble metal catalysts, indicating a possible Volmer—Heyrovsky reaction mechanism. The synthetic method can be
extended to prepare other hollow core—shell structure electrocatalysts for low-temperature fuel cells.
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1. INTRODUCTION

In recent years, more attention has been paid to hydrogen
energy because it is one of the cleanest and most efficient
energy carriers for the future.'™* The demand for hydrogen will
probably continue to increase with the energy shortage. The
efficient pathway to produce hydrogen is electrochemical
reduction of water where hydrogen evolution reaction (HER)
is a key step. It is generally accepted that platinum is considered
as the most efficient catalyst for the HER,>® but its high cost
and scarcity hamper large-scale applications, which encourages
us to exploit Pt-free catalysts with high activity and low cost.

The alloying materials of two (or more) metals have the
presented interesting and promising characteristics as desirable
catalysts for HER. According to the well-known “volcano”
curve,” nickel is an appropriate candidate because of the high
catalytic activity and abundance in nature. However, the affinity
of nickel to hydrogen is relatively strong, which makes
desorption of hydrogen difficult. Alloying the nickel with
weaker hydrogen binding energy may balance the adsorption
and desorption of hydrogen atoms. Ni-based alloy catalysts
including Ni—Sn,* "% Ni—Mo,"*™** Ni—Al,'® Ni—Fe,"”"'® Ni—
P,"**® and Ni—Se*"** have been verified to show high
electrochemical activity in catalyzing the conversion of H,O
to H,. Among them, tin is a good alternative because of its
weaker hydrogen binding as compared to nickel; thus, an
accelerated reaction rate for HER can be achieved.
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Several approaches to the synthesis of Ni—Sn electrocatalytic
cathode materials have been reported in the past years,
including elect1‘odepositi0n,9_12’22 in situ reduction,**** and
high-temperature calcinations.”>*® However, using these
methods aggregation of nanoparticles or formation of bulklike
alloy cannot be avoided, which reduce the effective active sites
of the catalysts and thus the catalytic activity for HER.
Construction of porous hollow core—shell structured materials
may effectively overcome the aggregation problem. Porous
carbon structure with high conductivity is a promising matrix to
separate nanoparticles. In this communication, we report an
approach to the synthesis of novel core—shell structured Ni—
Sn@C hollow spheres as efficient electrocatalyst for HER. The
nanomaterials were carefully characterized. Electrochemical
results show that core—shell structured Ni—Sn@C hybrid
shows high electrocatalytic activity toward HER in both acidic
and alkaline media.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(vinylpyrrolidone) (PVP-K30, Mn 58 000), tin
protochloride dehydrate (SnCl,-2H,0), nickel nitrate hexahydrate
(Ni(NO;),-2H,0), sodium borohydride (NaBH,), triethylene glycol
(TEG), tetraethyl orthosilicate (TEOS), and ethanol (>99.9%) were
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purchased from Sigma-Aldrich Chemical Co. Ltd. They were of
analytical grade and used without further purification.

2.2. Synthesis of Ni—Sn Nanoparticles. Ni—Sn nanoparticles
(NPs) were prepared according to the previous work with some
modification.”* In a typical procedure, PVP (2 g) and SnCl, (0.26 g)
were dissolved in TEG (90 mL) under sonication. The transparent
solution bubbled with N, was heated to 170 °C under continuous
stirring. Then, freshly prepared NaBH, solution (0.5 g of NaBH,
dissolved in 15 mL of TEG) was added into the mixed solution slowly.
After 15 min, NiCl, solution (0.1 g of NiCl, dissolved in 8 mL of
TEG) was added, and the reaction was maintained at 170 °C for 1.5 h.
The product was separated from the reaction mixture by centrifugation
and washed with ethanol several times.

2.3. Synthesis of Ni—Sn@C Nanoparticles. The synthetic
process of Ni—Sn@C NPs is indicated in Scheme 1. In detail, the

Scheme 1. Hlustration for the Synthesis Process of Ni—Sn@

C NPs
TEOS 850 °C NaOH
— —— —
Cz2H2
Ni-Sn Ni-Sn@SiO2 Ni-Sn@SiO2@C Ni-Shn@C

synthesized Ni—Sn NPs were dispersed in 200 mL of ethanol under
sonication. Into this dispersion, 2.0 mL of concentrated NH;-H,O was
added under continuous stirring. Then, Ni—Sn@SiO, NPs were
synthesized by adding a mixture of 20 mL of ethanol and 1 mL of
TEOS within 2 h followed by 24 h of reaction under continuous
stirring. The separated and dried product was placed into a pipe
furnace and calcined in an atmosphere of Ar/C,H,/H, (6:2:2) at 850
°C for 1 h using a ramping rate of 5 °C/min from room temperature.””
The SiO, shell was chemically etched in a solution of 2 M NaOH at 50
°C for 3—6 h. The final Ni—-Sn@C NPs were centrifuged and dried in
an oven at 110 °C.

2.4. Characterization. The morphology of the products was
characterized by scanning electron microscopy (SEM; EDAX-4800)
and transmission electron microscopy (TEM; Japan JEOL-2010). The
phase purity of the products was characterized by X-ray power
diffraction (XRD; Shimadzu XD-3A X-ray diffractometer with Cua
radiation, 4 = 0.154 17 nm) at a scan rate of 4°/min in a range from
10° to 80° and the energy dispersive spectrum (EDS) was recorded
on an EDAX-4800. The X-ray photoelectron energy spectrum (XPS)
was recorded on a VG ESCALAB MKIIL The accelerating voltage and
working current were 12.5 kV and 20.0 mA, respectively. The BET
(Brunauer—Emmett—Teller) surface area was measured by ASAP2020
(Micromeritics, United States).

2.5. Electrochemical Measurements. Glassy carbon electrode
(GCE, diameter of 3 mm) was polished to a mirrorlike surface using
0.0S pm alumina slurry, then rinsed thoroughly with ethanol and water
in an ultrasonic bath to remove any alumina residue, and finally dried
with blowing N, gas. The GCE loaded with 0.10 mg/ cm? catalysts was
used as the working electrode. The catalyst ink was prepared as
follows: S mg of catalyst was dispersed in 1 mL of ethanol containing
20 puL of S wt % Nafion solution (Sigma-Aldrich) using sonication for
at least 30 min. Then, 2 uL of the above dispersion was pipetted onto
the GCE and dried at room temperature. Electrochemical measure-
ment was performed at room temperature using a three-electrode
configuration with a Pt wire and a Ag/AgClI as the counter electrode
and the reference, respectively. Cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) were conducted on a CHI 660D
electrochemical workstation (CHI Inc, USA) at a scan rate of 5
mV-s~" in both acidic and alkaline media. Prior to electrochemical
measurements, the electrolyte (0.5 M H,SO, or 1 M NaOH) was
degassed by bubbling argon for 30 min. All the potentials refer to the
reversible hydrogen electrode (RHE) without specification. For
comparison, commercial 5% Pt/C catalyst (Sigma-Aldrich) was used
for CV and LSV measurements under the same conditions.
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3. RESULTS AND DISCUSSION

The chemical composition and crystal structure of the sample
were characterized by X-ray diffraction (XRD) analysis. The
XRD patterns of Ni-Sn@C NPs (Figure 1a) and Ni—Sn NPs
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Figure 1. (a) XRD pattern and (b) EDS spectrum of Ni—Sn@C NPs.
XPS spectra of the sample: (c) Ni 2p and (d) Sn 3d.

(Supporting Information, Figure S1) show the characteristic
diffraction peaks of Ni;Sn,, although several diffraction peaks
are not in good agreement with the standard XRD pattern
(Figure 1a, JCPDS 04—0845). The results are consistent with
the ones reported previously.>* The sample composition is
confirmed by EDS (Figure 1b), which reveals that the sample is
composed of Ni and Sn elements with the atom percentages of
43% and 67%, respectively, matching well the composition ratio
of Ni/Sn = 3:4. The relatively intense signal of C is generated
from the decomposition of C,H, gas.

The surface electronic states and the chemical composition
of the product were examined by using XPS. The survey XPS
curves (Figure 1c,d) reveal that the sample is composed of Ni
and Sn, as confirmed by EDS. The binding energies of the Ni
2p3,, and 2p, , states are located at 856.0 and 873.4 eV (Figure
1c), respectively, which agree with the value illustrated in the
literature.”® The binding energy of the Sn 3d state occurring at
495.3 and 486.8 eV (Figure 1d) is consistent with the reported
ones.”® Compared with the free Ni—Sn NPs (Supporting
Information, Figure S2), slight shifts of the peaks arise in XPS
spectra for Ni 2p and Sn 3d of Ni—Sn@C NPs, which
demonstrates that the surface of Ni—Sn is oxidized slightly
during chemical removal of SiO, in NaOH solution. The N,
adsorption/desorption isotherm in Figure 2 shows a type IV
curve with a hysteresis loop. The Brunauer—Emmett—Teller
(BET) surface area is ~78 m* g”', and the pore distribution
curve is shown in inset of Figure 2 with peaks at ~0.5 and 2.5
nm, which demonstrates Ni—Sn@C NPs have different pore
structures.

The morphology and microstructure of the samples were
observed by SEM and TEM and are presented in Figure 3. The
SEM (Figure 3a) and TEM (Figure 3c) images show that the
synthesized Ni—Sn NPs with the average diameter of ~60 nm
are not very uniform. After the Ni—Sn NPs were wrapped by
SiO, layer by sol—gel method, obvious core—shell structure

appears (Figure 3d). The thickness of SiO, shell is ~5S0 nm
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Figure 2. Nitrogen adsorption/desorption isotherm and Barrett—
Joyner—Halenda (BJH) pore size distribution plot (inset) of Ni—Sn@
C NPs.

Figure 3. SEM and TEM images of (a, c) Ni—Sn NPs and (b, d) Ni—
Sn@Si0, NPs, (e) Low-resolution and (f, g) magnified TEM images
of Ni-Sn@C NPs. (h) The HRTEM image of Ni—Sn NP as marked
with the white frame in (g).

(Figure 3d), and the size of Ni—Sn@SiO, NPs (Figure 3b) is
significantly larger than the Ni—Sn NPs. The formation of a few
large Ni—Sn@SiO, NPs is possibly attributed to aggregation of
Ni—Sn NPs during shell structure formation. Figure 3e shows
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the low-magnification TEM image of Ni—Sn@C NPs, clearly
showing the hollow core—shell structure. The magnified TEM
images (Figure 3fg) show that the carbon shell has a rough
surface and porous structure, which are of importance for mass
transport in electrocatalytic performance for HER. Figure 3h is
the HRTEM image of the Ni—Sn NP marked with the white
frame in Figure 3g, which confirms the high crystallinity of Ni—
Sn NP by a visible set of lattice fringes of 0.28 nm,
characteristics of the (310) plane of NiySn, in agreement
with XRD result. However, the main (111) lattice plane appears
in free Ni—Sn NPs (Supporting Information, Figure S3), which
is different from Ni—Sn@C NPs. The possible reason is that
high calcination changes the crystallinity of Ni—Sn NPs.

In addition, the core—shell structure of Ni—Sn@C NPs can
be verified by dark-field TEM image (Figure 4a). The EDS
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Figure 4. (a, e) Dark-field TEM images and (b, ¢, d) EDS elemental
mapping images of Ni-Sn@C NPs. (f) Compositional line profiles
across the single Ni-Sn@C NP along the line marked by arrow in (e).

elemental mapping images indicate the distribution of Ni, Sn, C
elements in the Ni—Sn@C NPs clearly (Figure 4b—d). The
compositional line profiles across the single Ni—Sn@C NP are
shown in Figure 4f. Several peaks and valleys evidence the
formation of the hollow core—shell structure.

Electrochemical measurements were performed at room
temperature using a three-electrode configuration with a Pt
wire and a Ag/AgCl as the counter electrode and the reference,
respectively. The GCE loaded with 0.10 mg/cm® of catalyst was
used as the working electrode. The electrocatalytic performance
of the synthesized hollow core—shell structure Ni—Sn@C NPs
toward HER was investigated in both N,-saturated 0.5 M
H,SO, and 1 M NaOH solutions. For comparison, the
unwrapped Ni—Sn NPs and commercial Pt/C catalyst (S wt
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Figure S. Polarization curves for the HER and corresponding Tafel
plots on modified electrodes comprising the Ni—Sn NPs, Ni—Sn@C
NPs, and commercial Pt/C catalyst measured in different solutions: (a,
b) 0.5 M H,SO, and (¢, d) 1 M NaOH solution.

derived in different media for the catalysts. The Ni—Sn@C NPs
exhibit high electrocatalytic activity with the onset potential at
ca. —170 mV in acidic medium and the corresponding exchange
current density of ~0.14 mA/cm* (Figure Sa), which rises
rapidly with increasing the overpotential. In contrast, the free
Ni—Sn NPs have a low activity for HER with a more negative
onset potential and a very small cathodic current density
(Figure Sa). As expected, the commercial Pt/C catalyst shows
the highest HER activity with a more positive onset potential
close to zero (Figure Sa). Tafel analysis of the HER polarization
curves (Figure Sb) demonstrates that Ni—Sn@C NPs have a
smaller Tafel slope of 35 millivolts per decade than that of the
commercial Pt/C catalyst (38 millivolts per decade). In the
current work, the observed Tafel slope of 35 millivolts per
decade is the smallest one to date for the Ni—Sn alloy catalysts
and outperforms those of the most non-noble metal catalysts of
MoS,/graphene (41 millivolts per decade),” porous MoS, (50
millivolts per decade) ,%8 Ni,P (46 millivolts per decade),'” and
Ni/NiO/CoSe, nanobelts (39 millivolts per decade).®> The
Tafel slope is an inherent property of catalysts for the HER.
Close to 40 millivolts per decade indicates a possible Volmer—
Heyrovsky reaction mechanism of HER on the Ni—Sn@C NPs
electrocatalyst with electrochemical desorption of hydrogen as
the rate-limiting step. This demonstrates that Ni—Sn@C NPs
have a comparable HER activity to the commercial Pt/C
catalyst.

To further assess the intrinsic activity of the catalysts, the
electrocatalytic performance was also measured in alkaline
solution. As expected, the HER activities of all electrocatalysts
decrease, and the onset potentials shift to more negative values
than those in acidic solution. As shown in Figure Sc, the onset
potentials are ca. —1.17, —1.02, and —0.78 V for the free Ni—Sn
NPs, Ni-Sn@C NPs, and commercial Pt/C catalysts,
respectively. The measured Tafel slopes (Figure Sd) are larger
than those observed in acidic solution. The catalyst with larger
Tafel value in alkaline solutions implies that the catalytic
reaction undergoes a different HER mechanism as compared to
the one in acidic media, involving an additional water
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dissociation step in the alkaline solution. The durability tests
in different media demonstrate Ni—Sn@C NPs exhibit a high
cycling stability with a little loss of the cathodic current
measured in alkaline solution after 100 cycles (Supporting
Information, Figure S4), which is better than those of Ni—Sn
NPs both in acidic (Supporting Information, Figure SS) and
alkaline solution. The inductively coupled plasma (ICP) results
of the final solution after 100 cycles for Ni—Sn@C NPs show
that the Ni** and Sn*" concentration are negligible and both
below 0.05 ppm, which demonstrates good stability of Ni—Sn@
C NPs in acidic medium.

The observed superior HER activity of Ni—Sn@C NPs over
Ni—Sn NPs can be attributed to the following two reasons.
First, the Volmer—Heyrovsky reaction mechanism under the
acidic conditions can be summarized as the electrochemical
hydrogen adsorption (H;O" + e- — H, + H,0) and
hydrogen desorption process (H,y, + H;O" + e~ — H,1 +
H,0).” The Ni—Sn@C NPs with hollow core—shell structure
have large surface area and expose more HER active sites
compared with the Ni—Sn NPs, which improves the
dissociative adsorption of water on the surface of catalysts
and contributes to adsorption—desorption process for plenty of
hydrogen. Hollow structure also provides a confined space to
enhance the HER activity. Additionally, the exposed active
lattice plane (310) of Ni—Sn@C NPs is different from that of
Ni—Sn NPs, which also contributes to the promoted
electrochemical performance of Ni—Sn@C NPs. Second, the
carbon shell of Ni—Sn@C NPs not only makes the single Ni—
Sn NPs isolate from other particles and avoid aggregating,
which favors the long-term cycling stability of the catalyst, but
also guarantees better electrical conductivity to promote the
exchange of electron, leading to the increase of HER efhiciency.

To better understand the electrocatalytic performance of
Ni—Sn NPs, oxygen reduction reaction (ORR) was investigated
in 0.1 M KOH solution saturated by O, at a scan rate of 10 mV
s”'. As shown in the polarization curves (Supporting
Information, Figure S6a), Ni—Sn NPs exhibited an inefficient
two-step ORR process with onset potentials at —0.23 and
—0.61 V, which are attributable to the reduction of O, to HO,™
and HO,™ to OH~, respectively.”” Compared with commercial
Pt/C catalyst, Ni-Sn@C shows low catalytic activity
(Supporting Information, Figure S6b), which indicates that it
is not a good electrocatalyst for ORR. We will endeavor to
improve the ORR activity of Ni—Sn@C in our future work.

4. CONCLUSIONS

In summary, novel hollow core—shell structured Ni—Sn@C
NPs were synthesized by several steps including sol—gel,
chemical vapor deposition, and etching processes. The
prepared catalyst has the hollow structure and porous carbon
layer, which increase both conductivity for electron communi-
cation and the electrochemical active surface area of the
catalysts. Thus, the Ni—Sn@C NPs show much better HER
activity and longer stability than the free Ni—Sn NPs and other
Pt-free catalysts, such as MoS,/graphene, porous MoS,, Ni,P,
and Ni/NiO/CoSe,. However, the HER activity of the present
NiSn@C NP catalysts is still not comparable to that of the
commercial Pt catalysts. Thus, future investigation will be
focused on the proper designing of highly active core catalysts
shelled with porous carbon layer. The present approach can
also be extended to synthesize catalysts with core—shell
structures for other catalytic oxidation and reduction reactions,
especially for ORR, oxidation reactions of small organic
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compounds such as methanol, ethanol, and formic acid for low-
temperature fuel cells.
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XRD pattern, XPS spectra, TEM and HRTEM images,
durability test curves of Ni—Sn NPs and Ni—Sn@C NPs, and
oxygen reduction polarization curves. This material is available
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