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ABSTRACT: The development of high-performance, low-cost, and
long-lasting electrocatalysts for both hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) is urgently needed for
effective electrochemical water splitting. In the present study, an
engineering process was employed to prepare “Lewis base-hungry”
amorphous−crystalline nickel borate−nickel sulfide (Ni3(BO3)2−Ni3S2)
heterostructures, which exhibited unprecedentedly high electrocatalytic
activity toward both OER and HER in alkaline media. The optimal
Ni3(BO3)2−Ni3S2/nickel foam (Ni3(BO3)2−Ni3S2/NF) electrode dis-
played an ultralow overpotential of only −92 and +217 mV to reach the
current density of 10 mA cm−2 for HER and OER, respectively. When the
Ni3(BO3)2−Ni3S2/NF electrode was used as both the anode and cathode
for overall water splitting, a low cell voltage of 1.49 V was needed to
achieve the current density of 10 mA cm−2, which was superior to the performance of most noble metal-free electrocatalysts. Results
from density functional theory calculations showed that the Lewis base-hungry sites in the heterostructures effectively enhanced the
chemisorption of hydrogen and oxygen intermediates, a critical step in HER and OER electrocatalysis. Results from this study
highlight the significance of rational design and engineering of heterostructured materials for the development of high-efficiency
electrocatalysts.

KEYWORDS: amorphous−crystalline heterostructure, Lewis acid−base interaction, S vacancy, bifunctional electrocatalyst,
overall water splitting

■ INTRODUCTION

Development of clean and sustainable energy technologies has
been attracting extensive interest in light of the rapid depletion
of fossil fuels and the environmental impacts by the
combustion of fossil fuels.1,2 Hydrogen has been recognized
as a green energy source,3,4 and water splitting is a viable
technology for hydrogen production.5,6 There are two major
reactions in electrochemical water splitting, hydrogen
evolution reaction (HER) at the cathode and oxygen evolution
reaction (OER) at the anode, and effective catalysts are needed
to boost the electron-transfer kinetics for both reactions so as
to achieve a sufficiently high current density for practical
applications.6,7 Noble metal-based materials (e.g., Pt, Au, Ru,
and Ir) have been the catalysts of choice for these reactions.
For instance, Pt-based nanoparticles are the leading electro-
catalysts for HER, while Ir- and Ru-based nanoparticles for
OER.8,9 Yet, the high costs and low natural abundance of these
noble metals have hampered the widespread application of the
technology. Therefore, it is of fundamental and technological

significance to develop low-cost alternative catalysts from
earth-abundant elements that exhibit high activity and
durability for HER and OER.6

Thus far, a range of nonnoble metal catalysts have been
tested for electrocatalytic water splitting, such as compounds of
transition metals such as cobalt, nickel, and iron.10−14 In fact,
Ni-based materials are promising catalysts for HER and
OER.14,15 Among these, Ni3S2 is of particular interest because
it exhibits high intrinsic electrical conductivity,16 and its
electrocatalytic activity can be enhanced by various structural
variables. For instance, doping with select metal elements (e.g.,
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Fe, V, and Mo) can lead to an increase in the number of active
sites, enhanced electrical conductivity, and optimized adsorp-
tion/desorption energetics of reaction intermediates.3,16,17 In
addition, the formation of nanocomposites by structural
engineering with other functional materials (such as nitro-
gen-doped graphene) has been found to synergistically
enhance the electron-transfer kinetics on the active sites.18

Yet, in these earlier studies, the performance enhancement is
mostly limited to either HER or OER,19,20 and it remains
challenging to achieve apparent electrocatalytic activity of
Ni3S2-based nanocomposites toward both HER and OER such
that they can serve as effective bifunctional electrocatalysts for
overall water splitting.
One unique strategy is to produce heterostructures, where

the synergistic interactions among the varied structural
components can be exploited to enhance the charge transfer
and eventual electrocatalytic performance. In a recent study,21

arrays of MoS2−Ni3S2 heterostructures have been found to
deliver a low cell voltage (EWS,10) of 1.56 V to reach the current
density of 10 mA cm−2 in water splitting. A similar
performance was observed with heterostructured arrays of a
core−shell Ni3S2@MoS2/FeOOH (EWS,10 = 1.57 V)22 and
NiCo2O4−CoMoO4 (EWS,10 = 1.55 V).23 Notably, in these
earlier studies, the catalysts consist mostly of crystalline−
crystalline heterostructures. Yet, in practice, the self-recon-
struction of crystalline materials is sluggish, rendering it a
tedious process to produce heterostructured catalysts. In
contrast, heterostructured arrays with amorphous materials
can be facilely produced, primarily because amorphous
materials possess the advantageous features of rapid cation
diffusion and low energy costs for vacancy formation, which
are conducive to high-performance electrocatalysis.24,25 How-
ever, thus far reports have been scarce in the preparation of
amorphous−crystalline heterostructures.
Notably, during water splitting, one important step is the

adsorption of oxygen-containing intermediates (e.g., water,
hydroxide) onto the catalyst surface. As these intermediates
behave analogously to Lewis bases with lone-pair electrons,13,14

their adsorption onto the catalyst surface can be enhanced by
boration engineering of the catalysts producing Lewis acid
sites, eventually leading to enhanced water splitting perform-
ance.13,14,26 Herein, a facile low-temperature hydrothermal
procedure is described for the in situ engineering construction
of nickel foam-supported electrodes based on “Lewis base-
hungry” amorphous−crystalline Ni3(BO3)2−Ni3S2/NF hetero-
structures. The obtained nanocomposites exhibited an out-
standing and robust activity toward both HER and OER in
alkaline media. The optimal electrode displayed an ultralow
overpotential (η10) of only −92 and +217 mV at 10 mA cm−2

for HER and OER, respectively. The performance was
markedly better than those of single-component amorphous
Ni3(BO3)2/NF (−98 and +245 mV) and single-component
crystalline Ni3S2/NF (−194 and +358 mV). The improved
performance of Ni3(BO3)2−Ni3S2/NF is ascribed to the
following factors: (1) abundant S vacancies at the interface
between Ni3S2 and Ni3(BO3)2 that facilitated the trans-
formation of Hads into H2;

16,17 (2) enhanced adsorption of
oxygen-containing Lewis base intermediates by Ni3(BO3)2
onto Ni3(BO3)2−Ni3S2/NF due to Lewis acid−base inter-
actions; and (3) increased electrical conductivity of the
electrode due to the highly conductive, three-dimensional
nickel foam. Remarkably, the heterostructured nanocomposites
served as effective catalysts toward overall water splitting, with

a low EWS,10 of only 1.49 V, which remained virtually invariant
for more than 60 h of continuous operation. This represents
one of the best noble metal-free electrocatalysts for water
splitting.

■ EXPERIMENTAL SECTION
Preparation of Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and Ni3(BO3)2/

NF Electrodes. The electrodes were synthesized by a facile
hydrothermal method. In brief, 80 mL of an aqueous solution
containing 0.1 g thiourea was transferred into a poly-
(tetrafluorethylene)-lined stainless steel autoclave; then a piece of
Ni foam (2 cm × 2 cm) was placed into the solution. The autoclave
was heated at 120 °C in an electric oven for 6 h and then allowed to
cool naturally to room temperature, producing Ni3S2/NF. The
obtained Ni3S2/NF was then subjected to a second hydrothermal
reaction in a saturated borax solution for 12 and 48 h, producing
Ni3(BO3)2−Ni3S2/NF and Ni3(BO3)2/NF, respectively.

Preparation of RuO2/NF, IrO2/NF, and Pt/C/NF Electrodes.
RuO2 (5 mg) was dispersed in a 1 mL mixed solution (490 μL water,
15 μL 5 wt % Nafion solution, and 495 μL ethanol), followed by
sonication to obtain a catalyst ink. The catalyst ink (100 μL) was then
dropcast on the surface of nickel foam (2 cm × 2 cm), which was
dried at 80 °C overnight. IrO2/NF and Pt/C/NF electrodes were
prepared in a similar fashion. The catalyst loading (RuO2, IrO2, Pt/C)
was all ca. 0.5 mg cm−2.

Characterization. Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) measurements were carried out with a
Shimadzu ICPE-9820 instrument. X-ray diffraction (XRD) patterns
were acquired with a Phillips X’pert ProMPD diffractometer (Cu Kα,
λ = 1.54056 Å) at 40 kV and 40 mA. X-ray photoelectron spectra
(XPS) were collected with a Thermo Fisher ESCALAB 250Xi
spectrometer with Al Kα radiation. Field-emission scanning electron
microscopic (FESEM) images were obtained with a Hitachi scanning
electron microscope operated at the acceleration voltage of 10 kV.
Transmission electron microscopy (TEM) images were collected with
an FEI Tecnai F20 transmission electron microscope at the
acceleration voltage of 200 kV. Electron spin resonance (ESR)
spectra were obtained with a JEOL JESX320 spectrometer at the
frequency of 9.184 GHz at room temperature.

Electrochemistry. Electrochemical measurements were per-
formed with a Zennium IM6 electrochemical analyzer in a standard
three-electrode system (a Pt wire as the counter electrode for OER
and a graphite rod as the counter electrode for HER, Hg/HgO
electrode as the reference electrode, and as-prepared NF-supported
composites as the working electrode). The Hg/HgO reference
electrode was calibrated against a reversible hydrogen electrode
(RHE) (Figure S1), according to the following formula: ERHE =
EHg/HgO + 0.098 + 0.0591 pH, and all potentials in the present study
were referenced to this RHE. The performance was tested in 1.0 M
KOH by linear sweep voltammetry (LSV) at the scan rate of 2 mV s−1

for HER and 5 mV s−1 for OER. Electrochemical impedance
spectroscopy (EIS) studies were carried out at the AC amplitude of 5
mV within the frequency range of 0.01 Hz to 100 kHz in a 1.0 M
KOH solution.

Theoretical Calculations. Density functional theory (DFT)
calculations were performed using Vienna ab initio simulation
package (VASP) code within the projector augmented wave (PAW)
method. The generalized gradient approximation (GGA) with the
Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional
was adopted to examine the electronic exchange−correlation function
of the interacting electrons. A 400 eV kinetic energy cutoff was used
for the plane-wave expansion. The convergence of forces was set to
0.02 eV Å−1. A Fermi smearing of 0.1 eV was used to ensure the fast
convergence of the self-consistent electron density. A vacuum layer of
15 Å was applied for all calculated models to avoid the interaction
between the periodic images. In the structural models for Ni3(BO3)2
and Ni3S2 surfaces, the slab thickness was about 9 Å. The Ni3(BO3)2−
Ni3S2 composite was constructed by attaching Ni3(BO3)2(001) and
Ni3S2(001) surfaces together, at a lattice mismatch of about 4.1%. The
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Brillouin zone was sampled using a 1 × 4 × 1 Monkhorst−Pack grid.
Additional details are included in the Supporting Information.

■ RESULTS AND DISCUSSION
The preparation of the Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and
Ni3(BO3)2/NF electrodes is schematically illustrated in
Scheme 1, which involves two major steps. (a) A Ni3S2

nanoparticle layer (yellow) was grown onto Ni foam (Ni3S2/
NF) by a low-temperature hydrothermal route, where the
nickel foam worked as both the substrate and the Ni ion
source; and (b) the Ni3S2 nanoparticles were then partly
converted into amorphous Ni3(BO3)2 (green) in a second
hydrothermal treatment with the addition of sodium borate,
producing Ni3(BO3)2−Ni3S2 heterostructures. Notably, when
the hydrothermal time was prolonged from 12 to 48 h, Ni3S2
was completely converted to amorphous Ni3(BO3)2, leading to
the formation of Ni3(BO3)2/NF instead. From ICP-AES
measurements (Table S1), the loading of catalysts was
estimated to be ca. 0.20 mg cm−2, where the boron content
increased and concurrently sulfur content decreased with the
reaction time increasing from 0 to 48 h, suggesting in situ
chemical reactions from Ni3S2 to Ni3(BO3)2 under the sodium
borate hydrothermal condition.

The structures of the samples were first characterized by
XRD measurements. Figure 1a shows the XRD patterns of Ni
foam, Ni3S2/NF, Ni3(BO3)2/NF, and Ni3(BO3)2−Ni3S2/NF.
Five peaks can be identified with the Ni3S2/NF sample (black
curve) at 2θ = 21.7, 31.1, 37.8, 49.7, and 55.2°, which can be
indexed to the (101), (110), (003), (113), and (122)
diffractions of Ni3S2 (JCPDS No. 44-1418), respectively,
whereas the three major peaks (marked by asterisks) at 2θ =
44.5, 51.8, and 76.4° are due to the NF substrate (Figure S2).7

Notably, the Ni3(BO3)2−Ni3S2/NF sample (red curve)
retained the diffraction patterns of Ni3S2 without any other
peaks, whereas the diffraction patterns of Ni3(BO3)2/NF (blue
curve) are consistent with those of Ni foam alone, and the
disappearance of the Ni3S2 diffraction peaks after 48 h of
hydrothermal reaction indicates that Ni3S2 was completely
converted to amorphous Ni3(BO3)2.
The chemical composition of the samples was then

examined by XPS measurements. From the XPS survey spectra
in Figure 1b, one can see that the S 2p peak (ca. 163 eV)
diminished, whereas the B 1s peak (ca. 192 eV) increased, in
intensity from Ni3S2/NF (black curve) to Ni3(BO3)2−Ni3S2/
NF (red curve) and to Ni3(BO3)2/NF (blue curve), suggesting
the successful transformation of Ni3S2 to Ni3(BO3)2. The high-
resolution scans of the Ni 2p electrons for Ni3S2/NF,
Ni3(BO3)2−Ni3S2/NF, and Ni3(BO3)2/NF are depicted in
Figure 1c. Deconvolution yields two doublets for the
Ni3(BO3)2−Ni3S2/NF sample, one at 855.3 and 874.1 eV
due to the 2p3/2 and 2p1/2 electrons of Ni

2+, and the other at
856.8 and 874.7 eV to Ni3+.27−29 With prolonged hydro-
thermal time, the Ni 2p binding energy can be seen to show a
negative shift, suggesting effective regulation of the electron
density on the Ni centers with the anion transformed from S2−

to borate.30,31 In the S 2p spectrum of Ni3(BO3)2−Ni3S2/NF
(Figure 1d), the peaks at 162.1 and 163.2 eV can be assigned
to the S 2p3/2 and 2p1/2 electrons of bridging S2

2−, and these
binding energies are somewhat lower than those of Ni3S2,
suggesting the formation of an increasing number of S
vacancies.15,31−33 This is likely due to the formation of
amorphous Ni3(BO3)2 layers, where the reduced crystallinity
enhanced unsaturated coordination at the interface. The
Ni3(BO3)2−Ni3S2/NF sample also shows a peak at 168.3 eV
that can be ascribed to SO4

2− species, again, indicating strong

Scheme 1. Schematic Illustration of the Fabrication of the
Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and Ni3(BO3)2/NF
Electrodes

Figure 1. (a) XRD patterns of Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and Ni3(BO3)2/NF. (b) XPS survey spectra of Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF,
and Ni3(BO3)2/NF. High-resolution XPS spectra of the (c) Ni 2p, (d) S 2p, and (e) B 1s electrons in Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and
Ni3(BO3)2/NF. (f) Room-temperature ESR spectra of the Ni3S2 and Ni3(BO3)2−Ni3S2 samples.
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cation interactions at the interface. The formation of borate
species in the sample is manifested by the peak at 191.7 eV due
to the B 1s electrons (Figure 1e).34

The formation of an increasing number of S vacancies in
Ni3(BO3)2−Ni3S2/NF, as compared to that in Ni3S2/NF, is
further manifested in ESR measurements. From Figure 1f, the
ESR signal at g = 2.004 can be found to be markedly stronger
for Ni3(BO3)2−Ni3S2 than for Ni3S2.

29,35−37 More S vacancies
would provide more empty d orbitals, which is conducive to
the adsorption of oxygen-containing species, leading to
enhanced catalytic activity for water splitting.35,36

Further structural insights were obtained in electron
microscopic measurements (Figure 2). Figure 2a shows an

SEM image of commercial nickel foam, which exhibits a
smooth surface. After sulfidation, the surface became
roughened, due to the formation of a hierarchical nanostruc-
ture consisting of a Ni3S2 nanoparticle layer (Ni3S2/NF)
(Figure 2b). The borax treatment of Ni3S2/NF, for up to 48 h,
did not change the morphology significantly (Ni3(BO3)2−
Ni3S2/NF in Figure 2c and Ni3(BO3)2/NF in Figure S3). The
samples were then characterized by TEM measurements. From
the TEM images in Figures 2e and S4a, one can see that the
sulfidation product of Ni3S2 was highly crystalline, exhibiting
well-defined lattice fringes with an interplanar spacing of 0.408
nm that is in good agreement with the (101) planes of Ni3S2
(JCPDS No. 44-1418). Consistent results were obtained in
selected area electron diffraction (SAED) measurements,
where the patterns (Figure 2f) can be indexed to the (101)
planes of Ni3S2. After 12 h of borax treatment, amorphous
Ni3(BO3)2 of ca. 4.0 nm in thickness was produced on the
surface of Ni3S2 (Figure 2d), indicating the formation of
amorphous−crystalline Ni3(BO3)2−Ni3S2 heterostructures.
With the borax treatment time increased to 48 h, the
heterostructures were completely converted to pure amor-
phous Ni3(BO3)2 (Figure S4b). In addition, elemental
mapping analysis based on X-ray energy-dispersive spectros-

copy (EDS, Figure 2g) measurements demonstrated that the
elements Ni, S, and B (Figure 2g1−3) were distributed
uniformly within the heterostructures.
The HER activity of the as-prepared catalysts was then

tested in a three-electrode system in a 1 M KOH electrolyte
purged with Ar gas. The polarization curves of bare NF and
Ni3S2/NF, Ni3(BO3)2/NF, Ni3(BO3)2−Ni3S2/NF, and com-
mercial Pt/C/NF are shown in Figures 3a and S5, and the

results for the samples prepared by borax treatment for up to
48 h are depicted in Figure S6a. Interestingly, for the samples
prepared by borax treatment for 6−42 h, the catalytic
performance was very close to that of Ni3(BO3)2−Ni3S2
heterostructures (12 h), which showed the lowest over-
potential among the series (Figures S6b and 3b). For instance,
the overpotential (η10,HER) to reach the current density of 10
mA cm−2 was only ca. −92 mV for Ni3(BO3)2−Ni3S2/NF,
substantially lower than those of Ni3(BO3)2/NF (−148 mV)
and Ni3S2/NF (−212 mV) and close to that (−69 mV) of Pt/
C (Figure 3b). In fact, in comparison with relevant catalysts
recently reported in the literature (Table S2), one can see that
the as-prepared Ni3(BO3)2−Ni3S2/NF was among the best.
The Tafel plots of the series of samples are shown in Figure

3c. Ni3(BO3)2−Ni3S2/NF can be seen to display a Tafel slope
of 152.3 mV dec−1, drastically lower than those of Ni3(BO3)2/
NF (168.7 mV dec−1) and Ni3S2/NF (207.9 mV dec−1).38,39

This suggests that HER on the three electrocatalysts was
dominated by the Volmer step, in which the H2O adsorption
was a key step, and the small Tafel slope of 152.3 mV dec−1 for
Ni3(BO3)2−Ni3S2/NF indicated effective H2O adsorption,
consistent with the high catalytic activity as shown in LSV

Figure 2. SEM images of (a) Ni foam, (b) Ni3S2/NF, and (c)
Ni3(BO3)2−Ni3S2/NF. (d) TEM and (e) high resolution TEM
(HRTEM) images of Ni3(BO3)2−Ni3S2/NF, and the corresponding
(f) SAED patterns and (g) TEM−EDS elemental maps.

Figure 3. (a) HER polarization curves, (b) HER overpotential
(η10,HER) at 10 mA cm−2, and (c) Tafel plots of Ni3S2/NF,
Ni3(BO3)2−Ni3S2/NF, Ni3(BO3)2/NF, and Pt/C/NF. (d) Estimation
of Cdl. (e) Nyquist plots of Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF, and
Ni3(BO3)2/NF. (f) Polarization curves of Ni3(BO3)2−Ni3S2/NF in
the first scan and after 3000 cycles in 1.0 M KOH. Inset to panel (f)
shows the current−time profile at η = −85 mV in 1.0 M KOH for 30
h.
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measurements (Figure 3a). This can be ascribed to the
increasing number of S vacancies, as manifested in XPS and
ESR measurements, which produced empty d orbitals to
facilitate the adsorption of H2O and eventual hydrogen
production.40

The electrocatalytic activity of samples can also be correlated
with the electrochemical surface area (ECSA), which can be
quantified by the double-layer capacitances (Cdl, Figure 3d).
From cyclic voltammetry measurements (Figure S7), Cdl of
Ni3(BO3)2−Ni3S2/NF was estimated to be 2.21 mF cm−2,
much higher than those of Ni3S2/NF (0.72 mF cm−2) and
Ni3(BO3)2/NF (1.25 mF cm−2), suggesting exposure of and
ready access to more active sites in Ni3(BO3)2−Ni3S2/NF. The
introduction of electron-deficient borate acted as Lewis base-
hungry sites, which enhanced surface adsorption and increased
the ECSA of the catalysts. Furthermore, the formation of
heterostructures can enrich active sites for HER derived from
the S vacancies and form Lewis base-hungry sites.
Further analysis of the HER performance was carried out

where the turnover frequency (TOF) of HER at the
overpotential of −300 mV was estimated and compared
(details in the Supporting Information). Ni3(BO3)2−Ni3S2/NF
exhibited a TOF of 0.86 s−1, much higher than those of
Ni3(BO3)2/NF (0.44 s−1) and Ni3S2/NF (0.19 s−1). In EIS
measurements (Figures 3e and S8), it can be seen that in
comparison with Ni3S2/NF, Ni3(BO3)2/NF, and NF,
Ni3(BO3)2−Ni3S2/NF exhibited the smallest diameter of the
arc, corresponding to the lowest charge-transfer resistance
(Rct) for the amorphous−crystalline heterostructured cata-
lysts.17,18

To evaluate the stability of the catalysts, continuous CV and
chronopotentiometric measurements were carried out. After
3000 CV cycles, Ni3(BO3)2−Ni3S2/NF exhibited only a −12
mV shift at 200 mA cm−2 (Figure 3f). In the current density−
time curve collected at the fixed potential of −85 mV, one can
see that the current density remained virtually invariant for 30
h (inset to Figure 3f). Remarkably, the structure and
morphology of the catalysts remained practically invariant
after the prolonged HER measurements, as manifested in
XRD, XPS (Figure S9), and SEM measurements (Figure S10).
Interestingly, the obtained samples also exhibited apparent

electrocatalytic activity toward OER. Figures 4a and S9 depict
the OER polarization curves from +2.0 to +1.0 V in 1.0 M
KOH for bare NF, Ni3S2/NF, Ni3(BO3)2/NF, and
Ni3(BO3)2−Ni3S2/NF at the potential sweep rate of 5 mV
s−1 (the voltammetric peak at ca. +1.25 V is likely due to the
electroreduction of the catalysts). One can see that
amorphous−crystalline Ni3(BO3)2−Ni3S2/NF exhibited an
outstanding OER activity, with the overpotential (η10,OER) to
reach the current density of 10 mA cm−2 at +217 mV,
markedly better than those of bare NF (+725 mV),
Ni3(BO3)2/NF (+263 mV), Ni3S2/NF (+353 mV), and even
commercial IrO2/NF (+379 mV) and RuO2/NF (+274 mV)
(Figures 4b and S11). In fact, the OER performance of the
Ni3(BO3)2−Ni3S2/NF sample for OER was even superior to
those of leading noble metal-free electrocatalysts reported in
the literature (Table S3).
The OER process involves four proton-coupled electron

transfer steps.41,42 The first step is OH electrochemical
adsorption onto the active site, * + H2O ⇌ * + OHads + H+

+ e−; the second and third steps are electrochemical desorption
of oxygen intermediates, * − OHads ⇌ *− Oads + H+ + e− and
then O* + H2O → OOH* + H+ + e−; and the fourth step is

chemical desorption of the produced O2, OOH*→ O2 + H+ +
e−. The Ni3(BO3)2−Ni3S2/NF electrode exhibited a low Tafel
slope of 106.3 mV dec−1 (Figure 4c), demonstrating that the
rate-determining step was the electrochemical desorption. This
is likely because the electron-deficient Ni3(BO3)2 on the
electrode surface can effectively enhance the adsorption of
oxygen-containing, Lewis base intermediates. Meanwhile, the S
vacancies can also provide sufficient empty d orbitals to further
enhance the bonding interactions with the oxygen-containing
intermediates. One can see that the Tafel slope of Ni3(BO3)2−
Ni3S2/NF (106.3 mV dec−1) was even lower than those of
Ni3(BO3)2/NF (128.8 mV dec−1) and Ni3S2/NF (190.1 mV
dec−1) (Figure 4c), suggesting enhanced oxygen generation
rate, as manifested in Figure 4a.
The turnover frequency (TOF) of OER (details in the

Supporting Information) was also calculated at the over-
potential of +300 mV, which was 0.12 s−1 for Ni3(BO3)2−
Ni3S2/NF, much higher than those for Ni3(BO3)2/NF (0.07
s−1) and Ni3S2/NF (0.06 s−1). According to the results from
DFT calculations (Figure 4d), the Gibbs adsorption energy of
water (ΔGH2O) was +0.12 eV on Ni3S2, suggesting a

hydrophobic surface. However, ΔGH2O became negative at
−0.27 eV for Ni3(BO3)2, indicative of hydrophilic character-
istics. The results of DFT calculations suggest that the
adsorption capacity of H2O can be effectively improved by
the formation of an amorphous (hydrophilic) Ni3(BO3)2 layer.
In addition, the amorphous layer can facilitate surface self-
reconstruction forming a metal oxy(hydroxide) active layer
with rich oxygen vacancies, a unique feature conducive to OER
electrocatalysis.24,25 In terms of stability tests (Figure 4e), after
3000 CV cycles, the Ni3(BO3)2−Ni3S2/NF electrode exhibited
only a minor attenuation. In the chronopotentiometric

Figure 4. (a) OER polarization curves, (b) overpotential (η10,OER) at
10 mA cm−2, and (c) Tafel plots of Ni3S2/NF, Ni3(BO3)2−Ni3S2/NF,
Ni3(BO3)2/NF, RuO2/NF, and IrO2/NF. (d) Schematic models of
H2O on the surfaces of Ni3(BO3)2 and Ni3S2. (e) OER polarization
curves of Ni3(BO3)2−Ni3S2/NF in the first scan and after 3000 CV
cycles in 1.0 M KOH. (f) Chronoamperometric tests at the potential
of +1.45 V in a 1.0 M KOH electrolyte.
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measurements, the current density at the applied potential of
+1.45 V remained almost unchanged during 30 h of
continuous operation (Figure 4f), and the structure and
composition of the catalysts were stable, as manifested in
XRD and XPS (Figure S9) and SEM (Figure S10) measure-
ments. This is likely because Ni3(BO3)2 in the outer layer acted
as a protective layer to impede internal erosion and enhance
the catalyst stability during both HER and OER processes.
To clarify the synergistic effects between Ni3S2 and

Ni3(BO3)2 on the chemisorption of hydrogen and oxygen-
containing intermediates, DFT calculations (details in the
Supporting Information) were performed. The schematic
models of Ni3(BO3)2, Ni3S2, and Ni3(BO3)2−Ni3S2 are
shown in Figure 5a−c, respectively. Generally, for HER, the

Gibbs adsorption energy of hydrogen (ΔGH*) on the catalyst
surface is a key descriptor to evaluate the catalyst activity. A
good HER catalyst should show a ΔGH* value close to
zero.43,44 The schematic models of H* intermediates on the
surfaces of the Ni3(BO3)2, Ni3S2, and Ni3(BO3)2−Ni3S2
heterostructures are shown in Figures S12 and S13. As
shown in Figure 5d and Table S4, ΔGH* at site 1 of the
Ni3(BO3)2−Ni3S2 heterostructures (Figure S12c) is about
−0.13, and at site 2 it is −0.01 eV (Figure S13), both of which
are much closer to the optimal ΔGH* of 0 eV than those of
Ni3(BO3)2 (+0.24 eV, Figure S12a) and Ni3S2 (−0.28 eV,
Figure S12b). This suggests that the construction of a
Ni3(BO3)2−Ni3S2 heterostructure, with sites 1 and 2 being
the likely active sites, improved the HER performances, as
observed experimentally (Figure 3).
In addition, we calculated the free energy for each

elementary step in OER, by constructing the schematic models
of OH* (Figure S14), O* (Figure S15), and OOH* (Figure
S16) intermediates on Ni3(BO3)2, Ni3S2, and varied sites in
Ni3(BO3)2−Ni3S2. As shown in Figure 5e and Table S5, two
most favorable sites in Ni3(BO3)2−Ni3S2 heterostructures were
identified, single Ni3(BO3)2 and Ni3S2. It can be seen that the
rate-determining step (RDS) for single Ni3(BO3)2, Ni3S2, and
site 2 of Ni3(BO3)2−Ni3S2 was the third electron-transfer step,
O* → OOH*, which has the highest endothermic energy,
whereas the RDS of OER on site 1 of Ni3(BO3)2−Ni3S2 was
the first step, H2O → OH*. To maximize the activity of OER,
the uphill energy of the RDS should be as low as possible.
From Figure 5e, one can see that the value of ΔGRDS on site 1
of Ni3(BO3)2−Ni3S2 (+1.34 eV) was significantly reduced, as
compared to that on single Ni3(BO3)2 (+1.91 eV) and Ni3S2

(+2.85 eV), and site 2 has a similar value (+1.99 eV) to
Ni3(BO3)2. These results indicate that the Ni3(BO3)2−Ni3S2
heterostructure had a higher catalytic activity toward OER
than Ni3(BO3)2, and much higher than Ni3S2, in accordance
with the experimental results (Figure 4). Clearly, the coupling
of Ni3(BO3)2 and Ni3S2 provides a unique interface that leads
to improved electrocatalytic activities toward both HER and
OER.
With the excellent OER and HER performance of the

Ni3(BO3)2−Ni3S2/NF heterostructures, the sample was
utilized as a bifunctional electrocatalyst for overall water
splitting in a two-electrode system in a 1.0 M KOH solution.
From Figure 6a, one can see that the cell exhibited a low EWS,10

of only 1.49 V, markedly lower than those based on
commercial RuO2/NF−Pt/NF electrodes (1.60 V, inset to
Figure 6a) and relevant bifunctional electrocatalysts reported
in the literature (Table S6). In fact, with the application of a
1.5 V battery, a large number of bubbles can be seen to form
on the nickel foam and release slowly (Movie S1).
Furthermore, during electrolysis at the applied voltage of
1.55 V for 30 h, a large number of H2 and O2 bubbles were
produced on the electrode surface (inset to Figure 6b). The
Faradaic efficiencies of HER and OER for the Ni3(BO3)2−
Ni3S2/NF sample were then calculated (Figure S17). At the
applied potential of 1.55 V, the amount of H2 gas generated
was 3.91 μmol min−1, which was very close to the theoretical
value of 3.97 μmol min−1, and the ratio of the H2 and O2 gas
evolution rates was 3.91:1.97, close to the theoretical value of
2:1. These results demonstrated almost 100% faradaic
efficiency of water splitting by the Ni3(BO3)2−Ni3S2/NF
heterostructures. The catalyst also exhibited outstanding
durability in strong alkaline electrolytes with negligible
degradation after 60 h of continuous operation (Figure 6b).
Notably, ICP-AES measurements showed that after the long-
term durability tests, none of the Ni, B, and S elements was
found in the electrolyte solution, indicative of the robust
structures of the heterostructured catalysts (Table S7).

■ CONCLUSIONS
In this study, a facile hydrothermal approach was described for
the preparation of amorphous−crystalline Ni3(BO3)2−Ni3S2
heterostructures as effective bifunctional electrocatalysts
toward both HER and OER. The amorphous Ni3(BO3)2 was
found to enhance the Lewis base adsorption due to Lewis
acid−base interactions, which, together with the S vacancies,
facilitated chemisorption for both hydrogen and oxygen-
containing intermediates. This was confirmed by results from
DFT calculations. Remarkably, the electrocatalytic perform-

Figure 5. Schematic models of (a) Ni3(BO3)2, (b) Ni3S2, and (c)
Ni3(BO3)2−Ni3S2 heterostructures. Gibbs free energy diagram for (d)
HER and (e) OER on Ni3(BO3)2, Ni3S2, and Ni3(BO3)2−Ni3S2
heterostructure sites 1 and 2.

Figure 6. (a) Polarization curves and (b) long-term durability tests at
1.55 V for overall water splitting by Ni3(BO3)2−Ni3S2/NF in a 1.0 M
KOH solution. Inset to panel (a) is the cell voltage at 10 mA cm−2,
and inset to panel (b) are the photographs of the electrodes during
overall water splitting.
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ance toward overall water splitting was even better than those
based on the commercial Pt/C and RuO2 catalysts. Results
from this study highlight the significance of rational design and
engineering of interfaces and heterostructures in the develop-
ment of high-performance electrocatalysts for electrochemical
energy technologies.
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