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Abstract

Most advanced hydrogen evolution reaction (HER) catalysts show high
activity under alkaline conditions. However, the performance deteriorates at a
natural and acidic pH, which is often problematic in practical applications.
Herein, a rhenium (Re) sulfide-transition-metal dichalcogenide heterojunc-
tion catalyst with Re-rich vacancies (NiS,-ReS,-V) has been constructed. The
optimized catalyst shows extraordinary electrocatalytic HER performance over
a wide range of pH, with ultralow overpotentials of 42, 85, and 122 mV under
alkaline, acidic, and neutral conditions, respectively. Moreover, the two-
electrode system with NiS,-ReS,-V; as the cathode provides a voltage of 1.73 V
at 500 mA cm™2, superior to industrial systems. Besides, the open-circuit
voltage of a single Zn-H,0 cell with NiS,-ReS,-V; as the cathode can reach an
impressive 90.9% of the theoretical value, with a maximum power density of
up to 31.6 mW cm 2. Moreover, it shows remarkable stability, with sustained
discharge for approximately 120 h at 10 mA cm ™2, significantly outperforming
commercial Pt/C catalysts under the same conditions in all aspects. A series of
systematic characterizations and theoretical calculations demonstrate that Re
vacancies on the heterojunction interface would generate a stronger built-in
electric field, which profoundly affects surface charge distribution and
subsequently enhances HER performance.
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1 | INTRODUCTION

The continuously growing demand for fossil fuels in
modern society has led to an energy crisis. Additionally,
the excessive use of fossil fuels has accelerated global
climate warming, posing significant challenges to the future
development of humanity.! Therefore, the search for
sustainable, clean, and renewable energy sources has
garnered increasing attention. Hydrogen is the most
promising green fuel to solve fossil fuel exhaustion owing
to its high energy density and lack of harmful gas emissions
(CO, CO,, etc.).>* Hydrogen production by water splitting
and use of a zinc (Zn)-H,O fuel cell with hydrogen
evolution reaction (HER) at the cathode has attracted
considerable attention because of the lack of pollution and
greenhouse gas emissions.”” Platinum (Pt)-based HER
catalysts, are widely used in acidic media because the
Pt-H bond is associated with fast kinetics,® but they are
limited by the fact that they are not stable in nonacidic
conditions. Moreover, their high cost and low reserves on
Earth limit their large-scale practical application.”®

Consequently, the focus was shifted to non-precious-
metal-based catalysts, but their applications are limited by
acidic corrosion, low stability, and high overpotential;
moreover, their performance is typically much inferior to
that of Pt-based catalysts. As the Pt alternative, rhenium (Re)
has similar Re-H bond strength but has not been studied
widely as an HER catalyst. Nevertheless, Re is still a noble
metal with similar shortcomings to Pt, regardless of being
cheaper than Pt. To overcome the high cost, combining Re
with a non-precious-metal catalyst that has unique electro-
chemical properties and may synergize with Re compounds
is logical. Therefore, Earth-abundant transition-metal dichal-
cogenides (TMDs) could be the best candidate owing to their
open frameworks and unique electrochemical properties.’
Besides, as a 2D material, thenium disulfide (ReS,) forms a
1T structure with triclinic symmetry.'® The unique
structural feature endows ReS, with many novel properties,
such as unique anisotropy and weak interlayer coupling,
promoting excellent electrocatalytic performance.™'* More-
over, 1 T" ReS, shows strong stability under both acid/base
conditions.”” Most importantly, the combination of ReS,
with TMDs may overcome the limitations of TMDs,
including insufficient active sites, poor durability, and weak
electrical conductivity.

built-in electric field, electrocatalysts, hydrogen evolution reaction, self-powered system,
water splitting, Zn-H,O cell

In addition, recent studies have shown that hetero-
structure materials, especially nanoscale heterostructure
materials, have tunable interfacial electrons in the
heterojunction structure, resulting in a high number of
active catalyst sites, conductivity, and stability due to a
built-in electric field (BIEF) at the heterojunction inter-
face.'* The energy band difference between the two
materials induces interfacial polarization, leading to a
potential difference. This difference will drive directional
electron transport near the interface until the Fermi levels
on both sides are aligned.'” The BIEF-derived electron
transfer can significantly accumulate a higher concentra-
tion of reagent ions near the surface of the electrocatalyst,
thereby improving the mass transfer and reducing the
energy barrier of reaction intermediates to enhance the
activity and selectivity of the catalyst.'"® Furthermore, the
strength of the BIEF affects the charge redistribution on
the interface, thereby affecting the kinetics of the HER."”
Therefore, regulating the BIEF at the heterojunction
interface could be a strategy worth considering to
significantly improve the HER kinetics in electrocatalysts.
Recent research has demonstrated that hetero-interface
engineering, introduction of vacancies, and heteroatom
doping are effective strategies for creating BIEFs within
catalytic materials.”® Hence, cation vacancies have
attracted increasing research interest due to their different
electron and orbital distributions, which can act as
electron acceptors to effectively adjust the electronic and
energy band structures of catalysts."® Therefore, introduc-
tion of metal vacancies at the heterostructure interface to
regulate the strength of BIEF is a promising strhategy. The
enhanced BIEF can accelerate charge transfer, enabling
faster adsorption and desorption of catalytic intermediates
at the interface, resulting in higher catalytic activity
(Figure 1A).

Herein, by introducing Re vacancies at the interface of
the NiS,-ReS, heterostructure (NiS,-ReS,-V. Note that this
material is, in fact, CC coated by NiS,-ReS,-V; in this
article, it is mentioned by only using shell’ name, as well
as other control samples), we have created a stronger
BIEF, resulting in excellent electrocatalytic HER perform-
ance over a wider range of pH. Under alkaline, acidic, and
neutral conditions, the optimized NiS,-ReS,-V; showed
low overpotentials of 42, 85, and 122 mV, respectively. The
industrialized two-electrode test revealed that high current
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FIGURE 1 (A) Schematic illustration of charge redistribution under the regulation of the BIEF. (B) Schematic illustration of the
synthesis of NiS,-ReS,-V. SEM images of (C) carbon cloth (CC), (D) Ni(OH),, and (E) NiS,-ReS,-V;.

densities of 500 and 1000 mA cm™> could be achieved
when the voltages were only 1.73 and 1.83 V, respectively.
Moreover, the open-circuit voltage (OCV) of a Zn-H,0
cell can reach 90.9% of the theoretical value along with a
high-power density of 31.6 mW cm > Both experiments
and the theoretical analysis proved that NiS,-ReS,-V
showed excellent HER over a wide range of pH, apart
from its intrinsic property, mainly due to the generation of
a stronger BIEF at the heterojunction interface caused by
Re vacancies, thus promoting the charge redistribution.
This enables reduction of the free energy of H adsorption
(AGy+) and enhancement of electrical conductivity, there-
by accelerating the HER kinetics. Our study provides a
novel approach to improving HER performance by
regulating the strength of the BIEF by introducing metal
vacancies in heterostructures.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Nickel nitrate hexahydrate (Ni(NOj),-6H,0, 298%),
ammonium perrhenate (NH4ReO,, >99.999%), sulfur
(S) powder, absolute ethanol (C,HsOH, 299.7%), Nafion
(5% solution), ruthenium chloride hydrate (RuCl;-xH,O0,
99%), and potassium hydroxide (KOH) were purchased
from Guangxi Zoey Biotechnology Co., Ltd. The com-
mercial Pt/C (20 wt.% for platinum) was purchased from
Alfa Aesar. Sulfuric acid (H,SO,, 95.0~98.0%), disodium
phosphate hydrate (Na,HPO,4-12H,0, >99.0%), and
sodium dihydrogen phosphate (NaH,PO,-2H,O0,
>99.0%) were purchased from Xilong Chemical Co.,
Ltd. Zinc acetate dihydrate (Zn(Ac),-2H,0, 299.0%) was
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purchased from Tianjin Masco Chemical Co., Ltd. CC
(WO0S1009) was purchased from Taiwan CeTech (China).
All reagents were analytical reagents and used as
received without further purification.

2.2 | Synthesis of NiS,, ReS,, NiS,-ReS,,
and NiS,-ReS,-V,

NiS,-ReS,-V, was prepared by coating 0.5 g of S powder
on a series of Ni-Re-species/CC surfaces, then slowly
heated (3°Cmin™") to a certain temperature (200, 300,
400, or 500°C) in an Ar atmosphere (200 sccm) and
maintained for 4.0 h, and finally cooled down to room
temperature. After washing with deionized water and
drying naturally, the materials prepared at 200, 300, 400,
and 500°C were denoted as NiS,-ReS,, NiS,-ReS,-V;
NiS,-ReS,-V,, and NiS,-ReS,-V3, respectively. For com-
parison, NiS, and ReS, were also prepared using a similar
method, except for the addition of Re and Ni sources.

2.3 | Electrochemical measurements

The electrochemical performance of the as-prepared
catalysts was investigated using an electrochemical
workstation (VMP3, Biologic) with a typical three-
electrode system in 0.5M H,SO,, 1.0M phosphate-
buffered saline (PBS), and 1.0 M KOH electrolyte. A
catalyst-modified CC, a graphite plate, and a saturated
calomel electrode (SCE) were used as the working,
counter, and reference electrodes, respectively. Cyclic
voltammetry (CV) tests were carried out for five cycles to
stabilize the electrocatalytic performance of the catalyst
at a scan rate of 20 mV s™*. Subsequently, linear sweep
voltammetry (LSV) curves were obtained at a low scan
rate of 5mVs ™', and electrochemical impedance spec-
troscopy (EIS) was performed near the onset potential
over a frequency range of 200kHz to 10 mHz. All
potentials (vs. SCE) in this study were calibrated to the
reversible hydrogen electrode (RHE) using the average
CV curves of the two potentials at which the current
crossed zero (0.232, 1.040, and 0.649 V). These values
were considered thermodynamic potentials in hydrogen-
saturated 0.5M H,SO,, 1.0M KOH, and 1.0M PBS
solution, respectively, as illustrated in Figure S11. All
reported curves were corrected using the iR compensa-
tion. For the Zn-H,O cell test, NiS,-ReS,-V; and a Zn
sheet were used as the cathode and the anode,
respectively. A mixed solution consisting of 0.6 M KOH
and 0.2M Zn(Ac),-2H,0 was used as an electrolyte. The
polarization curve and OCV were obtained using an
electrochemical workstation (CHI 760E). The stability of

the Zn-H,O cell was tested using a LAND cell testing
system (BT2016A) at a current density of 10 mA cm™2,
and all electrochemical tests were performed at room

temperature (25 + 1°C).

24 | Computational method

The first-principle density functional theory (DFT) calcula-
tions were performed by the Vienna Ab initio Simulation
Package (VASP) using the projector-augmented wave
(PAW) method. The exchange functional was treated using
the generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) functional. The DFT + D3
method, developed by Grimme, was used to treat the van
der Waals interactions. The energy cutoff for the plane-
wave basis expansion was set to 500 eV, and the force on
each atom less than 0.01 eV/A was set for the convergence
criterion of geometry relaxation. Self-consistent calculations
applied a convergence energy threshold of 107°eV. The
heterojunction model consists of monolayer ReS, and the
(200) surface of cubic NiS, (a=5.6849 A). A vacuum of
approximately 15 A was added in the z-direction to avoid
periodic interactions. Brillouin zone integration was
performed using 2x3x1 Monkhorst and Pack k-point
sampling for all computational processes.

The HER reaction was as follows:

H,0 + e~ — H*+OH"
*+ HY + e~ -» *H - *+1/2H,(g).

The asterisk (*) represents the surface substrate active
sites. The equation was used to calculate the free energy
of the HER step: AG = AEppr+ AEzpg — TAS, where
AEppr is the DFT electronic energy difference of each
step; AEzpr and AS are the correction of the zero-point
energy and variation of entropy, respectively, which are
obtained using the vibration analysis; and T is the
temperature (room temperature).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
electrocatalysts

The schematic diagram of the preparation of the NiS,-
ReS,-V composite is shown in Figure 1B. First, CC with a
clean surface that had been subjected to hydrophilic
treatment was used as the substrate, as shown in
Figure 1C (For more details, see the Supporting Informa-
tion). Then, CC was used as the working electrode to
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obtain Ni(OH), composed of ultrathin nanosheets as the
starting material through in situ electrodeposition, as
shown in Figures 1D, S1, and S2, followed by the
dropwise addition of ammonium perrhenate to Ni(OH),
to form Re@Ni(OH),. Finally, a composite material with
Re vacancies (NiS,-ReS,-V) was successfully obtained by
taking advantage of the heat treatment in a sulfur
atmosphere, which weakened the interlayer interaction
of ReS,, leading to the decoupling of lattice vibrations
between layers of ReS, and generation of Re vacancies
(Figure 1E).*° It is well known that the concentration of
defects in materials can be controlled by temperature.*
Therefore, we prepared samples with varying defect
concentrations by calcining the precursor at different
temperatures (NiS,-ReS,-V,; x=1, 2, and 3; for more
details, see the experimental section). The crystal
structures of NiS,, ReS,, and NiS,-ReS,-V, were investi-
gated using powder X-ray powder diffraction (XRD). The
samples completely coincided with the standard diffrac-
tion peaks of the triclinic crystal structure of NiS, (JCPDS
No. 73-0574) and ReS, (JCPDS No. 82-1379), respectively,
as presented in Figure S3A. In ReS,, the characteristic
diffraction peaks at 26.6° and 43.4° correspond to the
(111) and (100) crystal planes of carbon, respectively.
Moreover, as shown in Figure S3B, the complexes with
different heat treatments show similar characteristic
peaks, confirming the identical composition. Raman
spectroscopy was used to examine changes in the energy
band structure of the materials. In Figure S4, the peak at
476.5cm™" was attributed to the typical Ag mode of
NiS,.>? Two prominent peaks appeared at approximately
149 and 210 cm ™, corresponding to the in-plane (Eg) and
out-of-plane (A4,) vibration modes of ReS,, respectively.?
These two peaks arise owing to the low crystal symmetry
and association with fundamental Raman coupled modes
and acoustic phonons. The peaks at 275, 309, 402, and
438 cm™" belong to the second-order peak of ReS,.** The
Raman spectra of the NiS,-ReS,-V, composite were
composed of vibration models of NiS, and ReS,, which
further proved that NiS,-ReS,-V, was composed of NiS,
and ReS,. In addition, the Raman spectra of the
composite material after vulcanization at different tem-
peratures show similar vibrational patterns, further
demonstrating that the complexes have the same
composition, which is consistent with the XRD results
presented in Figure S4. Additionally, the defect concen-
tration in the material influences the catalytic activity
during the HER process.* In this context, we chose NiS,-
ReS,-V; with a moderate defect concentration for further
characterization and analysis.

The morphologies and microstructures of the
catalysts were systematically studied using scanning
electron microscopy (SEM) and transmission electron

CARBON ENERGY-WI LEYy—L 5o

microscopy (TEM). It can be seen that NiS,-ReS,-V, is
a porous structure composed of numerous nanoparti-
cles in situ grown on CC, as illustrated in Figures 1E
and 2A. This porous structure provides more exposed
surfaces and abundant transport channels, promoting
mass transfer during the catalytic process. The TEM
image in Figure 2B further demonstrates that NiS,-
ReS,-V; was composed of nanoparticles with an
average size of approximately 9.2 nm (Figure 2B inset).
High-angle annular dark-field (HAADF) TEM results
demonstrate the presence of Re, Ni, and S, which are
uniformly distributed in NiS,-ReS,-V;, as shown in
Figure 2C. High-resolution TEM (HRTEM) images
reveal the presence of curved layered structures and
numerous interfaces. These curved structures may be
attributed to the thermal bending effect of ReS, and the
bending of the lattice plane caused by vacancies
(Figure 2D).?® The enlarged HRTEM image clearly
shows the lattice orientation and interface, demon-
strating the successful construction of the heterostruc-
ture, as presented in Figure 2E. The characteristic
lattice fringe of 0.28 nm can correspond to the (200)
crystal plane of NiS, in the NiS,-ReS,-V, heterostruc-
ture.”” The selected area electron diffraction (SAED)
pattern shows that NiS,-ReS,-V; has a ring pattern
with a polycrystalline nature. The five strong rings are
assigned to the (200), (012), (112), (202) crystal planes
of ReS, and the (310) crystal plane of NiS,, respec-
tively, as displayed in Figure 2F. This further proves
the success of heterostructure construction. In addi-
tion, a typical layered structure with a layer spacing of
6.2A can be observed in the HRTEM image of the
curved edge; this space is slightly larger than
the interlayer spacing of 6.1 A in bulk ReS,.*® Notably,
the lattice fringes along the curled edge are dis-
continuous. Additionally, many dislocations and dis-
tortions can be identified, attributed to the rich
vacancies.”” The N, absorption-desorption isotherms
of NiS,-ReS, and NiS,-ReS,-V; at 77K both show a
hysteresis loop with typical type IV isotherms
(Figure 2G), confirming the presence of mesopores.*®
The Barrett-Joyner-Halenda pore-size distributions of
NiS,-ReS, and NiS,-ReS,-V; show a mesoporous
structure with a pore size of 3.8 nm (Figure 2H). The
rich mesoporous structure is conducive to the mass
transfer process of HER, which is consistent with the
results of SEM and TEM. It is worth noting that NiS,-
ReS,-V; shows a larger Brunauer-Emmett-Teller
(BET) specific surface area (22.01 m? g_l) and pore
volume (0.028cm®g™!) compared with NiS,-ReS,
(6.58m?*g™" and 0.009cm’g~"!, respectively). This
porous structure is attributed to the generation of
vacancies during the heat-treatment process.>’
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FIGURE 2 (A)SEM image of NiS,-ReS,-V;. The scale bar indicates 2 um. (B) TEM image of NiS,-ReS,-V; with particle size distribution
(inset). The scale bar indicates 100 nm. (C) HAADF-TEM and elemental mapping of NiS,-ReS,-V,. The scale bar indicates 200 nm. (D)
HRTEM image of NiS,-ReS,-V,. The generated interfaces are marked by yellow dashed lines. The scale bar indicates 20 nm. (E) Lattice
orientation and interface of NiS,-ReS,-V;. The line defects and vacancies are marked by yellow symbols. The scale bar indicates 10 nm. (F)
SAED pattern of NiS,-ReS,-V;. The diffraction patterns in green and white colors indicate ReS, and NiS, in NiS,-ReS,-V,, respectively. The
scale bar indicates 10nm™". (G) Nitrogen adsorption-desorption isotherms and (H) pore size distribution of NiS,-ReS, and NiS,-ReS,-V;.

3.2 | Effect of Re vacancies in
enhancing BIEF on heterojunction
interfaces

Electron paramagnetic resonance (EPR) spectroscopy
was used to demonstrate that the catalyst has vacancies.
As shown in Figure 3A, no significant EPR signal was
observed in NiS,-ReS,. In contrast, NiS,-ReS,-V; shows a

strong peak, and importantly, the intensity of these peaks
increases with increasing temperature. This indicates
that more vacancies will be generated as the temperature
increases. Positron annihilation lifetime spectroscopy
(PALS) was used to study the type and relative
concentration of cation vacancies due to its non-
destructive and selective detection of negatively charged
defects in solid materials with ppm-level sensitivity.**
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FIGURE 3 (A) EPR patterns of NiS,-ReS,, NiS,-ReS,-V1, NiS,-ReS,-V,, and NiS,-ReS,-V;. (B) PALS of NiS,-ReS, and NiS,-ReS,-V;. (C)
High-resolution XPS spectra of Ni 2p and (D) Re 4 f of NiS,, ReS,, NiS,-ReS,, and NiS,-ReS,-V;. (E) XANES spectra of the Ni K-edge for
NiS,-ReS,-Vy, NiS,, Ni foil, commercial NiS,, and Ni;S,. (F) EXAFS spectra of the Ni K-edge for NiS,-ReS,-V; and NiS,. Charge-density

difference diagram of (G) NiS,-ReS, and (H) NiS,-ReS,-V. The isosurface value is 0.002 e/A3. (D) Plane-averaged electronic potential along

the perpendicular direction of NiS,-ReS, and NiS,-ReS,-V.

In the PALS spectra shown in Figure 3B, NiS,-ReS,-V;
shows a larger full-width at half-maximum (FWHM)
compared with NiS,-ReS,. Typically, a larger FWHM
indicates a greater number of defects. Furthermore, on
the basis of the corresponding derived lifetime parame-
ters shown in Table S1, all samples display two distinct
lifetime components (r; and 7). The shortest one, 7;
(=357 ps), could be ascribed to the bulk lifetime. The
most extended lifetime 7, components could be attrib-
uted to positron annihilation in the more significant size
defect.®® Since larger defects have lower average electron
density than small ones, resulting in a lower annihilation
rate and thus increased positron lifetime.>* Therefore,

NiS,-ReS,-V; has more defects than NiS,-ReS,. The mean
lifetime (7,,) describes the properties of overall positron
annihilation of samples. The small 7,,, value of NiS,-ReS,-
V, further indicates the presence of more defects.
Inductively coupled plasma atomic emission spectrome-
try (ICP-AES) was used to analyze the mass fractions of
Re and Ni in catalysts calcined at different temperatures
(Figure S5). The Re content decreased with increasing
calcination temperature, while the change in the Ni
content was negligible. The results confirm that high
temperature facilitates the formation of Re vacancies,
which is consistent with the EPR, PALS, and HRTEM
results, as presented in Figure S5 and Table S2.
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X-ray photoelectron spectroscopy (XPS) was performed
to characterize the elemental composition and surface
chemical valence states of NiS,, ReS,, NiS,-ReS,, and NiS,-
ReS,-V;. First, the binding energies were corrected using C
1s as the standard, as shown in Figure S6A. Subsequently,
the XPS survey and high-resolution spectra were analyzed.
The XPS survey spectrum confirmed the presence of Ni,
Re, S, and O in NiS,-ReS,-V;, as presented in Figure S6B.
The high-resolution Ni 2p spectra of NiS,, NiS,-ReS,, and
NiS,-ReS,-V, are shown in Figure 3C, which can be
deconvoluted into three subpeaks in NiS,-ReS,-V;, corre-
sponding to Ni-S (853.24eV), Ni-O (857.25eV), and
satellite peaks.*>*® Two different spin-orbit peaks can be
observed in the high-resolution Re 4f spectrum of NiS,-
ReS,-V;, which indicates that Re exists in two other
valence states in the complex, as shown in Figure 3D. The
peaks at 40.44 and 42.87eV were assigned to the Re-S
bond,>” while 44.24 and 46.67 eV corresponded to the
oxidized Re species.® Figure S7 shows the high-resolution
S 2p spectrum of NiS,-ReS,-V;. The peaks located at 160.93
and 162.09 eV respectively belong to the S 2p;,, and S 2p;/,
of metal sulfides (ReS, and NiS,),** while 167.92 and
169.47 eV were assigned to sulfur oxides, which may be
related to the oxidation of sulfur in the air.* Remarkably,
compared with single NiS, and ReS,, the binding energy of
the Ni-S bond in NiS,-ReS, and NiS,-ReS,-V, is positively
shifted by 0.1 and 0.25 eV, respectively, while the binding
energy of the Re-S bond is negatively shifted by 0.21 and
0.70eV, respectively. This result confirmed interface
contact and electron transfer from NiS, to ReS, in the
NiS,-ReS, heterojunction structure. In addition, the larger
binding energy shift in NiS,-ReS,-V; evidenced a stronger
BIEF at its interface.*

In addition, X-ray absorption fine structure spectros-
copy (XAFS) was used to gain further insight into the
structural and electronic properties of the heterojunction
interface. Figure 3E shows the Ni K-edge X-ray absorption
near-edge structure (XANES) spectra of NiS,, NiS,-ReS,-
Vi, Ni foil, commercial NiS,, and NisS,. NiS, and NiS,-
ReS,-V; showed XANES curves similar to those of
commercial NiS, but different from those of Ni foil and
NisS,, proving that Ni in NiS, and NiS,-ReS,-V; has a
similar coordination environment to that in commercial
NiS,. Interestingly, the absorption edge of NiS,-ReS,-V;
slightly shifts to higher energies than that of NiS,, which
demonstrates that Ni donates electrons to Re in NiS,-ReS,-
V,.*? In addition, the prominent peak of the Ni K-edge,
historically known as the white line, corresponds to the
electronic transition from the occupied 1s orbital to the
partially unoccupied 4p orbital.*> According to the existing
studies, the magnitude of the integrated intensity of the
white line is proportional to the density of unoccupied
orbitals.** The white line of NiS,-ReS,-V; shows a slightly

higher peak intensity than that of NiS,, confirming
electron density changes around Ni at the heterojunction
interface.*” This result was consistent with the XPS results.
The extended X-ray absorption fine structure (EXAFS)
analysis was performed to further explore the coordination
environment of Ni in the catalyst. The Fourier transform
(FT) k¥ -weighted EXAFS spectra of NiS, exhibit two main
peaks, as shown in Figure 3F. The peak located at 1.71 A
corresponds to the first coordination shell of Ni-S,* and
the peak at 2.61 A corresponds to the second coordination
shell of Ni-Ni. Moreover, peak of Ni-S in NiS,-ReS,-V,
presents a slight shift (1.68 A) compared that in NiS,,
which was attributed to the modulation of the coordination
environment for Ni atoms by ReS,.

The effect of Re wvacancies on the charge
redistribution on heterojunction interfaces was further
investigated through first-principles calculations. First,
the NiS,-ReS, heterogeneous structure was optimized to
obtain a stable form with a lower energy as a study
model, as shown in Figure S8. The charge-density
difference diagram was used to investigate the origin of
charge transfer at the heterojunction interface. The
charge-density difference diagrams of NiS,-ReS, and
NiS,-ReS,-V are displayed in Figure 3G-H. The charge
depletion on NiS, and accumulation on ReS, can be
clearly observed. Interestingly, there is more charge
depletion and accumulation on NiS, and ReS, in NiS,-
ReS,-V compared to NiS,-ReS,, suggesting more electron
transfer from NiS, to ReS, at the heterojunction
interface.*’ Simultaneously, the charge transfer in the
heterojunction is interpreted more accurately according
to Bader's charge analysis.*® Calculation results show
that a net 0.03e™" was transferred in NiS,-ReS,, while a
0.15¢ ! was were transferred in NiS,-ReS,-V, as shown in
Table S3. This result further prove that introducing Re
vacancies promotes the charge redistribution at the
heterojunction interface. Density of states (DOS) was
calculated to explore the modulation of the local
electronic structure of the heterojunction by introducing
Re vacancies.*” The DOS diagrams are shown in
Figure S9. NiS,-ReS,-V showed a higher occupation state
near the Fermi level than NiS,-ReS,, NiS,, and ReS,,
which revealed that the introduction of Re vacancies
promoted electron transfer and enhanced the conductiv-
ity of catalysts.’® More insight into the effect of Re
vacancies in heterostructure is gained by analyzing the
electrostatic potential distribution. The planar averaged
self-consistent electrostatic potential for the NiS,-ReS,
and NiS,-ReS,-V heterostructures as a function of
position in the z-direction is presented in Figure 3I.
The left and right show the models of ReS, and NiS,,
respectively, as shown in the inset. After introducing Re
vacancies, the potential difference between the S atomic
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layer in ReS, and the NiS, plane increases from the
original 0.59 to 2.61eV. The large potential difference
implies a stronger BIEF at the heterojunction interface
with Re vacancies,” and the results are consistent with
those of XPS and XAFS analyses, as presented in
Figure 3C-F. Accordingly, the main trend can be
determined following experiments and theoretical calcu-
lations: when NiS, and ReS, are coupled to each other, a
BIEF is formed at the interface, driving electrons to flow
from NiS, to ReS, until the system reaches the same
Fermi level. More importantly, once introducing Re
vacancies into the heterojunction, a stronger BIEF would
be formed, and more electrons would flow from NiS, to
ReS,. Therefore, the interfacial charge distribution can be
more effectively controlled.

3.3 | Electrochemical HER performance
The HER electrocatalytic activity of NiS,-ReS,-V was
optimized by changing the calcination temperature and
the amount of NH,ReO,. When 1 mmol NH,ReO, and a
calcination temperature of 300°C were used, the catalyst
(NiS,-ReS,-V;) showed the best HER activity and the
smallest electrochemical impedance, as shown in
Figure S10. All potentials (vs. SCE) in this study were
calibrated to the RHE using the average CV curves of the
two potentials at which the current crossed zero
(Figure S11). All reported curves were corrected using
the 100% iR compensation (Figure S12). The electro-
catalytic performances of the optimized NiS,-ReS,-V;
and control samples were first studied in 1.0 M KOH, as
illustrated in Figure 4A. NiS,-ReS,-V; presented excel-
lent activity, with a small overpotential of 42mV at a
geometric current density of —10 mA cm™?, which was
lower than those of the control samples and Pt/C. In
addition, NiS,-ReS,-V, showed a competitive electroca-
talytic performance compared to previously reported
non-noble metal catalysts, as presented in Table S4.
Moreover, HER activities of the catalysts under acidic
and neutral conditions were studied (Figure S13). NiS,-
ReS,-V; showed 85 and 122mV overpotentials at a
geometric current density of —10mAcm™> in 0.5M
H,SO, and 1.0M PBS, respectively. These values were
significantly lower than those of the control NiS,, ReS,,
and many other transition-metal catalysts, as presented
in Tables S5 and S6.

The Tafel slope can be used to evaluate the rate-
determinating steps in HER.>®> As can be observed from
Figure 4B, the Tafel slope of NiS,-ReS,-V; is 84.8 mV
dec™, indicating that the Volmer-Heyrovsky pathway is
a rate-determining step in the alkaline solution.”
Furthermore, the exchange current density (j,) of an

CARBON ENERGY-WI LEY—L 2o

electrocatalyst can reflect its intrinsic catalytic activity
under equilibrium conditions, which can normally be
determined by extrapolating the Tafel slope to 0 V versus
RHE. As shown in Figure 4C, NiS,-ReS,-V; demon-
strated a large j, of 3.24 mA cm™?, outperforming those
of NiS,-ReS, (0.75 mA cm™?), NiS, (0.04 mA cm™2), ReS,
(0.37mA cm™?), and Pt/C (1.59 mA cm ™), indicating a
higher HER intrinsic catalytic activity.

Additionally, the electrochemical active surface areas
(ECSAs) were calculated to explore the electrocatalytic
activity (for details, see the Supporting Information). In
general, ECSA is linearly proportional to the double-layer
capacitance (Cq).>* The Cg value can be determined
from the current response in the capacitive region of the
cyclic voltammetry (CV) curve at different scanning
speeds in the non-Faradaic region (Figure S14) using a
unit capacitance (60 uF cm™2).>> As shown in Figure 4D,
the measured Cg4 of NiS,-ReS,-V; was 418.7 mFcm™2,
which was significantly higher than those of NiS,-ReS,
(314.7mFcm™2), NiS, (223.8mFcm™2), and ReS,
(167.3 mF cm™2), demonstrating that NiS,-ReS,-V; has a
larger ECSA. This can provide more catalytically active
sites in the catalytic process. The ECSA-normalized
current density curves of different catalysts confirm the
excellent intrinsic catalytic activity of NiS,-ReS,-V,, as
shown in Figure 4E. According to the Nyquist plot in
Figure S15, the smallest charge-transfer resistance of
NiS,-ReS,-V; among the samples indicates the significant
role of Re vacancies in enhancing the intrinsic electro-
catalytic activity.*®

Turnover frequency (TOF) is another significant
parameter for assessing the inherent electrocatalytic
activity of HER catalysts,”” which can reflect the
number of hydrogen molecules produced per second
from each active site. Moreover, Figure 4F demonstrates
that the TOF value of NiS,-ReS,-V; rapidly increases
with increasing applied potential under acidic, alkaline,
and neutral conditions. At the overpotential of
—100 mV, TOF values of NiS,-ReS,-V; were 0.49, 0.19,
and 1.35s7 ! in acid, neutral, and alkaline conditions,
respectively. In particular, under alkaline conditions,
TOF was higher than that of most previously reported
catalysts, as presented in Figure 4G and Table S7. The
high TOF wvalue indicates that NiS,-ReS,-V; can
effectively promote the reaction under various condi-
tions, which is the inherent reason for steady HER
performance at a wide range of pH. The stability of the
catalyst was evaluated using chronoamperometry (CP),
as shown in Figure 4H. At a current density of
—100 mA cm™?, NiS,-ReS,-V; presented excellent HER
catalytic stability, maintaining 96%, 90%, and 97.9% of
its initial values after 24h of testing under acidic,
neutral, and alkaline conditions, respectively.
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FIGURE 4 (A) LSV curves and (B) Tafel slopes of each electrocatalyst. (C) Exchange current density of each electrocatalysts. (D)
Double-layer capacitance derived from ECSAs of each electrocatalysts. (E) ECSA-normalized current density curves of NiS,, ReS,, NiS,-
ReS,, and NiS,-ReS,-V;. (F) TOF curves of NiS,-ReS,-V; in different pH conditions. (G) Comparison of the TOF values with previously
reported representative catalysts. (H) Durability tests of NiS,-ReS,-V; at a current density of —100 mA cm ™2 under different pH conditions.

3.4 | Active site exploration for HER
enhancement mechanism

To gain deeper insight into the active sites in the NiS,-
ReS,-V; heterojunction, in situ Raman was used to
elucidate the real-time surface structural variation of
NiS,-ReS,-V; during the HER in 1.0 M KOH using the
specially designed setup shown in Figure 5A. As shown
in Figure 5B, at the OCV potential, the Raman
characteristic peaks are consistent with the previous
dry sample analysis results (Figure S4), mainly
belonging to Re-S and Ni-S vibrations. When the
potential is applied, two new characteristic Raman
peaks appear at 475 and 526cm™', and their peak
intensities increase with increasing operating poten-
tial. These two peaks can be assigned to the E; Ni-O

bending and A, Ni-O stretching vibrations.”® The
generation of the Ni-O vibration peak can be attrib-
uted to the adsorption and dissociation of water on
nickel sites. This result implies that in the NiS,-ReS,-
V, heterostructure, Ni serves as the genuine active site
for alkaline HER.

First-principle calculations were carried out to
further explore the working mechanism of Re vacancies
on HER performance. Typically, HER in an alkaline
solution involves water adsorption/dissociation, forma-
tion of adsorbed hydrogen intermediates (H,O +e™ -
H*+ OH™), and hydrogen generation (H*+ H" +e™ >
1/2H,).>° For an alkaline HER, water dissociation is
generally considered as the rate-determining step.®
According to Figure 4B, the Tafel analysis suggests that
the overall HER is based on the Volmer-Heyrovsky
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FIGURE 5 (A) Schematic diagram of the in situ Raman electrolyzer. (B) In situ Raman spectra of NiS,-ReS,-V, at varied potentials
during HER in 1.0 M KOH. (C) Relative energy profiles and simplified surface structures of various reaction species along the alkaline
Volmer reaction pathway of NiS,-ReS, and NiS,-ReS,-V. (D) Contact angle image for NiS,, ReS,, NiS,-ReS,, and NiS,-ReS,-V;. (E) AGy+

diagrams of ReS,, NiS,, NiS,-ReS,, and NiS,-ReS,-V.

pathway. Figures S16-S19 show the optimized configu-
ration for water adsorption/desorption on the catalyst.
As shown in Figure 5C and S20, NiS,-ReS,-V has the
lowest and most favorable water adsorption free energy
(AEHzo* =—0.65eV) compared to NiS, (—0.24 V), ReS,
(0.09 eV), and NiS,-ReS; (0.14 eV), suggesting the high-
est ability to adsorb H,O molecules, and thus a more
efficient Volmer step to promote the HER reaction.®’ In
particular, the activation energy of water dissociation to
form an adsorbed H* in NiS,-ReS,-V (1.43eV) is lower
than those of other control samples, indicating that the
introduction of Re vacancies readily activates water
molecules and accelerates water dissociation kinetics.®
The wettability measurements in Figure 5D also
indicate that the introduction of Re vacancies facilitates
the adsorption of water molecules because NiS,-ReS,-V;

shows a smaller contact angle (CA) compared to NiS,-
ReS,, which benefits from the stronger BIEF at the
heterostructure interface.®® AGy- is another key descrip-
tor for evaluating the HER performance of electrocata-
lysts. In general, a Gibbs free energy close to zero is
beneficial for balancing protons’ adsorption and
desorption rates on the active sites in HER.” Figure 5E
shows the AGy- sites on different catalysts. The results
revealed that AGy- values of ReS, and NiS, were 1.60
and 0.42 eV, respectively, while the AGg+ value of the
pristine NiS,-ReS, heterojunction was 0.39 eV, which
was further reduced to 0.27eV after introducing Re
vacancies. Consequently, the introduction of Re vacan-
cies in the heterojunction of NiS,-ReS, is an efficient
method for enhancing HER under universal pH
conditions.
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3.5 | Construction of a self-powered configuration between a Zn-H,O cell and a hydrolyzer was

water-splitting system established for the self-powered joint production of hydrogen

by a fuel cell and electrocatalytic water splitting using NiS,-
High-purity hydrogen can be produced by conventional ReS,-V; as a cathode. The Zn-H,0O fuel cell is used as a
electrocatalytic water splitting and metal oxidation fuel cells, chemical energy conversion device to perform HER and
such as Zn-H,O fuel cells, in which the conversion of  power generation simultaneously, and the generated elec-
chemical energy in Zn metal into electricity is accompanied tricity is used to drive water electrolysis. A single Zn-H,0
by hydrogen production. As shown in Figure 6A, a coupling cell of NiS,-ReS,-V; showed an OCV of 1.2V, achieving an
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FIGURE 6 (A) Schematic illustration of the coupled configuration of Zn-H,O cells driving electrocatalytic water splitting. (B) OCV
plots of NiS,-ReS,-V;. (C) Discharge polarization curves and the corresponding power densities of NiS,-ReS,-V;, NiS,-ReS, NiS,, ReS,, and
Pt/C. (D) Long-term durability of NiS,-ReS,-V; and Pt/C. (E) Comparison of the water-splitting activity of Ru02(+)||NiSZ-ReSZ-V1(’) versus
Ru02(+)||Pt/C(_) in 30 wt.% KOH. (F) Long-term cycling tests of Ru02(+)||NiSZ-ReSZ-V1(_) at high current densities in 30 wt.% KOH. (G)
Digital photograph of the self-powered water-splitting system by two Zn-H,O fuel cells in series.
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impressive 90.9% of the theoretical voltage for the Zn-H,0O
cell (1.32V; more details in the Supporting Information),
which significantly surpasses the performance of the control
catalysts, as shown in Figures 6B and S21A. In addition,
Figure 6C shows that the maximum power density of NiS,-
ReS,-V;-based cell is 31.6 mW cm ™ at a current density of
94.2mA cm™2, which is also superior to those of the control
catalysts. Furthermore, the NiS,-ReS,-V;-based cell could be
discharged for approximately 120 h at a current density of
10 mA cm 2, which was longer than that of commercial Pt/C
and all other compared catalysts, as shown in Figures 6D
and S21B. To further explore the potential application of the
device, two NiS,-ReS,-V;-based Zn-H,O cells connected in
series were used to illuminate a red LED board for power
supply, as shown in the inset of Figure 6D.

To meet the requirements for the industrialization of
catalysts, the optimized HER catalyst was combined with
RuO, to form a two-electrode system (Ru02(+)||NiSZ-ReSZ-
v;9). A high current density test was performed under
industrial conditions (30 wt.% KOH). Figure 6E shows the
steady-state potential polarization curve; the cell voltage
required for Ru02(+)||NiSZ-Re82-V1(_) at a low current
density was slightly higher than that of RuO,™||Pt/C
for water splitting. However, with increasing applied
voltage, Ru02(+)||NiSZ-ReSZ-V1(_) provides a voltage of
1.73V at a current density of 500 mA cm~2, which is
superior to those of commerical noble metal-based
RuO,™||Pt/C™ (1.76 V) and existing industrial systems
(200~400 mA cm ™ at 1.8~2.4V).** In addition, it only
requires an additional 0.1 V voltage to increase the current
density from 500 to 1,000 mA cm™2. RuO,"||NiS,-ReS,-
vV, was superior to the previously reported systems at a
current density of 100 mA cm™2 under alkaline condition,
as presented in Table S8. As shown in Figure 6F, the NiS,-
ReS,-V; catalyst maintained 88% of its catalytic activity
after 12h of continuous operation at a constant current
density of 500mA cm™ in 30 wt.% KOH, and hydrogen
and oxygen were generated violently during the reaction
(inset of Figure 6F and Video S1), indicating significant
durability and potential for use in industrial applications.
Furthermore, NiS,-ReS,-V; was used as the cathode in
both Zn-H,O cells and a hydrolyzer to establish a self-
powered system for electrocatalytic water splitting. The
system can not only coproduce hydrogen from the fuel
cells and water splitting but also simultaneously generate
electricity to drive water splitting, as shown in Figure 6G.

4 | CONCLUSIONS

In this study, we present a simple synthetic strategy to
introduce Re vacancies in the NiS,-ReS, heterojunction
interface (NiS,-ReS,-V). The optimized NiS,-ReS,-V;

CARBON ENERGY-WI LEY—L 2o

catalyst presents remarkable electrocatalytic HER per-
formance, with ultra-low overpotentials of 42, 85, and
122 mV under alkaline, acidic, and neutral conditions,
respectively. Moreover, NiS,-ReS,-V; is used in a self-
powered system comprising Zn-H,O cells and electro-
lytic water splitting, achieving impressive voltage effi-
ciencies up to 90.9% of theoretical value. Comprehensive
characterizations and DFT theoretical calculations con-
firm that the excellent performance of the catalyst can be
mainly attributed to the introduction of Re vacancies in
the heterojunction, which creates a stronger BIEF at the
interface. This accelerates interfacial charge transfer,
improves electrical conductivity, and reduces the AGy+ of
the catalyst. Our results signify a modest advancement in
the fundamental exploration of HER catalysts. Further-
more, these results hold great potential in the develop-
ment of high-performance and low-cost industrial mile-
stone catalysts.
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