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HIGHLIGHTS GRAPHICAL ABSTRACT

e NF/Ni3S,/CusS heterojunction is fabri-
cated via an electrodeposition-
hydrothermal method.

e NF/Ni3S;/CuyS shows ultra-low over-
potentials of 108 for HER and 166 mV
for OER at 10 mA cm 2,

e NF/Ni3S,/Cu,S exhibits a much low cell
voltage of 1.50 V for overall water O KD RO 4
splitting with long stability time (>150 ¥ ¥t ¥ Ni3SZ/C“ZS
h). J 7";? heterojunction

e The calculated DOS indicates Ni3Sy/ wae
Cu,S has a high carrier density at Fermi
level.

e DFT calculations show interfacial effect
of Ni3S,/CusS weakens S—H bond and
reduces |AGy:|.

ARTICLE INFO ABSTRACT
Keywords: The development of cost-efficient bifunctional electrocatalysts is significant for overall water splitting. Herein,
Hydrogen energy we report the in situ fabrication of heterogeneous NF/Ni3Sz/CusS-X (where X refers to Cu®" concentrations of 50,

Metallic sulfides
Heterojunction
Electrocatalysts
Overall water splitting

75, and 100 mM) on nickel foam (NF) using an electrodeposition-hydrothermal method. The in situ electro-
deposited metallic Cu® layers on the NF conferred higher stability to the resulting bimetallic sulfide of NisSy/
CuyS. In alkaline media (1 M KOH), the optimized NF/Ni3S,/CuyS-75 exhibited ultra-low overpotentials of 108
and 166 mV during the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) at 10 mA-cm 2.
For overall water splitting, the catalyst showed a significantly low cell voltage of 1.50 V and long stabilization
time (>150 h) at 15 mA-cm 2. Density functional theory calculations revealed that the formation of NigSy/CusS
heterojunction reduced the Gibbs free energy of hydrogen adsorption (AGy-) on the S site, thus facilitating Hy
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generation. This study serves as a guide for tailoring transition metal-based catalysts with enhanced activity and
long-term durability, thereby contributing to highly efficient water electrolysis for large-scale hydrogen

production.

1. Introduction

The excessive utilization of fossil resources has resulted in severe
energy crises and environmental pollution. Therefore, the development
of fossil-free, cost-effective renewable energy sources is urgently
needed. Hydrogen energy, owing to its advantages of zero pollution and
high energy density (122 KJ g™1) [1], is considered a promising alter-
native. Current techniques for water splitting encompass electro-
catalytic and photocatalytic water splitting [2]. Electrocatalytic water
splitting is the most widely used method for hydrogen production.
However, it typically requires high overpotentials for the efficient
anodic oxygen evolution reaction (OER) and cathodic hydrogen evolu-
tion reaction (HER) [3]. The OER involves a four-electron reaction and
thus has slow kinetics [4,5]. Ru/Ir oxides and Pt-based materials have
been recognized as effective electrocatalysts; however, their high cost
and limited stability hinder their large-scale utilization [6,7]. In addi-
tion, most materials catalyze only one half-reaction (OER or HER).
Therefore, cost-effective bifunctional electrocatalysts with favorable
OER and HER activities must be explored.

Transition metal-based catalysts, such as oxides [8], hydroxides [9],
sulfides [10], and selenides [11], have garnered significant attention.
Among these, sulfides have emerged as promising electrocatalysts for
water splitting owing to their natural abundance [12-14]. CuyS has
demonstrated good catalytic performance for overall water splitting
[15,16]. However, the CusS alone shows unsatisfactory stability. Mar-
imuthu et al. [17] prepared CusS supported on nickel foam (NF) via a
low-temperature hydrothermal method, and the Cu,S sample prepared
at 80 °C showed the OER and HER overpotentials of 268 and 141 mV,
respectively, at 10 mA cm ™2 (the overpotential at 10 mA cm™ is named
as 1710)- Despite the acceptable activity, its stability was limited to 10 h.
Therefore, the stability of CusS was improved by forming hetero-
junctions with other suitable components [15,18-20]. For example, Hu
et al. [15] prepared CuyS/FeOOH on Cu foam (CF) via a calcina-
tion-hydrothermal reaction, achieving relatively longer stability for 36
h and low 71 values of 136 mV for HER and 208 mV for OER. In another
study, Zang et al. [20] synthesized CogSg/Cu3S/CF by electrodepositing
Cu(OH);, on CF, followed by sulfidation, which exhibited low #;¢ of 195
mV for OER and 165 mV for HER, with stability time exceeding 24 h.
Density functional theory (DFT) calculations substantiated that inter-
facial interactions enhanced the adsorption of oxygen-containing in-
termediates and dissociation of water molecules.

Nickel sulfides, such as NiS [21], NiS, [22], NigSy [23], Ni3S4 [24],
and NigSg [25], have received considerable attention because of the
diverse valences of Ni/S arising from their multiple compositions.
Notably, NigS; has an Ni-Ni interconnected network, high metallic
conductivity, and strong corrosion resistance [6,26], making it suitable
for constructing hybrid electrocatalysts with enhanced OER and HER
performance [27,28].

In this study, we fabricated an Ni3Sy/CusS heterojunction grown in
situ on NF via a facile electrodeposition-hydrothermal method.
Compared with previous studies synthesizing CuyS on CF [15,20], this
study employed electrodeposition to uniformly deposit pure metallic Cu
layers on the NF, which were subsequently vulcanized to form metal
sulfides. The NF not only serves as a three-dimensional (3D) substrate to
enhance the surface area and ion transfer [29], but also as an Ni source
to generate various nickel sulfides via vulcanization [30-32]. This novel
approach results in a more compact structure of the catalyst with better
contact with the NF substrate, thereby enhancing catalytic stability. The
electrocatalytic activity and durability of the NF/Ni3Sy/CusS outper-
form most other state-of-the-art electrocatalysts. DFT calculations
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demonstrate the good electrical conductivity and electrocatalytic ac-
tivity, as evidenced by the density of state (DOS), Gibbs free energy of
hydrogen adsorption (AGy+), and charge differential density. Thus, NF/
NigSy/CusS is a promising electrocatalyst for large-scale hydrogen
production.

2. Materials and methods
2.1. Chemicals and materials

The following chemicals and materials were used in this study: Cu
(NO3)2-3H50 (Tianjin Damao Chemical Reagent Co., Ltd., 99.5%),
(NH4)6Mo07024-4H,0 (Bide Pharmatech Co., Ltd., 99.0%), thiourea
(CH4N,S, Tianjin Dingshengxin Chemical Reagent Co., Ltd., 99.0%),
nickel foam (Shenzhen Tianchenghe Technology Co. Ltd.), KOH (Beijing
Chemical Reagent Co., Ltd., 82.0%), and CuyS (Macklin Chemical Re-
agent Co., Ltd., 99%).

2.2. Characterizations

The samples structures were analyzed using an X’pert pro MPD
diffractometer (Cu Ku radiation, A = 1.54056 f\), operating at 40 kV and
40 mA. The morphologies of the samples were examined using field-
emission scanning electron microscopy (FE-SEM; SU-8010, Hitachi) at
an acceleration voltage of 10 kV and high-resolution transmission
electron microscopy (HRTEM; JEM-2010, JEOL, and FEI Technai G2
F20) at 200 kV. The specific surface areas of the samples were calculated
using the Brunauer-Emmett-Teller (BET) method, and the pore sizes
and volumes were calculated using the Barrett-Joyner-Halenda (BJH)
method. X-ray photoelectron spectroscopy (XPS) spectra were obtained
using an ESCALAB 250Xi spectrometer (Thermo Fisher) with Al-Ka ra-
diation. Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES; Jarrel-ASH, ICAP-9000) was used to determine the Ni, Cu and Mo
contents in the samples, which were first dissolved in aqua regia.

2.3. Synthesis of electrocatalysts

First, three pieces of NF (area was 1 x 2 cmz) were ultrasonically
treated with 1.0 M hydrochloric acid to eliminate the oxide layer on the
NF surface, then ultrasonically cleaned with acetone, deionized water,
and ethanol, and finally vacuum-dried.

NF/Cu-X (where X refers to the Cu®* concentrations of 50, 75, and
100 mM) was synthesized via electrodeposition using a CHI600 elec-
trochemical workstation. The NF (the area immersed in solution was 1
x 1 cmz), saturated calomel electrode (SCE), and a platinum plate were
used as working, reference, and counter electrodes, respectively. Taking
NF/Cu-75 as an example, NF was electrodeposited for 10 min in a 75
mM Cu(NO3), aqueous solution at —1.0 V vs. SCE. After washing with
water and ethanol and vacuum drying for 12 h, NF/Cu-75 was obtained.

NF/Ni3Sy/CuyS-X samples were prepared using a hydrothermal
method. Taking NF/Ni3S,/CusS-75 as an example, three pieces of NF/
Cu-75 were added to a 50 mL Teflon-lined stainless steel autoclave
containing 30 mL of aqueous solution of thiourea (CH4N3S, 2 mmol) and
ammonium molybdate tetrahydrate ((NH4)gMo07024-4H20, 0.08 mmol).
Subsequently, the autoclave was sealed and heated in an oven at 200 °C
for 12 h. After cooling to 25 °C, the sample was washed with deionized
water and ethanol and vacuum-dried to obtain NF/Ni3S,/Cu,S-75.

The control sample, NF/NisS,, was synthesized via a hydrothermal
method using pure NF (1 x 2 cm?) as a precursor instead of NF/Cu-75,
with all other procedures similar to those used for NF/Ni3Sy/CusS-X.
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Scheme 1. Schematic illustration for the preparation of NF/Ni3S,/CusS electrocatalyst.
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Fig. 1. XRD patterns of (a) NF/Cu-75, (b) NF/Ni3S,, (¢) NF/Ni3S,/CusS-50, (d)
NF/Ni3S2/CusS-75, and (e) NF/NizS2/Cu,S-100.
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The amounts of the starting materials and the mass loadings of the
resulting samples on NF are listed in Table S1 and S2, respectively.

2.4. X-ray absorption near edge structure (XANES) measurements

The Ni K-edge (8333 eV) and Cu K-edge (8979 eV) XANES spectra
were recorded in the fluorescence mode at the BL14W1 beamline station
of the Shanghai Synchrotron Radiation Facility. Self-absorption effects
were corrected prior to analysis. Photon energies were calibrated to the
first inflection point of the Ni K-edge in the Ni foil and the Cu K-edge in
the Cu foil. All the data were processed using the ATHENA and ARTEMIS
programs in the Demeter package, and the theoretical backscattering
phase was calculated using FEFF 8.2 code [33].

2.5. DFT calculations

DFT calculations were performed to determine the HER and OER
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activities of Ni3Sa/CusS using the Vienna Ab initio simulation package
[34]. Electron-ion interactions were described using projector-
augmented-wave methods [35]. The exchange and correlation en-
ergies were calculated using the Perdew-Burke-Ernzerhof generalized
gradient approximation. A cutoff kinetic energy of 400 eV was used for
all the calculations, with a k-point mesh of 1 x 1 x 1 for the Brillouin
zone. For lattice matching, the (001) planes of the 4 x 4 x 1 CuyS and 3
x 3 x 1 NigSy cells were the optimal interfaces. To avoid vertical in-
teractions, a vacuum layer of 15 A was added in the z-direction. The
structural models of CuyS and Ni3S,/CusS were created to simulate the
catalyst. Supplementary Note 1 lists the equations used in these
calculations.

3. Results and discussions
3.1. Structural characterizations

Scheme 1 shows the synthesis of the NF/Ni3Sy/CuyS via an electro-
deposition-hydrothermal method. The aqueous solution contained two
types of cations, Cu?>t and H*. First, Cu?>" preferentially obtained elec-
trons to form Cu metals (Reaction 1), which was electrodeposited on
the NF (labeled NF/Cu-X), changing its color to reddish-brown. The
second step involved a hydrothermal process in which NH,CSNH;, pro-
vided S atoms, and (NH4)sMo7024 adjusted the sample morphology
[36]. NigSy was formed via two reactions: NH,CSNH; disintegrated to
release HS™ (Reaction 2), and Ni?* ions from the NF reacted with HS™
to form Ni3S; (Reaction 3) [30,31,37]. During this process, the sample
darkened. Cu® was oxidized to Cu® by HS™ released from NHoCSNH,
[30,31,37], and owing to the smaller solubility constant (Ksp) of CuzS
(Ksp = 2.5 x 107*8 [38]) than that of CuS (K, = 6.3 x 1072 [39]), CusS
was preferentially formed (Reaction 4).

Step I (electrodeposition):

Cu®*" +2e —>Cu (Reaction 1)

Step II (hydrothermal reaction):

NH,CSNH, + 3H,0—2NH," +HS™ +HCO;"~ (Reaction 2)

3Ni + 2HS™ + 2H,0—Ni3S, + 20H™ + 2H, (Reaction 3)

2Cu+HS™ +H,0—-Cu,S+ OH™ +H, (Reaction 4)

Considering that (NH4)¢Mo7024-4H20 was also added in the reac-
tion, confirming the presence of Mo element in the product was
important. ICP-AES was performed to quantify the Ni, Cu and Mo
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Fig. 2. SEM images of (a) NF, (b) NF/Cu-75, (c) NF/Ni3S,, (d) NF/Ni3S2/CusS-50, (e) NF/Ni3Sy/CusS-75, and (f) NF/NizS,/Cu,S-100 at different magnifications.
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Fig. 3. (a) SEM image of NF/Ni3S,/Cu,S-75 and (b-d) SEM-EDS elemental mapping of Ni, Cu, and S in the image of (a). (¢) TEM image and (f) HR-TEM image of NF/

Ni3S2/CusS-75, (g, h) are enlarged HRTEM images of the selected area in (f).

contents. Before the ICP tests, the solid samples were dissolved in aqua
regia. Because S reacted with aqua regia to release H,S gas, the exact
content of S in the solid samples could not be determined; therefore, we
only obtained the Ni, Cu, and Mo contents (wt%), which were 67.4%,
12.6%, and 0.017%, respectively. The extremely low Mo content (<
0.05%) suggested the absence of Mo-based compounds such as MoS,.
Additionally, the Ni:Cu molar ratio of 5.8:1 indicates a high proportion
of Ni, primarily originating from the NF.

XRD analysis was performed to explore the structures and compo-
sitions of NF/Cu-75, NF/NisS, NF/Ni3Ss/CusS-50, NF/Ni3Ss/CusS-75,
and NF/Ni3S2/CuyS-100. The strong peaks at 44.5°, 51.8°, and 76.4° in
all the sample spectra suggest the presence of metallic Ni® (JCPDS No.
04-0850) [40], derived from the NF. In the NF/Cu-75 spectra (Fig. 1a),
the peaks at 43.3°, 50.4°, and 74.1° matched well those of metallic Cu
(JCPDS No. 04-0836) [41], indicating the formation of NF/Cu. In the
NF/Ni3Sg spectra (Fig. 1b), the peaks at 21.7°, 31.1°, 37.8°, 50.1°, 55.2°,
and 73.0° correspond to the (101), (110), (003), (211), (122), and (214)
crystal planes of Ni3Sy; (JCPDS No. 44-1418) [42]. In the NF/NigSy/
CuyS-X spectra (Fig. 1c—e), in addition to the diffraction peaks of NF and
NisSy, the peaks at 37.4°, 45.8°, 48.4°, and 54.6° corresponding to the
(102), (110), (103), and (004) planes of CuaS were observed (JCPDS No.
26-1116) [15], suggesting the successful synthesis of NF/Ni3Sy/CusS.
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The morphologies of the NF, NF/Cu-75, NF/Ni3Sy, and NF/Ni3Sy/
Cu,S-X were analyzed using SEM. The bare NF had a porous 3D network
with a smooth surface (Fig. 2a). After metallic Cu grew on the NF surface
(NF/Cu-75, see Fig. 2b), the porous morphology was maintained;
however, the surface was covered by numerous particles. The control
sample, NF/NisSy, had many interlaced sheets that grew on the NF
(Fig. 2¢). NF/NigS2/CusS-75 grew uniformly on the NF (Fig. 2e), and the
magnified image shows sheets interlaced with a regular micron sphe-
roidal morphology. However, at a Cu?" concentration of 50 mM
(Fig. 2d), the mass loading was lower and the sheets did not grow
completely on the NF surface, whereas at a Cu?" concentration of 100
mM (Fig. 2f), the NF skeleton loosened and many irregular bulks were
formed on the surface because of excessive loading. The NF/Ni3Ss/CusS-
75 possessed the largest specific surface area, facilitating contact with
the electrolyte. Scanning electron microscope-energy dispersive spec-
trometry (SEM-EDS) elemental mappings (Fig. 3a-d) demonstrated the
uniform distribution of Ni, Cu, and S elements in NF/Ni3Sy/CusS-75.
Thus, the morphology of the sulfides can be optimized by tuning the
Cu®" dosage to achieve superior electrocatalytic performance, as dis-
cussed below.

The BET specific surface areas (Sggr) and pore characteristics of NF/
Ni3S2/CusS-75 and NF/NigSy/CusS-50 were determined using N
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sorption measurements. As depicted in Fig. S1, the Sggr of NF/NigSy/
Cu,S-75 and NF/Ni3S,/CusS-50 were 10.8 and 6.8 mz/g, respectively,
with pore sizes of approximately 3.8 nm. These results demonstrate that,
although their pore sizes were similar, the specific surface area of NF/
Ni3S,/CuyS-75 was twice that of NF/Ni3S,/CusS-50, which is consistent
with the SEM observations.

The XRD pattern of NF/Ni3S,/CusS-C (Fig. S2A-a) was similar to that
of NF/Ni3Sy/CusS-75 (Fig. S2A-b). However, the SEM images (Fig. S2B-
a) indicated that NF/Ni3Sa/CusS-C exhibited an irregular morphology
and low mass loading. This suggests that (NH4)sMo07024-4H20 plays an
indispensable role in the formation of micron spheroidal structure.

TEM observations further verified the structure and morphology of
the samples. For the TEM measurements, the Ni3Sy/CusS sample was
peeled off the NF surface via intensive sonication. Fig. 3e shows a
nanosheet structure (~4 nm thick) on the NF/Ni3S,/Cu,S-75 surface.
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The HRTEM image (Fig. 3f) reveals an interface between NisS; and
CuyS. The images (Fig. 3g, h) of the selected regions of Fig. 3f show two
sets of lattice fringe spacings of 0.30 and 0.20 nm, corresponding to the
(110) planes of NisSy [43] and CuyS [44], respectively, which are
consistent with the XRD results. These results confirm the formation of a
NigSa/CusS heterojunction.

3.2. Electronic state characterization

XPS was used to investigate the chemical states of the elements. The
full survey spectrum of NF/Ni3Sy/CusS-75 showed the presence of Cu,
Ni, and S elements (Fig. 4a). In the S 2p spectra (Fig. 4b), the peaks at
162.1 and 163.2 eV corresponded to the 2p3/ and 2p; /o states of §%-
[45]. The Cu 2p spectra (Fig. 4c) showed two peaks at 932.0 and 951.6
eV, corresponding to the 2ps3,» and 2p; /o states of Cu™ [46,47], and two
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Table 1
Electrocatalytic performance of NF/Ni3S;/Cu,S-75 with other reported elec-
trocatalysts in 1 M KOH.

Catalysts 110 (MV) Overall water splitting References
(10 mA cm’z)
OER  HER  Cell Stability
voltage time (h)
(4%]
NF/Ni3Sy/ 166 108 1.50 150° This work
Cu,S-75
MoSe,-CusS 264 350 — - J. Mater. Chem. A.
NHSs 2021. [58]
Cu,S NRs@CoS/ 208 136 - - Electrochim. Acta
CF 2019. [59]
Cu,S-Ni3Sy/NF 329 149 1.77 100° Chem. Select.
2020. [18]
Co9Sg/Cu,S/CF 195 165 1.60 8 ACS Appl. Mater.
Inter. 2021. [20]
CuyS@NF 194 105 1.64 20 Int. J. Hydrogen
Energ. 2022. [61]
Cd-Ni3Sy/NF-1/ 197 140 1.54 50 J. Alloy. Compd.
4 2023. [23]
MoS,/NisSy 218 110 1.56 10 Angew. Chem. Int.
Ed. 2016. [62]
C09Sg/NisSy 227 128  1.64 12 Appl. Catal. B:
Environ. 2019.
[60]
NisSy/NiMo,Ss- 136 126 1.53 20° J. Alloys Compd.
POM/NF 2023. [63]
Mog.- 285 98 1.62 50 ACS Appl. Mater.
0 WxS2@Ni3Sy Inter. 2017. [64]
FeS/Ni3S,@NF 192 130 1.51 50 J. Colloid Interf.
Sci. 2022. [65]
Ni3S2/FeNi,Ss 201 50 1.55 504 Chem. Eng. J.
2022. [28]

2 the current density is 15 mA cm ™2
2

b ¢ the current density is 20 mA cm ™2,

4 the current density is 100 mA cm 2.

peaks at 933.0 and 952.6 eV, corresponding to the 2ps/» and 2p; /- states
of Cu®* [48,49]. This indicates co-existence of Cu™ and Cu®" in NF/
Ni3S2/Cu,S-75. The presence of Cu™ confirmed the formation of Cu,S,
and a small amount of Cu?>* was produced by the oxidation of the CuS
surface when exposed to air [38]. In the NF/Ni3Sy/CusS-75 spectra, the
two strong peaks at 855.6 and 873.4 eV (Fig. 4d) corresponded to Ni2t
2ps3,2 and 2p; /5 states [50]. The binding energy of 852.3 eV was related
to Ni° of NisS, and NF [51]. Satellite peaks were observed at 861.7 and
879.4 eV [52]. Compared with NF/NisS,, the Ni 2p binding energy for
NF/Ni3S2/CusS-75 shifted by +0.2 eV, indicating electron transfer be-
tween Ni3S; and Cu,S at the interface.

The electronic interactions between Ni3S, and CusS were further
studied using XANES spectroscopy. Commercial CuyS was used as the
control sample. Fig. 5a shows the Ni K-edge XANES spectra of NF/Ni3Ss
and NF/NigSy/CusS-75. The Ni K-edge in NF/Ni3Sy/CusS-75 shifted to a
higher energy than in NF/Ni3S,, suggesting a higher valence of Ni [53]
in NF/NigSy/CusS-75. Fig. 5b shows the Cu K-edge spectra of Cu,S and
NF/Ni3S2/CugS-75. The Cu K-edge in NF/Ni3Sy/CuyS-75 shifted to a
lower energy than in CusS. In addition, compared with CuyS, the lower
intensity of the white-line peak of Cu in NF/Ni3Sz/Cu2S-75 indicates a
lower valence state of Cu. These results are consistent with XPS, con-
firming the electron transfer from Ni to Cu in NF/Ni3Sy/CusS-75. Ac-
cording to previous studies [54,55], the eg orbital occupancy
significantly influences the electrocatalytic performance of 3d transition
metals, and the optimal e, filling is approximately 1.2. The 3d-e; orbitals
form o-bonds with the adsorbed oxygen during OER, owing to the strong
overlapping between the 3d-e; orbitals of transition metal ions and O 2p
orbitals [54]. During OER, an electrocatalyst with a significantly high or
low eg occupancy (2 or 0) exhibits significantly strong or weak binding
to O-related adsorbates, respectively, leading to unsatisfactory perfor-
mance [56]. The initial electron configuration of Ni%t was tggeg,
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whereas after electron transfer, the electron configuration was close to
the optimal e filling of 1.2, which is conducive to the improving the
OER activity [55]. In terms of HER, Ni3*-rich configurations can lower
the |AGg+| [57].

3.3. Electrocatalytic OER performance

Using a standard three-electrode system, the electrochemical mea-
surements were performed at 25 °C in 1 M KOH. Supplementary Note 2
provides the details of the measurements. As evident from linear sweep
voltammetry (LSV) curves (Fig. 6a and b), the 51 for NF/Ni3Ss/CusS-75
(166 mV) was significantly lower than that for NF/Cu-75 (371 mV) and
NF/NisSz (358 mV), indicating significantly enhanced performance
after the formation of the NigS,/CusS heterojunction. Moreover, various
Cu dosages exhibited different catalytic activities. The NF/Ni3Sy/CusS-
75 exhibited the lowest 779 compared with NF/NizS,/CusS-50 (192 mV)
and NF/Ni3S2/CusS-100 (204 mV), demonstrating its highest OER ac-
tivity. Meanwhile, the control sample NF/Ni3Sy/CusS-C (synthesized
without (NH4)¢Mo7024-4H20), with its irregular morphology, resulted
in a high overpotential of 231 mV compared with NF/Ni3Sy/CusS-X (X =
50, 75, and 100). The microspherical morphology of NF/Ni3S,/CusS-75
provided abundant active sites and a large specific surface area, result-
ing in its superior performance. Table 1 compares the OER performance
of NF/Ni3Sy/CupS-75 with other previously reported NisSp- and/or
CupS-based electrocatalysts [18,20,23,28,58-65]. The required over-
potential of NF/NigSy/CusS-75 (10 = 166 mV) was found to be signif-
icantly lower than those of other CuyS-based electrocatalysts, such as
CuaS@NF (194 mV) [61], CogSg/CuzS/CF (195 mV) [20], and MoSes-
CuyS NHSs (264 mV) [58]. This indicates that incorporating NisS, into
NF/Ni3Sy/CusS is beneficial for improving OER activity.

The Tafel slopes derived from the LSV curves reveal the reaction
kinetics. The Tafel slope (b) was calculated using the equation 7 = b log
(j) + a (where j: current density, a: constant, and #: overpotential) [66].
As shown in Fig. 6¢, NF/Ni3Sy/CuyS-75 exhibited a significantly lower
Tafel slope (77 mV dec ™) than NF/Ni3S»/Cu,S-50 (114 mV dec™!), NF/
Ni3S2/CuzS-100 (116 mV dec™ '), NF/Cu-75 (183 mV dec '), and NF/
Ni3Sy (201 mV dec™1). This suggests that NF/Ni3Sy/CusS-75 exhibited
the fastest reaction kinetics because of the interactions between Ni3So
and Cu,S [67].

The charge-transfer rate of the OER was studied using electro-
chemical impedance spectroscopy (EIS). As shown in Fig. 6d and
Table S3, compared with other electrocatalysts, NF/Ni3Sy/CusS-75
exhibited the smallest charge-transfer resistance (R.; = 8.2 Q), implying
the fastest charge transfer between the active sites on the NF/Ni3Sy/
CuyS-75 surface and the electrolyte.

Durability is a crucial criterion for practical applications of electro-
catalysts, particularly at high current densities [68]. Fig. 6e shows the
chronoamperometry test results of NF/Ni3Sp/CusS-75 at 100 mA em ™2
Remarkably, no obvious attenuation in the current density was observed
over 100 h, with only a 6% decay after 150 h, which demonstrates the
excellent catalytic stability of NF/Ni3Sy/CusS-75 under alkaline
conditions.

3.4. Electrocatalytic HER performance

The HER performance of NF/Ni3Sy/CupS-X, NF/Cu-75, NF/Ni3S,,
and commercial 20 wt% Pt/C (on NF) was evaluated. As shown in
Fig. 7a, NF/Ni3S2/CusS-75 exhibited the lowest 779 (108 mV) compared
with NF/Ni3S,/CusS-50 (133 mV), NF/Ni3S,/CuyS-100 (115 mV), NF/
Cu-75 (167 mV), and NF/Ni3S; (139 mV). This confirms that the het-
erojunction between NizS; and CusyS significantly enhanced the HER
activity of NF/Ni3Sy/CusS-75. Additionally, an appropriate Cu dosage
resulted in the formation of microspheres with sufficient active sites,
thus enhancing the HER activity of NF/NizSy/CuyS-75. Moreover,
Fig. S3c, d show that NF/Ni3Sy/CusS-75 (1710 = 108 mV) outperformed
NF/Ni3Sz/CueS-C (138 mV). Fig. 7b provides a comparison of the
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Fig. 7. HER performance of NF/Ni3S,/Cu,S-X, NF/Cu-75, NF/Ni3S,, and Pt/C/NF in 1 M KOH. (a) LSV curves of all samples (no iR correction). (b) Overpotentials of
all samples at 10 and 50 mA cm 2. The measured data were obtained at least after three times experiments. (c) Tafel plots of NF/NizS,/Cu,S-X, NF/Cu-75, and NF/
Ni3S,. (d) Nyquist plots of NF/Ni3S;/CusS-X, NF/Cu-75, and NF/Ni3S,. (e) Double-layer capacitance of NF/Ni3S,/CuyS-X, NF/Cu-75, and NF/Ni3S,. (f) Chro-
noamperometric curve of NF/Ni3S;/CusS-75 at a constant applied potential of —0.45 V vs RHE.
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electrolysis at a scan rate of 5 mV/s. (b) Chronoamperometric curve of NF/Ni3S,/Cu,S-75 at a constant applied potential of 1.56 V. (c¢) Comparison of cell voltages

between NF/Ni3S,/Cu,S-75 and other reported catalysts at 10 mA cm 2,

overpotentials at the 10 and 50 mA cm~2. Moreover, the HER activity of
NF/Ni3S2/CusS-75 was superior to or comparable to that of most CusS-
and/or Ni3So-based materials (Table 1) [18,20,23,28,58-65]. As evident
from Table 1, many CugS-based catalysts, such as CusS@NF (1710 = 105
mV) [61], CogSg/CusS/CF (1710 = 165 mV) [20], and CuyS NRs@CoS/CF
(n10 = 136 mV) [59], exhibited high HER activity. Meanwhile, Ni3So-
based materials, such as Cd-Ni3So/NF (10 140 mV) [23], FeS/
NisS2@NF (510 = 130 mV) [65], and NigSy/FeNisSs (710 = 130 mV)
[28], also exhibit acceptable HER performance. Owing to the high HER
activities of both CuyS and Ni3S-, the construction of the NF/Ni3S,/CusS
heterojunction enhanced HER performance even further.

As shown in Fig. 7¢, NF/Ni3Sy/CusS-75 exhibited the smallest Tafel
slope (97 mV dec’l) compared with NF/Ni3S,/CusS-50 (177 mV dec’l),
NF/Ni3S5/Cu,S-100 (134 mV dec™!), NF/Cu-75 (254 mV dec™ 1), and
NF/Ni3Ss; (124 mV dec™)). This indicates that NF/Ni3Ss/CusS-75
exhibited faster HER kinetics. EIS was used to study the electrode re-
action kinetics and charge transfer during HER. The Nyquist diagrams
and specific data are shown in Fig. 7d and Table S4, respectively. NF/
NizSa/CusS-75 exhibited a significantly smaller semicircular radius (2.8
Q) than other electrocatalysts, indicating improved charge-transfer ki-
netics in NF/Ni3S,/CuyS-75.

The electrochemically active surface area (ECSA) is proportional to
the double-layer capacitance (Cqj). Therefore, the ECSA were calculated
by determining the Cq (Fig. 7e) from cyclic voltammetry (CV) (Fig. S4)
tests conducted at scan rates from 10 to 100 mV s~ . The calculated Ca
decreased in the order of NF/Ni3S;/CusS-75 (35.6 mF cm™?) > NF/
Ni3S2/CuyS-100 (23.7 mF cm™2) > NF/NisSs/Cu,S-50 (23.1 mF cm™2)
> NF/Ni3S; (22.4 mF cm_z) > NF/Cu-75 (4.88 mF cm_z). This suggests
that the microspherical morphology and Ni3S,—Cu,S interfaces endowed
NF/Ni3S2/CuyS-75 with the highest number of electrochemically active
sites. As shown in Fig. 7f, NF/Ni3S,/CusS-75 catalyzed the HER at —100
mA cm ™2 for up to 48 h without any obvious changes, demonstrating its
excellent stability.
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3.5. Overall water splitting

Because of its superior OER and HER performance, a two-electrode
system with NF/Ni3S2/CusS-75 as both the anode and cathode was
built to study its overall water-splitting performance. As shown in
Fig. 8a, at a current density of 10 mA cm 2, the NF/Ni3Sy/CusS-75
exhibited a low cell voltage of 1.50 V, which was significantly lower
than that of NF/Ni3S2/CusS-50 (1.55 V), NF/Ni3S2/CuyS-100 (1.54 V),
NF/Cu-75 (1.78 V), and NF/Ni3S; (1.70 V). Moreover, NF/Ni3Ss/CusS-
75 exhibited superior overall water-splitting performance compared
with several previously reported CuyS- and/or NisS,-based materials,
such as CupS@NF (1.64 V) [61], CogSg/CuaS/CF (1.6 V) [20], Cd-NigSy/
NF (1.54 V) [23], M0S2/Ni3Sz (1.56 V) [62], and Mo x)WxS2@Ni3Sz
(1.62 V) [64]. Fig. 8c and Table 1 present a detailed comparison of the
cell voltages of the materials. In addition, the NF/Ni3Sy/CuyS-75 cata-
lyst demonstrated satisfactory stability up to 150 h at 15 mA cm ™2 (see
Fig. 8b), which was far superior to those of CusS@NF (20 h) [61] and
many NigSp-based materials such as MoS2/NisSz (10 h) [62], NisSy/
NiMo5S4-POM/NF (20 h) [63], and FeS/Ni3So@NF (50 h) [65]. This
indicates that the NigSo—CuyS heterojunction significantly improve the
stability of NF/Ni3S/CuyS-75 in water splitting, making it a promising
candidate for large-scale hydrogen production.

The outstanding electrocatalytic performance of NF/Ni3Sz/CuaS-75
can be attributed to the several factors. First, the in-situ growth of NigSy/
CuyS on NF enhanced adhesion, thus accelerating charge transfer and
gas release. Second, the microspherical morphology of NF/Ni3S,/CusS
provided a large specific surface area and abundant catalytically active
sites, thereby facilitating gas release. Finally, the synergistic effect be-
tween the NigS; and CuyS heterogeneous interfaces promoted the elec-
trochemical activity of NF/Ni3Sy/CusS-75.

3.6. Characterization of the samples after stability testing

XRD, SEM, and XPS measurements were performed to examine the
morphology, composition, and electronic states after stability testing.
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Fig. S5A shows the XRD patterns with the main diffraction peaks of
Ni3S; and NF in the samples before and after 150 h of electrolysis. At the
anode (OER), most of the CusS was oxidized to CuO (JCPDS No.
48-1548) because of its oxidation potential. At the cathode (HER), Cu,S
transformed into Cu,O (JCPDS No. 75-1531), with the +1 valence of Cu
unchanged and only O replacing S. The SEM images (Fig. S5B) show that
the catalysts in the cathode and anode maintained the microspherical
morphology without much variation after 150 h of electrolysis.

The XPS spectra revealed slight changes in the Ni 2p and Cu 2p states
(Fig. 9a and b) after the HER. After the OER, the peaks at 857.0 and
874.8 eV (Fig. 9¢) corresponding to Ni 2ps/- and Ni 2py - states of Ni*
[69] indicate partial oxidization of Ni®* to Ni*>*. Furthermore, Fig. 9d
shows that after the OER, most of the Cu™ ions were oxidized to Cu2+,
which is consistent with the CuO formation detected by XRD. Here, we
consider the type of metal ion (either Cu™ or Cu?") that participates in
the electrocatalytic process. Zuo et al. reported [38] that during in situ
oxidation of CusS to CuO, CusS required an 719 of 286 mV for OER,
whereas the CuyS-derived CuO required a higher 50 of 338 mV. This
suggests that the CuyS exhibited better electrocatalytic performance
than CuO. Moreover, the ;o value of CuyS (268 mV) [17] was signifi-
cantly lower than that of CuS (408 mV) [70] toward OER. Thus, we
conclude that a larger Cut/Cu?* ratio corresponds to a higher electro-
catalytic activity.

3.7. DFT calculations

The Ni3S,/CusS interfacial interactions and their effect on the HER
and OER activities were studied by DFT calculations. Based on the XRD
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results, CuyS (JCPDS No. 26-1116) possessed a hexagonal crystal lattice
with the P63/mmc space group, whereas Ni3Sy (JCPDF No. 44-1418)
possessed a trigonal crystal system with the R32 space group. The het-
erojunction was feasible for two reasons: first, the trigonal crystal system
and hexagonal crystal system possessed similar cell parameters (o = f§ =
90°, y = 120°, a = b # c); second, the expansion of the 3 x 3 x 1 NigSy
and 4 x 4 x 1 CuyS cells reached more than 95% lattice matching. The
optimized CusS and Ni3Sy/CusS models are shown in Fig. 10A-a and b.
The CusS cell alone had poor stability, and its structure was distorted
after structural optimization (Fig. S6). Interestingly, after constructing a
heterojunction with Ni3Sg, the CusS stability significantly improved.

The total density of states (TDOS) of CusS and NizSy/CusS are shown
in Fig. 10B and C, respectively. At the Fermi level, the DOS of single-
phase CuyS was nearly zero, indicating that CusS has semiconducting
properties. In contrast, for the Ni3Sy/CusS heterojunction, the DOS at
the Fermi level had a significantly high value of 60.03, demonstrating its
higher carrier density at the Fermi level and good metallic character.
This also indicated that the Ni3Sy/CusS heterojunction enhanced the
intrinsic conductivity of CusS.

For the partial density of states (PDOS), the contribution of an orbital
to each atom is usually expressed as an area ratio [11]. For CugS, the
main contributing orbitals were the d orbitals of Cu and the p orbitals of
S (Fig. 10D1 and D2). For Ni3S/CusS, the d orbitals of Cu and Ni and p
orbitals of S were the main contributors to the TDOS (Fig. 10E1-E3).

Because AGy+ is strongly correlated with the electrocatalytic activity
in HER, we calculated the AGy+ values for CuyS and the NigSy/CusS
heterostructure. Based on the optimized structures for hydrogen
adsorption on the Cu and S sites of CuyS (Fig. S7), the |AGy+| was 5.76
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eV at the Cu site and 5.09 eV at the S site. The lower |AGy+| of S site
indicates its potential as the HER active site. In addition, H* atoms were
preferentially adsorbed on the S atoms in both CusS and NigSy/CusS
(Fig. 11A), indicating that the active site was always S. As shown in
Fig. 11B, the AGy+ of CupS was —5.09 eV, whereas the AGy- of heter-
ojunction was —3.22 eV. The significant reduction in |AGys| suggests
that the Ni3Sy/CusS heterojunction facilitates a higher HER activity
[71]. The negative AGy+ implies that the H adsorption on the catalyst
occurred easily, whereas hydrogen desorption was difficult, making
desorption the rate-determining step (RDS) [72].

The charge transfer between H and S at the surfaces of CuyS
(Fig. 11C-c1) and Ni3Sy/CuspS (Fig. 11C-c2) was analyzed based on the
charge density difference. The cyan part indicates a reduction in the
charge density, whereas the yellow part indicates an increase. The loss of
electrons from H and the accumulation of electrons on S show that
electrons were transferred from H to S on both the Cu,S and Ni3S,/CusyS
surfaces. Compared with Cu,S (Fig. 11 C-c1), the reduced electron cloud
density of H* on the NigSy/CusS surface (Fig. 11 C-cp) facilitated H*
desorption, which is crucial for obtaining favorable AGy-. In addition,
the electron gain and loss can be quantitatively analyzed using the
plane-averaged charge density difference in the Z-direction [73], as
shown in Fig. 11D. The positive and negative peaks correspond to
electron gain and loss, respectively [74]. The S—H interfacial peak
differences (Ap) for NizSp/CusS were 0.3628 and -0.07455 e/A
(Fig. 11D-d2), which were significantly smaller than those for Cu,S
(1.3348 and -0.18473 e/;\; Fig. 11D-d1). This decrease in the electron
cloud density of S—H on the Ni3S,/CusS surface indicates the weakened
S—H bond, which agrees with the reduced |AGy+| and favors improved
HER activity.
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The optimized ball-and-stick models of CuyS and Ni3Sy/CusS slabs
and those for those for adsorption of *OH, *O, and *OOH during the OER
are shown in Figs. S8 and S9, respectively. We found that the in-
termediates were always adsorbed on Cu, and the Cu atom tended to
approach the surface of the material. The Gibbs free energy step dia-
grams for NizSy/CusS are shown in Fig. S10. The red line indicates the
maximum Gibbs free energy barrier, which indicates that the third
step—formation of *OOH from *O—is the RDS, with an energy barrier
of 2.50 eV.

Because XRD (Fig. 5A) patterns reveal that most CupS was trans-
formed to the CuO after the OER (JCPDS: 48-1548), whereas the Ni3S,
phase remained well-preserved, we constructed a heterojunction model
of NigSy/CuO (Fig. S11) to further perform DFT calculations. Notably,
we observed that intermediates (*OH, *O, and *OOH) were adsorbed on
the Cu sites, indicating that Cu still functioned as the active site. As
depicted in Fig. S12, the RDS of Ni3S2/CuO remained the third step (*O
— *OOH), with a maximum Gibbs free energy barrier of 2.59 eV.
Compared with Fig. S10 results, it is evident that despite the oxidation of
CuyS to CuO, the active sites and RDS in the OER remained unchanged,
and the lower Gibbs free energy barrier of Ni3Sy/CusS heterojunction
model demonstrated better OER performance. To conclude, the pristine
heterojunction of Ni3S,/Cu,S was rationally designed and the Cu™ (in
Cu,S) showed better electrocatalytic performance than Cu®t (in CuO).

Based on the abovementioned results, the excellent overall water
splitting performance of Ni3Sy/CusS was attributed to the following
reasons: (1) the unique microspherical morphology of NigSy/CusS
endowed it with a large specific surface area and numerous active sites;
(2) NF not only served as a substrate but also as an Ni source to construct
the Ni3S;/CusS heterojunction, thus improving the catalyst stability; (3)
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respectively. (B) Gibbs free-energy diagram of HER on Cu,S and NizS,/CusS at U=0 V. (C) Charge differential density diagram of (c;) CusS and (c2) Ni3S»/CusS.
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of the references to color in this figure legend, the reader is referred to the web version of this article.)

the Ni3Sy/CusS possessed a higher carrier density at the Fermi level,
which enhanced the intrinsic conductivity of the catalyst; (4) the
decreased electron cloud density of S—H on the Ni3Sy/CusS surface
weakened the S—H bond, thereby reducing |AGy+| and improving HER
catalytic activity.

4. Conclusion

A NisSy/CusS heterojunction with a unique microspherical
morphology was grown in situ on nickel foam (NF) via an electro-
deposition-hydrothermal method. Compared with previous studies that
reported Cu,S-based electrocatalysts on Cu foam (CF) [15,20], this study
involved electrodepositing a uniform layer of metallic Cu® on the NF
substrate, with subsequent vulcanization producing more compact
bimetallic sulfides with higher stability. The interfacial effect between
NisSy and CusS significantly enhanced the electron transfer, improving
the water-splitting performance. Density functional theory (DFT) cal-
culations demonstrated that Ni3S,/CupS exhibited higher activity than
CuyS alone, and its higher density of state (DOS) at the Fermi level led to
better metallic character. The negative Gibbs free energy of hydrogen
adsorption (AGpy+) implied that hydrogen desorption was the rate-
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determining step during HER. The calculated charge differential den-
sity showed that the interfacial effect of Ni3Sy/CusS weakened S—H
bonding, which facilitated hydrogen desorption, thereby accelerating
Hj; generation. This study presents a novel approach for tailoring cost-
efficient sulfide-based electrocatalysts for overall water splitting to
produce hydrogen.
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