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Abstract
The construction of heterojunctions in composite materials to optimize the electronic structures
and active sites of energy materials is considered to be the promising strategy for the fabrication
of high-performance electrochemical energy devices. In this paper, a one-step, easy processing
and cost-effective technique for generating composite materials with heterojunctions was
successfully developed. The composite containing Ni3S4, NiS, and N-doped amorphous carbon
(abbreviated as Ni3S4/NiS/NC) with multiple heterojunction nanosheets are synthesized via the
space-confined effect of molten salt interface of recrystallized NaCl. Several lattice matching
forms of Ni3S4 with cubic structure and NiS with hexagonal structure are confirmed by the
detailed characterization of heterogeneous interfaces. The C–S bonds are the key factor in
realizing the chemical coupling between nickel sulfide and NC and constructing the stable
heterojunction. Density functional theory calculations further revealed that the electronic
interaction on the heterogeneous interface of Ni3S4/NiS can contribute to high electronic
conductivity. The heterogeneous interfaces are identified to be the good electroactive region
with excellent electrochemical performance. The synergistic effect of abundant active sites, the
enhanced kinetic process and valid interface charge transfer channels of Ni3S4/NiS/NC multiple
heterojunction can guarantee high reversible redox activity and high structural stability, resulting
in both high specific capacitance and energy/power densities when it is used as the electrode for
supercapacitors. This work offers a new avenue for the rational design of the heterojunction
materials with improved electrochemical performance through space-confined effect of NaCl.

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

© 2022 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT
2631-7990/23/015504+12$33.00 1

https://doi.org/10.1088/2631-7990/aca8da
https://orcid.org/0000-0002-6858-4060
mailto:zhefang@zut.edu.cn
mailto:jiujun@shaw.ca
mailto:mlwzzu@163.com
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/aca8da&domain=pdf&date_stamp=2022-12-16
https://creativecommons.org/licenses/by/4.0/


Int. J. Extrem. Manuf. 5 (2023) 015504 W Wei et al

Supplementary material for this article is available online

Keywords: multiple heterojunction, space-confined effect, electronic interaction, supercapacitors

1. Introduction

In recent years, the development of new materials for
many cutting-edge application areas including electrochem-
ical energy-related devices such as supercapacitors [1, 2],
batteries [2, 3], fuel cells [4], water-electrolysis [5–8], and
CO2 electroreduction [5, 6, 8], has become more intensive
because of the requirement of clean/sustainable energy storage
and conversion. Regarding energy-related materials, optim-
ization of the energy band structure, state density, and elec-
tronic structure of the heterojunction interface can endow them
with unique functional properties [9, 10]. A heterojunction of
material is constructed by the lattice matching of two or more
components with different properties through crystal plane
coupling. Thus, the heterojunction interface can show the
complementary advantages and synergistic effects of different
components [11, 12]. For example, heterojunctions between
two components can significantly enhance ionic and high elec-
tronic conductivity [13–16]. Therefore, heterojunction mater-
ials have been recognized as one of the most competitive can-
didates for applications in energy systems.

Micro- or nano-scale heterojunction materials can be con-
structed by the corresponding micro/nano fabrication tech-
niques, such as chemical vapor deposition [17–19], ion
exchange [13, 20, 21], and hydrothermal and solvothermal
methods [22–25]. Currently, most of these synthesis methods
involve two or more steps based on gas–solid or liquid-phase
reactions [10, 20, 23, 26, 27]. The temperature required for the
gas–solid reaction usually reaches the gasification or decom-
position temperature of the gas-producing raw material to
provide the reaction gas. For example, the temperature needed
to produce C3N4 as a promising material for constructing the
heterojunction using dicyandiamide and ammonium chloride
should reach more than 500 ◦C [9, 10, 23]. Liquid-phase reac-
tions, such as hydrothermal and solvothermal reactions, usu-
ally need to be carried out under high temperature and high
pressure in a closed environment [24, 28–30]. Although the
commonly reported strategies can construct many unique het-
erojunction materials with high performance, they still need
the assistance of specific equipment, high energy consumption
or hazardious operation with high temperature or high pres-
sure, or multi-step complicated operation, which could hinder
their practical usage. Therefore, the development of a conveni-
ent, cost-efficient, green, and sustainable strategy for the con-
struction of heterojunction materials is required to promote
their large-scale application, particularly in electrochemical
energy devices such as supercapacitors.

Many studies have been reported in recent years regard-
ing the application of heterojunction materials as electrodes
in supercapacitors, including both double-layer supercapa-
citors and pseudocapacitors [14, 31, 32]. For example, the

synergy of the excellent wettability of N/P co-doped carbon
materials in the electrolyte, adequate contact area, and effi-
cient electron transport of one-dimensional (1D) hollow car-
bon ensures that an N/P co-doped porous carbon/1D hollow
tubular carbon heterojunction exhibits a high capacitance of
324 F g−1 at 1 A g−1 [33]. Ni3S4 could increase the conduct-
ivity of MoS2 in the Ni3S4/MoS2 heterojunction constructed
by covering the surface of the Ni3S4 core layer with MoS2
nanosheets; the impedance of the Ni3S4/MoS2 heterojunction
was 67% that of pure MoS2 [34]. A one-body-style photo-
supercapacitor based on a Ni(OH)2/TiO2 heterojunction array
prepared by the in-situ growth of Ni(OH)2 on TiO2 nanor-
ods demonstrated that Ni(OH)2 can store the holes created
by TiO2 under illumination; the release of the holes converts
chemical energy into electrical energy during the discharge
process, resulting in the direct storage of solar energy [35].
These heterojunction materials strongly promote the develop-
ment of high-performance or multifunctional supercapacitors
by combining materials with different micro/nanostructures
and unique photoelectric properties in the form of core–shell
or laminated structures. Based on these studies, the electro-
chemical performance of heterojunction materials can be fur-
ther improved by constructing multiple heterojunctions within
the same nanoscale structural unit.

In this study, a Ni3S4/NiS/NC (NC: nitrogen-doped
amorphous carbon) multiple heterojunction material was syn-
thesized through the space-confined effect of the molten salt
interface of recrystallized NaCl. In this strategy, the tight
coverage of recrystallized NaCl on the surface of NiCl2 can
be achieved by the coordination of Cl− and Ni2+. Under
the space-confined effect of recrystallized NaCl, the partial
exposure of Ni2+ near the interface of NaCl shows a dif-
ferent reactivity from the complete exposure of Ni2+, res-
ulting in contact with different amounts of S2− to achieve
the one-step controlled construction of the Ni3S4/NiS hetero-
junction. Meanwhile, the gas containing carbon and nitro-
gen in the closed system can be converted into NC under
the catalytic action of Ni2+, which can further chelate with
the Ni3S4/NiS heterojunction through C–S bonds to form
Ni3S4/NiS/NCmultiple heterojunctions.WhenNi3S4/NiS/NC
was used as the electrode material for pseudocapacitors, NC
first provided direct electron channels and many defects as
high-activity reactive sites; it also restricted the structural
deformation of nickel sulfide during the reversible pseudoca-
pacitor reaction. In particular, the electron interaction of the
Ni3S4/NiS heterojunction was studied via first-principle cal-
culations based on density functional theory (DFT), and the
results revealed increased electronic conductivity at the het-
erogeneous interface, which can be woven together with NC
to form 3D conductive networks within the active materials.
Subsequent performance tests on the Ni3S4/NiS/NC-based
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pseudocapacitor demonstrated enhanced electrochemical per-
formance, revealing the advantages of this heterojunction
composite material.

2. Results and discussion

The detailed regulation strategy is illustrated in figure 1. Dur-
ing the mixing and crushing of NiCl2 · 6H2O, CH4N2S, and
NaCl in an agate mortar, the six crystal H2O in NiCl2 · 6H2O
was removed under the intermolecular forces of NaCl and
CH4N2S, resulting in the gradual transformation of a dry green
mixture into a wet yellowmixture (figure 1(d)). Up to 35.9 g of
NaCl can be dissolved in 100 g of water at room temperature;
that is, themole ratio of NaCl to H2O in the saturated salt water
is 0.11:1. Similarly, according to themole number of the added
material, it was not difficult to obtain a NaCl/H2O mole ratio
of 0.07:1. Thus, the H2O released by NiCl2 · 6H2O was suffi-
cient to dissolve all NaCl. However, NiCl2 and CH4N2S could
dissolve only a small fraction. Consequently, the wet yellow
mixture contained a core–shell structure of NiCl2 and CH4N2S
coated with aqueous NaCl (figure 1(a)). The dissolution of
NaCl can contribute to the mixed uniformity of the raw mater-
ials, and the coordination between Cl− and Ni2+ induces the
preferential adsorption of Cl− on the surface of NiCl2. When
the closed system was gradually heated, CH4N2S reacted with
H2O to produce CO2, NH3, and H2S (equation (1) in figure 1).
The large amount of as-produced gas resulted in the final block
material having a porous structure (figures 1(b) and (e)). The
molar ratio of H2O toCH4N2S in the rawmaterial is 2:1, which
is the same as the quantitative ratio in equation (1). Therefore,
the entire CH4N2S and H2O in this system were converted to
the corresponding gas, which entirely filled the sealed con-
tainer. However, as shown in equation (1), the molar ratio of
NaCl to H2Ogradually increases, resulting in the recrystalliza-
tion of NaCl on the surface of NiCl2 until two solids (NaCl and
NiCl2) and three gases (CO2, NH3 and H2S) remain in the sys-
tem. Based on the eutectic point theory, the microzone of the
molten state appears at the interface between NaCl and NiCl2,
which is surrounded by H2S (figure 1(c)). Figures 1(e) and (f)
show that three raw materials of NiCl2 · 6H2O, CH4N2S, and
NaCl and two raw materials including NiCl2 · 6H2O and NaCl
at 150 ◦C for 12 h are transformed into hard bulk materials
rather than powders, which further proves the formation of a
microzone at the interface between NaCl and NiCl2. In the ini-
tial stage of the system reaction, the concentration of H2S is
high, resulting in the reaction of H2S and NiCl2 to produce
Ni3S4 (equation (4)), which consumesmore H2S than equation
(2). As the reaction of equation (4) proceeds, the concentra-
tion of H2S drops sharply, leading to a decrease in the amount
of H2S around NiCl2. In particular, the space-confined effect
of NaCl in the microzone of the molten state can reduce the
amount of H2S contacting NiCl2, resulting in the production
of NiS near the interface between NaCl and NiCl2 according
to equation (2). As the reaction continues, most of the NiCl2 is
converted into NiS or Ni3S4. According to the molar ratio of
the rawmaterial, themolar ratio of S2− andNi2+ in this system

is 3:1. Therefore, there is still abundant H2S in this closed sys-
tem, which further triggers equation (3). Then, NiS and H2S
reacts to formNi3S4 until the final product of Ni3S4 with a pure
phase is formed. Therefore, a controlled one-step construction
of the Ni3S4/NiS heterojunction can be realized by controlling
the reaction time under the space-confined effect of recrystal-
lized NaCl. This synthesis strategy can also be extended to the
synthesis of other heterojunction materials.

Meanwhile, during the construction of the Ni3S4/NiS het-
erojunction, a small amount of NH3 and CO2 in the closed
system was converted into NC under the catalytic action
of Ni2+ and this NC could be further chemically coupled
with nickel sulfide to form a heterojunction. The combina-
tion of Ni3S4/NiS/NC multiple heterojunctions can introduce
many defects, enrich highly active sites, and thus, enhance
the kinetic process of the electrochemical reaction [27].
Subsequently, the interface structure of the Ni3S4/NiS/NC
multiple heterojunction was systematically analyzed and
characterized. This composite material was successfully used
to construct electrodes for supercapacitors that exhibited bet-
ter electrochemical performance than those fabricated using
single-component materials.

X-ray diffraction (XRD) was performed to understand the
structural phases of Ni3S4/NiS/NC formed at different reac-
tion times with the assistance of NaCl, and Ni3S4/NiS/NC-2,
Ni3S4/NiS/NC-4, Ni3S4/NiS/NC-8, Ni3S4/NiS/NC-12,
Ni3S4/NiS/NC-24, Ni3S4/NiS/NC-36, and Ni3S4/NiS/NC-48
at the reaction times of 2, 4, 8, 12, 24, 36, and 48 h,
respectively. As shown in figure 2(a), the XRD pattern of
Ni3S4/NiS/NC-2 shows distinct diffraction peaks of Ni3S4
(JCPDS NO. 47-1739) and weak diffraction peaks of NiS
(JCPDS NO. 75-0613). Before 12 h, the diffraction peaks of
Ni3S4 and NiS gradually increased as the reaction continued.
When the reaction time was more than 12 h, the diffraction
peaks of Ni3S4 were still enhanced, whereas the diffraction
peaks of NiS disappeared completely after 36 h. To explore the
influence of the space-confined effect of recrystallized NaCl
on the composition of the final materials, XRD patterns of the
samples synthesized at the reaction times of 6, 8, 12, 24, 36,
and 48 h without the assistance of NaCl (Ni3S4/Ni3S4/NC-6,
Ni3S4/NC-8, Ni3S4/NC-12, Ni3S4/NC-24, Ni3S4/NC-36, and
Ni3S4/NC-48) are shown in figure S1. The XRD curve of the
sample synthesized at 6 h displays very complicated diffrac-
tion peaks, which may be related to side reactions in the early
stage. For the sample synthesized for 8 h, the complicated
diffraction peaks became increasingly weaker, and obvious
diffraction peaks of Ni3S4 appear. When the reaction time
reached 12 h, the resulting material was a pure phase of Ni3S4.
As the reaction continued, only the diffraction peaks of Ni3S4
were observed in the XRD curves, and the diffraction intensity
gradually increased, indicating that the yield of Ni3S4 gradu-
ally improved, and no other hybrid phase could be generated.
It is clear that NiS is not formed in the absence of NaCl, further
proving that the space-confined effect of NaCl can promote
the formation of Ni3S4/NiS heterojunctions. The analysis res-
ults of the XRD pattern are consistent with the mechanism
of controllable fabrication of the Ni3S4/NiS heterojunction
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Figure 1. Schematic of the controlled synthesis of Ni3S4/NiS heterojunction by the space-confined effect of molten salt interface of
recrystallized NaCl and the photos of the as-obtained materials prepared at different stages. (a) Schematic diagram and (d) photo of material
after crushing and mixing. (b) Schematic diagram and (e) photo of the material after the reaction at 150 ◦C for 12 h. (c) Schematic diagram
of the space-confined effect of recrystallized NaCl. (f) Photo of NiCl2 · 6H2O mixed with NaCl and then left at 150 ◦C for 12 h.

by the space-confined effect of the molten salt interface of
recrystallized NaCl, and reveal that Ni3S4/NiS/NC-12 has the
largest recombination ratio of NiS and Ni3S4.

Figure S2 shows the morphological evolution of
Ni3S4/NiS/NCwith the participation of NaCl over the reaction
time. When the reaction time was 2 h, Ni3S4/NiS/NC-2 did
not form an obvious sheet-layer structure but the accumulation
structure of crystal seeds of Ni3S4 (figure S2(a)). Equations
(2) and (4) occur simultaneously in this system under the
action of the space-confined effect, which rapidly promoted
the emergence of Ni3S4/NiS heterojunction nanosheets and
gradually grew and thickened (figures S2(b) and (c)). The
yields of Ni3S4 and NiS increased without transitions to each
other for Ni3S4/NiS/NC-12 to be made of many nanosheets
with a smooth surface as the building block (figure S2(d)).
When the reaction time was more than 12 h, NiCl2 near the
molten salt interface of recrystallized NaCl was almost com-
pletely converted to NiS, and the reaction of excess H2S in
the closed system and NiS triggered equation (3). However,
the ratio of S atoms in Ni3S4 is higher than that in NiS, and the
crystal cell parameters of Ni3S4 (cell volume = 0.854 nm3,
a = b = c = 0.9488 nm, α = β = γ = 90◦) are signific-
antly different from those of NiS (cell volume = 0.054 nm3,
a = b = 0.342 nm and c = 0.53 nm, α = β = 90◦ and
γ = 120◦), leading to the appearance of pulverization on the
smooth surface of Ni3S4/NiS heterojunction nanosheets dur-
ing the transformation of NiS to Ni3S4 (figures S2(e) and
(f)). This phenomenon was improved by increasing the pur-
ity of the Ni3S4 in the final material. The thickness of the

building block sheets almost doubled (figure S2(g)), which
is the inevitable result of the crystal size of Ni3S4 being lar-
ger than that of NiS. In addition, figures 2(b), (c) and S3
display the scanning electron microscopy (SEM) images of
Ni3S4/NiS/NC-12 and Ni3S4/NC-12. The former presents
a relatively uniform micron spherical microstructure with
nanosheets as the structural units (figures 2(b), (c) and S3(a)),
while the latter shows more than four kinds of microscopic
morphologies (figures S3(b)–(f)). The morphological evolu-
tion of Ni3S4/NiS/NCwith the reaction time demonstrates that
the space-confined effect of recrystallized NaCl is essential
for the construction of the Ni3S4/NiS heterojunction, and the
addition of NaCl can contribute to the improvement of the
uniformity of the morphology of the final materials.

Transmission electron microscopy (TEM) was performed
to investigate the construction interface of the Ni3S4/NiS/NC
heterojunction. Figure 2(d) shows Ni3S4/NiS/NC-12 with a
microspherical structure using nanosheets as the building
block, which is consistent with the SEM images. Many nan-
oparticles with sizes less than 20 nm were riveted on the
nanosheets (figure 2(e)), thus exposing a large number of act-
ive sites and contributing to the excellent performance of this
composite. The high-resolution TEM (HRTEM) image of
Ni3S4/NiS/NC-12 (figure 2(f)) shows clear light-dark lattice
fringes in different directions, with a clear lattice distortion
interface between them (figure 2(g)). The crystal planes with
spacing values of 0.335, 0.237, and 0.296 nm can be assigned
to the (2 2 0) and (4 0 0) planes of Ni3S4 and (1 0 0) plane of
NiS, which are perpendicular to the plane composed of light
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Figure 2. (a) XRD patterns of Ni3S4/NiS/NC-2, Ni3S4/NiS/NC-4, Ni3S4/NiS/NC-8, Ni3S4/NiS/NC-12, Ni3S4/NiS/NC-24,
Ni3S4/NiS/NC-36 and Ni3S4/NiS/NC-48. (b) and (c) SEM images of Ni3S4/NiS/NC-12 with different magnifications. (d) TEM image of the
single micro flower of Ni3S4/NiS/NC-12. (e) TEM image of single nanosheet of Ni3S4/NiS/NC-12. (f) HRTEM image of Ni3S4/NiS/NC-12
and (g) the larger view of the corresponding red box area in (f). Spatial position simulation of (h) (0 0 4), (2 2 0) and (4 0 0) planes in Ni3S4,
and (i) (0 0 2) and (1 0 0) planes in NiS. (j) Simulations of supercell crystal face according to the (4 0 0) plane in Ni3S4 and (1 0 0) plane
in NiS.

and dark diffraction spots. The angle between the (4 0 0) and
(2 2 0) planes of Ni3S4 was 43.7◦, which was consistent with
the angle between the corresponding crystal faces in the sim-
ulated crystal structure (figure S4(a)). The planes of the light
and dark diffraction spots can be assigned to the (0 0 4) plane
of Ni3S4, satisfying that it is simultaneously perpendicular to
the (4 0 0) and (2 2 0) planes, which is in agreement with
the simulation results (figure 2(h)), revealing that the hetero-
geneous interface of Ni3S4 is the (4 0 0) plane. Because of
the cubic system of Ni3S4, the (4 0 0), (0 4 0), and (0 0 4)
crystal planes have the same parameters and exhibit a square
shape (figures S4(a), (h) and (i)). Similarly, combining the
HRTEM image (figure 2(g)) and simulated crystal structure
(figure 2(i)) of NiS demonstrates that the plane of the light
and dark diffraction spots is the (0 0 2) crystal plane, and the
crystal plane perpendicular to the light and dark diffraction
spots is the (1 0 0) crystal plane. The heterogeneous inter-
face of NiS is the (1 0 0) plane. Therefore, the heterojunc-
tion interface in figure 2(g) was constructed by the (4 0 0) and
(1 0 0) planes of Ni3S4 and NiS, respectively, through the dis-
tortion and rearrangement of the corresponding crystal faces.

The hexagonal crystal system of NiS determines the hexagonal
crystal plane of (0 0 2) (figure S4(b)) and rectangular plane of
(1 0 0) (figure S4(c)). The 4× 1 supercell of the (4 0 0) square
plane of Ni3S4 and 5 × 2 supercell of the (1 0 0) rectangu-
lar plane of NiS exhibit the same rectangular structure with a
similar length (approximately 2.67 nm and width of approx-
imately 0.677 nm (figure 2(j)), revealing that the (4 0 0) and
(1 0 0) planes of Ni3S4 and NiS, respectively, have a high
matching degree, further proving the feasibility of construct-
ing the Ni3S4/NiS heterojunction. In addition, another hetero-
junction of the (2 2 0) plane of Ni3S4 and (1 0 2) plane of
NiS can also be observed in figure S4(d), which displays lat-
tice stripes with widths of 0.237 nm and 0.197 nm, corres-
ponding to the (0 4 0) and (1 0 2) planes of Ni3S4 and NiS,
respectively. The angle between the heterogeneous interface
and the (0 4 0) plane of Ni3S4 was approximately 45◦,, and
the heterogeneous interface was parallel to the (1 0 2) plane
of NiS. Figure S4(j) exhibits the spatial position simulation
of the (0 4 0) and (2 2 0) planes in Ni3S4, indicating that the
heterogeneous interface of Ni3S4 is the (2 2 0) plane. This het-
erojunction was assembled from the (2 2 0) (1 0 2) planes of
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Ni3S4 (figure S4(k)) and NiS (figure S4(l)). They were all rect-
angular crystal faces, showing a high degree of matching for
constructing the heterogeneous interface. It can be concluded
that Ni3S4/NiS heterojunction materials with different types of
heterogeneous interfaces were successfully constructed by the
space-confined effect of the recrystallization NaCl melt inter-
face. These different types of heterogeneous interfaces have
defects induced by crystal face distortion and lattice disloca-
tion, as well as the rearrangement of electrons at the interface,
resulting in the unique electrochemical performance of the het-
erojunction interfaces [36–38]. The clear boundary verifies the
formation of an intimate contact interface (figures 2(f), S4(d)
and (f)) between the legible lattice fringe from nickel sulfides
and typical amorphous structure of NC. Meanwhile, the dis-
continued lattice fringe of Ni3S4/NiS/NC-12 confirmed that
there were defects [27]. The corresponding selected area elec-
tron diffraction pattern in figure S4(e) shows several diffrac-
tion rings composed of diffraction bright spots, matching the
(1 0 2) plane of NiS and (0 4 0) and (2 2 0) planes of Ni3S4,
which further supports the conclusion of the above heterogen-
eous interface. Figures S4(f) and (g) present a clear lattice spa-
cing of 0.547 nm and distinct diffraction spots, both of which
are assigned to the (1 1 1) plane of Ni3S4 and reveal the excel-
lent crystallinity of Ni3S4.

The elemental maps in figures 3(a) and (b) present the dis-
tributions of Ni, S, C, andN. To avoid the signal interference of
C and N caused by the introduction of a conductive agent dur-
ing sample preparation, Ni3S4/NiS/NC-12 was dispersed in an
appropriate amount of ethanol by ultrasound and then coated
on a glass sheet for energy-dispersive spectroscopy (EDS) test-
ing. The intensity and position of each element distribution
shows that this composite mainly contains Ni and S as well as
small amounts of C and N, further proving that the as-obtained
Ni3S4/NiS/NC-12 is composed of Ni3S4, NiS, and NC. To fur-
ther determine the form of each element, XPS was employed
to investigate the elemental composition and chemical states
of the surface of Ni3S4/NiS/NC-12 (figures S5 and 3(c)–(f)).
The survey scan spectrum again indicated the coexistence of
Ni, S, C, and N, which was in good agreement with the EDS
results. The unexpected O 1s peak may be caused by the par-
tial oxidation of the surface of the sample [39–41]. The Cl
1s and Cl 2s peaks may have been triggered by residual Cl
coordination in the sample. High-resolution Ni 2p, S 2p, C 1s,
and N 1s curves were obtained through Gaussian fitting. As
shown in figure 3(c), the Ni 2p spectrum could be divided into
two pairs of shake-up satellites (denoted as ‘Sat.’) (Located at
861.0 and 877.6 eV and 864.7 and 881.8 eV) and two pairs of
spin-orbit doublets corresponding to Ni 2p3/2 and Ni 2p1/2 of
Ni2+ (853.4 and 871.2 eV) and Ni3+ (855.6 and 873.3 eV)
[16, 42–45]. Ni2+ is distributed in NiS and Ni3S4, whereas
Ni3+ is only distributed in Ni3S4. In figure 3(d), the high-
resolution S 2p spectrum can be deconvoluted into four peaks,
in which the peaks at 161.4 and 162.8 eV correspond to S 2p3/2
and S 2p1/2 of S2− [43], respectively, and the other two peaks
located at 163.9 and 168.8 eV are attributed to the S–C bonds
(163.9 eV) [46] and oxidation of NiS and Ni3S4 (168.8 eV)
[43]. As shown in figure 3(e), the C 1s peak is deconvoluted
into three peaks at 284.9, 288.1, and 285.9 eV that correspond

Figure 3. (a) and (b) the energy-dispersive spectroscopy (EDS)
elemental mapping images of Ni3S4/NiS/NC-12. High-resolution
x-ray photoelectron spectra (XPS) of (c) Ni 2p, (d) S 2p, (e) C 1s
and (f) N 1s of Ni3S4/NiS/NC-12.

to C–C, C–S, and C–N carbons, respectively [39, 41, 46, 47].
The N 1s spectrum (figure 3(f)) is composed of pyridinic N
(398.2 eV) and pyrrolic N (399.8 eV) [39, 41, 45], which can
create more defects in Ni3S4/NiS/NC-12 and intensify the kin-
etics process, providing more reactive active sites for the elec-
trochemical process. The XPS results further confirmed that
Ni3S4/NiS/NC-12 consisted of Ni3S4, NiS, and NC. Ni3S4 and
NiS were constructed from rich heterojunctions with different
heterogeneous crystal faces. Nickel sulfide is bonded to NC
by C–S bonds, which can enhance the heterogeneous inter-
face between nickel sulfide and NC. The local electronic struc-
tures of nickel sulfides and NC can be modulated, especially at
the interface, which can further accelerate the adsorption and
desorption kinetics of electrolyte ions during the electrochem-
ical process [48, 49].

From the above discussion, it can be concluded that
the Ni3S4/NiS/NC-12 composite formed by connecting the
Ni3S4/NiS heterojunction andNC throughC–S bondswas suc-
cessfully assembled by the space-confined effect of the molten
salt interface of recrystallized NaCl. In view of the multivalent
characteristics of nickel ions in nickel sulfides, which have
highly reversible redox reactions and are widely applied in
the field of supercapacitors, Ni3S4/NiS/NC-12 and Ni3S4/NC-
12 were used as the electrode materials for supercapacitors to
investigate the influence of the Ni3S4/NiS heterojunction on
electrochemical performance.

The performance of the Ni3S4/NiS/NC-12 electrode was
first examined using a standard three-electrode system in 2M

6



Int. J. Extrem. Manuf. 5 (2023) 015504 W Wei et al

Figure 4. Electrochemical performance curves of Ni3S4/NiS/NC-12 in a standard three-electrode system. (a) Cyclic voltammetry (CV)
curves at the potential scan rates of 2, 5, 10, 20, 30 and 50 mV s−1 and (b) galvanostatic discharge curves at 0.5, 1, 2, 3, 5, 8 and 10 A g−1,
respectively. Electrochemical performance curves of the as-assembled devices: (c) CV curves of Ni3S4/NiS/NC//AC (AC: active carbon) at
5, 10, 20, 30, 50 and 100 mV s−1, galvanostatic discharge curves of (d) Ni3S4/NC-12//AC and (e) Ni3S4/NiS/NC-12//AC at 0.5, 1, 2, 3, 5, 8
and 10 A g−1, respectively. (f) The corresponding rate performance curves of Ni3S4/NC-12//AC and Ni3S4/NiS/NC-12//AC, and (g) cycle
stability curve and coulombic efficiency curve of Ni3S4/NiS/NC-12//AC at 5 A g−1 for 10 000 cycles.

KOH. Figure 4(a) presents the typical cyclic voltammetry
(CV) curves of Ni3S4/NiS/NC-12 at the potential scan rates
of 2, 5, 10, 20, 30, and 50 mV s−1. The obvious oxidation
and reduction peaks can be mainly ascribed to the revers-
ible redox reaction Ni2+ ↔ Ni3+ [13, 15, 16, 50]. The CV
curves show no clear shape change with an increasing scan
rate, indicating that the heterojunction of Ni3S4/NiS is con-
ducive to high reversibility and fast redox reaction at the
interface [51]. The specific capacitances of Ni3S4/NiS/NC-12
(figure S6(a)) at the corresponding scan rate are 635.4, 518.2,
442.5, 377.2, 321.4, and 263.3 F g−1, calculated from the
CV curves. The distinct discharge platform in the galvano-
static discharge curves (figure 4(b)) and reversible redox peaks
in the CV curves prove the outstanding pseudocapacitive
properties of Ni3S4/NiS/NC-12. The specific capacitances of
Ni3S4/NiS/NC-12 (figure S6(b)) in figure 4(b) were 644.2,

323.0, 274.3, 232.4, and 180.5 F g−1 at 0.5, 1, 2, 3, and
5 A g−1, respectively. The performance of Ni3S4/NiS/NC-12
with the Ni3S4/NiS heterojunction in a three-electrode sys-
tem reveals that it has promising applications in the field of
supercapacitors.

Asymmetric supercapacitors using Ni3S4/NiS/NC-12 or
Ni3S4/NC-12 as the working electrodes and activated car-
bon (AC) as the counter electrode were assembled sequen-
tially to investigate the contribution of the specific capa-
citance of the Ni3S4/NiS heterojunction. Figure 4(c) shows
the CV curves of Ni3S4/NiS/NC-12//AC at varying scan
rates, which also present obvious redox peaks in good agree-
ment with the CV curves of Ni3S4/NiS/NC-12 in the three-
electrode system. In other words, the reversible redox reaction
between Ni2+ and Ni3+ contributes to the main capacitance.
The galvanostatic discharge curves of Ni3S4/NC-12//AC and
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Ni3S4/NiS/NC-12//AC are presented in figures 4(d) and (e),
respectively. The heterojunction of Ni3S4/NiS can optimize
the electron configuration in the bulk material and intro-
duce multiple defects owing to crystal face distortion and lat-
tice dislocation, providing more highly active reaction sites
for reversible redox reactions and enhancing the kinetic pro-
cess, which ultimately achieves a longer discharge time of
Ni3S4/NiS/NC-12//AC than Ni3S4/NC-12//AC under the same
test conditions. The specific capacitances of Ni3S4/NiS/NC-
12 in Ni3S4/NiS/NC-12//AC are 502.1, 330.3, 254.4, 234.1,
223.5, 220.3, and 213.0 F g−1 at the current densities of 0.5,
1, 2, 3, 5, 8, and 10 A g−1, respectively, which are more than
twice the specific capacitances of Ni3S4/NC-12 in Ni3S4/NC-
12//AC at same current densities (figure 4(f)). The capacitance
retention ratios of Ni3S4/NiS/NC-12 and Ni3S4/NC-12 in the
corresponding devices at 0.5 A g−1 before and after the large
current cycle are 99.1% and 87.8% (figure 4(f)), respectively,
which reveals that the construction of the Ni3S4/NiS hetero-
junction can also improve the ability to withstand large current
charge and discharge. The optimization of the reaction active
sites and kinetic process by the Ni3S4/NiS heterojunction can
further reduce the uneven deformation of the active material
caused by electrochemical polarization during the charge and
discharge processes. In addition, the stable composite mode
formed by C–S bonds between NC and nickel sulfide can
reinforce the mechanical strength of the active materials and
inhibit their deformation. Thus, the heterojunctions and C–S
bonds can ensure that Ni3S4/NiS/NC-12//AC can be tested
for 10 000 cycles at 5 A g−1 and maintain 42.6% of the ini-
tial capacitance (figure 4(g)). Meanwhile, the coulombic effi-
ciency of Ni3S4/NiS/NC-12//AC was always close to 100%
over 10 000 cycles, indicating that Ni3S4/NiS/NC-12 exhibits
high reversible redox activity.

The energy and power densities calculated from the gal-
vanostatic charge–discharge data of Ni3S4/NiS/NC-12//AC
are shown in the Ragone plot (figure 5). The Ni3S4/NiS/NC-
12//AC achieves a high energy density of 60.1 Wh kg−1 at
a power density of 142.0 W kg−1 and 16.6 Wh kg−1 at
a high power density of 3338.3 W kg−1. These values are
also competitive to other transition-metal-based supercapa-
citor devices, such as NiCo2O4@NiO//AC (31.5 Wh kg−1

at 215.2 W kg−1) [52], (Ni0.1Co0.9)9Se8@carbon fiber
cloth (CFC)//polyvinyl alcohol/KOH//reduced graphene oxide
(rGO) @CFC (17.0 Wh kg−1 at 3100 W kg−1) [53],
Ni3S4//AC (18.6 Wh kg−1 at 150 W kg−1 and 11.7 Wh kg−1

at 1500.2 W kg−1) [54], Ni-CoP@C@ carbon nanotube//
graphene (GO) (17.4 Wh kg−1 at 699.1 W kg−1) [55],
O-NiCoP @rGO//AC (21 Wh kg−1 at 775 W kg−1) [56],
CoSe2//AC (18.9Wh kg−1 at 387W kg−1) [57], CoSe2/C//AC
(20.6 Wh kg−1 at 698.8 W kg−1) [58], and CuCo2O4/CuO-
400//AC (19.2 Wh kg−1 at 770.4 W kg−1) [59]. These com-
bined results demonstrate the outstanding performance of
Ni3S4/NiS/NC-12//AC in practical applications.

To further elucidate the origin of the enhanced electro-
chemical performance of Ni3S4/NiS/NC-12, DFT calculations
were performed to investigate its conductivity. The optimized
model of the Ni3S4/NiS heterojunction is shown in figure S7,

which clearly reveals the formation of stable Ni–S bonds
between Ni3S4 and NiS. The DOS profiles based on the optim-
ized Ni3S4/NiS heterojunction are shown in figures 5(b) and
(c). The partial density of state (PDOS) profile of the d-state
of Ni and p-state of S presented a larger DOS area (figure 5(b))
at the Fermi level, confirming that new chemical bonds were
formed between Ni and S. Because the Fermi–Dirac differ-
ence has a high value as it approaches the Fermi level, a
high DOS near the Fermi level can result in excellent elec-
tronic properties [51]. The DOS analysis of the Ni3S4/NiS
heterojunction (figure 5(c)) demonstrates that the heterogen-
eous interface of Ni3S4/NiS can exhibit a metallic character,
induce active electron-transfer dynamics, and produce out-
standing electronic properties; thus, the Ni3S4/NiS heterojunc-
tion has a relatively high conductivity for facilitating elec-
tron transfer [51, 60]. The electron density difference of the
Ni3S4/NiS heterojunction model was also determined to char-
acterize the nature of the interactions (figure 5(d)). The blue
and purple regions refer to electron accumulation and deple-
tion, respectively. The electrons were redistributed at the het-
erogeneous interface between Ni3S4 and NiS. The electrons
can be transferred from Ni3S4 to NiS at the heterogeneous
interface according to the Bader charge analysis results, which
strengthens the electronic interaction between Ni3S4 and NiS
and the stability of the interfacial connection [27, 61]. The
electrical interaction at the heterogeneous interface can con-
tribute to high electronic conductivity, which can become a
good electroactive area for outstanding electrochemical per-
formance.

The above analysis clearly indicates that the enhancement
in supercapacitor performance is closely related to the con-
struction of heterojunctions by the space-confined effect of
the molten salt interface of recrystallized NaCl. An under-
lying mechanism is proposed, as illustrated in figure 5(e).
It is well known that the ionic and electronic transport
efficiencies during the charging and discharging processes
are key factors in determining the utilization and electro-
chemical performance of active materials. In electrochemical
energy storage devices, the fluid electrolyte can fully con-
tact the surface of the active electrode materials to improve
the contact area between the active material and electrolyte
through micro–nano construction technology. Ni3S4/NiS/NC-
12 material using nanosheets as the building block can
provide a rich electrode–electrolyte interface supplying suf-
ficient channels for ion transfer between Ni3S4/NiS/NC-12
and the electrolyte. However, the surface of a solid-state act-
ive material with a micro–nano structure is difficult to com-
pletely cover using a solid-state current collector or a mater-
ial with high electronic conductivity. When the surface area
of the active material is constant, increasing the solid–solid
interface can reduce the electrode–electrolyte interface area.
Therefore, the electronic transmission efficiency can be effect-
ively improved by improving the electronic conductivity of
the active materials. To this end, Ni3S4/NiS/NC-12 construc-
ted with multiple heterojunctions can provide a 3D conductive
network by the chelation of highly conductive NC with nickel
sulfide and the unique electrical interaction at the Ni3S4/NiS
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Figure 5. (a) Ragone plot correlating the energy densities and power densities of Ni3S4/NiS/NC-12//AC (b) partial density of states
(PDOSs) and (c) local density of states (LDOSs) and total density of states (TDOS) of Ni3S4/NiS heterojunction. (d) Electron density
difference plots at the interface of Ni3S4/NiS heterojunction. (e) Structure-activity relationship schematic of the contribution of
microstructure and multiple heterojunctions of Ni3S4/NiS/NC-12 to electrochemical performance.

heterogeneous interface. NC can limit the structural deform-
ation of nickel sulfides caused by reversible redox reactions,
and the construction of multiple heterogeneous interfaces and
N-doping introduces many defects and highly active sites in
Ni3S4/NiS/NC-12, which contribute to the improvement of the
structural stability and electrochemical performance.

3. Conclusions

In conclusion, the one-step preparation technique of
Ni3S4/NiS/NC multiple heterojunction nanosheets is innovat-
ively designed using the space-confined effect of the molten
salt interface of recrystallized NaCl. The C–S bonds between
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NC and nickel sulfides and the Ni–S bonds between Ni3S4
and NiS can strengthen the stability of multiple heterojunc-
tions with many defects and highly active sites for enhancing
electron and ion transport kinetics. The synergy between the
high electronic conductivity of NC and electron interaction
of the Ni3S4/NiS heterogeneous interface work together to
weave rich heterogeneous interfaces into the 3D conductive
network as interconnected electronic transport channels inside
the Ni3S4/NiS/NC-12 electrode material, which enhances
electronic transmission within the material. The resulting
Ni3S4/NiS/NC-12 exhibited more than twice the specific
capacitance of Ni3S4/ NC-12 prepared without NaCl. The
as-assembled Ni3S4/NiS/NC-12//AC asymmetric supercapa-
citor exhibits a high energy density of 60.1 Wh kg−1 at a
power density of 142.0 W kg−1 and 16.6 Wh kg−1 at a high
power density of 3338.3 W kg−1. The Ni3S4/NiS/NC mul-
tiple heterojunction nanosheets were demonstrated to have
considerable potential for use in advanced electrochemical
energy storage devices; the synthetic method based on the
NaCl-based space-confined effect can be extended to the pre-
paration of other heterogeneous materials.
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