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Abstract: Transition metal sulfides have excellent electrochemical performance and show great
potential for improving the energy density of asymmetric supercapacitors. This study demonstrates
a two-step synthesis technique and highlights the enhanced energy storage efficiency of ZnS-NiS,
composite materials for asymmetric supercapacitors. The composite materials of ZnS nanosheets and
NiS, nanocrystals are characterized by a rough surface and spherical shape. The sample with the
optimal ratio (ZnS-NiS,-1:7) exhibits a maximum specific capacitance of 1467.9 F g~! (550.5 C g~ 1)
at1 A g_l. The specific capacitance of the ZnS-NiS,-1:7 sample is 26.1% higher compared to the
pure NiS; sample. Furthermore, the assembled ZnS-NiS,-1:7//AC device shows a high specific
capacitance of 127.8 F g*1 (217.3C gfl) at1 A gfl and an energy density of 51.3 Wh kg*1 at a power
density of 820.8 W kg~!. The ZnS-NiS,-1:7 sample has exceptional energy storage capability on
its own, but it can also be composited with graphene to further increase the specific capacitance
(1681.0 F g1 at 1 A g 1), suggesting promising prospects for the ZnS-NiS,-based composite material
in the future.
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Supercapacitors. Batteries 2024, 10, 16. Environmental issues resulting from fossil fuel consumption have prompted re-
https:/ /doi.org/10.3390/ searchers to concentrate on energy conversion and storage devices as practical alternatives
batteries10010016 to the ever-increasing demand for fossil fuels. Therefore, the evolution of energy storage de-

vices, like batteries, fuel cells, and supercapacitors (5Cs), has been the subject of numerous
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studies [1,2]. SCs are among the most promising electrochemical energy storage devices,

Received: 1 December 2023 with advantages such as high energy density, quick charge/discharge, and high cycling
Revised: 26 December 2023 stability [3]. However, SCs have a disadvantage in terms of their relatively low energy
Accepted: 29 December 2023 density in comparison to batteries. As a result, searching for stable electrode materials
Published: 31 December 2023 designed for providing high energy density is never ending [4]. According to the energy

storage mechanism, SCs can be divided into “pseudo-capacitors” and electric double-layer
capacitors (EDLC) [5]. In order to address the limitations associated with comparatively

low energy density, asymmetric supercapacitor (ASC) devices were assembled with a
pseudo-capacitor electrode and an EDLC electrode to show high energy density [6]. The
energy density of ASC devices can be improved by effectively employing the potential gap
distributed under the terms and  Petween two kinds of electrodes and expanding the entire voltage window.

conditions of the Creative Commons Transition metal compounds such as transition metal oxide [7,8], transition metal
Attribution (CC BY) license (https:// ~ hydroxide [9,10], and transition metal sulfide (TMS) are considered appropriate pseudo-
creativecommons.org/licenses/by/  capacitor materials. Among them, TMS has the advantages of high energy density, high
40/). conductivity, and good cycle stability. According to the literature, as the electronegativity
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of sulfur is lower than that of oxygen, the TMS has more flexibility in structure design
and higher ion diffusivity [11-13]. In the field of TMS, nickel sulfide is very attractive
because of its high theoretical capacity, good cyclic stability, simple synthesis, and low cost.
Xie [14] et al. synthesized a composite material of x-NiS, 3-NiS, Ni3S4, and rGO by reducing
thiourea. The composite material exhibited a high specific capacity of 609.4Cg~'at1 A g™!
and a high coulombic efficiency of 99.5%. Wang [15] et al. developed MoS, /NiS composite
electrode materials with electrochemical deposition, ionic layer adsorption, and reaction
methods. The MoS, /NiS composite showed a specific capacitance of 721.4 mF cm 2 at a
current density of 1 mA cm~2. Dar [16] et al. synthesized manganese-doped tin sulfide
(SnS) NPS with varying manganese doping ratios (XMn = 0-9%) using the solvothermal
method. The resulting single-phase orthorhombic crystal structure exhibited an increase in
specific capacitance values from 9 to 30 (F g 1) with Mn dopant, suggesting that external
impurities have enhanced the potential of pure SnS NPs as an alternative source for energy
storage devices. Zhang [17] et al. synthesized nanoparticles of NiS and NiS, through a
solid-phase synthesis method. The morphology of NiS and NiS, is controlled by the molar
ratio of Ni and S. The obtained nanoparticles showed a specific capacitance of 1072.6 F g~
at2 A g~ 1. Furthermore, synthesizing binary metal sulfides and controlling the morphology
of electrode materials has been proven to be an effective way to promote the electrochemical
properties of the electrode materials [18].

ZnS is a proficient metal conductor that facilitates the transport of ions and electrons.
It has been widely used in different applications, such as inorganic—organic hybrid pho-
tovoltaics [19], solar cells [20], and photocatalysts [13]. Furthermore, ZnS also has a high
theoretical capacitance, a wide bandgap of 3.5 to 3.8 eV, and rich redox activity, making
it attractive for electrode applications [21]. Palanisamy [22] et al. reported composite
electrode materials of WO3-ZnS prepared through a microwave assisted method. The
morphology of the WO3-ZnS composites was irregular nanoparticles, which can be con-
trolled through selective absorption of the microwave. The WO3-ZnS composites showed
a specific capacitance of 215.0 F g~ !, which is 171.0 F g ! higher than that of WO;. This
notable enhancement in specific capacitance can be attributed to the high charge transfer
rate of ZnS. Yu [23] et al. prepared CusSn,S7-ZnS composite materials using a solvothermal
method. The surface of the Cus5n;S7-ZnS composite showed a flower-like structure. Ac-
cording to electrochemical tests, the addition of ZnS may significantly improve the specific
capacitance of CusSn,Sy, which can be attributed to the synergistic effect between CusSn,Sy
and ZnS. The assembled supercapacitor device showed an energy density of 11.1 Wh kg~!
at a power density of 461.0 W kg~ 1. In order to construct a supercapacitor with excellent
energy density, composite electrode materials must be designed properly.

According to our review of the relevant literature, no research has been conducted
on the facile synthesis and characterization of ZnS-NiS, composite electrode materials.
Our research suggests that composite electrode materials made of ZnS and NiS, will
have improved performance due to the synergistic effect of the high specific capacitance
provided by NiS, and the higher ion and charge transfer rates delivered through ZnS.
The unique combination of flake ZnS and spherical NiS, provides a new idea for high
performance composite materials. Additionally, ZnS-NiS, composite materials have the
advantages of simple composition, cost-effectiveness, and environmental friendliness. This
paper suggests an interesting research direction for synthesizing optimized composite
materials for supercapacitors.

Herein, we have synthesized the composite electrode materials of ZnS and NiS, by
using the colloidal chemical method and the solvothermal method, respectively. The ob-
tained ZnS-NiS, composites have the morphology of nanospheres with rough surfaces.
The electrochemical performances of the NiS;-based composites were improved by intro-
ducing a low portion of ZnS. The optimized ZnS-NiS;-1:7 sample showed a high specific
capacitance of 1467.9 F g~! at 1 A g ! and outstanding energy storage properties. After
assembly with commercial activated carbon (AC), the ZnS-NiS,-1:7//AC device showed a
high energy density of 51.3 Wh kg~ ! at a power density of 820.8 W kg~ ! and good cyclic
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stability of 94.9% retention after 5000 cycles. Furthermore, ZnS-NiS;-1:7 can be composited
with graphene nanosheets to achieve an even higher specific capacitance of 1681.0 F g ! at
1Ag™ L

2. Materials and Methods
2.1. Synthesis of ZnS Nanosheets

ZnS nanosheets were prepared through a colloidal chemical method. First, 0.5 mmol
of zinc acetylacetonate (Zn(C5H;O;),) was dissolved in 20 mL of oleylamine (OLA). The
mixed liquid was magnetically stirred for 30 min to obtain a uniform solution. The solution
was transferred into a four-necked flask and heated to 120 °C under a N; atmosphere for
30 min. Subsequently, 3.6 mmol of sulfur powder, dissolved in 5 mL of OLA, was gradually
added to the four-necked flask. After that, the temperature was quickly increased to 330 °C
and maintained for 6 h. After cooling down to room temperature naturally, the solution
was washed several times with a mixture of cyclohexane and ethanol and dried at 60 °C
for 12 h. Eventually, ZnS samples were annealed under the Ny atmosphere at 500 °C for 2 h
before sealed storage.

2.2. Synthesis of ZnS-NiS) Composites

ZnS-NiS, composites were synthesized by a solvothermal method. A certain amount of ZnS
nanosheets prepared in the previous step was added to 50 mL of N,N-dimethylformamide (DMF)
and ultrasonicated for an hour. After that, 1.5 mmol of nickel acetate (Ni(CH3COO),-4H,0) and
9.3 mmol of thioacetamide (CH3CSNH,) were added to 25 mL of ethanol and magnetically stirred
for 0.5 h. The above two solutions were mixed and transferred into a 100 mL Teflon-lined stainless-
steel autoclave. The autoclave was sealed and heated to 150 °C for 1.5 h. After cooling down to
room temperature, the ZnS-NiS, samples were collected by centrifugation and washed several
times with deionized water and ethanol. Finally, the ZnS-NiS, composites were dried at 60 °C for
12 h. Different composite ratios of ZnS and NiS; (0:1, 1.9, 1.7, 1:5) were achieved by controlling the
amount of ZnS nanosheets and were named ZnS-NiS,-0:1, 1:9, 1.7, and 1:5, respectively.

2.3. Synthesis of ZnS-NiS)-G Composites

ZnS-NiS,-G composites were synthesized by a facile physical method. An amount
of 100 mg of the prepared ZnS-NiS,-1:7 sample was added to 20 mL of ethanol. A certain
amount of graphene powder was weighed and added to the above-mentioned mixed
liquid. The mixed liquid was further processed by ultrasonic treatment for 30 min to
form a uniform dispersion. The dispersion was magnetically stirred for 24 h, and the
container was sealed to avoid ethanol volatilization. Finally, the black powders were
collected through centrifugation. ZnS-NiS,-G composites were washed several times with
deionized water and ethanol and dried at 60 °C for 12 h. The ZnS-NiS;-G composites with
different graphene mass ratios were synthesized by controlling the weight of graphene
powder and were named ZnS-NiS;-G (3%, 5%, 7%, 9%).

2.4. Materials Characterization

The crystal structures of the samples were characterized by X-ray diffraction (XRD) in a
D/max2550VB/PC diffractometer with Cu K« radiation (A = 1.5418 A), and 20 ranged from
10° to 80°. The X-ray photoelectron spectrometer (XPS, Thermo Fisher ESCALAB 250Xi,
Waltham, MA, USA) was used to examine the elemental composition and their chemical
states on the shallow layer of the sample surface. The surface morphology of samples was
studied by field emission scanning electron microscopy (S-4800, Hitachi, Tokyo, Japan).
Transmission electron microscopy (TEM) was performed on a JEL-2100 electron microscope
to take higher-resolution images. Selected area electron diffraction (SAED) was performed
to analyze the crystal properties of samples.



Batteries 2024, 10, 16

40f17

2.5. Electrochemical Measurements

The electrochemical properties of the samples were characterized by a three-electrode
system. A 3 M KOH solution was used as the electrolyte. The nickel foam coated with
synthesized electrode material (1 cm x 3 cm) was used as the working electrode. A piece of
platinum foil (1 cm x 1 cm) was utilized as the counter electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode.

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) tests were per-
formed on an electrochemical workstation (Bio-Logic, Seyssinet-Pariset, France). The
electrochemical impedance spectra (EIS) test was operated on a CHI 660E electrochemical
workstation. The amplitude of the sinusoidal voltage was set at 5 mV, with a frequency
range of 0.01 Hz to 100 kHz.

The working electrode was prepared using the following method: The obtained
samples, carbon black, and polyvinylidene fluoride (PVDF), were mixed with a mass ratio
of 80:10:10. A few drops of N-methylpyrrolidone (NMP) solutions were added to the
mixture. The mixture was stirred by hand for 25 min and brushed onto a piece of nickel
foam. The prepared nickel foam was dried at 60 °C for 12 h. The loading mass of electrode
materials on each nickel foam was about 2-3 mg.

A supercapacitor device was assembled with prepared samples and commercial AC.
A 3 M KOH solution was used as the electrolyte, and a circular polytetrafluoroethylene
(PTFE) film was utilized as the separator to separate the two electrodes. The assembled HSC
device was passed through the manual tablet press, and the thickness of the active material
electrodes was negligible at the micron scale. The values’ specific capacitance (C), energy
density (E), and power density (P) can be calculated with the following equations [24,25]:

C=1It/mV 1)
E=1/2CV? 2)
P=E/t 3)

where C (F g !) is the mass specific capacitance of the active material, I (A g !) is the
discharging current, t (s) is the discharging time, m (g) is the mass of the active materials,
and V (V) is the working potential in the charging—discharging process. The loading mass of
the positive electrode and the negative electrode in supercapacitor devices can be calculated
by the following equation [24]:

m*/m~=C~ V- /C'V* 4)

where m* and m™ (g) are loading masses of active materials, C" and C~ (F g_l) are the
specific capacitances, and V*, V™~ (V) are the working potential windows of the positive
and negative electrodes.

3. Results and Discussion

The synthesis process of the ZnS-NiS, composite sample is shown in Figure 1. First,
zinc acetylacetonate powder and sulfur powder were dispersed in oleylamine, respectively.
After that, the two dispersions were heated in a four-necked flask at 330 °C under the
N, atmosphere. The products were annealed at 500 °C to remove organic impurities and
the ZnS nanosheets were collected for further use. The composites of ZnS-NiS, were
synthesized by a solvothermal method, which was achieved at a relatively low temperature
and in a short time.

The crystal structure of the ZnS-NiS; samples was studied by XRD analysis. Figure 2
shows the XRD patterns of ZnS-NiS, samples with different composite ratios. For the pure
NiS; sample (ZnS-NiS,-0:1), the peaks at 31.5°, 35.4°, and 53.5° can be matched with the
(200), (210), and (311) crystal planes of NiS, (ICDD 65-3325), respectively. For the ZnS-NiS,
composite samples, diffraction peaks of both ZnS and NiS, crystals can be found. The
diffraction peaks at about 31.0°, 37.8°, and 53.5° can be matched with the (200), (211),
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and (311) crystal planes of NiS, (ICDD 65-3325). According to our search results, ICDD
65-3325 is the most matched stand card, where the diffraction peak of the (211) crystal plane
in the standard card is located at 38.8°, but the peak in the XRD pattern was 1.0° lower
than the standard card value. According to the Bragg equation, the expansion of crystal
plane spacing was calculated to be 0.04 A. Such a peak shift happens when ZnS and NiS,
are composited together, which could be related to the stress at the ZnS/NiS, interfaces
and/or Zn doping into the NiS, nanocrystal lattices. The size of the crystalline domains
in a material can also influence the XRD pattern. In ZnS-NiS, composites, the presence of
NiS; nanoparticles dispersed within the ZnS matrix can lead to size effects. The size of the
nanoparticles can affect the peak positions due to changes in the crystallite size, strain, and

lattice parameters [26].
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The peaks at 28.6°, 47.5°, and 56.4° can be matched with the (111), (220), and (311)
crystal planes of the ZnS (ICDD 65-1691), confirming the formation of the ZnS-NiS, com-
posite. Furthermore, the peaks of NiS, in the composites are relatively wide and weak,
indicating that the low crystallinity of NiS, is due to the short heating time and low heating
temperature during the solvothermal process. The Debye-Scherrer equation was used to
calculate the average size of NiS, crystals in the directions perpendicular to the (200) and
(311) crystal planes as 7.7 and 9.5 nm. As the concentrations of ZnS in the composites are
low, the ZnS signals are generally weaker than those of NiS,. However, in the ZnS-NiS;-1:7
sample, the ZnS signals are narrower and have higher intensities, suggesting that the
ZnS nanosheets are larger in size than in the other composites, which will be discussed
further below.

Figure 3 displays the FESEM images of the ZnS-NiS, samples. The morphology of the
composite samples is quite similar; they all appear to be rough spheres. As illustrated in
Figure 3a, when the ZnS composite ratio is 0, roundish protrusions can be observed on the
surface of NiS, nanospheres. However, the average particle size is about 265 nm, and they
gather into a cluster. The ZnS-NiS, composites in Figure 3b—d exhibit sharper protrusions
on the surfaces of the spheres, indicating the presence of ZnS nanosheets. Among these,
the nanosheet morphology on the surface is most clearly observed in Figure 3c. This
observation is consistent with the XRD analysis, showing significant growth in the size
of the nanosheets in the ZnS-NiS,-1:7 sample. In Figure 3b, the particle size is reduced
to some extent compared with Figure 3a. On the other hand, the ZnS-NiS,-1:7 and ZnS-
NiS;-1:5 samples show similarity to Figure 3a. As shown in Figure 3¢, the ZnS-NiS,-1:7
sample exhibits a greater amplitude of surface fluctuation. This characteristic facilitates the
enhancement of a larger specific surface area, hence exposing a greater number of active
sites for redox reactions. When the ZnS concentration is further increased, as shown in
Figure 3d, there are more surface height fluctuations at a certain length. These fluctuations
may be attributed to the higher ZnS concentration. However, the surface fluctuation
amplitude is not as high as that of the ZnS-NiS,-1:7 sample. This observation suggests that
the ZnS nanosheets are now relatively closely attached to the sphere surfaces. As a result,
the growth of ZnS into larger nanosheets during the synthesis process is slowed down.

Figure 3. FESEM images of. (a) ZnS-NiS;-0:1, (b) ZnS-NiS;-1:9, (c¢) ZnS-NiS,-1:7, (d) ZnS-NiS,-1:5.
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Furthermore, the morphology of the ZnS-NiS,-G (5%) sample was also studied. As
illustrated in Figure S1 in the Supplementary Materials, the sample exhibited both graphene
nanosheets and ZnS-NiS,-1:7 nanoparticles.

EDS mapping tests were performed on the ZnS-NiS;-1:7 sample to identify the distri-
bution of S, Ni, and Zn elements in the sample, as shown in Figure 4. The FESEM image of
the ZnS-NiS;-1:7 sample is shown in Figure 4a, while Figure 4b—d show the distribution of
S, Ni, and Zn elements, respectively. It can be seen that the distribution areas of Ni and S
elements are consistent with the areas of the ZnS-NiS,-1:7 nanospherical composite. The
signals of the Zn elements are characterized by a comparatively low level and scattered
distribution. However, there is a slightly higher density of signal spots observed in the
composite sample area, which aligns with the sample region depicted in Figure 4a. The
low Zn signal level is caused by the low concentration of Zn in the composite sample.

Figure 4. (a) FESEM image of ZnS-NiS,-1:7sample, (b—d) EDS mapping of S, Ni, and Zn elements.

The detailed morphology and internal structure of the ZnS-NiS;-1:7 sample were
further studied through TEM, as shown in Figure 5. Figure 5a shows the TEM image of the
ZnS-NiS,-1:7 sample, which clearly shows that the sample is composed of nanospheres with
nanosheets visible on the sphere surfaces. This observation should not simply be interpreted
as evidence of core-shell structures with a NiS, core and ZnS nanosheet shell for the rough
spheres. In the synthesis procedures, the nanosheets are initially prepared, followed by the
synthesis of NiS; nanocrystals from the surrounding solutions. Subsequently, the limited
signal penetration depth of the TEM technology hinders the clarity of the inner regions of
the spheres. However, the existence of nanosheets within the spheres cannot be dismissed.
Conversely, the TEM image provides substantial evidence of nanosheets within the central
region of numerous spherical particles. Figure 5b,c show HRTEM images of the sample.
Upon closer zooming of the region enclosed by the yellow dashed box in Figure 5b, a set of
lattice stripes with a spacing of 0.125 nm is found. This observation suggests a correlation
between these lattice stripes and the (331) crystal plane of ZnS. Similarly, upon zooming
in on the region enclosed by the dashed box in Figure 5c, a set of lattice stripes with a
spacing of 0.235 nm is observed, which corresponds to the (211) crystal plane of NiS;. The
HRTEM images not only demonstrate the presence of both ZnS and NiS,, but also eliminate
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the proposed core-shell structure by observing both ZnS and NiS; on the sphere surfaces.
Figure 5d shows the SAED image of the ZnS-NiS;-1:7 sample, which shows diffraction
spots distributed on several concentric diffraction rings. These rings can be matched with
the (311) and (220) crystal planes of ZnS and (211), (210), and (200) crystal planes of NiS,,
respectively. The SAED image confirms the existence of ZnS and NiS; crystalline phases in
the composite material. XPS was used to examine the surface composition and chemical
states of the ZnS-NiS;-1:7 sample, as shown in Figure S3. Furthermore, TEM and SAED
images of the ZnS-NiS,-G (5%) sample can be seen in Figure S2.

ZnS (311)
ZnS(220)
Nis, (211)
NiS, (210)
NiS, (200)

10 nm

Figure 5. (a) TEM image of ZnS-NiS,-1:7 sample, (b,c) HRTEM image of ZnS-NiS,-1:7 sample,
(d) Selected area electron diffraction image of ZnS-NiS;-1:7 sample.

The electrochemical performance of the ZnS-NiS; samples was tested in a three-
electrode system. A 3 M KOH solution was used as the electrolyte. However, a CV test
was performed to study the redox behavior of the ZnS-NiS; samples during the charge
and discharge processes. Figure 6a shows the CV curves of the ZnS-NiS;-1:7 sample at
different scan rates. The range of the potential window was set to be —0.25-0.65 V. Notably,
redox peaks can be observed clearly in Figure 6a. This observation confirms that faradaic
reactions occurred during the charge and discharge processes, and the ZnS-NiS;-1:7 sample
exhibits pseudo-capacitive behavior. When the scan rate increases, the positions of the
redox peaks shift to higher and lower potentials, respectively. This may be caused by
polarization at high scanning rates. Therefore, the potential window of the CV test was set
to be —0.25-0.65 V for the complete redox peaks. The chemical reaction related to redox
peaks may be described with the following equations [27,28]:

ZnS+OH™ < ZnSOH + e~ 5)

NiS,+ OH™ < NiS,OH + e~ 6)
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Figure 6. (a) CV diagram of ZnS-NiS,-1:7, (b) GCD diagram of ZnS-NiS,-1:7, (c) rate performance
of ZnS-NiS,-1:7, (d) specific capacitance of different ZnS-NiS, at 1 A g1, () GCD curves of ZnS-
NiS,-G(5%), (f) specific capacitance of ZnS-NiS,-G samples with different graphene mass ratios at
1Ag™ L

The observed dip and rise in the CV curve at about 0.2 V might be due to potential
phase transitions or structural changes in the ZnS or NiS, material within that particular
potential range, consequently causing variations in the CV data [29]. Figure 6b shows
the GCD curves of the ZnS-NiS;-1:7 sample. The potential range was set to be 0-0.375 V.
Additionally, distinct shoulders can be observed in both the charge and discharge curves. It
implies that the capacitance is mainly attributed to the faradic reaction and that the sample
is a pseudo-capacitive material [30]. Furthermore, the specific capacitance of the ZnS-NiS;-
1:7 sample was calculated using the Formula (1). The ZnS-NiS,-1:7 sample has specific
capacitances of 1467.9, 1323.4, 1122.3, 877.7, and 527.8 F g’1 at1,2,5, 610, and 20 A g’l,
respectively. In GCD curves, the platform area appears to be around 0.25 V. Notably, there
is some difference between redox peaks in CV curves and platform area in GCD curves.
This is because CV tests were performed under constant scanning speed, while GCD tests
were performed under constant current density conditions. So the position of redox peaks
and platform area can be different [31]. Figure 6c shows the rate performance of the ZnS-
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NiS,-1:7 sample, wherein the specific capacitance remains 35.9% at 20 A g~ !. Furthermore,
the CV and GCD curves of ZnS-NiS;-0:1, 1:9, and 1:5 samples are shown in Figure S3.
The electrochemical performance of the ZnS-NiS, composite increases as the composite
ratio increases. This is due to the increase in specific surface area and the synergistic effect
between ZnS and NiS,. When the composite ratio reaches 1:5, ZnS nanosheets are relatively
closely attached to the sphere surfaces, resulting in a decrease in the specific capacitance.
Figure 6d shows the specific capacitance of the ZnS-NiS, samples with different composite
ratios. The ZnS-NiS,-1:7 sample has the highest specific capacitance of 1467.9 F g~1, while
the ZnS-NiS,-0:1 sample has a specific capacitance of 1164.3 F g~!. Additionally, the ZnS-
NiS,-1:7 sample exhibits a notable enhancement in specific capacitance, with a value of
26.1% increase compared to the ZnS-NiS;-0:1 sample. The high specific capacitance of the
ZnS-NiS,-1:7 sample may be attributed to the synergistic effect between NiS, and ZnS.
Furthermore, the surface morphology also plays a role in the observed increase in specific
capacitance. The ZnS-NiS,-1:7 sample has a larger surface fluctuation amplitude, which
may help get a larger specific surface area and more active sites. Table 1 summarizes the
comparison of our research outcomes with those of the other relevant literature.

Table 1. The supercapacitor performance in the current study is compared with previous reports
based on the same material composition.

Type of Material Electrolyte Specific Capacity (F g~1) Current Density Cycle Stability Ref.
PANI/ZnS QDs 1 M H,504 893.75 05A g_l 59.7%@1000 [32]
ZnS/SOM-C 6 M KOH 1158 1Ag! 71%@8000 [33]
ZnS/RGO/PANI 6 M KOH 1045.3 1Ag! 160%@1000 [34]
NiS, /Ti3C2Ty 1M KOH 518.4 1Ag! 77.27%@9000 [35]
Co-NiS,/C 3MKOH 1080 1Ag™! 89.2%@8000 [36]
NiS,@C-rGO 1M H,S0;4 1297 1Ag! 95.3%@10,000 [37]
Pure pyrite NiS, 6 M KOH 1072.6 2Ag! 78.1%@1000 [17]
ZnS-NiS, 3 M KOH 1467.9 1Ag! 94.9%@5000 This work

The electrochemical performance of the ZnS-NiS;-G samples was also tested. Among
these, Figure 6e shows the GCD diagrams of the optimized ZnS-NiS,-G (5%) sample.
The GCD curves of the ZnS-NiS;-G (5%) sample are similar to those of the ZnS-NiS;-1:7
sample. It implies that the addition of a small amount of graphene would not change
the overall pseudo-capacitive behavior of the electrode material. The specific capacitance
of the ZnS-NiS,-G (5%) sample was calculated to be 1681.0, 1532.4, 1391.2, 1261.6, and
9375 Fglat1,2,5,10,and 20 A g~ !, respectively. The specific capacitance remained
55.8% at 20 A g~!. After adding graphene, the specific capacitance of ZnS-NiSy-G (5%)
is higher than that of the ZnS-NiS2-1:7 sample. Furthermore, the CV and GCD curves of
the ZnS-NiS;-G (3%, 7%, and 9%) samples are shown in Figure S4. Figure 6f shows the
effect of the graphene mass ratio on the specific capacitance. The ZnS-NiS,-G (0%, 3%, 5%,
7%, and 9%) samples showed specific capacitances of 1460.0, 1566.7, 1681.0, 1528.8, and
1401.1 Fg 1 at1 A g1, respectively. Additionally, the ZnS-NiS,-G (5%) sample has the
highest specific capacitance among all of the electrode materials. Furthermore, adding an
appropriate amount of graphene has been demonstrated to increase the specific capacitance
of the ZnS-NiS,-based composite material.

The comprehensive rate performance of the ZnS-NiS,-G samples is shown in Figure 7a.
It is observed that ZnS-NiS;-G (3%, 5%, 7%) samples have a higher specific capacitance
compared to ZnS-NiS;-G (0%). Notably, this improvement is more pronounced at higher
current densities. This enhancement is due to the excellent conductivity of the graphene
nanosheets. The improvement in conductivity of the composite material facilitates the
attainment of sufficient redox reactions, especially at high current densities. On the other
hand, the specific capacitance of the ZnS-NiS,-G (9%) sample significantly decreases when
the mass ratio of graphene is too high. The relatively low specific capacitance of graphene
leads to negative effects on overall performance. In addition, the ultra-high mass ratio
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of graphene may cause stacking of the graphene sheets and reduce the practical specific
surface area of the sample.

(a)
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Figure 7. (a) Specific capacitance of ZnS-NiS,-G samples with different graphene mass ratios at
different current density, (b) EIS diagram of ZnS-NiS,-1:7, 0:1 and ZnS-NiS,-G (5%), (c) enlarged
diagram of high-frequency region of EIS diagram.

Electrochemical impedance spectroscopy (EIS) analysis was performed to study the
internal resistance and ion transfer properties of the electrodes. Figure 7b shows the results
of the EIS test conducted on ZnS-NiS,-G (5%), ZnS-NiS,-1:7, and ZnS-NiS;-0:1. In general,
each of the EIS curves consists of an arc in the high frequency region and a roughly straight
line in the low frequency region [38-40]. A possible equivalent circuit diagram is displayed
in Figure 7c. The equivalent circuit comprises an internal resistance R(), a charge transfer
resistance Rct, a double layer capacitor Cd, a Faradic pseudo-capacitor Cf, and a Warburg
impedance Zw [41]. Furthermore, the value of the internal resistance R() can be determined
by identifying the intersection point of the EIS curve and the horizontal axis. The R() values
of the ZnS-NiS;-G (5%), ZnS-NiS;-1:7, and ZnS-NiS;-0:1 samples are 0.48 (2, 0.57 ), and
0.85 ), respectively. Notably, the ZnS-NiS;-1:7 sample shows a lower R(} value compared
to the ZnS-NiS,-0:1 sample. In the low-frequency region, the EIS lines of the ZnS-NiS,-1:7
sample exhibit a greater gradient (3.7) compared to that of the ZnS-NiS,-0:1 sample (0.6).
This observation provides additional evidence indicating that the ZnS-NiS,-1:7 composite
material possesses a lower charge transfer resistance Rct. It indicates that the addition of
ZnS nanosheets may promote the charge transfer property of the ZnS-NiS;-1:7 sample,
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which can help to achieve a higher specific capacitance of the sample. On the basis of the
ZnS-NiS;-1:7 sample, the addition of graphene with high conductivity achieves a relatively
lower RQ) value than that of the ZnS-NiS,-G (5%) sample. However, the charge transfer
resistance of the ZnS-NiS,-G (5%) sample is slightly larger than that of ZnS-NiS,-1:7. This
might be due to the fact that graphene nanosheets slightly hinder the diffusion of ions
in the electrolyte. In the future, we would like to analyze the EIS data by employing the
Kramers—Kronig (KK) test and plan to address all relevant fitting parameters after fitting
the EIS data. By employing the KK test and fitting suitable parameters, we want to enhance
the accuracy and validity of our results, therefore improving the standard and significance
of our research outcomes.

It is important to study the reaction kinetics of the electrode materials. According to
the following formula, the relationship between the peak current i and scanning rate v in
the CV curves can be used to analyze the reaction kinetics of the charging and discharging
processes of electrode materials.

i=avP 7)

where i is the current density, v is the scanning rate, a and b are constants, while b is the
slope of log i vs. log v with linear fitting. If b = 0.5, it indicates that the energy storage pro-
cess is controlled by diffusion, and the electrode materials belong to the pseudo-capacitive
materials. On the other hand, if b = 1, it means that the electrochemical reaction exhibits a
capacitive behaviour. Therefore, if the value of b is between 0.5 and 1, it signifies that the
electrochemical reaction is composed of both capacitive behaviour and diffusion-controlled
processes. Figure 8a shows the linear relationships between log i and log v of cathodic and
anodic processes in CV curves. The measured b values for cathodic and anodic processes
were found to be 0.53 and 0.51, respectively. These findings suggest the coexistence of capac-
itive behaviour and diffusion-controlled processes in both cathodic and anodic processes.
However, the diffusion-controlled process takes up the majority proportion in the electrode
processes. The contribution of capacitive behaviour and diffusion-controlled processes to
the total specific capacity can be further calculated by the following formulas [42,43]:

i=kv+ kov!/? 8)

i/Vl/zz k1V1/2 +k2 (9)

where k; and k; are the two coefficients and can be measured by fitting linear curves of
v1/2 versusi/v1/2. Figure 8b shows the values kjv and kyv1/2 for the ZnS-NiS,-1:7 sample
at 40 mv s~ 1. The contributions of the capacitive behavior and the diffusion-controlled
process under 40 mV s~ ! were calculated to be 12% and 88%, respectively. In addition, we
calculated the storage contribution at 5, 10, 20, and 30 mV s~ as shown in Figure 8c. This
is consistent with the earlier result that the diffusion-controlled process played a major
role in the energy storage process. On the other hand, the capacitive contributions to the
intercalation function increases as the scan rate increases [42].

In order to further investigate the practical application potential of the ZnS-NiS,-1:7
sample, a supercapacitor device was fabricated and tested. The ZnS-NiS;-1:7 was chosen
as the positive electrode, while the AC was selected as the negative electrode. The mass
loadings for the anode and cathodes were 6.6 mg and 1 mg, respectively. A Teflon wafer was
used as a separator. The electrochemical performance of the ZnS-NiS,-1:7//AC device was
tested in a two electrode system with a 3 M KOH solution as the electrolyte. Figure 9a shows
the CV curves of the ZnS-NiS,-1:7 and AC electrodes at 20 mV s~ 1. Notably, these positive
and negative electrodes show pseudo-capacitance and EDLC behavior, respectively. There
is some controversy about the term pseudo-capacitance in the field, which was discussed in
our earlier paper [44]. The CV curve of ZnS-NiS;-1:7 in Figure 9a originates from Figure 6a.
To maintain data consistency, a voltage window of —0.25-0.65 V was established. Due
to the relatively low scan rate, polarization was observed in the high-voltage region [45].
Figure 9b shows the CV curves of the ZnS-NiS;-1:7//AC device at scan rates ranging from
5mV s~! to 40 mV s~!. The CV curves exhibit minimal changes in shape as the scan rate
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increases, indicating excellent electron and ion transfer properties of the device [46,47].
In the case of the ZnS-NiS,-G (5%)/ / AC device, no obvious polarization is observed, as
shown in Figure S6. Figure 9c presents the GCD curves of the ZnS-NiS,-1:7//AC device,
with a potential range of 0-1.7 V. These curves closely resemble a symmetrical triangle
with visible shoulders, which is due to the combined effect of the electrode materials.
The ZnS-NiS,-1:7/ / AC device exhibited specific capacitance values of 127.8, 116.2, 95.7,
and 57.5 F g1 at current densities of 1, 2, 5, and 10 A g~!, respectively. Similarly, the
electrochemical performance of the ZnS-NiS,-G (5%)//AC device was measured under the
same conditions, yielding specific capacitance values of 138.6, 121.4, 107.2, and 65.2 F g !
at1,2,5,and 10 A g_l, respectively, as illustrated in Figure Séc.
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Figure 8. (a) Linear relationships between log i and log v in CV curves. (b). Storage contribution from
the capacitive behavior and diffusion-controlled processes at 40 mV s~ . (c) Percentage contribution
of capacitive and diffusion-controlled components at varying scan rates for ZnS-NiS;-1:7 sample.

Figure 9d shows the comprehensive rate performance of the above-mentioned devices.
Additionally, Figure 9e displays the Ragone plot comparing the ZnS-NiS,-1:7//AC and
ZnS-NiS;-G (5%)/ / AC devices with the existing literature. The ZnS-NiS,-1:7//AC device
exhibits a high energy density of 51.3 Wh kg~! at a power density of 820.76 W kg~ !.
Moreover, the ZnS-NiS;-G (5%)//AC device demonstrates a higher energy density of
58.9 Wh kg ! at 914.8 W kg~ !, and even at 9076.1 W kg~ ! power density, it still maintains
a 27.7 Wh kg~! energy density, as shown in Figure S6d. The exceptional energy storage
performance of both the ZnS-NiS,-1:7//AC and ZnS-NiS,-G (5%)//AC devices can be
attributed to the high specific capacitance exhibited by the ZnS-NiS,-1:7//AC device. The
cycling stability of the ZnS-NiS;-1:7//AC device was evaluated under a current density
of 10 A g~1. As illustrated in Figure 9f, the specific capacitance of the device remained
at 94.9% even after 5000 cycles. Significantly, in the first 500 cycles, there was a notable
increase observed in the specific capacitance. This phenomenon may be due to the better
infiltration of the electrolyte into the electrode during the initial cycling process, which
allows more active sites to participate in the redox reaction [48]. In the remaining cycles, a
gradual and minimal decrease was observed in the specific capacitance, thereby indicating
the excellent cycling stability of the ZnS-NiS,-1:7//AC device.
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Figure 9. (a) CV curves of ZnS-NiS,-1:7 and AC at 20 mV s~1. (b) CV curves of ZnS-NiS,-
1:7//AC. (c) GCD curves of ZnS-NiS,-1:7//AC. (d) Comprehensive rate performance of ZnS-NiS,-
1:7//AC and ZnS-NiS;-G(5%). (e) Ragone plot of devices assembled by ZnS-NiS2-1:7 and ZnS-NiS;-
G(5%) [1,4,9,11,12,16,20,26]. (f) Cyclic stability of ZnS-NiS,-1:7//AC.

4. Conclusions

A series of composite energy storage materials made of ZnS-NiS; were successfully
prepared. A colloidal chemical method was carried out to synthesize ZnS nanosheets,
and a solvothermal method was used to achieve the composite of ZnS nanosheets and
NiSynanospheres. The optimized sample (ZnS-NiS,-1:7) showed the highest specific capac-
itance of 1467.9 Fg~! at 1 A g~!. A supercapacitor device was assembled by ZnS-NiS,-1:7
and AC. The ZnS-NiS,-1:7//AC device exhibited a high energy density of 51.3 Wh kg ! at
a power density of 820.8 W kg~!. After 5000 cycles of charge and discharge, the specific
capacitance of the ZnS-NiS;-1:7//AC device remained at 94.9%, showing outstanding
cyclic stability. The ZnS-NiS,-1:7 sample is not only good on its own, but it may also be
composited with other materials, such as graphene, to achieve even better electrochemical
performances. The optimized ZnS-NiS,-G (5%) sample showed a specific capacitance
of 1681.0 F g~! at 1 A g~! due to the combined benefits of the superior conductivity
of graphene and the high specific capacitance of ZnS-NiS,-1:7. Furthermore, the ZnS-
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NiS,-G (5%)//AC device had an energy density of 59.0 Wh kg ! at a powder density of
914.8 W kg~ 1. The ZnS-NiS,-based composite electrode materials have a good develop-
ment prospect for supercapacitor applications. Further detailed analysis of the composite
material nanostructure and its relationship with electrode performance will be performed
in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /batteries10010016/s1, Figure S1: (a,b) FESEM images of
ZnS-NiS,-G (5%); Figure S2. (a,b) TEM images of ZnS-NiS;-G (5%), (c) SAED image of ZnS-NiS;-
G (5%). Figure S3. (a) XPS spectrum of ZnS-NiS2-1:7 sample, (b), (c), (d) high-resolution spectra
of Zn, Ni, and S element regions. Figure S4. (a—c) CV curves of ZnS-NiS,-0:1, 1:9, 1:5 samples,
(d—f) GCD curves of ZnS-NiS,-0:1, 1:9, 1:5 samples. Figure S5. (a—c). CV curves of ZnS-NiS;-G (3%,
7%, 9%) electrodes, (d—f) GCD curves of ZnS-NiS,-G (3%, 7%, 9%) electrodes.; Figure S6. (a) CV
graphs of ZnS-NiS,-G (5%) and AC electrode, (b) CV curve of ZnS-NiS,-G(5%)/ / AC device, (c) GCD
curve of ZnS-NiS,-G (5%)//AC device, (d) comparison of ragone diagram of ZnS-NiS,-G (5%) and
ZnS-NiS;-1:7 devices [49-56] (e) cyclic stability of ZnS-NiS;-G(5%)//AC device.
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