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Abstract: It is crucial for energy storage devices to construct electrode materials with
excellent performance. However, enhancing energy density and cycling stability for su-
percapacitors is a significant challenge. We successfully synthesized CoNi,S;@Ni(OH),
nanosheets on the surface of Ni foam substrate by a two-step hydrothermal approach. The
obtained products exhibit a remarkable areal capacitance of 1534 F g~ ! at a current density
of 1 A g~1. Moreover, even after 10,000 cycles, the specific capacitance remains 90% of its
initial value, highlighting the exceptional long-term stability and durability. Furthermore,
an asymmetric supercapacitor (ASC) device incorporating the CoNi;S4@Ni(OH), material
shows remarkable electrochemical performance. It delivers an energy density of 58.5 mW
h g~! at a power density of 2700 W kg~!. The outstanding performance mainly arises
from the selection of materials, the design of the structure, and the synergistic interaction
between the materials. The result suggests that this material holds great potential as an
energy storage material.

Keywords: supercapacitors; CoNi;S4@Ni(OH),; energy density; composite structure;
specific capacity

1. Introduction

The world is currently facing significant environmental and energy challenges [1-3].
These issues pose a serious threat to both human life and wildlife. To mitigate these
problems, the development of green renewable energy sources has become essential [4-6].
Investing in green energy can help to reduce carbon footprints, create jobs, and promote
energy independence, while preserving natural resources for future generations. Super-
capacitors have garnered considerable interest due to their outstanding advantages over
traditional batteries. Unlike conventional batteries, supercapacitors offer extremely fast
charge/discharge rates, which make them an excellent choice for applications that demand
rapid bursts of energy. Additionally, supercapacitors have an extended cycle life, which
can endure hundreds of thousands to millions of cycles without significant degradation.
Supercapacitors feature high power density, enabling them to deliver large amounts of
power in a short time [7-10]. Moreover, supercapacitors are more environmentally friendly
and have fewer safety concerns. Based on the charge storage mechanism, asymmetric
supercapacitors are classified into two types. One is a double-layer capacitor, which stores
energy by electrostatically adsorbing charges between the electrolyte and the interface
of the electrode. During this process, ions gather on the surface of electrode, creating a
double electric layer that facilitates energy storage. The other is a pseudocapacitor, where
energy is stored through fast surface redox reactions, involving electron transfer between

Batteries 2025, 11, 83

https://doi.org/10.3390/batteries11030083


https://doi.org/10.3390/batteries11030083
https://doi.org/10.3390/batteries11030083
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0001-8894-5188
https://doi.org/10.3390/batteries11030083
https://www.mdpi.com/article/10.3390/batteries11030083?type=check_update&version=1

Batteries 2025, 11, 83

20f11

the electrolyte and the electrode material. The material type is essential in determining
the charge storage capacity. The advancement of these supercapacitors is crucial for meet-
ing the increasing need for energy storage solutions. They are not only environmentally
sustainable, but also efficient [11-14].

Transition metal sulfides, like Co3S4 and CoNiySy4, have already been extensively studied
as electrode materials, due to their outstanding electrochemical properties [15-17]. Among
these, CoNiyS4 has been extensively researched. This material exhibits a high specific
capacitance, primarily due to its extensive surface area, which allows for greater charge
storage. Additionally, it can undergo reversible redox reactions when the charge-discharge
reaction is repeated. This contributes to its high capacitance. These reactions, which
involve the transfer of electrons between the electrolyte and the electrode, provide an
additional mechanism for charge storage beyond just physical adsorption. Furthermore,
the material’s relatively high electrical conductivity is essential for boosting its performance.
This enhanced conductivity facilitates the efficient movement of charge. Good conductivity
improves the flow of charge, leading to a better rate capability. This means that the material
can charge and discharge more quickly without significant loss of efficiency, which makes
it ideal for high-power applications [18]. Li et al. [19] report the creation of r-CoNiSy
nanosheets in transition metal dichalcogenides though a moderate-reduction method.
The material demonstrated a remarkable improvement in conductivity and an increased
number of active sites, which were mainly attributed to the abundant sulfur vacancies that
were deliberately introduced. These vacancies are key to improving the electrochemical
properties of the material, leading to better charge storage and faster electron transfer. The r-
CoNiyS4 nanosheets, in particular, demonstrated a considerably higher specific capacitance,
reaching 1117 C g~ ! at 2 A g~ !. In addition, the device utilizing these nanosheets achieved
an outstanding energy density of 55.4 Wh kg ! at a power density of 8 kW kg, along with
80% capacitance retention after 10,000 cycles. However, like many transition metal sulfides,
CoNi,S4 experiences volume expansion during cycling, which can lead to mechanical stress
and degradation of the material, reducing its long-term performance.

To improve this drawback, a composite structure has been designed. When transition
metal sulfides are combined with other components, the composite structure can provide
better mechanical stability, reducing the effects of volume changes and improving cycling
performance. Additionally, by combining these materials with conductive materials, the
resulting composite improves the overall electrical conductivity, facilitating better electron
transport and faster charge/discharge rates [20,21]. The combination of different materials
can lead to a synergistic effect, where the properties of the individual components com-
plement each other [22-24]. Thus, composites can be specifically engineered to improve
multiple aspects of supercapacitor performance, making them a highly versatile and ef-
fective solution. In this work, a hybrid CoNi,S4@Ni(OH), electrode is fabricated on the
surface of nickel foam through a two-step hydrothermal approach. The composite material
exhibits outstanding electrochemical performance. The assembled device also possesses
excellent power density and energy density.

2. Experimental Section
2.1. Preparation of Materials

Cobalt nitrate, nickel nitrate, ammonium fluoride, urea, and nickel foam were sourced
from Aladdin. All chemical reagents were used without any modifications. Before the
experiment, a piece of Ni foam (4 x 4 x 0.3 cm) was immersed in a 1 M hydrochloric
acid solution for half an hour to remove surface impurities, then rinsed three times with
ethanol and deionized (DI) water, respectively. Finally, it was placed in an oven to dry at
60 °C overnight.
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Total volumes of 60 mL DI water, 3 mmol NH4F, 2 mmol Co(NO3),-6H,0, 7 mmol urea,
and 1 mmol Ni(NOj3),-6H,O were placed in a beaker, followed by magnetic stirring. When
the solution became clear at room temperature, stirring was stopped. The prepared mixture
was subsequently introduced into an autoclave of 100 mL, to which prepared Ni foam was
added. The autoclave was heated at 120 °C for 6 h in an oven, to facilitate the reaction. After
the heating process was complete, the product was left to cool to room temperature. The
product was then washed thoroughly with ethanol and DI water multiple times to eliminate
any remaining impurities, resulting in the formation of the cobalt—nickel precursor.

After that, 0.40 g Na,S and the as-prepared sample above, along with 40 mL DI water,
were transferred to an autoclave, where they were heated at 120 °C for 4 h. The sample
was dried according to the steps mentioned above, to obtain the CoNi;Sy product. Finally,
0.12 g of urea, 0.29 g of Ni(NO3),-6H,0O, and 60 mL of DI water were mixed thoroughly
to obtain clear solution. The prepared CoNi,Ss sample was then immersed in the mixture
and heated at 100 °C for 8 h. CoNiyS4@Ni(OH), samples were successfully obtained. The

average mass loading on the nickel foam was approximately 2.32 mg cm 2.

2.2. Morphology and Structure Characterization

The structural features of the products were analyzed through scanning electron mi-
croscopy (SEM, Sigma500 field emission, ZEISS, Oberkochen, Germany). X-ray diffraction
(XRD) was performed with a BRUKER D8 X-ray diffractometer(BRUKER, Karlsruhe, Ger-
many), utilizing Cu Kot radiation (A = 1.5406 A). The elemental composition and structural
details were examined through X-ray photoelectron spectroscopy (XPS, ESCALAB250,
Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Fabrication of ASC Device

A mixture of activated carbon, acetylene black, and polytetrafluoroethylene (PTFE), in
a mass ratio of 7:2:1, was applied to the surface of the treated nickel foam with a diameter
of 1 cm, followed by heating at 80 °C for 24 h. The carbon electrode obtained as described
above was used as the cathode of the ASC, and the CoNi;S4@Ni(OH), product served as
the cathode. The electrolyte was bended by first heating 50 mL of deionized (DI) water to
95 °C. Then, 5 mg of PVA and 5 g of KOH were added gradually. The solution was stirred
until it became clear. A piece of NKK paper was used to separate the anode and cathode to
form a sandwich structure. The mass ratio of the anode and cathode can be determined
using the following formula, based on charge balance [25]:

mt/m =C_ xV_/C, x V., 1)

2.4. Electrochemical Characterization

A range of electrochemical tests were carried out on an electrochemical workstation
(Shanghai Chenhua CHI660e, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) to
characterize the material’s performance. They included Galvanostatic Charge-Discharge
(GCD,) tests, Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV).
Specific capacitance (Cs) was obtained using the following formula [26,27]:

Cs = IAt/mV )

The energy density (E) and power density (P) of the ASC were constructed by the
following formula:
E =1/2Cs(AV)? 3)

P = 3600E/t (4)
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in which I serves as current density, and m stands for the mass of the electrode.

3. Results and Discussion

The phase component of the CoNiyS;@Ni(OH), sample was analyzed by XRD; the
results are shown in Figure 1a. The diffraction peaks at 44.5°, 51.8°, and 76.4° correspond
to those characteristic of nickel foam (JCPDS no. 04-0850). These peaks indicate that the
structure of the material is consistent with the well-established crystallographic patterns
of nickel foam. The peaks at 38.2 °, 47.2 °, 50.3 ©, 55.1 ©, and 68.9 © correspond well to
the (400), (422), (511), (440), and (444) planes of CoNiyS4 (JCPDS no. 86—2247). The peaks
observed at 33.2°, 38.6°,52.1°, 59.3°, and 73.0° are attributed to the specific crystallographic
planes of Ni(OH),, namely the (100), (011), (012), (110), and (201) planes, respectively. These
peaks serve as clear indicators of the presence of Ni(OH), within the material, confirming
its formation and crystallinity. Each of these diffraction angles corresponds to a distinct
plane in the crystal structure of Ni(OH),, providing valuable information about its phase
and orientation.
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Figure 1. (a) XRD patterns of CoNiyS4@Ni(OH),. (b) Element content pie chart. (c¢) XPS survey.
(d) Co 2p. (e) Ni2p. (f) S 2p.

The surface chemical states of the CoNi;S4@Ni(OH), sample were determined by XPS.
Figure 1b shows the proportions of the five elements, as follows: O—67.45%, Ni—13.15%,
Co—4.74%, C—13.41%, and S—1.25%. The survey spectrum in Figure 1c indeed confirms
the presence of these elements. As shown in Figure 1d, the spectra exhibit two characteristic
spin—orbit doublet peaks, which correspond to Co 2p3,, and Co 2pq,,, with binding
energies of 796.1 eV and 780.2 eV, respectively. These peaks suggest the presence of cobalt
in its characteristic oxidation states, with the measured binding energies closely matching
expectations for Co 2p electron states in cobalt-containing compounds. The spin—orbit
splitting value is approximately 15.9 eV, which is attributed to the presence of Co** and
Co?* ionic states [28,29]. The energies at 778.2 and 792.6 eV are attributed to Co’*, while
the energies at 796.4 and 780.9 eV are associated with Co?*.

The Ni 2p spectra (Figure 1e) exhibit four peaks, at 855.4, 873.4, 857.1, and 875.6 eV,
corresponding to Ni** and Ni** [30,31]. Additionally, two satellite peaks at 862.1 and
880.4 eV can be attributed to the higher oxidation state. Among the four peaks shown
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on the Ni spectra, the two energies of 872.8 eV and 854.9 eV are the orbital peaks, while
the energies at 862.1 and 880.4 eV are satellite peaks. The peaks at 855.4 and 873.4 eV are
attributed to Ni**, while the energies at 857.3 and 875.7 eV correspond to Ni**. The S 2p
spectra display two orbital peaks, at 156.6 eV and 157.2 eV, corresponding to S 2p3,, and S
2p1 /7, respectively.

The morphology of the prepared samples is illustrated in Figure 2. It can be seen
that the nanosheets evenly cover the whole surface of the Ni foam (Figure 2a). From
the high-magnification SEM image in Figure 2b, it can be seen that the thickness of the
CoNiySy product is approximately 20 nm, and nanowires grow uniformly at the edges of
the nanosheets. This means that the sample has a larger specific surface area compared to
pure sheets. Figure 2¢,d show the uniform morphology of Ni(OH), directly grown on Ni
foam. The average thickness of its nanosheets is around 10 nm. Figure 2e,f show how the
Ni(OH), nanosheets are uniformly attached to the surface of the CoNi,S; material. The
CoNi,S4@ Ni(OH); nanosheets reinforce the electrode structure and exhibit a large specific
surface area, suggesting excellent electrochemical performance.

The electrochemical data of the prepared products were evaluated though a tradi-
tional three-electrode system, with a 3 M potassium hydroxide solution serving as the
electrolyte. Figure 3a shows the CV curves of the three samples, Ni(OH),, CoNi;S4, and
CoNiyS4@Ni(OH),, obtained at 50 mV s~ 1. The clearly defined redox peaks suggest that the
materials exhibit battery-type behavior. The CoNi;S;@Ni(OH), samples show the largest
area among the three materials, which suggests a significant improvement in capacitance
following the formation of the composite. This improvement can be attributed to the short-
ening of the electron and ion transport pathways, as well as the increase in specific surface
area following the formation of the composite material. The large surface area provides
abundant active sites, allowing for more efficient electrochemical reactions during charge
and discharge cycles. With more available sites, the material can accommodate a greater
number of ions, enhancing its overall capacitance. Additionally, the shorter transport
pathways facilitate faster electron and ion movement, which allow for more efficient elec-
tron and ion movement. This combination enhances the material’s overall electrochemical
performance, leading to better charge storage capacity, faster charge-discharge rates, and
improved energy efficiency.

Figure 3b exhibits the GCD curves of the CoNi;S;@Ni(OH),, CoNi,Ss, and Ni(OH);
materials at 1 A g~!. The curves show distinct plateaus, which correspond to the
charge—discharge redox processes of the electrode, consistently with the CV curves. The
CoNiyS4@Ni(OH), material possesses the longest discharge time, suggesting that it has
the highest capacitance. Therefore, it shows significant improvement compared to the
CoNiySs and Ni(OH), materials. This suggests that the composite material is more efficient
at storing and releasing charge.

Nyquist plots of three electrodes were created to further assess the kinetic performance,
as shown in Figure 3c. The linear segment indicates the rate at which ions are transported
between the electrolyte and the electrode surface. A greater slope of the line signifies
a more rapid ion transport rate. The figure shows that the CoNi;S;@Ni(OH), material
possesses a faster rate compared to the other two materials. The equivalent resistance of
the CoNi,S4@Ni(OH), sample at the intersection with the x-axis is approximately 0.65 ),
which is smaller than that of the other two materials.

CV curves were created to further assess the performance of the CoNi;S4@Ni(OH);
sample at various scan rates, as shown in Figure 3d. As the scan rate increases, the general
shape of the curve stays largely unchanged, suggesting that the material maintains a
stable electrochemical behavior and can function effectively across a range of operating
conditions. Moreover, with an increase in scan rate, the redox peaks display a slight shift



Batteries 2025, 11, 83 6of 11

in both directions. This shift is often attributed to limitations in ion diffusion at higher
scan rates, where the material may experience slight delays in the movement of ions to the

active sites.

Figure 2. SEM images of samples: (ab) CoNiyS; material; (c,d) Ni(OH), sample;
(e,f) CoNiyS4@Ni(OH), sample.

From these CV curves, the charge-discharge mechanism is further revealed in
Figure 3e. CV curves serve as a powerful method for analyzing the reaction kinetics
of the as-prepared samples. The equation for this is presented below:

i=avP (5)

In this equation, i serves as the current, v stands for scan rate, and b indicates the

reaction kinetics speed.
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Figure 3. Electrochemical performance: (a) CV curves of prepared samples at scan rate of 50 mV/s.
(b) GCD curves of prepared samples at 1 A g_l. (c) Nyquist plots of prepared samples. (d) CV
curves at different scan rates. (e) Contribution ratio. (f) GCD curves at different current densities.
(g) Capacitance at different scan rates. (h) Cycling performance.

To explore the proportional contribution of the two charge storage mechanisms, surface

capacitance and diffusion capacitance, the following formula is used:

i=kv+ kov!/? (6)

where the values of k; and k; can be determined from the CV curves. The charge storage

caused by diffusion reaches 85% at 10 mV s~!, and decreases continuously when the scan

rate increases. The charge storage caused by pseudocapacitance increases continuously
with an increase in scan rate.

The charging and discharging portions of the GCD curves are basically symmetrical,
indicating that the material has high recoverability. According to Equation (2), the specific
capacitance is calculated to be 1534 F g~ !, based on the discharge time at 1 A g~! (Figure 3f).
The material maintains a capacitance retention rate of up to 80%, even at a high current
density of 10 A g~!, which indicates that the phenomenon of polarization of the material
is not significant. As observed from Figure 3g, the curve drops gently. This indicates
that the specific capacitance gradually decreases with an increase in current density. This
demonstrates the material’s excellent ability to withstand rapid charge and discharge cycles.

The stability and durability of the CoNi,S,@Ni(OH); electrode material were explored
through long-cycle testing, as shown in Figure 3h. As the number of cycles increases, the
curve shows an upward trend, reaching a maximum value at approximately 200 cycles.
This indicates the activation process of the material. The electrode material continuously
absorbs the electrolyte, leading to an increase in active sites, more particles participating in
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the reaction, and a rise in specific capacitance. Subsequently, the curve shows a downward
trend, which is due to the repeated adsorption/desorption of the material, causing volume
expansion or collapse, and even convergence in some cases. This leads to a gradual
reduction in reaction sites. After 10,000 cycles, the specific capacitance retains 90% of its
original value, demonstrating impressive cycling stability. This excellent retention indicates
that the material undergoes minimal degradation during the repeated redox process, which
is a key factor for long-term performance. After the composite formation, it is evident that
the material’s stability is significantly improved. This is because sulfides have poor stability.
By coating them with a layer of Ni(OH), material, this can alleviate issues, such as volume
expansion and material collapse, caused by the repeated reversible redox process.

To explore the applicability of the CoNiyS4@Ni(OH), electrode material, a device was
assembled. As shown in Figure 4a, the shape of the curves remains largely unchanged
when the operating voltage varies from 1.2 to 1.6 V. This indicates that the device functions
normally. Meanwhile, the shape of the curve remains largely unchanged when the scan rate
varies between 10 and 100 mV s~ ! (Figure 4b). This suggests that the material possesses a
low polarization rate and excellent electrochemical performance [32,33].
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Figure 4. Electrochemical performance of device: (a) CV curves at different scan rates. (b) CV
curves at 50 mV/s. (¢) GCD curves at different current densities. (d) Nyquist plots. (e) Ragone plot.
(f) Cycling performance.

It can be observed that the GCD curve shows some deviation in the charge and
discharge times, which means lower Coulombic efficiency. This may be caused by the
following factors: 1. Charge leakage and electrode polarization; 2. Inconsistent electrochem-
ical kinetics between the anode and cathode. The kinetic rate of the CoNi,S;@Ni(OH),
material is slower than that of the carbon material used for the cathode; 3. The use of a sepa-
rator and binder during the device assembly process increases the resistance of the electrode
and hinders the transfer of electrons and charge; 4. At high potentials, the ion transport
rate in the electrolyte slows down, requiring a longer time for charge accumulation. The
specific capacitance of the device is determined to be 52.4 F g1 at 1 A g1, according to
Figure 4c. To further assess the device’s performance, its energy density and power density
were calculated by Equations (2) and (3). The energy density of the device is calculated
to be 58.5 Wh kg~!, while the power density reaches 2700 W kg~!. These calculations
highlight the material’s ability in terms of storing and delivering energy efficiently, making
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it a match in terms of both high power output and substantial energy storage. As shown in
Figure 4d, the values for these are higher in this work than in some previously reported
data [34-39]. Table 1 shows a data comparison between this sample and other materials.
Figure 4e shows that the equivalent resistance of the device is about 1 (). The results of
EIS and inset in Figure 4e show that the device possesses a small equivalent resistance
and a fast transmission speed. The cyclic characteristic of the device is also an important
indicator. The device can still maintain a specific capacitance that equals 90% of the initial
capacitance after 10,000 cycles, which reveals its outstanding electrochemical properties.

Table 1. A comparison of the current device with previously reported electrode materials.

. Energy Density =~ Power Density Capacitance .
Materials (Wh-kg1) (W-kg1) (Fg1) Stability Refs.
. 89.2%
NiCo0,5,@CT 36.1 798 59.2 (3000 cycles) [34]
. 85.6%
NiCo0,5,@NS 25.5 334 71.6 (4000 cycles) [35]
89%
MnCo,Sy 313 800 41.2 (5000 cycles) (501
73%
CogSg 13.3 1110 484 (4000 cycles) [37]
. 93%
NiCo0,04,@MnO, 5.8 175 31.3 (3000 cycles) [38]
. 70%
CoNi-OH 34.2 800 62.5 (6000 cycles) [39]
. . 90% .
CoNiyS;@Ni(OH), 58.5 2700 52.4 (10,000 cycles) This work

4. Conclusions

In summary, we prepared CoNi;S;@Ni(OH), samples using a straightforward hy-
drothermal synthesis method. Ni(OH); nanosheets are interspersedly grown on the surface
of CoNiyS, nanosheets, significantly enhancing the material’s electrochemical performance.
This approach not only simplifies the production process, but also yields a material with ex-
ceptional electrochemical performance, exhibiting a specific capacitance of 1534 F g~ 1. The
assembled device still retains 90% of the initial specific capacitance after 10,000 cycles, and
it can achieve an energy density of 58.5 Wh kg ! at 2700 W kg ~!. Through this innovative
design, this method not only effectively enhances the material’s specific surface area and
shortens the reaction path, but also strengthens the surface strength of the sulfide, greatly
improving cycling performance.
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