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Abstract
The process of sulfurization of nickel foam surfaces to obtain Ni3S2 layers with high electrochemical capacitance 

and stability during electrochemical cycling has been extensively studied. However, the role of nickel hydroxide 
layers, which are expected to form under the electrochemical operating conditions of the Ni3S2/NF electrode, has not 
been sufficiently investigated. In the present work, it is demonstrated that the hydroxide phase makes a significant 
contribution to both electrochemical capacitance and cyclic stability. The Ni3S2/NF electrode was fabricated via a 
single–step hydrothermal method in the presence of thiourea at 160 °C. The initial structure of Ni3S2 on the NF surface 
was subsequently modified through electrochemical cycling in a KOH electrolyte. The increase in electrochemical 
capacitance of the electrode was accompanied by the formation of multiple nickel hydroxide phases, as identified 
by X–ray diffraction (XRD) and Raman spectroscopy. The electrode exhibited high performance stability over 
20,000 galvanostatic charge–discharge (GCD) cycles at a current density of 20 A g−1, retaining 90% of its maximum 
capacitance. The specific capacitance of the Ni3S2 electrode was 758 F g−1 at a current density of 2.7 A g−1. When 
the current density increased to 90 A g−1, the specific capacitance decreased to 233 F g−1, corresponding to 30% of 
the capacitance at 2.7 A g−1.

Keywords: Ni3S2, nickel foam, hybrid supercapacitor, nickel hydroxide, electrochemical activation, cycling 
stability.
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Introduction

Renewable energy relies on inherently unstable energy sources. The development of reliable energy 
systems therefore requires advanced energy storage technologies. Supercapacitors, characterized by 
high energy efficiency, represent an important component of such systems, providing smoothing of 
power consumption fluctuations and thereby enhancing the stability of energy systems [1–3]. The 
main types of electrochemical supercapacitors used for energy storage include electrical double–
layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors. Hybrid electrochemical 
supercapacitors combine the advantages of high specific power, enhanced specific energy, and long 
service life, integrating the properties of electrical double–layer capacitors and pseudocapacitors to 
achieve efficient energy storage.

The most promising materials for hybrid electrochemical supercapacitors include carbon 
nanomaterials (graphene, carbon nanotubes), transition metal oxides (MnO₂, NiO), conductive 
polymers (polyaniline, polypyrrole), and their composites [4–7]. Metal sulfides, such as Ni3S2 and 
NiS, are also considered promising materials for hybrid electrochemical supercapacitors due to their 
high specific capacitance, good electrical conductivity, and structural stability associated with their 
layered structure and the ability to undergo reversible redox reactions.

Compared with metal oxides, metal sulfides exhibit several advantages in hybrid electrochemical 
supercapacitors, including higher electrical conductivity, enhanced specific capacitance due to rich 
redox activity and layered structure, as well as improved mechanical stability during cycling, which 
contributes to increased durability and efficiency.

Many metal oxides are dielectric in nature. In contrast, sulfides generally exhibit higher electrical 
conductivity than oxides, which facilitates electron transfer, reduces internal resistance, and increases 
specific power [8]. Sulfides also demonstrate enhanced redox activity due to the presence of a greater 
number of redox–active centers and weaker metal–sulfur (M–S) bonds. As a result, they enable more 
extensive Faradaic redox reactions, associated with the multiple valence states of metals and the 
lower electronegativity of sulfur compared to oxygen, leading to higher specific capacitance.

The structural flexibility of sulfides contributes to improved mechanical stability during charge–
discharge cycling, resulting in enhanced cyclic stability and improved energy storage performance. 
Furthermore, sulfides combined with oxides or carbon–based materials often outperform electrodes 
based solely on oxides, owing to synergistic effects that enhance ion transport and increase the active 
surface area.

Nickel sulfides (e.g., NiS, Ni3S2) are particularly promising for hybrid electrochemical 
supercapacitors due to their superior electrical conductivity compared to nickel oxides, which provides 
faster electron transfer and higher power density. In addition, their stable crystal structures, such as 
the layered morphology of NiS, provide excellent cyclic stability, maintaining performance over 
thousands of charge–discharge cycles. These characteristics, together with their cost–effectiveness 
and relative ease of synthesis, make nickel sulfides attractive electrode materials for efficient and 
durable hybrid supercapacitors.

Among nickel sulfides, Ni3S2 [9] is especially promising due to its high specific capacitance, 
good electrical conductivity, and structural stability. Ni3S2 exhibits a balanced combination of redox 
properties, while its developed morphology provides a high active surface area and facilitates ion 
diffusion, making it suitable for the fabrication of high–performance supercapacitors.

However, under electrochemical conditions in an alkaline environment, Ni3S2 can undergo 
oxidation at high positive potentials according to the reaction:

Ni3S2 + 6OH ⁻ → 3Ni(OH)2 + 2S2 ⁻ 
resulting in the formation of nickel hydroxide phases. Since these phases exhibit high electrochemical 
activity and possess high specific capacitance, their formation must be taken into account. However, 
to the best of our knowledge, this aspect of Ni3S2/NF electrode modification has been investigated 
in only two studies [10,11]. In [10], the Ni3S2 layers were obtained by annealing, not by the 
hydrothermal method. In Ref. [11], the Ni3S2/NF electrode was synthesized via a rapid hydrothermal 
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method in the presence of a nickel salt in the growth solution, which reduced the synthesis time to  
approximately 3 h.

In the present study, phase transformations in Ni3S2/NF electrodes obtained using the conventional 
method [9, 12] of nickel foam sulfidation in thiourea are investigated.

Material and methods

Thiourea (CH4N2S) and nickel foam (NF) with a thickness of 1.5 mm (Shenzhen Tianchenghe 
Technology Co., Ltd.) and an areal density of 0.03 g cm⁻2 were used as starting materials. Milli–Q 
water (18.2 MΩ·cm) was obtained using an AQUAMAX–Ultra 370 series water purification system 
(YL Instrument Co., Anyang, Korea).

Prior to hydrothermal synthesis, the NF substrates were purified by ultrasonic treatment in a 1 
M HCl solution. The substrate was then placed in a Teflon beaker, and 30 mL of a 1 mM thiourea 
solution was added. The hydrothermal reactor with a Teflon liner was sealed and placed in an oven 
at 160 °C for 24 h.

After synthesis and cooling to room temperature, the autoclave was removed from the furnace. The 
solution remained transparent after synthesis, and the resulting layers were dense and mechanically 
stable. The NF sample was rinsed with water, subjected to ultrasonic treatment for 30 min, and 
subsequently dried.

The surface morphology of the samples was examined using a Quanta 200i scanning electron 
microscope (FEI). X–ray diffraction (XRD) measurements were carried out using a MiniFlex 
diffractometer (Rigaku) with Cu Kα radiation (λ = 1.5418 Å). Raman spectra were recorded using an 
NTEGRA spectrometer (NT–MDT, Zelenograd, Russia) with an excitation wavelength of 473 nm. 

The electrochemical performance of the Ni3S2/NF electrodes was investigated in a three–electrode 
configuration using a large–area carbon counter electrode and an Ag/AgCl reference electrode. 
Electrochemical measurements were performed using a CorrTest CS2350 bipotentiostat (Wuhan 
Corrtest Instruments Corp., Ltd., Wuhan, China), including cyclic voltammetry (CV), galvanostatic 
charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS). The capacitance was 
calculated from CV and GCD measurements using Eqs. (1) and (2), respectively:

			 
				    ,					     (1)

					     ,							      (2)

where ν (V s−1) is the scan rate, and Umax−Umin (V) is the potential window in the CV measurements. 
The current I(V) is integrated over the full CV cycle. For GCD measurements, the capacitance 
was determined from the discharge current I (A), discharge time Δt (s), and voltage drop ΔU (V). 
To determine the specific capacitance, the mass of the NF samples was measured before and after 
synthesis. The areal mass of the initial nickel foam was approximately 0.0314 g cm⁻2. Under the 
selected synthesis conditions, the mass increase for a sample area of 1 cm² was 1.2 mg cm⁻2. Since 
the Ni3S2 layer is formed as a result of nickel sulfidation, the mass of the synthesized Ni3S2 on the NF 
substrate was estimated to be 4.5 mg cm⁻2.

Results

Scanning electron microscopy (SEM) micrographs reveal the evolution of the Ni3S2/NF electrode 
surface before and after cyclic voltammetry (CV). The initial morphology is characterized by thin, 
interwoven nanosheets forming an open porous structure, which provides a high specific surface area 
and facilitates electrolyte access to active sites.

After intensive electrochemical cycling in an alkaline medium within the potential range from 
−0.5 to 1 V, noticeable morphological changes are observed. The structural features become less 
distinct, appearing blurred, which may be attributed to the formation of new phases with dimensions 
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below the resolution limit of the microscope. During electrochemical oxidation and hydration, a 
nanocrystalline layer of nickel oxides/hydroxides forms on the surface of the sulfide, as confirmed 
by X–ray diffraction (XRD) data.

a b
Figure 1 – SEM images of Ni3S2 layers on nickel foam grown by the hydrothermal method: 

a – after synthesis, b – after CV measurements in 3M KOH in the range of –0.5 V to +1 V vs Ag/AgCl

Figure 2 presents XRD patterns of the sample after synthesis (curve 1), after approximately 100 
CV cycles and stabilization of the CV curves in a 3 M KOH electrolyte (curve 2), and after 20,000 
GCD cycles (curve 3). The initial sample exhibits well–defined diffraction peaks corresponding to the 
crystalline Ni3S2 phase (JCPDS No. 01–073–0698), confirming the formation of nickel sulfide on the 
substrate. Intense peaks at 44.5°, 51.8°, and 76.3° are attributed to metallic nickel (Ni) from the NF 
substrate. After CV cycling in the potential range of −0.5 to +1 V (curve 2), the intensity of the Ni3S2 
peaks decreases, and new diffraction maxima characteristic of hydrated nickel hydroxide appear. 
This indicates effective surface oxidation of the sulfide during redox processes over a wide potential 
window. After 20,000 GCD cycles (curve 3), the contribution of Ni3S2 decreases further, indicating 
an increase in the thickness of the nickel hydroxide layer. Additionally, significant broadening of 
the nickel hydroxide peaks is observed, suggesting a reduction in the crystallite size as a result of 
repeated Faradaic reactions.

Figure 2 – XRD patterns of the electrode: 1 − initial (pristine) electrode, 
2 − after cyclic voltammetry (CV) measurements in 3 M KOH in the potential 

range from −0.5 V to +1 V vs. Ag/AgCl, and 3 − after 20,000 galvanostatic 
charge–discharge (GCD) cycles in 3  M KOH in the potential range from 0 V to 0.5 V vs. Ag/AgCl
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Raman spectroscopy was employed to identify the composition of the electrode surface before 
and after electrochemical measurements, which is particularly important for detecting thin layers of 
amorphous and nanocrystalline phases that are not observable by XRD. Figure 3 (curve 1) shows the 
Raman spectrum of the as–synthesized sample. The spectrum is characterized by a set of peaks in 
the region corresponding to the characteristic vibrational modes of the Ni3S2 crystal lattice. The main 
peaks are located at 145, 200, 245, 305, and 348 cm−1, which is in good agreement with literature 
data for the Ni3S2 phase [13]. After short–term CV measurements (40–50 cycles) in 3 M KOH 
within the potential range from −0.5 to +1 V vs Ag/AgCl, the Raman spectrum undergoes significant 
changes (curve 2). The peaks corresponding to nickel sulfide almost completely disappear, while two 
broad bands centered at approximately 480 cm−1 and 560 cm−1 become dominant. These bands are 
attributed to vibrational modes associated with nickel oxyhydroxide (NiOOH) [14–17].

The obtained results confirm that, during deep anodic polarization (up to 1 V vs Ag/AgCl), 
the Ni3S2 surface undergoes irreversible electrochemical transformation. The formation of Ni(OH)2/
NiOOH phases indicates the development of a reaction layer on the sulfide surface, which provides 
Faradaic charge storage processes in an alkaline electrolyte.

Figure 3 – Raman spectra of Ni3S2 layers on nickel foam: curve 1 − after synthesis, 
and curve 2 − after cyclic voltammetry (CV) measurements in 3 M KOH in the potential 

range from −0.5 V to +1 V vs. Ag/AgCl

Prior to the investigation of the long–term stability of the Ni3S2/NF electrode, a preliminary 
activation procedure was carried out. It should be noted that the initial capacitance of the electrode 
immediately after synthesis was low. During the initial CV cycles, the current response gradually 
increased, and after approximately 50–80 cycles, the CV curves reached a stable state. This behavior 
may be attributed to the gradual penetration of the electrolyte into the porous structure, the formation 
of electrochemically active sites, and partial surface oxidation.

The long–term stability of the Ni3S2/NF electrode was evaluated by galvanostatic charge–
discharge (GCD) cycling over 20,000 cycles in a 3 M KOH electrolyte within the potential range of 
0–0.5 V vs Ag/AgCl. Figure 4a shows the dependence of capacitance and Coulombic efficiency on 
the number of cycles, while Figure 4b presents a comparison of GCD charge–discharge curves at a 
current of 100 mA at the initial stage and after 20,000 cycles.

The cycling data reveal a characteristic process of continued, but slower, electrode activation 
during the first 2000 cycles, during which the areal capacitance increases from approximately 3.5 to 
5.2 F cm⁻².

Considering that Raman spectroscopy results indicate rapid modification of the Ni3S2 surface 
layer, this increase in capacitance can be attributed to the formation of an electrochemically active 
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Ni(OH)₂/NiOOH layer. After approximately 2000 cycles, the electrode exhibits stabilization of its 
electrochemical properties and demonstrates exceptional cyclic stability. Even after 20,000 cycles, 
no decrease in capacitance or increase in series resistance is observed. The Coulombic efficiency 
remains stable at a value close to 100%, confirming the high reversibility of the Faradaic reactions.

The GCD curves recorded at the initial stage and after 20,000 cycles exhibit nearly identical 
shapes with pronounced voltage plateaus (Figure 4b), which is characteristic of battery–type behavior. 
A significant increase in charge and discharge times for the 20,000th cycle compared to the initial 
cycle confirms the increase in capacitance resulting from surface activation. At the same time, the 
preservation of curve symmetry indicates that the internal resistance (IR drop) of the electrode does 
not increase significantly over the entire cycling period.

Figures 5 and 6 present the GCD and CV characteristics of the electrode after 20,000 cycles, 
while Figure 7 shows the electrochemical impedance spectroscopy (EIS) results. At a low current 
density of 0.22 A g−1, the capacitance of the electrode with an area of 1 cm² reaches 3.8 F, which, 
considering the mass loading of 4.5 mg cm⁻², corresponds to a specific capacitance of 853 F g−1.

At an operating current density of 2.7 A g−1, the specific capacitance is 758 F g−1, and when the 
current density increases to 90 A g−1, the specific capacitance decreases to 233 F g−1, corresponding to 
30% of the capacitance at 2.7 A g−1. This indicates that the electrode retains a high specific capacitance 
even at high current densities.

Figure 4 – (a) Capacitance and Coulombic efficiency of the Ni3S2/NF electrode as a function 
of cycle number; (b) comparison of galvanostatic charge–discharge (GCD) curves at a current 
of 100 mA (22 A g–1) at the beginning of cycling and after 20,000 cycles in 3 M KOH in the 

potential range of 0 V to 0.5 V vs. Ag/AgCl

Figure 5 – (a) Galvanostatic charge–discharge (GCD) curves at different discharge 
current densities (charge current density fixed at 25 mA cm⁻2 for all curves); 

(b) specific capacitance as a function of discharge current density.
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Figure 6 – (a) Cyclic voltammetry (CV) curves at different scan rates; 
(b) specific capacitance as a function of scan rate.

Figure 7 – Nyquist plot of the Ni3S2/NF electrode after 20,000 cycles. 
Electrochemical impedance spectroscopy (EIS) measurements were performed 

in the frequency range from 50 kHz to 0.0016 Hz at a DC offset of 300 mV vs. Ag/AgCl. 
The inset shows the equivalent circuit model of the electrode.

Discussion 

The results of the study demonstrate that the high electrochemical performance and stability 
of the Ni3S2/NF electrode are due to the phase and structural transformations of its surface during 
operation.

The phase transformation of the surface is confirmed by Raman spectroscopy. The spectra (Figure 
3) show the disappearance of the characteristic vibrational modes of the Ni3S2 crystal lattice after 
electrochemical activation. Instead, bands at approximately 480 cm−1 and 560 cm−1, corresponding 
to stable nickel oxyhydroxide (NiOOH) phases, become dominant, indicating the formation of an 
electrochemically active reaction layer.

The structural transformation is supported by SEM and XRD data. Even relatively short–term 
CV cycling leads to a reduction in the contribution of the Ni3S2 phase and the appearance of new 
diffraction maxima characteristic of hydrated nickel hydroxide.
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Prolonged cycling results in the formation of β–Ni(OH)₂ nanoparticles. Significant broadening 
of the diffraction peaks after 20,000 cycles indicates a decrease in crystallite size, which increases 
the active surface area and promotes Faradaic reactions.

As a consequence of these phase and structural transformations, the electrode demonstrates 
exceptional durability, retaining more than 90% of its maximum capacitance after 20,000 GCD 
cycles. The activation process during the first 2000 cycles, accompanied by an increase in capacitance 
from 3.5 to 5.2 F cm⁻², is directly associated with the formation of a developed Ni(OH)₂/NiOOH 
layer. The stability of the Coulombic efficiency at approximately 100% further confirms the high 
reversibility of the redox processes in the formed nanostructure.

Thus, the high capacitance and stability of the electrode are ensured by synergistic interaction 
between the conductive Ni3S2/NF framework and the nanocrystalline nickel hydroxide/oxyhydroxide 
layer formed under electrochemical conditions, which remains electrochemically active and 
mechanically stable over tens of thousands of cycles.

Conclusion

In this work, an electrode based on Ni3S2 nickel sulfide on nickel foam was synthesized using 
a simple one–step hydrothermal method. This approach is well established in the literature and has 
proven to be effective for the fabrication of electrodes for hybrid supercapacitors. However, despite 
numerous studies on the properties of Ni3S2 supercapacitor electrodes grown on NF via thiourea–
assisted sulfidation, the role of nickel hydroxide layers formed under electrochemical conditions on 
the surface of Ni3S2 has not been sufficiently addressed.

For comparison, in Ref. [10], Ni3S2 electrodes were prepared by annealing an NF substrate in 
an H₂S–containing atmosphere (5% H₂S–95% N₂) at 400 °C for 60 min. In Ref. [11], nickel acetate 
was introduced into the growth solution to accelerate synthesis, reducing the processing time to 
approximately 3 h. However, the results obtained in the present study differ significantly from those 
reported in Ref. [11], particularly in terms of the superior stability of electrochemical performance 
during cycling.

It has been demonstrated that robust Ni3S2 layers obtained by sulfidation of NF in thiourea 
undergo surface modification during electrochemical activation in an alkaline medium, resulting 
in the formation of an active layer composed of nanocrystalline Ni(OH)₂ phases and stable NiOOH 
species. This composite structure provides high specific capacitance and excellent cycling stability.

The obtained results highlight the critical role of the synergistic interaction between the conductive 
sulfide framework and the nanocrystalline hydroxide/oxyhydroxide layer. This synergy makes the 
Ni(OH)₂/Ni3S2/NF system a promising electrode material for long–life hybrid supercapacitors.
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ГИБРИДТІ СУПЕРКОНДЕНСАТОРЛАРҒА АРНАЛҒАН NI₃S₂/NI КӨБІК 
ЭЛЕКТРОДТАРЫНЫҢ БЕТКІ ТҮРЛЕНУІ ЖӘНЕ ЖАҚСАРТЫЛҒАН 

ЭЛЕКТРОХИМИЯЛЫҚ СИПАТТАМАЛАРЫ

Аңдатпа
Никель көбігінің бетін сульфидтеу процесі жоғары электрохимиялық сыйымдылығы және электро

химиялық циклдеу кезінде жоғары тұрақтылығы бар Ni₃S₂ қабаттарын алу мақсатында жан-жақты 
зерттелді. Алайда электрохимиялық жұмыс жағдайларында Ni₃S₂/NF (никель көбігі) электродында түзіледі 
деп болжанатын никель гидроксиді қабаттарының рөлі әлі күнге дейін жеткілікті деңгейде зерттелмеген. 
Осы жұмыста гидроксидтік фазаның электрохимиялық сыйымдылыққа да, циклдік тұрақтылыққа да елеулі 
үлес қосатыны көрсетілді. Ni₃S₂/NF электроды тиомочевина қатысында 160 °C температурада бірсатылы 
гидротермалдық әдіспен дайындалды. NF бетінде бастапқыда түзілген Ni₃S₂ құрылымы кейіннен KOH 
электролитінде электрохимиялық циклдеу нәтижесінде модификацияланды. Электродтың электрохимиялық 
сыйымдылығының артуы бірнеше никель гидроксиді фазаларының түзілуімен қатар жүрді, бұл рентгендік 
дифракция (XRD) және Раман спектроскопиясы әдістерімен расталды. Электрод 20 А·г⁻¹ ток тығыздығында 
жүргізілген 20 000 гальваностатикалық заряд-разряд (GCD) циклі барысында максималды сыйымдылығының 
90%-ын сақтап, жоғары циклдік тұрақтылық көрсетті. Ni₃S₂ электродының меншікті сыйымдылығы 2,7 
А·г⁻¹ ток тығыздығында 758 Ф·г⁻¹ құрады. Ток тығыздығы 90 А·г⁻¹-ге дейін арттырылған кезде меншікті 
сыйымдылық 233 Ф·г⁻¹-ге дейін төмендеді, бұл 2,7 А·г⁻¹ ток тығыздығындағы мәннің шамамен 30%-ын 
құрайды.

Түйін сөздер: Ni3S2, никель көбігі, гибридті суперконденсатор, никель гидроксиді, электрохимиялық 
белсендіру, циклдік тұрақтылық. 
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ПРЕОБРАЗОВАНИЕ ПОВЕРХНОСТИ И УЛУЧШЕННЫЕ 
ЭЛЕКТРОХИМИЧЕСКИЕ ХАРАКТЕРИСТИКИ ЭЛЕКТРОДОВ NI₃S₂/NI 

ПЕНЫ ДЛЯ ГИБРИДНЫХ СУПЕРКОНДЕНСАТОРОВ

Аннотация
Процесс сульфидирования поверхности никелевой пены для получения слоёв Ni3S2 с высокой элек-

трохимической емкостью и стабильностью при электрохимическом циклировании, был подробно изучен. 
Однако роль слоев гидроксида никеля, которые, как предполагается, образуются в условиях электрохими-
ческой работы электрода Ni3S2/NF (никелевая пена), до сих пор не была достаточно изучена. В настоящей 
работе показано, что гидроксидная фаза вносит значительный вклад как в электрохимическую емкость, так 
и в циклическую стабильность. Электрод Ni3S2/NF был изготовлен с помощью одноэтапного гидротер-
мального метода в присутствии тиомочевины при температуре 160 °C. Первоначальная структура Ni3S2 на 
поверхности NF впоследствии была модифицирована в результате электрохимических циклов в электро-
лите KOH. Увеличение электрохимической емкости электрода сопровождалось образованием нескольких 
фаз гидроксида никеля, что было подтверждено с помощью рентгеновской дифракции (XRD) и раманов-
ской спектроскопии. Электрод продемонстрировал высокую стабильность характеристик в течение 20 000 
циклов гальваностатического заряда-разряда (GCD) при плотности тока 20 А·г⁻¹, сохранив 90% своей мак-
симальной емкости. Удельная ёмкость электрода Ni3S2 составила 758 Ф·г⁻¹ при плотности тока 2,7 А·г⁻¹. 
При увеличении плотности тока до 90 А·г⁻¹ удельная емкость снизилась до 233 Ф·г⁻¹, что составляет 30% от 
значения при плотности тока 2,7 А·г⁻¹

Ключевые слова: Ni3S2, никелевая пена, гибридный суперконденсатор, гидроксид никеля, электрохи-
мическая активация, циклическая стабильность.


