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ABSTRACT In this work, nickel sulfide thin films were synthesized via the SILAR method using different nickel
salts as precursors. The influence of the precursor salt on the morphology and electrochemical performance of
the layers was systematically investigated. SEM analysis revealed that NiSx films prepared from nickel chloride
exhibited the most uniform and crack-free morphology. Electrochemical measurements demonstrated a strong
correlation between film quality and capacitive behaviour. Notably, the NiSx electrode synthesized using nickel
chloride achieved a maximum specific capacitance of 1902 F/g at a current density of 1 A/g. These findings
highlight the critical role of precursor selection in optimizing the structural and electrochemical properties of
nickel sulfide electrodes for energy storage applications.
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1. Introduction

The development of high-performance supercapacitors is crucial for advancing modern energy storage technologies
aimed at supporting sustainable energy systems. Supercapacitors are widely recognized for their remarkable power den-
sity, fast charge–discharge rates, and long cycle life, which enable them to bridge the gap between conventional dielectric
capacitors and rechargeable batteries. These attributes make them ideal candidates for applications ranging from electric
vehicles to renewable energy integration, where high power output and rapid energy delivery are essential [1].

Among various classes of electrode materials, transition metal sulfides have emerged as particularly promising for
next-generation supercapacitors due to their excellent redox activity, high electrical conductivity, and large theoretical
capacitance. Compared to their oxide counterparts, sulfides provide a greater number of accessible redox-active sites
and lower electronegativity, which contribute to enhanced charge storage performance and improved structural flexi-
bility. These features allow metal sulfides to achieve higher energy and power densities, along with excellent cycling
stability [2, 3].

Nickel sulfide (NiS), in particular, has attracted significant attention due to its abundance, low cost, and outstanding
electrochemical properties. Various crystalline forms of nickel sulfide, such as NiS, Ni3S2, and Ni3S4, exhibit high theo-
retical capacitances and reversible redox behavior, making them suitable candidates for use in hybrid and pseudocapacitor
systems [4, 5].

To date, the synthesis of nickel sulfide nanostructures for supercapacitor applications has been primarily achieved
through hydrothermal [6, 7] and solvothermal methods [8], often conducted at elevated temperatures (typically 160 –
180 ◦C) and in the presence of surfactants. Other methods such as electrodeposition [9], chemical bath deposition [10], and
ultrasound-assisted soaking [11] have also been reported. While these techniques can yield high-performance materials,
they often require complex conditions, long synthesis times, and additional reagents.
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In this work, we report a facile and surfactant-free approach for the synthesis of nickel sulfide thin films directly
on nickel foam substrates using the Successive Ionic Layer Adsorption and Reaction (SILAR) method at room temper-
ature [12–14]. The SILAR technique offers a simple, low-cost, and easily controllable route for thin film fabrication,
making it a viable alternative to traditional synthesis methods.

As is known, anions of precursor salts have a significant effect on the crystallization process, nucleation, determining
the rate of crystal grown, morphology and structure of the crystals formed. Changes in the concentration and nature of
anions can lead to significant changes in these parameters, as evidenced by earlier in detail studies [15, 16]. However, no
systematic studies have been conducted on the effect nature of the anion on the morphology of the transition metal sulfides
thin films obtained via SILAR synthesis. By varying the nickel salt precursor used during deposition we systematically
investigated the influence of precursor chemistry on the resulting film morphology and electrochemical behavior. Among
the synthesized samples, the electrode derived from nickel chloride demonstrated the most uniform crack-free surface
morphology and exhibited the highest electrochemical performance, achieving a specific capacitance of 1902 F/g at a
current density of 1 A/g in 1 M KOH electrolyte. Moreover, this sample displayed excellent rate capability and stable
cycling performance over 1000 charge-discharge cycles.

2. Experimental

2.1. Synthesis of nickel sulfides on Ni foam

Aqueous solutions of nickel (II) chloride hexahydrate (NiCl2 × 6H2O), nickel (II) sulfate heptahydrate (NiSO4 ×
7H2O), nickel (II) acetate tetrahydrate (NiAc2 × 4H2O), nickel (II) nitrate hexahydrate (Ni(NO3)2 × 6H2O) were used
for the synthesis of nickel sulfides by SILAR as the cationic precursors. Sodium sulfide nonahydrate (Na2S × 9H2O)
was used as the anion precursor. All solutions were prepared at a concentration of 0.05 M using distilled water. Nickel
foam (NF) with a porosity of 110 PPI and dimensions of approximately 15 × 15 mm was used as the substrate. Prior to
synthesis, the NF substrates were treated with ethanol in combination with ultrasound to remove organic contaminants.
To eliminate the surface oxide layer, the substrates were subsequently immersed in 6 M hydrochloric acid (HCl) for
15 minutes, rinsed thoroughly with distilled water, and dried at 60 ◦C in air.

In the first step of SILAR, the pretreated substrates were fixed in clamps of the automated installation, immersed for
15 s into solution of nickel salt, and then washed with distilled water to remove excess reagent. In the second step, the
substrates were immersed for 15 s in the Na2S solution and again washed in distilled water. This sequence of treatments
constituted a single SILAR cycle, which was repeated 10 times. After completion of layering cycles, the substrates were
dried in an air atmosphere.

2.2. Materials characterizations and electrochemical measurements

The morphological characteristics of the synthesized nickel sulfide films were examined using a Tescan Vega 3
SBH scanning electron microscope (SEM). Elemental composition and surface distribution of elements were determined
via energy-dispersive X-ray spectroscopy (EDX) using an Oxford Instruments INCA x-act system coupled to the SEM.
FTIR transmittance spectra were recorded on Shimadzu IRTracer-100 FTIR spectrophotometer. Phase composition and
crystallinity were assessed by powder X-ray diffraction (PXRD), carried out on a DRON-8H diffractometer (Russia,
Bourevestnik, JSC) (Cu Kα radiation (λ = 1.5406 Å)). Diffraction patterns were recorded in Bragg–Brentano geometry
in the ω-2θ scanning mode using PSD in the angle range 2θ = 30 – 65◦ in increments of 0.01◦. Phase identification was
performed by comparing the obtained patterns with standard reference data from the PDF-2 database.

The electrochemical properties of NiS/NF as cathode of supercapacitor was investigated in standard three-electrode
cell measurements with 1 M KOH electrolyte using SmartStat PS-250 (SmartStat, Russia, Chernogolovka) at room tem-
perature. The reference and counter electrodes were an Hg/HgO and a carbon rod, respectively. Cyclic voltammetry (CV)
measurements were obtained in the potential windows from 0.0 to 0.6 V (vs. Hg/HgO) at scan rates of 10 mV/s. Gal-
vanostatic charge discharge (GCD) measurements were obtained at current densities of 1 A/g. The specific capacitance
(C, F/g) of the prepared electrode was calculated from the GCD measurements using eq. (1):

C =
It

mV
, (1)

where I is the applied current (A), t is the discharge time (s), V is the potential window (V) and m is the mass of the
electroactive material (g). The mass of the electroactive material was determined from the difference in mass between the
initial substrate and the substrate with the NiS layer.

3. Results and discussion

In this study, we investigated the synthesis conditions of nickel sulfide (NiS) using the SILAR method, with a particu-
lar focus on the influence of different nickel salts as precursors. Specifically, nickel sulfate, nickel acetate, nickel chloride,
and nickel nitrate were employed as sources of Ni2+ ions. The primary objective was to examine how the nature of the
nickel salt affects the morphology of the resulting nickel sulfide layers.

The SEM images and EDX spectra are shown in Fig. 1.
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FIG. 1. SEM images and EDX spectra of nickel sulfides synthesized using NiSO4, NiCl2, NiAc2 and
Ni(NO3)2 on NF after 10 SILAR cycles at different magnifications

Our findings reveal that the choice of precursor salt plays a critical role in determining the quality and uniformity of
the NiS film deposited on the substrate. Notably, the use of nickel chloride resulted in the formation of a more uniform and
continuous NiS layer (Fig. 1b). In contrast, films synthesized using nickel sulfate, acetate, and nitrate exhibited noticeable
cracking and inhomogeneities, suggesting that these salts lead to less favorable deposition characteristics under the given
conditions (Fig. 1a,c,d). The observed cracking in NiS layers synthesized from nickel sulfate, acetate, and nitrate precur-
sors can be attributed to several factors. These salts likely promote less controlled or uneven nucleation and growth of the
NiS layer during the SILAR process, resulting in internal stresses within the film. Additionally, highly hydrated anions
such as sulfate and nitrate may alter the deposition kinetics, leading to rapid precipitation and structural inhomogeneities.
Upon drying or crystallization, these stresses can manifest as cracks due to shrinkage and poor mechanical integrity. In
contrast, the use of nickel chloride as the precursor yields a more uniform and compact NiS thin film, likely due to its
lower degree of ion hydration and more favorable deposition behavior.

EDX spectrum data demonstrate presence of Ni, S, O and C atoms in synthesized nanolayers.
Figure 2(a) illustrates the FTIR spectra of nickel sulfides synthesized using NiSO4, NiCl2, NiAc2 and Ni(NO3)2.

Absorption bands characteristic of nickel sulfide with minor differences in intensity are observed in all spectra. Weak
bands observed at about 3670 and 1640 cm−1 are corresponding to valence and bending vibrations bonds of O–H bond
in water molecules, respectively. Bands with peaks at 1080 and 2339 cm−1 are correlated to CO2, which is thought to
be adsorbed on the surface of samples from the atmosphere during sample preparation [17]. The peaks at 500, 555 and
670 cm−1 could be assigned to bending vibration mode in Ni–S [18].

Figure 2(b) show the XRD pattern thin film of nickel sulfide obtained from nickel chloride precursor. It should be
noted that a similar diffraction pattern was observed for sulfides obtained from other precursors. A single intense peak
is observed with value 33.7◦ corresponding to lattice parameter (002), respectively, in agreement with standard data card
(JCPDS: 12-0041) of NiSx. Peak with value 62.1◦ correspond to Kβ of substrate.

The electrochemical performance of the NiS electrode was evaluated by cyclic voltammetry (CV) and galvanostatic
charge discharge technology (GCD). Fig. 3(a) shows the CV curves of NiS electrodes synthesized using NiSO4, NiCl2,
NiAc2 and Ni(NO3)2 on Ni foam after 10 SILAR cycles. The peaks present are related to typical redox peaks of Ni2+ to
Ni3+ [19]. Probable reaction mechanism of these redox peaks may be related to the following eq. (2):

NiS + OH− ⇌ NiSOH + e−. (2)
However, it can be noted that the Ni2+ to Ni3+ transition potential is different for each electrode. Moreover, the

lowest potential at which this process occurs corresponds to nickel sulfide synthesized from nickel chloride. It can be
hypothesized that the anions (such as sulfate, chloride, nitrate, etc.) exert an influence on the electrochemical behavior
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FIG. 2. (a) FTIR spectra of nickel sulfides synthesized using NiSO4, NiCl2, NiAc2 and Ni(NO3)2 and
(b) XRD pattern of nickel sulfides synthesized using NiCl2

FIG. 3. (a) CV curves at scan rate of 10 mV/s and (b) GCD curves at current density of 1 A/g in 1 M
KOH electrolyte of nickel sulfides synthesized using NiSO4, NiCl2, NiAc2 and Ni(NO3)2 on NF after
10 SILAR cycles, (c) GCD curves at different current density of nickel sulfide synthesized using NiCl2
after 10 SILAR cycles

of nickel, potentially through the formation of surface complexes or modifications in the material’s structural proper-
ties. These effects could lead to a shift in the oxidation/reduction peak potential, depending on the chemical nature and
reactivity of the anions.

The galvanostatic charge-discharge curves of electrodes are shown in Fig. 3(b). The nonlinear shape of the curves
indicates the pseudocapacitive properties of the electrodes. The specific capacitance values calculated from the charge-
discharge curves at a current density of 1 A/g (Fig. 3b) for electrodes synthesized using NiSO4, NiCl2, NiAc2 and
Ni(NO3)2 were 1809, 1902, 1401 and 1762 F/g, respectively. Thus, the sample synthesized from nickel chloride has the
best capacitive characteristics. This enhanced electrochemical performance directly correlates with improved morphology
electrode synthesized using NiCl2, as the continuous and crack-free structure facilitates better electron and ion transport,
reduces charge transfer resistance, and ensures more effective utilization of electroactive sites. Consequently, the NiS layer
derived from nickel chloride exhibits superior electrochemical properties compared to the more fractured and structurally
defective layers obtained used other salts.

A comparative analysis of the electrochemical performance of the synthesized nickel sulfide with nickel sulfide-
based electrodes obtained by other synthetic techniques is presented in Table 1. The results provide compelling evidence
for the efficacy of the SILAR method as an effective approach for the synthesis of nickel sulfide. Furthermore, a detailed
investigation into the influence of various synthesis conditions such as the choice of nickel salts and deposition parameters
on the electrochemical properties of the resulting material has been conducted. These findings contribute to a deeper
understanding of how synthesis conditions can be optimized to enhance the performance of nickel sulfide electrodes,
highlighting the potential of this method for future applications in energy storage and conversion technologies.
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TABLE 1. Comparative characteristics of electrodes based on nickel sulfide obtained by different syn-
thetic techniques

Electrode Substrate Method Specific
capacitance (F/g) Electrolyte Stability Ref

NiSx Ni foam SILAR 1902 at 1 A/g 1 M KOH
100 % after
1000 cycles

This
article

Ni3S2 (h-NS20)/Co3O4 Ni foam SILAR 1901 at 1 A/g 1 M KOH
91.8 % after
10000 cycles [20]

NiS/NiSSe nanosheet Ni foam
hydrothermal

technique 1908 at 1 A/g
PVA/KOH gel

electrolyte
>90 % after
28000 cycles [21]

NiS/ACNTs Ni foam

hydrothermal
method and
subsequent
annealing
treatment

1266 at 1 A/g 3 M KOH
83 % after

2000 cycles [22]

NiS NPs Ni foam
hydrothermal

method 1073.8 at 1.2 A/g 2 M KOH
89 % after

1000 cycles [23]

4. Conclusion

This study demonstrates the impact of nickel salt precursors on the morphology and electrochemical performance of
nickel sulfide films synthesized via the SILAR method. Among the salts investigated, nickel chloride produced the most
uniform and mechanically stable NiSx layer, free of visible cracks and defects. This improved film quality was found to
be directly responsible for the superior electrochemical performance, with the chloride-derived NiSx electrode achieving
a specific capacitance of 1902 F/g at 1 A/g. In contrast, layers formed from nickel sulfate, acetate, and nitrate exhibited
significant cracking, which negatively affected charge transport and capacitance. The results underscore the importance of
precursor selection in controlling the microstructure and optimizing the electrochemical properties of nickel sulfide-based
electrodes, offering valuable insights for the development of advanced materials for supercapacitor and energy storage
technologies.
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