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Abstract
The increasing global demand for efficient solar energy harvesting materials has fueled the development of 
innovative nanocomposites. Among these, Nickel hydroxide/nickel sulphide (Ni(OH)

2
/NiS) and nickel oxide/nickel 

sulphide (NiO/NiS) nanocomposites hold great promise owing to their distinct structural and optical properties. 
These nanocomposites were synthesized using the hydrothermal method, a process that ensures uniformity and 
high-quality material production. Structural analysis via X-ray diffraction (XRD) revealed hexagonal crystalline 
structures for Ni(OH)

2
 and NiS, while NiO exhibited a cubic structure. Morphological studies using Field Emission 

Scanning Electron Microscopy (FESEM) highlighted distinct features: 2D nanosheets were observed for Ni(OH)
2
, 

NiO, and NiO/NiS, whereas Ni(OH)
2
/NiS exhibited intriguing broccoli-like structures. Optical characterization 

through UV-Visible spectroscopy demonstrated a significant reduction in band gaps, from 4.4 eV for Ni(OH)
2
 

and 3.1 eV for NiO to 1.08 eV and 1.3 eV in their respective nanocomposites. This band gap narrowing enhances 
light absorption, making these materials highly suitable for solar energy applications. FT-IR analysis highlighted 
distinctive peaks especially in the fingerprint regions, such as the Ni-O vibrations and the C=S stretching, confirming 
the successful incorporation of NiS into the nanocomposites. These findings underline the potential of Ni(OH)

2
/

NiS and NiO/NiS nanocomposites as cost-effective and high-performance alternatives for solar cells, advancing 
sustainable energy technologies and opening the door to more effective photovoltaic systems.
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Introduction

The increasing requirement for renewable energy
alternatives has driven significant research 

into advanced materials for solar cells, focusing on 
enhancing efficiency, stability, and cost-effectiveness. 
Scientists aim to develop innovative materials that 
not only improve energy conversion rates but also 
offer long-term durability and affordability. This 
endeavour is essential to reducing dependency on 

fossil fuels and supplying the world’s energy demands 
in a sustainable manner and advancing the adoption 
of clean, renewable energy technologies [1]-[7]. Solar 
cells harness sunlight to generate electricity via the 
photovoltaic effect, a process that relies heavily on 
the properties of semiconducting materials. These 
materials are engineered to optimize light absorption, 
efficiently capturing solar energy, and to enhance 
charge carrier dynamics, ensuring effective separation 
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and transport of holes and electrons. The performance 
of solar cells depends on the careful design and 
selection of these semiconductors to achieve high 
efficiency and sustainability [8]-[12]. Nickel-based 
compounds, particularly nickel hydroxide (Ni(OH)2) 
and nickel oxide (NiO), have attracted a lot of interest 
because of their potential in energy applications and 
because of their distinct optical, electrochemical, and 
electronic characteristics. These compounds exhibit 
excellent catalytic activity, high stability, and efficient 
charge storage capabilities, rendering them appropriate 
for a range of uses, including energy storage devices, 
supercapacitors, batteries, and electrocatalysis. 
Their ability to facilitate efficient electron transfer 
and energy conversion processes positions them as 
promising materials for advancing sustainable energy 
technologies [13]-[16]. 

Nickel hydroxide (Ni(OH)2), composed of nickel (Ni²+) 
and hydroxide (OH–) ions, is a versatile and widely 
utilized material in energy storage systems. It plays a 
crucial role in nickel-metal hydride (NiMH) batteries, 
where it serves as the active electrode material. Its high 
energy density, stability, and efficient charge-discharge 
characteristics make it essential for rechargeable battery 
technologies [17]. Its layered structure facilitates 
ion transport, making it a promising candidate for 
energy applications [18]-[22]. However, Ni(OH)2 
alone faces significant challenges when used in solar 
cell applications, such as low electrical conductivity, 
limited visible light absorption, and potential instability 
under operational conditions. These limitations make 
Ni(OH)2 less effective as a photoactive material for 
efficient energy conversion in solar cells. The low 
conductivity hampers the efficient transport of charge 
carriers, while the restricted absorption of visible 
light reduces its overall performance in harnessing 
solar energy. Additionally, Ni(OH)2’s susceptibility to 
degradation under varying environmental conditions 
can affect the longevity and stability of solar devices. 

To address these drawbacks, Ni(OH)2 can be thermally 
treated or calcined to form nickel oxide (NiO), a more 
robust and thermally stable material. NiO possesses a 
wide band gap and p-type semiconducting properties, 
which enhance its suitability for solar cell applications. 
These improvements in electrical and optical properties 
make NiO a more effective material for increasing the 
efficiency and stability of solar cells [23]-[27]. The 

transformation of nickel hydroxide (Ni(OH)2) into 
nickel oxide (NiO) involves heating the material to 
remove water, resulting in a crystalline NiO structure 
with improved chemical stability and thermal resistance. 
NiO’s wide band gap makes it a suitable material 
for charge transport layers in solar cells, enhancing 
efficiency in energy conversion. However, its limited 
absorption in the visible spectrum restricts its ability 
to function effectively as a standalone photoactive 
material. To address this challenge, researchers have 
focused on combining NiO with narrow-bandgap 
semiconductors to create hybrid nanocomposites. 
These hybrid structures aim to leverage the strengths 
of both materials, optimizing performance. 

Nickel sulfide (NiS), known for its excellent visible 
light absorption and catalytic properties, has emerged 
as a promising candidate for these hybrid systems. By 
integrating NiS with NiO, these nanocomposites can 
potentially overcome the optical limitations of NiO, 
improving the efficiency of applications such as solar 
energy conversion [28]-[31]. The integration of NiS 
into Ni(OH)2 or NiO matrices results in nanocomposites 
with synergistic properties, including enhanced light 
absorption in both UV and visible region and reduced 
energy bandgap. These enhancements are critical for 
achieving higher solar energy conversion efficiencies. 

Recent studies have explored a wide range of materials 
to enhance the efficiency and cost-effectiveness of 
solar cells, focusing on perovskites [32]-[34], quantum 
dots [35]-[37], and metal oxides [38]-[40]. Perovskites 
have shown exceptional performance in solar cell 
applications due to their high-power conversion 
efficiencies, but their stability issues and potential 
toxicity present significant challenges for long-term 
use and commercial scalability [41]. Quantum dots, 
on the other hand, offer the advantage of tunable 
band gaps, allowing for precise control over the 
light absorption spectrum. However, their complex 
fabrication processes and potential issues with stability 
and scalability hinder their widespread application. 
Metal oxides including titanium dioxide (TiO2) and zinc 
oxide (ZnO) are widely utilized as electron transport 
materials in solar cells. Although they offer good 
electron mobility and stability, they often lack sufficient 
light absorption properties in the visible range, limiting 
their overall efficiency in solar energy conversion[42]. 
These challenges continue to drive research into new, 
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more effective materials. Nickel-based materials are 
highly regarded for their environmental compatibility, 
cost-effectiveness, and ease of synthesis, making 
them excellent candidates for sustainable solar energy 
applications. Their abundant availability, low cost, and 
efficient performance in energy conversion processes 
ensure they are an attractive alternative to more 
expensive or environmentally harmful materials in 
solar technologies. 

This study investigates the hydrothermal synthesis 
of nickel hydroxide (Ni(OH)2) and its subsequent 
calcination to nickel oxide (NiO), followed by the 
integration of nickel sulfide (NiS) to form Ni(OH)2/NiS 
and NiO/NiS nanocomposites. These nanocomposites 
are further investigated on the basis of their structural, 
optical, morphological and chemical properties. The 
combination of Ni(OH)2 and NiO, both of which 
are known for their wide-bandgap stability, with 
NiS, a material renowned for its excellent visible 
light absorption and catalytic efficiency, results in 
the creation of advanced nanocomposites. These 
nanocomposites effectively address the limitations 
of each individual component, enhancing the overall 
performance of solar energy devices. The Ni(OH)2/NiS 
and NiO/NiS nanocomposites exhibit enhanced optical 
absorption properties, particularly in the visible light 
spectrum, making them highly suitable for solar energy 
harvesting. Additionally, the materials show improved 
stability, crucial for long-term efficiency in photovoltaic 
applications. The synergistic effect between the 
components contributes to better charge separation 
and transport, leading to higher photocatalytic and 
photovoltaic performance compared to individual 
Ni(OH)2, NiO, or NiS materials.

The study highlights that these nickel-based 
nanocomposites hold significant promise as cost-
effective and sustainable solutions for next-generation 
solar cells. Their synthesis through a relatively simple 
hydrothermal method, followed by calcination, offers 
a scalable approach for large-scale production. The 
integration of NiS enhances the overall material 
properties, enabling the development of efficient 
photovoltaic materials that can contribute to the 
global transition towards cleaner, renewable energy 
sources. This work represents a significant step toward 
advancing solar technologies, positioning nickel-based 

nanocomposites as key materials for future energy 
harvesting systems.

EXPERIMENTAL SECTION

Chemicals Used

The chemicals and reagents used in the synthesis 
process are listed in Table 1, detailing their manufacturer 
names and purity percentages. Absolute ethanol and 
de-ionized (DI) water with a resistivity greater than 
5M were utilized for synthesis and cleaning steps, 
ensuring high-quality and contamination-free results. 
These high-purity solvents played a crucial role in 
the preparation of the nanocomposites, maintaining 
the integrity of the experimental procedure and 
contributing to reliable and reproducible outcomes. 

Table 1. Chemicals used in the synthesis process

Chemical Name
Chemical 
Formula

Manufacturer 
Company

Purity

Nickel Nitrate 
Hexahydrate

Ni(NO3)2·6H2O M/s Thomas 
Baker

99%

Sodium 
Hydroxide

NaOH M/s Thomas 
Baker

99%

Sodium 
Sulphide

Na2S M/s Thomas 
Baker

98%

Synthesis Process

A simple and efficient single-step hydrothermal 
synthesis method was employed to fabricate the 
materials. Nickel hydroxide (Ni(OH)2) was synthesized 
by dissolving 0.27 M nickel nitrate hexahydrate in 
40 mL of de-ionized (DI) water under continuous 
magnetic stirring for 30 minutes at room temperature, 
ensuring complete dissolution and uniformity of the 
solution. In a separate step, a 2.0 M sodium hydroxide 
(NaOH) solution was made starting with dissolving 
2 grams NaOH in 25 mL DI water and stirring the 
solution for 30 minutes to achieve a homogeneous 
mixture. The NaOH solution was then introduced 
dropwise to the nickel nitrate solution under continuous 
stirring to facilitate controlled precipitation. This was 
followed by 3 hours of additional stirring to promote 
the formation of uniform nanoparticles. After that, 
the mixture was moved to a Teflon-lined stainless-
steel autoclave and heated hydrothermally at 220°C 
for 24 hours. After the reaction, the resulting particles 
were collected by centrifugation, which were then 
repeatedly cleaned with ethanol and DI water to get 
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rid of contaminants, dried in a vacuum oven at 60°C to 
ensure even dehydration, and then crushed into a fine 
powder. This sample, designated as NB (color-coded 
blue), represented pure Ni(OH)2.

To convert nickel hydroxide into nickel oxide (NiO), 
sample NB was calcined at 350°C for 1 hour. This 
thermal treatment resulted in sample NA, which was 
color-coded pink. For the synthesis of Ni(OH)2/NiS 
nanocomposites, 0.17 M of sample NB was dispersed in 
15 mL DI and mixed for 30 minutes to ensure uniform 
dispersion. Simultaneously, a 0.17 M sodium sulfide 
(Na2S) solution was prepared and added dropwise to 
the Ni(OH)2 suspension under continuous stirring for 3 
hours to facilitate the interaction and formation of the 
nanocomposite. After that, the mixture was placed in 
an autoclave and hydrothermally treated for 24 hours 
at 220°C. The final product was washed, dried, and 
ground into a uniform powder, resulting in the sample 
NB/NS, color-coded red. Using a similar procedure, 
sample NA was used instead of NB to prepare NiO/
NiS nanocomposites, designated as NA/NS and color-
coded green. This approach ensured precise control 
over material properties, enabling their application in 
advanced energy and catalytic technologies.

Results and Discusson

X-Ray Diffraction

An advanced analytical model, Expert PRO X-Ray 
Diffractometer, equipped with copper Kα radiation 
(wavelength 1.54 Å), was employed to investigate 
the structural properties of the synthesized samples. 
The XRD patterns recorded across a wide 2θ range 
of 10° to 90°, captured detailed crystallographic 
information, as illustrated in fig. 1, which also includes 
the corresponding matched JCPDS file numbers. 
Sample NB exhibited a well-defined hexagonal crystal 
structure characteristic of Ni(OH)2. However, upon 
calcination at 350°C, the crystal structure underwent a 
transformation to a cubic phase, as observed in sample 
NA. This structural transition can be attributed to the 
thermal energy provided during calcination, which 
rearranged the nickel and oxygen ions. The process 
caused a transition from a layered hydroxide structure 
to a more compact and thermodynamically stable 
cubic NiO phase. At elevated temperatures, the cubic 

structure of NiO is inherently more stable, driving this 
transformation.

The incorporation of nickel sulfide (NiS) into the 
matrices of Ni(OH)2 and NiO further modified the 
structural properties, as observed in the XRD patterns 
of samples NB/NS and NA/NS. The inclusion of NiS 
introduced additional diffraction peaks, indicative 
of the formation of new crystallographic phases 
within the composites. This likely reflects enhanced 
crystallinity, improved atomic ordering, and a reduction 
in structural defects. The crystallographic interactions 
between NiS and the host matrices appeared to 
strengthen the material’s structural integrity, with 
better atomic alignment and reduced disorder. These 
modifications, as evident from the additional peaks in 
the XRD patterns, indicate improved charge transport 
and enhanced light absorption properties. These 
characteristics make the NiS-based nanocomposites 
highly promising candidates for advanced solar cell 
applications, showcasing their potential for efficient 
energy conversion in sustainable energy solutions.

The Debye-Scherrer equation is important for 
determining the crystallite size of materials from X-ray 
diffraction (XRD) patterns. It provides insights into 
the structural characteristics of nanoparticles, helping 
to quantify their size and assess the material’s quality. 
This information is crucial for understanding the 
material’s properties, such as its optical, electrical, and 
mechanical behavior. The Debye-Scherrer equation 
was utilised to assess the size of the crystallites of 
the as-synthesized samples [43]-[46] as given by 
equation-1,

...(1)

Here, d denotes the average size of crystallite, value 
of shape constant K is 0.9, λ depicts the wavelength 
of x-ray (1.54 Å), β specifies the full width at half 
maxima (FWHM), θ refers to the Bragg’s angle of 
corresponding peaks [50], [51]. The average crystallite 
sizes for samples NB, NA, NB/NS, and NA/NS 
were computed using the formula and the values are 
depicted in Table 2. The reduction in crystallite size 
observed from NB to NA upon calcination is primarily 
attributed to the decomposition of hydroxide layers in 
Ni(OH)2 and the subsequent reorganization of atoms 
during the thermal process. This transformation leads 
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to the separation of atoms and restricts extensive grain 
growth, resulting in a smaller crystallite size in the 
calcined sample (NA). 

The calcination process causes the transition from 
a layered hydroxide structure to a more compact, 
thermodynamically stable cubic NiO phase, which 
further limits the growth of crystallites. In contrast, the 
incorporation of nickel sulfide (NiS) into both NB and 
NA matrices results in an increase in crystallite size, as 
observed in the NB/NS and NA/NS nanocomposites. 
This increase in size is likely due to the interaction 
between NiS and the host matrix, which facilitates the 
coalescence of grains. The presence of NiS encourages 
the formation of larger crystalline domains, enhancing 
the overall crystallinity of the nanocomposites. The 
variation in crystallite size highlights the significant 
impact of thermal treatment and composite formation 
on the structural evolution of the materials, affecting 
their properties and potential applications. The 
performance of the nanocomposites is improved by 
this structural modification, which also makes them 
more appropriate for cutting-edge energy applications 
like solar cells.

Fig. 1. XRD patterns of the as-synthesized samples

Table 2. Average value of crystallite sizes of 
the samples

Sample Crystallite size (nm)

NB 44
NA 29
NB/NS 62
NA/NS 47

UV-Visble Spectroscopy

The optical properties of the samples were investigated 
using a SHIMADZU UV-2600i UV-Visible 
spectrometer, and the diffuse reflectance spectroscopy 
technique was employed to evaluate the samples’ 
optical behavior across a wavelength range of 190-850 
nm [Fig. 2(a-d)]. As seen in Fig. 2(a & b), the absorption 
characteristics of the as-synthesized samples, NB and 
NA, were predominantly observed in the ultraviolet 
(UV) region, indicating that both materials possess a 
high energy bandgap. This is typical for Ni(OH)2 and 
NiO, which have wide bandgaps that absorb primarily 
in the UV spectrum. However, when nickel sulfide 
(NiS) was incorporated into the matrices of Ni(OH)2 
and NiO to form the nanocomposites NB/NS and NA/
NS, a significant change in the optical absorption 
behavior was noted. These nanocomposites exhibited 
absorption extending from the UV region into the 
visible range, a notable broadening in comparison to 
the pure materials as seen in Fig. 2(c & d).

There are several reasons for this shift in the absorption 
spectra, such as the incorporation of sulphur, the 
existence of structural flaws, electronic modifications, 
or the formation of new compounds that exhibit altered 
electronic properties. The extended visible absorption 
in the nanocomposites suggests that the incorporation 
of NiS enhanced the ability of these materials to capture 
photons from a broader portion of the solar spectrum. 
This improvement in photon absorption is crucial 
for efficient solar energy harvesting, as it enables 
the material to make better use of available sunlight. 
Additionally, the enhanced visible absorption facilitates 
the generation of more electron-hole pairs, improving 
the overall photocatalytic and photoelectronic 
performance of the nanocomposites. Therefore, these 
NB/NS and NA/NS nanocomposites are particularly 
promising for solar energy applications, as they can 
effectively harness a wider range of the solar spectrum, 
enhancing their efficiency in energy conversion.

Tauc plot analysis is crucial for determining the optical 
bandgap of materials, particularly semiconductors 
and nanocomposites. By plotting (αhν)² against hν, 
it allows for the estimation of the material’s bandgap 
energy from the linear portion of the curve. This 
method helps in understanding the material’s electronic 
structure, its potential for optoelectronic applications, 
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and its suitability for solar energy conversion or 
photocatalysis based on its ability to absorb light. The 
Tauc plot equation [47]-[50] is given as follows,

    hv = A[hv − E
g
]1/n ...(2)

Here,  refers to the absorption coefficient, A denotes 
the proportionality constant, E

g
 depicts the bandgap 

and the nature of transition is shown by exponent n. 
The Tauc plot analysis yielded useful insights about the 
optical bandgaps of the synthesised materials, revealing 
values of 4.4 eV, 3.1 eV, 1.08 eV, and 1.3 eV for NB, 
NA, NB/NS, and NA/NS, respectively. The significant 
reduction in bandgap observed in the nanocomposites 
compared to the pure samples can be attributed to 
the incorporation of sulphur (S). Sulphur introduces 
defect states within the crystal structure, which alters 
the electronic configuration and narrows the energy 
gap between the conduction and valence bands. This 
reduction in the bandgap facilitates the absorption of 
photons in the visible light spectrum, which is typically 
not possible for materials with wider bandgaps like 
Ni(OH)2 and NiO. As a result, the nanocomposites 
(NB/NS and NA/NS) exhibit enhanced light absorption 
properties, making them more efficient for solar 
energy applications. The ability to absorb a broader 
range of light wavelengths improves their potential for 
energy conversion, particularly for solar cells and other 
optoelectronic devices.

The refractive index measures how much light 
is twisted, or refracted, when it travels through a 
substance. It is crucial for solar cell applications as it 
affects light absorption, transmission, and reflection at 
the material interfaces. A higher refractive index can 
enhance light trapping within the solar cell, increasing 
the likelihood of photon absorption. Optimizing the 
refractive index helps improve the efficiency of solar 
cells by maximizing light capture and minimizing 
energy losses due to reflection. The refractive indices 
of the samples were determined using a standard 
equation [51]-[53] as given by,

...(3)

Here, n depicts the refractive index, while E
g
 denotes 

the corresponding band gap. The refractive index 
values obtained from the analysis were 2.09, 2.36, 3.30, 
and 3.12 for samples NB, NA, NB/NS, and NA/NS, Fig. 2: (a-d) Absorption Spectra of the samples
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respectively. The higher refractive indices observed for 
the nanocomposites compared to the pristine samples 
suggest an increase in optical density, indicating that 
these materials are more capable of bending light. 
This enhanced light-trapping capability is particularly 
beneficial for solar cell applications, as it leads to better 
photon absorption. A higher refractive index improves 
the interaction between light and the material, allowing 
more light to be absorbed rather than reflected. This 
is essential for maximizing the photon-to-electron 
conversion efficiency in solar cells. 

By reducing reflection losses and increasing the 
amount of light that enters the material, these 
nanocomposites offer significant advantages in terms 
of energy harvesting, making them highly promising 
candidates for improving the reliability and efficacy of 
solar energy equipments.

Morphological Analysis

FESEM characterization provides an essential tool for 
studying the surface morphology of materials at the 

nanoscale level, offering insights into their structural 
properties. In this study, FESEM analysis was conducted 
using a JEOL FESEM 7610FPlus model, coupled with 
EDX spectroscopy to explore the element composition 
and morphology of the synthesized samples. The 
results, depicted in Fig. 3(a-d), reveal distinct structural 
features for each sample. Sample NB, which consists of 
pure Ni(OH)2, displayed a 2D nanosheet morphology 
(Fig. 3a). These nanosheets were thin, flat, and 
interconnected, characteristic of layered materials. This 
structure is beneficial for improving charge transport 
and providing a large surface area for interactions with 
light. Upon calcination to form NiO in sample NA, 
the nanosheet morphology persisted (Fig. 3b). This 
stability can be attributed to controlled calcination 
conditions (temperature and time), which prevented 
excessive structural rearrangement. Additionally, the 
inherent stability of Ni(OH)2 nanosheets may have 
played a role in preserving this morphology during the 
transformation to NiO. When NiS was incorporated 
into the matrices to form the nanocomposites, the 
morphology of the samples changed significantly. 
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For the NB/NS sample, a broccoli-like structure 
with intricate branching was observed (Fig. 3c). The 
development of this unique structure is likely due to 
the influence of sulphur on the surface energy and 
crystal growth, which induces the formation of a 
more complex network. This branching morphology 
increases the material’s surface area and facilitates 
better charge transport and light absorption, both of 
which are crucial for enhancing the efficacy of solar 
cells. 

In the NA/NS scenario, the incorporation of NiS led to 
a shift in morphology to clustered 2D nanosheets (Fig. 
3d). The presence of sulphur likely played a significant 
role in altering the growth processes, leading to this 
new structure. The clustered morphology enhances 
surface interaction, which is critical for efficient charge 
separation in solar cell applications. These changes in 
morphology, induced by the incorporation of NiS, are 
expected to improve the overall performance of the 
nanocomposites, making them more suitable for use in 
high-performance solar cells.

EDX analysis, shown in fig. 3(e-h), was used to verify 
the elemental composition of the samples. For samples 
NB and NA, the EDX spectra revealed distinct peaks 
for nickel (Ni) and oxygen (O), indicating the presence 
of Ni(OH)2 and NiO in these respective samples. This 
was consistent with the expected composition of these 
materials. In contrast, for the nanocomposites NB/
NS and NA/NS, the EDX spectra showed additional 

peaks for sulphur (S), confirming the successful 
incorporation of NiS into the matrices of Ni(OH)2 and 
NiO. The presence of sulphur in the nanocomposites 
further supports the formation of the Ni(OH)2/NiS and 
NiO/NiS composite structures. Carbon peaks were 
also observed in all the samples, which originated 
from the carbon tape used during the EDX analysis. 
These findings validated the effective synthesis of 
the intended nanocomposites and offered insightful 
information on the elemental composition.

Chemical Analysis

The Fourier Transform Infrared Spectroscopy (FTIR) 
analysis was utilised to study the bond formations and 
functional groups existing in the synthesized samples. 
The FTIR spectra were recorded using the FT-IR 
Spectrum 2 spectrometer from Perkin Elmer, spanning 
a wavenumber range of 4000–500 cm–¹. The resulting 
spectra are shown in fig. 4. For the pure nickel-based 
samples, broad peaks at 3404 cm–¹, 3424 cm–¹, and 
3439 cm–¹ were observed in samples NB, NA, and NA/
NS, respectively. These peaks are characteristic of O-H 
stretching vibrations, which are likely attributed to 
absorbed water molecules on the surfaces of the samples 
[54],[55]. The presence of these O-H stretching bands 
is a common feature in metal hydroxides, where water 
molecules interact with the surface [56]. In the NB/NS 
sample, this O-H stretching band was found to shift 
slightly to 3627 cm–¹, suggesting a stronger hydrogen 

Fig. 3. (a-d) FESEM images, (e-h) EDX patterns of the samples
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bonding interaction or a change in the local chemical 
environment caused by the incorporation of NiS into 
the matrix.

Additionally, all samples exhibited weak bands in the 
range of 3000–2800 cm–¹, indicating the presence of 
C-H stretching vibrations [57], which are likely from
organic residues or impurities in the samples. The
presence of carbon-containing groups was further
supported by the moderate peaks observed around 1739
cm–¹ for NB/NS and 1706 cm–¹ for NA/NS, which are
indicative of C=O stretching vibrations [58]. This may
be attributed to the carbonyl groups in surface residues
or adsorbed organic molecules.

A noticeable shift in the peaks corresponding to C=C 
stretching vibrations [59] was observed in samples 
NA, NB, and NA/NS, with bands ranging from 1627 
cm–¹ to 1635 cm–¹. These shifts could be associated 
with changes in the electronic environment around the 
carbon-carbon bonds, possibly due to the presence of 
structural defects or interactions with other components 
in the samples. The peaks between 1375 cm–¹ and 1150 
cm–¹ are attributed to C-O stretching vibrations, further 
affirming the existence of carbon-oxygen bonds, likely 
from organic contaminants or adsorbed species.

One of the most distinctive features in the FTIR spectra 
of the nanocomposites is the peak observed at 675 
cm–¹ in the NB/NS sample, which corresponds to C=S 
stretching vibrations. This peak is a clear indication of 
the incorporation of sulphur into the nanocomposite, 
confirming the successful synthesis of the Ni(OH)2/
NiS and NiO/NiS nanocomposite structures. The 
presence of C=S stretching vibrations further supports 
the formation of nickel-sulphide interactions within the 
nanocomposite.

In the fingerprint region of the FTIR spectra, a sharp 
and prominent peak was observed at 522 cm–¹ in the 
NB/NS sample, which corresponds to Ni-O vibrations 
[60], confirming the presence of nickel-oxide bonds in 
the material. A broad peak at 539 cm–¹ was also noticed 
in sample NB, which can be attributed to Ni-OH 
stretching vibrations [61], demonstrating the existence 
of hydroxyl groups in the Ni(OH)2 phase. Lastly, for all 
samples, peaks between 435 cm–¹ and 419 cm–¹ were 
observed, corresponding to Ni-O vibrations [62], which 
is a signature feature of nickel oxide bonds, confirming 
the formation of nickel oxide in the synthesized 

materials. These FTIR results provide detailed insights 
into the chemical bonding and functional groups 
existing in the materials, supporting the successful 
synthesis of the nickel-based nanocomposites with 
NiO and NiS incorporation.

Fig. 4. FTIR spectra of the samples

Conclusion

The present study successfully demonstrated the 
hydrothermal synthesis and characterization of 
Ni(OH)2, NiO, and their respective nanocomposites 
with nickel sulfide (NiS), targeting advanced solar 
energy applications. XRD analysis affirmed the 
effective formation of hexagonal Ni(OH)2, NiS, and 
cubic NiO phases, showcasing well-defined crystalline 
structures of the samples. FESEM highlighted distinct 
morphologies, with Ni(OH)2 and NiO maintaining 
nanosheet-like structures, while the nanocomposites 
exhibited a unique broccoli-like morphology, 
enhancing surface area and providing more active 
sites for interactions. Optical analysis via UV-Visible 
spectroscopy indicated a significant reduction in the 
band gap values from 4.4 eV and 3.1 eV for pure 
Ni(OH)2 and NiO, respectively, to 1.08 eV and 1.3 eV 
in the Ni(OH)2/NiS and NiO/NiS nanocomposites. This 
bandgap reduction is essential because it allows the 
materials to absorb a wider range of light, especially 
visible light, which is essential for improving the 
efficiency of solar energy harvesting.

The integration of NiS with Ni(OH)2 and NiO results 
in a synergistic effect that improves the optical and 
electronic properties of the materials, addressing 
the limitations often observed in their standalone 
counterparts. This combination not only improves 
visible light absorption but also promotes better charge 
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