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Investigation of the impact of sulfur on the
properties of CZTS nanomaterials for enhanced
supercapacitor performance
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Cu,ZnSnS, (CZTS) has been synthesised using ethylene glycol as a solvent by the solvothermal method.
Preliminary characterisation, like X-ray diffraction, Raman spectroscopy, and FTIR, confirmed the
tetragonal structure of CZTS with kesterite phase. In the synthesis, a series of samples with different
concentrations of sulfur were produced, accompanied by an in-depth analysis of structural parameters
such as crystallite size and strain, utilising both the Scherrer equation and the Williamson—-Hall method.
Utilisation of field emission scanning electron microscopy in conjunction with energy dispersive X-ray
(EDX) has enabled the observation of the evolution of spherical morphology and the decrease in
agglomeration as the concentration of sulphur was elevated. The peaks observed in EDX and XPS
confirmed the presence of elements and their atomic percentages within the synthesised samples. The
Tauc plot was employed to determine the optical band gap; it first increases from 1.60 eV to 1.66 eV and
then decreases to 1.56 eV. Additionally, electrochemical investigations were conducted utilising CV,
GCD, and EIS experiments. A comparative analysis was conducted for samples with the highest (CZTS8)
and lowest (CZTS5) sulphur concentrations. Specific capacitance measurements of 481 F g*1 and 316 F
g! were obtained for CZTS8 and CZTSS5, respectively. CZTS8 demonstrates an impressive 88%

Received 30th June 2025
Accepted 18th August 2025

DOI: 10.1039/d5ra04633e capacitance retention over 2600 cycles, and the extension of the linear portion of the EIS graph
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1 Introduction

Cu,ZnSnS, has been extensively researched for its use in solar
cells, in addition to its applications in photocatalysis,
photoelectrochemical processes, photodetection, thermoelec-
tric devices, and hydrogen evolution, among others."” The
outlandish properties that contribute to the diverse applica-
tions of CZTS nanomaterials encompass its non-toxicity, cost-
effectiveness in production, high absorption coefficient (a >
10* cm ") in the visible spectrum, p-type electrical conductivity,
and a tunable direct optical bandgap.*”

A quaternary semiconductor compound, Cu,ZnSnS, (CZTS),
is formed by exchanging indium for zinc and tin in a 1: 1 ratio,
and sulphur for selenium in the original CulnSe, (CIS). The
chemical formula of CZTS, more precisely Cu,ZnSnS,, requires
a stoichiometry of 2:1:1:4 for components like copper, zinc,
tin, and sulfur. The volatile nature of sulphur presented diffi-
culties when included in most CZTS synthesis procedures,
hence its precursor ratio has been taken as 5, 6, 8, or 10 instead
of 4 in most of the reported synthesis methods.®*° In certain
studies, to uphold the concentration of sulfur, sulphurization
was performed to achieve the appropriate ratio of sulfur within
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the reaction medium.'" The correct stoichiometry in CZTS
leads to phase purity and a distinct morphology. Additionally,
an imbalance in sulphur levels can result in the development of
secondary and tertiary phases.’** Although the synthesis of
CZTS nanoparticles has already been extensively documented,
considerable challenges persist with the materials. The
synthesis of this material is intricate due to the multitude of
elements involved in the process. The acquisition of a pristine
single-phased structure of CZTS presents significant challenges,
primarily due to the material's inherently limited compositional
range, easy vaporisation of sulfur, and the high potential for
secondary phase formation."”'® The precise integration of
sulphur in CZTS results in the desired stoichiometric balance,
which is essential for obtaining a single-phase structure that
optimises the characteristics required for diverse applications,
including supercapacitor applications.>**°

Currently developed materials demonstrate exceptional
electrochemical properties essential for addressing the
increasing demand for efficient innovative technologies in
portable electronics, compact electronic devices, and hybrid
electric vehicles.” The boosted power density and extended life
cycle of supercapacitors compared to batteries render them
a favoured option for primary power sources.'® The prospects
for energy storage are promising with supercapacitors, which
may function as a bridge between capacitors and batteries.”
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Capacitors, as mechanisms for charge storage, can be cat-
egorised into two distinct types: pseudocapacitors and electro-
chemical double-layer capacitors (EDLCs).>*** Storing charge in
pseudocapacitors involves rapid Faradaic redox reactions,
which are achieved through the adsorption of ions at the elec-
trode interface in EDLCs, ie., electric double layer capaci-
tors.”** Hydroxides, metal oxides, polymers, and nitrogen
sulfides represent prevalent materials exhibiting pseudo-
capacitance. Metal oxides represent the most widely studied
class of pseudocapacitive materials.*»** However, the restricted
dielectric potential between the electrode and the electrolyte
hinders effective electron transport. Metal sulphides, which
demonstrate enhanced structural stability relative to oxides,
have been utilised to address this issue. This phenomenon can
be ascribed to the comparatively lower electronegativity of
sulphur about oxygen, which promotes rapid electron trans-
fer.”® Quaternary metal chalcogenides arise from combining
various metals with at least one chalcogen element, including
sulphur, selenium, or tellurium.*® Within the realm of quater-
nary chalcogenides, specifically Cu,NiSnS,, Cu,ZnSnS,, and
Cu,MnSnS,, copper zinc tin sulphide (Cu,ZnSnS,) emerges as
an up-and-coming candidate because of its distinguished
properties.

In the current work, single-phase synthesis of CZTS is re-
ported. Though the molar ratios of copper, zinc, and tin were
held constant, the sulfur molar ratio was optimized to ensure
proper stoichiometry. The basic characterisations were carried
out to investigate the optimized samples’ structural, optical,
compositional, and morphological features. The prepared
samples functioned as active electrodes to explore the electro-
chemical characteristics and parameters.

2 Experimental
2.1 Material synthesis

CZTS nanoparticles were produced through the solvothermal
technique, utilising copper sulphide, zinc sulphide, tin chlo-
ride, and thiourea as initial precursors in a molar ratio of 2:1:
1:5 with ethylene glycol as solvent. The pH of the prepared
solution mixture was carefully maintained at approximately 8
through the gradual addition of 2 mmol sodium hydroxide
solution. Later, the solution was introduced into a Teflon-lined
stainless-steel autoclave, which was then positioned in the oven
for 24 hours at a temperature of 200 °C. Following the cooling
process, the sample underwent centrifugation at 3500 rpm for 5
minutes, subsequently washed initially with distilled water and
then with absolute ethanol. The powder was dried for 12 hours
at a temperature of 70 °C before being collected for subsequent
characterisation. The nanomaterial produced with this molar
ratio has been designated as CZTS5. The steps involved in
synthesising the sample are presented in Fig. S1 (SI). Similar
steps were followed for the synthesis of other samples in which
the molar ratio of sulfur was increased accordingly to get the
overall molar ratio, i.e., Cu:Zn:Sn:Sas 2:1:1:6,2:1:1:7,
and 2:1:1:8. These samples were respectively named as
CZTS6, CZTS7, and CZTS8. These samples’ physical and
chemical parameters remained unchanged after 15 days of
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storage at room temperature and humidity before further
characterization.

2.2 Material characterisation

Cu ka (A = 0.154 nm) X-ray source was used to conduct the X-ray
diffraction measurements utilising a Rigaku X-ray diffractom-
eter. The Raman spectroscopy measurements were performed
using a Renishaw Raman spectrometer, which employs an
argon ion laser (wavelength 514.5 nm). The optical absorption
characteristics of CZTS nanoparticles were analysed using
a PerkinElmer Lambda 365 UV-Visible spectrophotometer (200-
800 nm), and using Tauc plot analysis, the optical band-gap was
ascertained. The imaging of the nanoparticles was conducted
using a field emission scanning electron microscope (FESEM,
Gemini SEM 500) set to an accelerating voltage of 15 kV. The
data obtained from energy-dispersive X-ray spectroscopy (EDX)
at 20 kv, utilising an EDX connected to a Gemini SEM 500
microscope, facilitated the analysis of the elemental composi-
tion of the particles. A Nexsa-Thermofisher spectrometer, uti-
lising monochromatized Al Ka radiation, was employed for the
examination of the oxidation states of the materials using X-ray
photoelectron spectroscopy (XPS). The XPS peaks underwent
deconvolution using the XPSPEAK41 software.

2.3 Electrode fabrication

The preparation of the electrode entails several straightforward
steps. Initially, a 1 cm” strip of nickel foam was subjected to
ultrasonic cleaning for approximately 30 minutes in a dilute
hydrochloric acid solution. After thorough washing, the strip
was dried in an oven at 65 °C. The specimen was repeatedly
weighed and returned to the oven. The repeated weighing
confirmed the precise weight of the nickel foam strip,
measuring 0.0626 g for the first strip and 0.0652 g for the second
strip. To achieve the mass ratio of 85% for active material, 10%
for conductive carbon, and 5% for polyvinylidene difluoride
(PVDF) as a binder.”” We can express the percentage formula as
follows:

85% = (0.05 g x 100)/y

The mass of the active component for slurry preparation was
set at 0.05 g, where y represents the total mass, including the
active material, conductive carbon, and binder mass. According
to the equation, the value of y is calculated to be 0.0588 g.
Employing y, we subsequently calculate the mass of conductive
carbon and binder to be 0.0058 g and 0.0029 g, respectively. To
prepare the slurry, the precise weights of the active material,
conductive carbon, and binder were 0.05 g, 0.0058 g, and
0.0029 g, respectively. A mortar and pestle were employed to
finely grind the combination of active material, carbon black,
and binder into a homogeneous powder. Subsequently, a few
drops of N-methyl 2-pyrolidone (NMP) solvent were introduced,
and the mixture was further ground until an ink-like slurry was
achieved. The slurry was applied via drop casting onto the
nickel foam strip, starting with one side and covering the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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opposite side. The strip was allowed to dry at room temperature
for approximately 5 minutes, after which the slurry was applied
again using the drop casting technique. The casting process was
reiterated to guarantee that the substance is deposited
uniformly into the pores of the nickel foam strip. The electrode
underwent an initial drying process at ambient temperature for
approximately 30 minutes, followed by an extended drying
period in an oven at 65 °C for around 12 hours. The electrode
was reweighed upon returning to room temperature, resulting
in a mass of 0.0706 g. The mass of the active material mixture
(i.e., active material, carbon black, and binder) is determined by
subtracting the mass of the bare nickel foam strip, resulting in
a value of approximately (0.008 &+ 0.0002) g. Before utilising the
electrode for experimentation, it underwent a drying process
and was subsequently reweighed, revealing no variation in
weight. The measured mass of the active substance mixture
CZTS5 on Ni-Foam was approximately 8 mg cm™ 2. Analogous
methodologies were utilised to fabricate the CZTS8 electrode,
resulting in an active mass deposition on Ni-Foam quantified at
8.2 mg em™ > The electrodes that were fabricated underwent
electrochemical analysis. The experimental measurements were
carried out across a voltage range of 0 to 0.5 V, concerning an
Ag/AgCl electrode, employing an aqueous electrolyte solution of
1 M KOH. A ZIVE SP1 potentiostat was employed, set up with
a conventional three-electrode cell system, incorporating Plat-
inum as the counter electrode, material deposited on Ni-Foam
acting as the working electrode, and Ag/AgCl as the reference
electrode.

3 Results and discussion
3.1 X-ray diffractometer (XRD) analysis

The examination of the X-ray diffraction data presented in
Fig. 1(a) elucidates critical insights into the crystal structure and
phase purity of the material under investigation. The observed
spectra display clear peaks corresponding to the crystallo-
graphic planes (112), (200), (220), (312), (008), and (332) at
diffraction angles of 28.56°, 32.93°, 47.45°, 56.31°, 69.30°, and
76.47°, respectively. The planes in question are indicative of the
crystalline tetragonal kesterite phase of CZTS, as documented in
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vertical lines of the kesterite phase. Alongside the peaks asso-
ciated with the CZTS phase, there were no indications of addi-
tional peaks from supplementary phases like tin sulphide (SnS),
copper tin sulphide (Cu,SnS;), cubic zinc sulphide (ZnS), or
orthorhombic Cu,SnS;. Fig. 1(a) displays the X-ray diffraction
peaks for all samples with different optimised sulphur quanti-
ties. The existing literature suggests that variations in sulphur
concentration can lead to the emergence of secondary pha-
ses,'*'*?® which was not evident in the XRD study. Fig. 1(b)
illustrates that as the sulphur content in the samples increases
from a molar ratio of 5 to 8, a slight shift in the most significant
peak (112) is observed. Furthermore, it contributes to an
increase in peak broadening, as evidenced by the most intense
peak (112) depicted in Fig. 1(b). To clarify the influence of
sulphur on the crystallinity of synthesised CZTS nanomaterials,
parameters such as crystallite size and microstrain have been
determined (Fig. 2).

The Scherrer equation presented below was employed to
calculate the mean crystallite size for each sample:

092
" B cos 6

(1)

In this context, § indicates full width at half maximum
(FWHM), the incident X-ray radiation A wavelength is equal to
0.154 nm, and 0 is the Bragg angle. The crystallite size for
CZTS5, CZTS6, CZTS7, and CZTS8 samples calculated by the
Scherrer equation is 22.35, 15.75, 14.5, and 11.3 nm,
respectively.

A detailed analysis of the diffraction data employing the
Williamson-Hall technique was conducted to investigate the
fundamental causes of peak broadening and the effect of
sulphur concentration on the crystal structure. The intrinsic
strain could be a significant factor that affects the structural
properties by modifying the size of the crystallites. The crys-
tallite size (D) and intrinsic strain (¢) for all samples were
ascertained through XRD patterns utilising the Williamson-
Hall method, based on the subsequent equation:

B cos 0 =

0'—[? +4e sin 0 (2)
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Fig. 1
amounts of sulfur.
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(a) XRD peak pattern of CZTS nanomaterials with different sulfur amounts and (b) (112) central peak of CZTS nanomaterials with varying
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Fig. 2 William—Hall plots for CZTS (a) CZTS5, (b) CZTS6, (c) CZTS7, and (d) CZTS8 samples.

In this context, § represents the widening of the diffraction
peak at half its peak intensity, # denotes the Bragg angle, and A
(0.154 nm) refers to the X-ray wavelength employed. The
calculated values of crystallite size and intrinsic strain of all the
samples are summarized in Table S1 (SI).

It is essential to observe that the average crystallite size
determined through the W-H method exceeds the values
acquired via the Scherrer formula. The observed increase in
crystallite size, as opposed to the Scherrer method, can be
attributed to the inclusion of broadening effects resulting from
strain (Williamson-Hall method).*® Also, this increase in strain
is attributed to the rise in defective levels and grain bound-
aries.** Furthermore, the energy required to maintain a signifi-
cant crystal increases as strain intensifies. The surplus energy
causes the growth of large crystals unfavourably, leading to
a rise in grain boundaries and a subsequent decline in
crystallinity.

3.2 Raman spectroscopy analysis

Identifying secondary phases exhibiting analogous crystal
structures through X-ray diffraction presents significant chal-
lenges, primarily due to their occurrence in negligible quantities.
Due to its non-sensitivity to long-range order, Raman spectros-
copy has demonstrated significant advantages in identifying
secondary phases in CZTS.**** The Raman spectra recorded at
room temperature within the range of 200-500 cm™' using
a 514.5 nm laser are presented in Fig. 3(a). According to the
literature, the most pronounced peak is observed within the 330-
338 cm™'.* In the current investigation, all samples exhibit the
most pronounced peak within the specified range, with a slight
deviation observed for CZTS8; such a shift is related to the
disorder in the cation sublattice occurring both in cases of
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stoichiometry and non-stoichiometry.*® Its intense peak is
located at 332 cm ™ '; in contrast, the remaining samples display
their peaks at 331 cm™ ", corresponding to the kesterite structure
of CZTS. The most pronounced peak is associated with A1l
symmetry of CZTS, arising from the vibrational motion of
sulphur atoms within the lattice structure. The CZTS7 and CZTS8
samples exhibit a less intense peak at 288 cm ™, corresponding
to the kesterite phase of CZTS. This peak results from the
vibrational modes of sulphur and zinc atoms within the CZTS
lattice.**** A shoulder peak is observed in all the samples at
approximately 365 cm ', which is also associated with the
tetragonal CZTS phase. In the case of CZTS8, we observed
a minor peak at 301 cm™ ", which corresponded to the Cu,SnS;
phase. A clear peak is detected in the spectrum at 255 cm™ " for
the CZTS7 and CZTS8 samples. This peak is related to the
longitudinal optical components associated with the polar B and
E symmetry modes, with their intensity resulting from the
Frohlich electron-phonon interaction.*® At 471 cm™ ', a minor
peak of Cu,_,S phase exists in CZTS8.*® Consequently, in all the
samples, it is observed that an increase in the S concentration
leads to the formation of secondary phases, which are less
intense when compared to the 332 cm™* peak, as evidenced in
the CZTS7 and CZTS8 samples, which were not detected from
XRD diffraction. The XRD method can detect the crystalline
phases and preferred orientation, but it cannot measure amor-
phous or sparsely distributed phases. Secondary phases with
identical crystal structures are typically challenging to identify
using the XRD technique, as is very much possible in the present
case. Since Raman spectroscopy is insensitive to long-range
order, it has proven helpful in detecting the secondary phases
in the CZTS or CZTS-Se absorber materials. One can assess the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra of CZTS5, CZTS6, CZTS7 and CZTS8 nanomaterials (b) FTIR spectra of CZTS5, CZTS6, CZTS7 and CZTS8 samples.

strain and potential lattice distortions in the crystal by closely
examining the peak shift.*

3.3 FTIR spectroscopy

The influence of different sulphur concentrations on the
vibrational modes of copper, zinc, tin, and sulphur was exam-
ined by applying FTIR spectrophotometry. The FTIR spectrum
for all CZTS samples exhibiting varying sulphur concentrations
is presented in Fig. 3(b). The peak detected in the range of 1050-
1100 cm ™' corresponds to the vibrational mode of NH, in
thiourea.** The spectrum displays a wide band within the range
of 3105-3135 cm™ ", attributed to a high concentration of
sulphur, with the CZTS8 sample showing the most pronounced
peak in this specified range.*” This indicates the abundance of
sulphur in the CZTS8 sample. An intense peak in the range of
1050-1100 cm " confirms the formation of CZTS.?*

p—CZTS5
(a) p——e CZTS6
—_ f——CZTS7
3 f——CZTS8 “,;
8 T
3 &
& s
'g o~
>
n =
o 3
< -
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Fig. 4
CZTS7 and CZTS8 samples.
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3.4 Optical analysis

To explore the interaction between light and matter, UV-Visible
spectroscopic measurements were conducted at ambient
temperature. All CZTS samples with varying sulphur concen-
trations exhibit absorption in the visible region, as indicated by
the black hue of the samples and the absorption edges
extending into the visible spectrum. Comparing the absorption
curves, it can be observed that absorbance is highest for CZTS5
and lowest for CZTS8 (Fig. 4(a)). The change in the absorbance
with sulfur concentration could be correlated with the struc-
tural and morphological changes of the CZTS nanomaterials,
given the improvement or decline of crystallinity.** It is well
demonstrated that a change in absorbance is due to the shape
effect and defects in the structure.®

By analysing the optical absorbance data, one can establish
a correlation between the optical absorption coefficient o and

— CZTS5
2.5%108F— czTs6 (b)

— CZTS7
2,0x108 | — CZTS8
1.5x108}
1.0x108}
5.0x107}

0.0 4% M M
1.2 1.6 2.0 2.4
hv (eV)

(a) Absorption spectra of CZTS5, CZTS6, CZTS7 and CZTS8 samples and (b) Tauc plot used to estimate the band gap of CZTS5, CZTS6,
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photon energy v, which can be represented graphically via the
Tauc equation:

ahv = A (hv — Ep)" (3)

In this scenario, A remains constant, v represents the light
frequency employed, and n denotes the characteristics of the
band transition. If n equals 1/2, then a direct allowed transition
is indicated. If it equals 3/2, then a direct forbidden transition is
suggested. In the case of an indirect permissible transition,
a value of 2 is applied, whereas for an indirect forbidden tran-
sition, a value of 3 is utilised. This transition is of the direct
allowed type, as the values of n are 1/2. Finding the band gap, E,,
is as straightforward as sketching the straight line from the
graph of (ahv)® vs. hu at a = 0.

Fig. 4(b) depicts the evolution of the band gap for the samples
CZTS5, CZTS6, CZTS7, and CZTS8, which is further encapsulated
in Table S2 (SI). The data indicates a clear trend where the optical
band gap values rise from 1.60 eV to 1.66 eV, followed by a decline
to 1.56 eV as the sulfur content in the samples is increased from
a molar ratio of 5 to 8. The decreasing trend followed by the band
gap arises due to a decrease in crystallite size and an increase in
microstrain, which leads to a decline in crystallinity, thus a red
shift occurs for CZTS5 to CZTS7 samples. Now, for the CZTSS,
which is rich in sulfur, breaks the trend, and its bandgap
decreases to 1.56 eV. This decrease in bandgap may be due to the
presence of defective states, which may arise due to the presence
of secondary phases, as is evident from Raman analysis.*

3.5 Morphological and energy dispersive X-ray (EDX)
analysis

FESEM measurements were conducted to analyse the alter-
ations in the morphology of the samples resulting from varia-
tions in sulphur content. The elevated sulphur concentration
plays a crucial role in influencing the morphology of CZTS
nanomaterials, leading to enhanced or declined structural sta-
bilisation. Fig. 5(a) illustrates the top view of FESEM images for
the synthesised CZTS5, CZTS6, CZTS7, and CZTS8 samples. The
CZTS5 sample, as illustrated in Fig. 5(a) (CZTS5), exhibits the
formation of larger-sized grains, characterised by significant
agglomeration and an irregular growth pattern. This behaviour
could be linked to an inadequate quantity of sulphur as docu-
mented by An et al.*® As the quantity of sulphur was augmented
in samples CZTS6, CZTS7, and CZTS8 illustrated in Fig. 5(a), the
surface exhibited increased porosity, a more uniform grain
distribution, a reduction in agglomeration, and a decrease in
grain size. The observed regularity can be associated with
improvements in the morphological properties of CZTS nano-
materials, potentially resulting from optimal stoichiometry or
the presence of a Cu,S secondary phase.* The observed trend of
diminishing grain size aligns with the decrease in crystallite
dimensions as the concentration of sulphur escalates. The
overall average grain size for all samples was determined using
Image] software. The histogram in Fig. 6 shows that the average
grain size decreases from 62 nm to 29 nm while increasing the
sulfur concentration. The decrease in grain size, increase in
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porous nature, and regularity of morphology will enhance the
supercapacitor property.**

Fig. 5(b) presents the energy dispersive spectroscopy (EDS)
mapping for all the examined samples. The spectrum confirms
the compositional integrity of the synthesised nanomaterials,
showing no peaks that indicate the presence of additional
impurities. The inset of Fig. 5(b) illustrates the distribution of
the current components across all samples. The atomic
percentage of sulphur rises in direct relation to the increase of
sulphur in the reaction medium.

3.6 X-ray photoelectron spectroscopy (XPS)

The above figure presents the XPS plots of all the elements
present in CZTS8 nanomaterial. To achieve accurate peak cali-
bration, a carbon reference (C 1s, binding energy 284.6 eV) was
employed. Fig. 7(a) displays two significant peaks in the Cu 2p
core level spectra, with binding energies of 931.8 eV and
951.6 eV, which are associated with Cu 2p3,, and 2p,,,, respec-
tively.*” Consistent with the typical split of 19.9 eV, the peak
split obtained is 19.8 eV, which indicates the presence of Cu().**
Moreover, there was an absence of any satellite peak detected at
higher binding energy within the Cu 2p spectra. Fig. 7(b) pres-
ents the high-resolution spectrum of Zn 2p, showcasing peaks
at binding energies of 1021.4 eV and 1044.6 eV, which corre-
spond to Zn 2ps,, and Zn 2p,,, respectively. The measured peak
separation is 23.2 eV.** The observed separation aligns precisely
with the standard peak split of 23.2 eV, indicating the presence
of Zn(u).*»* Fig. 7(c) displays three unique peaks positioned at
binding energies of 486.0 eV, 494.5 eV, and 496.6 eV. The initial
peak is attributed to Sn 3d;,, while the 494.5 eV peak is asso-
ciated with Sn 3d,/,. The separation between the distinct peaks
of Sn 3d3/, and Sn 3d,,, is measured at 8.5 eV, aligning closely
with the standard peak splitting, which suggests the presence of
Sn(w).* The final peak observed at 496.6 eV corresponds to the
Zn L3My,sM, s Auger peak.**** The core level spectrum of
sulphur shown in Fig. 7(d) displays two significant peaks, S 2ps/,
and S 2p,,,, at binding energies of 161.1 eV and 162.3 eV,
respectively. The measured separation of 1.2 eV between these
peaks corresponds with the expected range of 160-164 eV for
sulphur in sulphide phases, indicating that sulphur is present
in the >~ state.*?

The atomic percentage of each element in the CZTS8 nano-
material was determined from the corresponding peak area in
the XPS spectrum using the equation provided below.

I, I;
c=5/%% @

In this framework, C denotes atomic concentration, x
signifies the species of interest, I correspond to the peak area, S
represents the sensitivity factor, and i encompasses all potential
species. The observed ratio of Cu:Zn: Sn: S approximates 2:1:
1:4 with notable precision. Table S2 illustrates the atomic
percentage derived from the XPS spectrum for all elements in
the CZTS sample. The ratio of copper to the sum of zinc and tin
is 0.957, while the ratio of sulphur to the total of copper, zinc,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5
CZTS5, CZTS6, CZTS7, and CZTS8 samples.
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(a) FESEM image of CZTS5, CZTS6, CZTS7 and CZTS8 nanomaterials. (b) Illustrates the energy dispersive spectroscopy (EDS) mapping of
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Fig. 7 XPS plots of the elements present in the CZTS8 sample with (a) Cu, (b) Zn, (c) Sn, and (d) S.

and tin is 1.07, which aligns closely with the results obtained
from the EDS spectra.

3.7 Brunauer-Emmett-Teller (BET) analysis

Based on the FESEM images, CZTS8 exhibits the smallest grain
size and pore characteristics compared to all the other samples,
including CZTS5. The Brunauer-Emmett-Teller Analysis will

31454 | RSC Adv,, 2025, 15, 31447-31460

facilitate an accurate assessment of the surface area and pore
volume of the synthesised CZTS8 and CZTS5 nanomaterials.
When it comes to supercapacitors, the sample's porous prop-
erties and effective surface area are paramount. As shown in
Fig. 8(b) and (c), the nitrogen adsorption-desorption studies
were carried out in relation to relative pressure. The graph
shows that both samples' sorption curves include a hysteresis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and (inset) the pore size distribution of CZTS5 (b), and CZTS8 (c).

loop, which is consistent with a mesoporous surface. The
sample's specific surface area, determined via the BET method,
which was found to be 46.57 m® g” " and 61.48 m* g~ for CZTS5
and CZTSS8, respectively.*>** The pore size distribution, depicted
in Fig. 8(b) and (c) (inset), was measured to be 17.5 nm and
21.6 nm for CZTS5 and CZTS8, respectively, using the Barrett-
Joyner-Halenda (BJH) method. The augmented surface area
and porous architecture of the material promote a significant
interface between the electrode and electrolyte, thereby
improving the diffusion of electrolyte ions, which is essential
for redox reactions. The mesoporous structure possesses the
capability to significantly improve the electrochemical perfor-
mance of supercapacitors.

4 Electrochemical analysis

The capacitive properties of the fabricated electrode were
investigated through an electrochemical system comprising
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(a) Presents a specific capacitance versus scan rate plot for CZTS5 and CZTS8 electrodes, the nitrogen adsorption—desorption isotherms,

three key components: an electrochemical cell, an electro-
chemical work station, and a computer. Electrochemical cell
(Fig. 9) is configured with a three-electrode system, working
electrode (WE), reference electrode (RE), and counter electrode
(CE). In the above Fig. 9, CE and RE are set separately to
maintain a stable reference potential, independent of the
system's current flow. The potential is measured between the
WE and RE, while the current flows between the WE and CE,
enabling the precise evaluation of the working electrodes’
electrochemical properties. The pseudocapacitive behaviour of
CZTS arises from reversible faradaic redox reactions involving
its transition metal cations, mainly Cu*/Cu®" and, to a lesser
degree, Sn**/Sn*", taking place at or near the electrode-elec-
trolyte interface in alkaline media (KOH). During the charging
process, Cu” ions are oxidised to Cu**, resulting in the release of
electrons. Simultaneously, OH™ ions from the electrolyte adsorb
onto the CZTS surface to maintain charge neutrality. A small
contribution comes from the redox transition of Sn®*" to Sn**,
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Fig. 9 Schematic of the fabrication of the electrode and device operation of the electrochemical work station.
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especially at surfaces that are rich in defects or have an excess of
sulphur, further improving charge storage capabilities. The
discharge phase sees a reversal of these redox processes, facil-
itating cyclic and reversible energy storage.

The electrochemical performance of the CZTS5 and CZTS8
samples was evaluated through cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS). In these characterisations, a 1 M KOH
solution functioned as the electrolyte. Fig. 10(a) present the
cyclic voltammetry curves for the CZTS5 and CZTS8 samples,
respectively, across varying scan rates from 10 mV s~ to 90 mV
s~ ' inside the potential window of 0 to 0.5 V, compared to an Ag/
AgCl electrode. The redox responses of CZTS5 and CZTS8 was
validated through the identification of two separate redox
peaks, demonstrating a shift towards higher positive (oxidation)
and lower negative (reduction) potentials as scan rates
increased. This phenomenon is associated with electric polar-
isation, resistive effects related to the electrode, non-reversible
reactions, and enhanced ion Kkinetics as the scan rate
increases.*® The swift kinetics led to CV profiles demonstrating
a uniform voltammogram shape at elevated scan rates, sug-
gesting that the electrode material exhibits pseudo-capacitance
behaviours and improved rate performance in both samples.*
The specific capacitance (Cs.) of the samples was derived
through the calculation of CV curves using the following
equation:*

B fIdV
Coe = msAV

(5)
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In this scenario, [IdV signifies the area under the CV curve,
with m indicating the mass of the active material in grams (g),
positioned on the working electrode, s representing the scan
rate (mV s~ '), and AV illustrating the potential window (V).

The specific capacitance (Cs.) values determined at scan
ratesof 10 mvs},30mvs ', 50mVs !, 70 mVs ', and 90 mV
s~ ' for CZTS8 were 481 Fg ', 308 Fg ', 239 F ¢ ', 191 Fg ',
and 181 F g~ ', while for CZTS5, the values were 316 Fg~ ', 199 F
g ', 135Fg 1,106 Fg ', and 97 F g ', respectively. The specific
capacitance (Cy.) exhibits a decrease at elevated scan rates in
both samples, as illustrated in Fig. 10(a). The observed decline
can be attributed to the constrained movement of electrolytic
ions within the matrix at elevated scan rates, leading to
a diminished availability of active sites for the intercalation
process.?"*® Decreasing scan rates provides ions with a greater
temporal window to navigate the tiny pores of the active mate-
rial, often leading to improved charge storage capacity. At
increased scan rates, the constraints imposed by ion diffusion
restrict storage potential, resulting in a decrease in capacity.”
The CZTS8 exhibits a larger area (elevated Cg. value) under the
CV curve in comparison to CZTS5, a result of enhancements in
porosity, surface area, and conductivity that facilitate effective
ion transport.** The reduction in grain size of CZTS8 may result
in an increased surface-to-volume ratio when compared to
CZTS5. This enhancement facilitates a larger electroactive
surface area, thereby promoting the efficiency of electro-
chemical reactions. The CZTS8 sample's electrochemical char-
acteristics may be impacted by the existence of the Cu,SnS;
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(a)CV curves of CZTS5 and CZTS8. (b) Charge—discharge curve at various current densities CZTS5 and CZTS8.
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(CTS) secondary phase found in the Raman study. Cu,SnSn has
electrochemically active Cu and Sn species that can take part in
redox reactions akin to those in CZTS, and it is known to behave
in a semiconducting manner. By adding more redox-active sites,
especially through the Cu*/Cu** and Sn*>*/Sn*" transitions, this
phase may improve charge storage capacity and contribute
favourably to pseudocapacitance. Analysis using UV-Vis and
Tauc plots indicated that an increase in sulphur content results
in a decrease in the optical band gap of CZTS8. The reduction in
band gap improves electrical conductivity and accelerates
charge transfer kinetics, facilitating quicker and more efficient
faradaic and non-faradaic processes at the interface between
the electrode and electrolyte.**’

The specific capacitance of the fabricated electrodes was
assessed via galvanostatic charge-discharge (GCD) measure-
ments performed within a potential range of 0-0.5 V, employing
current densities from 5 to 8 mA cm ™2, as depicted in Fig. 10(b).
The nonlinear configuration of the GCD profile, characterised
by humps, indicates the presence of faradaic effects associated
with the constructed electrode across varying current density
values. The equation provided below was utilised to compute
the Cy values.*

IAt
Ce= ay (6)
Here, I represent current density (A), At denotes the charge-
discharge time (s), AV is the potential window (V), and m stands
for mass of active material (g).

For the CZTS 8 sample, the computed values of Cs. were 312,
257,213, and 195 F g~ corresponding to current densities of 5,
6, 7, and 8 mA cm 2, respectively. In the case of CZTS5, the
calculated Cy. values were 271, 256, 240, and 205 at current
densities of 5, 6, 7, and 8 mA cm ™2, respectively. The results
obtained demonstrate that the decrease in C,. values was
inversely related to the increase in current densities. This
outcome can be attributed to: (i) at elevated velocities, the
electron material exhibited an inability to react with precision;
(ii) with an increase in current density, the redox reaction at the
electrodes became confined to the outer surfaces, suggesting
a reduction in capacitance; and (iii) due to the production
method of CZTS, an anhydrous surface was formed, which
obstructed cation transfer, leading to a swift decline in capaci-
tance.***** The capacitance values of the CZTS8 electrode
exceed those of the CZTS5 electrode when measured at 5 mA
cm 2. This outcome can be ascribed to the favourable crystallite
size, grain size, narrow bandgap, and surface area of sulfur-rich
CZTS8 in contrast to CZTS5.** The variation in sulphur content
exerts an indirect influence on the specific capacitance values
derived from GCD analysis. The variations in sulphur lead to
alterations in crystallite size, grain size, optical band gap, and
also enhance porosity and the surface-to-volume ratio. The
greater the exposure of the active material's surface, the higher
the concentration of reactive species, leading to an increase in
specific capacitance. Moreover, a decrease in band gap
enhances electrical conductivity and speeds up charge transfer
kinetics, enabling faster and more efficient faradaic and non-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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faradaic processes at the interface between the electrode and
electrolyte.”

Cycle stability is essential for comprehending the demands
placed on supercapacitor electrodes in real-world applications.
Fig. 11(a) demonstrates the variation in specific capacitance as
the cycle number increases for CZTS5 and CZTS8 at scan rates of
30 mV s, inside the operating voltage window of 0-0.5 V in
a 1 M KOH electrolyte. The capacitance in question exhibits
a reduction of 11% for CZTS8 and 18% for CZTS5 following
2600 cycles. The CZTS electrodes showed good mechanical
integrity and stability during cyclic electrochemical testing,
despite the lack of a separate mechanical peel or adhesion test.
There were no visible indications of delamination or material
separation from the substrate before, but slight delamination
following repeated cycling, suggesting strong adherence
between the CZTS composite layer and the current collector.
Carbon black and a polymeric binder were used to guarantee
consistent electrode formation and lessen mechanical stress
during repeated charge-discharge operations. Further evidence
that the electrode structure remained robust and supported
good mechanical cohesiveness of the active layer throughout
cycling comes from the retention of specific capacitance over
several cycles. The quaternary chalcogenide Cu,ZnSnS, pres-
ents significant potential as a material, paving the way for
advancements in the performance of supercapacitor applica-
tions. The results demonstrate that CZTS8 shows enhanced
retention relative to CZTS5, which can be ascribed to its porous
architecture and a greater number of active sites.

The electrochemical behaviour of CZTS5 and CZTS8 elec-
trode samples at the electrode-electrolyte interface was ana-
lysed using a Nyquist plot. The electrochemical impedance
spectroscopy measurements were conducted across a frequency
spectrum of 0.01 Hz to 100 kHz, with the resulting plots illus-
trated in Fig. 11(a). The graphical representation distinctly
illustrates that both EIS plots demonstrate a semicircular arc in
the high-frequency domain and a linear progression in the low-
frequency domain. The solution resistance (Ry) of the electro-
chemical system can be ascertained from the intercept observed
on the real axis of the plot. The existence of a semicircular
region signifies the presence of charge-transfer resistance (R).
The plots in Fig. 11, indicate that CZTS8 exhibits a smaller
diameter compared to CZTS5, implying reduced charge transfer
resistance and consequently enhanced conductivity.’® The Rg
and R, resistance characteristics for CZTS5 were 0.14 Q and
1.53 Q, whereas the values for CZTS8 were 0.142 Q and 0.55 Q.
In addition, the extension of the straight line indicated that
both materials exhibited capacitive behaviour.

The XRD and FTIR characterisations were done on both the
pure material and its electrode after performing electro-
chemical measurements Fig. S2, (SI). From the XRD pattern
spectra display clear peaks corresponding to the crystallo-
graphic planes (112), (200), (220), (312), (008), and (332) at
diffraction angles of 28.56°, 32.93°, 47.45°, 56.31°, 69.30°, and
76.47°, respectively in pure CZTS. CZTS electrode with nickel
foam as substrate shows intense peaks of Ni at 2theta, 44.34 (1 1
1), 51.54 (2 0 0), and 76.09 (2 2 0),* and less intense peaks of
CZTS material, Fig. S2. From the FTIR graph, both spectra
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display distinct absorption bands in the range of ~500-
700 cm ™', commonly associated with the vibrational modes of
metal-sulfur bonds (Cu-S, Zn-S, and Sn-S), thereby affirming
the formation of the CZTS phase.”® Subtle variations or intensity
discrepancies could likewise be linked to the interactions
occurring between CZTS and the substrate or binder employed
in the preparation of the electrode. These findings reinforce the
structural stability of CZTS after deposition and indicate
favourable chemical compatibility with the electrode matrix.

5 Conclusion

The solvothermal approach was utilised to successfully execute
the synthesis of nanoscale Cu,ZnSnS,. An investigation was
conducted to determine how the concentrations of sulphur
affected the structural, optical, morphological, and composi-
tional aspects of the material. The influence of increasing
sulphur concentration was initially investigated by means of
XRD patterns. The results of this investigation revealed
a decrease in crystallite size as the concentration of sulphur
increased. Furthermore, the preferential alignment along the
(200) and (100) lattice planes provided evidence that the k-
esterite phase was present. The influence of sulphur on the
crystallinity of synthesized CZTS nanomaterials was studied
through the parameters such as crystallite size and microstrain.
Both electron diffraction and X-ray diffraction (EDS) and X-ray
diffraction (XPS) offer support for the compositional ratio of
the CZTS nanomaterial, which is calculated using both of these
methods. An increase in the surface-to-volume ratio of the
nanomaterials was observed in conjunction with an increase in
the amount of sulphur, and the nanomaterials exhibited
a spherical that was evenly distributed. The optical band gap
exhibits a gradual increase from 1.60 eV to 1.66 eV, followed by
a decrease to 1.56 eV, as the sulphur content in the samples is
varied from a molar ratio of 5 to a molar ratio of 8. The variation
in sulfur concentrations affects the structural, optical, and
morphological properties, which in turn affect the electro-
chemical properties. The variation in specific capacitance as

31458 | RSC Adv, 2025, 15, 31447-31460
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(a) Capacitance retention (%) plotted against cycle number, (b) electrochemical impedance measurements.

a function of cycle number for CZTS5 and CZTS8 was observed
at scan rates of 30 mV s~ " across a voltage window of 0-0.5 V in
a 1 M KOH electrolyte, with data collected over multiple cycles.
The specific capacitance decreases by 11% for CZTS8 and 18%
for CZTS5 after 2600 cycles. The quaternary chalcogenide Cu,-
ZnSnS, presents significant potential as a material, paving the
way for advancements in the performance of supercapacitor
applications.

Author contributions

Roomul Mushtaq: conceptualisation, data curation, formal
analysis, investigation, methodology, software, validation, vis-
ualisation, writing - original draft, writing - review & editing.
Mohd Zubair Ansari: review & editing, resources, supervision.

Conflicts of interest

The work described in this article could not have been influ-
enced by the author's known conflicting financial interests or
personal ties.

Data availability

This article contains all of the data created or examined during
this investigation.

The supplementary information includes experimental
details presented within a schematic figure labelled as Fig.
S1, Table S1. Crystallite size (determined through the Scherrer
and Williamson-Hall equation), strain, and band gap values of
CZTS samples with varying sulphur amounts, Table S2. Atomic
%, peak area of the peaks of S 2p, Sn 3d, Cu 2p, and Zn 2p
present in CZTS8 sample, and Fig. S2. XRD (a), and FTIR (b) of
pure CZTS and CZTS electrode. See DOI: https://doi.org/
10.1039/d5ra04633e.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5ra04633e
https://doi.org/10.1039/d5ra04633e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04633e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 September 2025. Downloaded on 11/8/2025 11:53:23 PM.

(cc)

Paper

Acknowledgements

The support from the Ministry of Human Resources and Rural
Development (MHRD) and the National Institute of Technology
Srinagar has been instrumental in my research pursuits. Both of
these organisations exhibit a commendable level of apprecia-
tion. The author acknowledges using fabrication and charac-
terization facilities at IIT Delhi under Indian Nanoelectronics
Users' Programme - Idea to Innovation (INUP-i2i) project no.
RP04176G, funded by the Ministry of Electronics and Informa-
tion Technology (MeitY). The authors also acknowledge the
SERB-DST, government of India, under grant number [CRG/
2022/005964] for providing the financial support.

References

1 R. V. Digraskar, V. S. Sapner, S. M. Mali, S. S. Narwade,
A. V. Ghule and B. R. Sathe, ACS Omega, 2019, 4, 7650-7657.

2 M. Z. Ansari, M. Faraz, S. Munjal, V. Kumar and N. Khare,
Adv. Powder Technol., 2017, 28, 2402-2409.

3 S. A. Phaltane, S. A. Vanalakar, T. S. Bhat, P. S. Patil,
S. D. Sartale and L. D. Kadam, J. Mater. Sci.. Mater.
Electron., 2017, 28, 8186-8191.

4 C. Sripan, D. Alagarasan, S. Varadharajaperumal, R. Ganesan
and R. Naik, Curr. Appl. Phys., 2020, 20, 925-930.

5 K. C. Demir, Mater. Sci. Semicond. Process., 2021,123,105553.

6 M. Z. Ansari and N. Khare, AIP Conf. Proc., 2015, 1665,
110012.

7 M. Z. Ansari and N. Khare, J. Phys. D: Appl. Phys., 2014, 47,
185101.

8 O. Stroyuk, A. Raevskaya and N. Gaponik, Chem. Soc. Rev.,
2018, 47, 5354-5422.

9 S. Heidari, J. Wu, L. Liu, L. Pan, W. Zhang and Y. Chen,
Mater. Lett., 2022, 329, 133237.

10 R. Mudike, A. Bheemaraju, T. Rasheed, N. Singh,
S. R. Dhage, P. Doddakunche Shivaramu and D. Rangappa,
Ceram. Int., 2022, 48, 35666-35675.

11 S. Chen, H. Tao, Y. Shen, L. Zhu, X. Zeng, ]. Tao and T. Wang,
RSC Adv., 2015, 5, 6682-6686.

12 E. Indubala, S. Sarveshvaran, V. Sudha, A. Y. Mamajiwala
and S. Harinipriya, Sol. Energy, 2018, 173, 215-224.

13 C. Sripan, R. Ganesan, E. M. Vinod and A. Kasi, Mater. Lett.,
2016, 180, 295-297.

14 V. Kheraj, K. K. Patel, S. J. Patel and D. V. Shah, J. Cryst.
Growth, 2013, 362, 174-177.

15 U. Patil, M. Dhanasekar, R. Kadrekar, A. Arya, S. V. Bhat and
D. J. Late, Ceram. Int., 2022, 48, 28898-28905.

16 K. V Gurav, J. H. Yun, S. M. Pawar, S. W. Shin,
M. P. Suryawanshi, Y. K. Kim, G. L. Agawane, P. S. Patil
and J. H. Kim, Mater. Lett., 2013, 108, 316-319.

17 K. Chen, S. Song, F. Liu and D. Xue, Chem. Soc. Rev., 2015, 44,
6230-6257.

18 T. Lin, I.-W. Chen, F. Liu, C. Yang, H. Bi, F. Xu and F. Huang,
Science, 2015, 350, 1508-1513.

19 L. Zhou, C. Li, X. Liu, Y. Zhu, Y. Wu and T. Van Ree, Metal
Oxides in Supercapacitors, Elsevier Inc., 2018.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

20 M. Sufyan, S. Dai, M. Wang, D. Guo, L. Chen, X. Wang, C. Hu
and Y. Xi, J. Power Sources, 2015, 285, 63-69.

21 S. Irfan, M. Aalim, M. Husein, I. Nazir, M. A. Shah, M. Qadir,
A. Firdous, A. Hussain and G. N. Dar, J. Energy Storage, 2025,
106, 114788.

22 S. Gokhan, U. Bulut, H. Aydin, U. Kurtan and M. Demir, J.
Colloid Interface Sci., 2025, 682, 478-490.

23 P. Prabeesh, V. G. Sajeesh, I. P. Selvam, M. S. D. Bharati,
G. M. Rao and S. N. Potty, Sol. Energy, 2020, 207, 419-427.

24 T. Ahmad and M. Z. Ansari, Ceram. Int., 2023, 49, 35740—
35756.

25 K. Sharma, A. Kumar, T. Ahamad, Q. Van Le, P. Raizada,
A. Singh, L. Huong Nguyen, S. Thaku, V. Nguyen and
P. Singh, J. Mater. Sci. Technol., 2023, 152, 50-64.

26 S. Sarkar, B. Das, P. R. Midya, G. C. Das
K. K. Chattopadhyay, Mater. Lett., 2015, 152, 155-158.

27 S. Gokhan, A. Gungor, M. Ozge, A. Colak and R. Genc, J.
Energy Storage, 2024, 99, 113423.

28 M. Z. Ansari and N. Khare, J. Appl. Phys., 2015, 117, 025706.

29 A. Hammoud, B. Yahmadi, M. Souli, S. A. Ahmed, L. Ajili and
N. Kamoun-Turki, Eur. Phys. J. Plus, 2022, 137, 232.

30 D. K. Maurya, S. Sikarwar, P. Chaudhary, S. Angaiah and
B. C. Yadav, IEEE Sens. J., 2019, 19, 2837-2846.

31 R. Wadhene, 1. Ben Assaker and R. Chtourou, J. Mater. Sci.:
Mater. Electron., 2018, 29, 17374-17387.

32 J. He, L. Sun, S. Chen, Y. Chen, P. Yang and J. Chu, J. Alloys
Compd., 2012, 511, 129-132.

33 M. Kumar, A. Dubey, N. Adhikari, S. Venkatesan and Q. Qiao,
Energy Environ. Sci., 2015, 8, 3134-3159.

34 D. K. Maurya and S. Sikarwar, IEEE Sens. J., 2018, 19, 2837-
2846.

35 M. Guc, S. Levcenko, I. V. Bodnar, V. Izquierdo-Roca,
X. Fontane, L. V. Volkova, E. Arushanov and A. Pérez-
Rodriguez, Sci. Rep., 2016, 6, 1-7.

36 A. Khelfane, M. 1. Ziane, M. Tablaoui, M. Hecini,
D. Ouadjaout and M. Derbal, Inorg. Chem. Commun., 2023,
151, 110639.

37 E. Indubala, V. Sudha, S. Sarveshvaran, S. Harinipriya and
A. Y. Mamajiwala, Mater. Today: Proc., 2019, 8, 393-401.

38 K. G. Kumar, P. B. Bhargav, D. G. Prakash, R. Kaushik,
E. Reon, M. K. Shriram and K. Veerathangam, Phase
Transitions, 2021, 94(6-8), 556-566.

39 L. Chen, H. Deng, J. Tao, W. Zhou, L. Sun, F. Yue, P. Yang
and J. Chu, J. Alloys Compd., 2015, 640, 23-28.

40 P. An, X. Q. Xu, Z. R. Liang and G. Xu, Appl. Mech. Mater.,
2014, 618, 33-38.

41 C. Sabanhalli, K. Roy, M. P. Kumar, R. Mudike, A. K. C. S,
P. D. Shivaramu, K. G. B. Kumar, N. Basavegowda and
D. Rangappa, Ceram. Int., 2022, 48, 35860-35866.

42 M. Z. Ansari, M. Faraz, S. Munjal, V. Kumar and N. Khare,
Adv. Powder Technol., 2017, 28, 2402-2409.

43 O. Stroyuk, A. Raevskaya, O. Selyshchev, V. Dzhagan,
N. Gaponik, D. R. T. Zahn and A. Eychmiiller, Sci. Rep.,
2018, 8, 1-10.

44 S. Ahmadi, N. Khemiri, A. Cantarero and M. Kanzari, J. Alloys
Compd., 2022, 925, 166520.

and

RSC Adv, 2025, 15, 31447-31460 | 31459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04633e

Open Access Article. Published on 02 September 2025. Downloaded on 11/8/2025 11:53:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

45 G. Rajesh, J. Palraj, M. R. Venkatraman, R. Sivasamy,
S. P. Madhusudanan, H. A. Therese and M. Flores, Adv.
Energy Mater., 2024, 3, 1717-1725.

46 M. Selvam, S. Anbuselvan and N. K. Srinivasan, Curr. Appl
Sci. Technol., 2024, 24, 1-25.

47 H. Ganesha, S. Veeresh, Y. S. Nagaraju, M. Vandana,
M. Basappa and H. Vijeth, Nanoscale Adv., 2022, 4, 521-531.

31460 | RSC Adv, 2025, 15, 31447-31460

View Article Online

Paper

48 M. Farzi, M. Moradi, S. Hajati, J. Toth and A. Kazemzadeh,
Synth. Met., 2021, 278, 116815.

49 M. Ozge and E. Erdem, J. Electroacta, 2024, 480, 143924.

50 M. Aalim and M. A. Shah, Vacuum, 2023, 210, 111903.

51 N. A. Salleh, S. Kheawhom and A. A. Mohamad, Arabian J.
Chem., 2020, 13, 6838-6846.

52 M. Shi, Y. Li, L. Wang, J. Li, M. Wang and H. Cui, J. Sol-Gel
Sci. Technol., 2018, 349-355.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04633e

	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance

	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance

	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance
	Investigation of the impact of sulfur on the properties of CZTS nanomaterials for enhanced supercapacitor performance


