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attering-assisted design of an
optimized NiS–ZnS nanocomposite for efficient
photocatalytic dye degradation: experimental and
theoretical insights
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Industrial dye pollutants demand efficient photocatalysts for sustainable wastewater treatment. Here, we report

the synthesis of pure NiS, ZnS, and a negatively charged, optimized NiS–ZnS nanocomposite (NC) via

coprecipitation, with their size and stability controlled by adjusting the precursor ratio, pH, temperature,

stabilizer concentration, and reactant addition rate. Dynamic light scattering (DLS) analysis was used to

monitor hydrodynamic radius (HR), z-potential, and polydispersity index (PdI), providing real-time insights into

dye adsorption, degradation dynamics, and salt–nanocomposite interactions. Optimized NiS : ZnS 50 : 50

nanocomposite showed high colloidal stability, achieved 98% crystal violet (CV) degradation within 60 min

under visible light, outperforming other cationic dyes while being less effective for anionic dyes.

Characterization of the NiS–ZnS NC (UV-Vis spectroscopy, PL spectroscopy, XRD, FTIR spectroscopy, EDX,

XPS, SEM, TEM, TGA, and BET analysis) confirmed its visible light activity, suppressed charge recombination

rate, successful synthesis, agglomerated nature, thermal stability, and mesoporous structure. Density

functional theory (DFT), density of states (DOS), and electrostatic potential analyses showed bandgap

narrowing, favorable dye binding, and efficient charge transfer supported by strong interaction energies. Salt

studies revealed surface-charge modulation and radical pathways, with NaNO3 enhancing the degradation via

cOH generation, while CaCl2 and AgNO3 suppressed the degradation activity. LC-MS and total organic

carbon (TOC) analysis confirmed dye mineralization and reduced toxicity, with seed germination assays

verifying the biocompatibility of the NiS–ZnS NC. The generation of the reactive species cOH and cO2
− was

confirmed using electron spin resonance (EPR) spectroscopy and quencher experiments. This integrated

experimental-computational approach establishes NC as a robust, charge-engineered photocatalyst for

visible-light-driven dye remediation.
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Introduction

Water is the most essential resource for life and ecosystem
sustainability, yet its quality is increasingly threatened by diverse
anthropogenic pollution sources.1–3 Among emerging contami-
nants, synthetic dyes released from textile, leather, paper, and
printing industries are of particular concern because of their
chemical stability and resistance to natural degradation.2,4 Both
cationic dyes (e.g., crystal violet, malachite green, and methylene
blue) and anionic dyes (e.g., reactive black 5, orange II, and reactive
orange 16) persist in aquatic systems, posing serious risks to
ecosystems and human health. Their intense coloration reduces
light penetration and disrupts photosynthesis, andmany are toxic,
mutagenic, or carcinogenic. Because of their persistence and
hazardous effects, dye-contaminated wastewater has become
a pressing global challenge for maintaining environmental
sustainability and public health.5
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Crystal violet (CV), a cationic triphenylmethane dye, exem-
plies this problem. It is extensively used in industrial and
commercial applications, including textiles, paper, cosmetics,
detergents, fertilizers, and leather processing, making it one of
the most prevalent dyes in wastewater streams.6 CV is also
a known carcinogen, capable of inducing chromosomal
damages and severe cellular abnormalities, and its release into
aquatic environments has been linked to toxicity in microor-
ganisms, plants, and aquatic organisms.7,8 Moreover, its highly
aromatic structure and chemical stability render it resistant to
natural degradation. Owing to these characteristics, CV is
frequently used as amodel pollutant in photocatalytic studies to
quantify the efficacy of advanced materials in pollutant degra-
dation and remediation.

Various conventional methods have been investigated for
dye removal, including ion exchange,9 precipitation, membrane
separation,10 and adsorption.11 While these techniques can
reduce dye concentrations, they are oen limited by high
operational costs, secondary waste generation, or incomplete
pollutant removal, and they rarely achieve full mineralization.
Photocatalytic degradation (PCD), an advanced oxidation
process,12 has emerged as a more sustainable alternative. By
generating electron–hole (e−/h+) pairs under light irradiation,
semiconductor photocatalysts produce reactive oxygen species
(ROS), such as superoxide (O2c

−) and hydroxyl radicals (cOH),13

which oxidize organic pollutants into non-toxic end products
(CO2 and H2O).14,15 PCD is a simple, energy-efficient, and envi-
ronmentally friendly process, making it highly attractive for
large-scale wastewater treatment.16

A wide range of semiconductors, including suldes (NiS,
ZnS, CuS, and SnS), oxides (TiO2, ZnO, and MnO2), nano-
composites (e.g., ZnS/PbS and MoS2/SnS2@AC),17,18 and nano-
hybrids (e.g., GO/ZnS,19 Ag–Bi2O3/rGO composites,20 S-doped-
C3N4/ZnCdS,21 and sulfur-doped g-C3N4/rGO22), have been
explored for photocatalysis. Zinc sulde (ZnS) and nickel sulde
(NiS) nanoparticles are versatile materials with high potential
for water treatment and advanced oxidation processes (AOPs)
for pollution remediation.23

Zinc sulde (ZnS), an n-type semiconductor, is notable for its
low cost, high stability, and visible light activity.24 Its suspen-
sion stability, supported by a high surface charge and low
hydrodynamic radius (HR), makes it attractive for aqueous
applications. However, ZnS suffers from rapid charge-carrier
recombination due to surface defects, as evidenced by its
strong photoluminescence (PL) emission.25 This recombination
limits its photocatalytic performance. Studies have demon-
strated that introducing dopants and developing hetero-
structures are promising strategies for suppressing charge-
carrier recombination in ZnS-based systems. Notably, ZnS/
ZnO heterostructures display enhanced charge-separation effi-
ciency,26 while Ni and Fe doping in ZnS reduces the photo-
luminescence intensity, signifying suppressed e−/h+

recombination and enhanced photocatalytic performance.27,28

Similarly, ZnS/SnS heterostructures exhibit suppressed recom-
bination,29 and the CdS/ZnS–MoS2 composite facilitates elec-
tron transfer from ZnS to MoS2, further promoting charge
separation.30 These results suggest that coupling ZnS with
© 2026 The Author(s). Published by the Royal Society of Chemistry
a visible light-active electron acceptor is essential to inhibiting
charge recombination and augmenting photocatalytic
performance.

Nickel sulde (NiS), a p-type semiconductor with a narrow
bandgap, has been used as an efficient photosensitizer and
electron acceptor.31 Its incorporation can prolong charge-carrier
lifetimes and enhance charge separation.32 In our previous
study, NiS nanoparticles exhibited visible light activity, high
stability, and excellent recyclability for the photocatalytic
degradation of reactive black 5 dye.33 Therefore, coupling NiS
with ZnS to construct a p-n heterojunction nanocomposite (NC)
constitutes a rational design strategy to suppress charge-carrier
recombination, enhance interfacial charge transfer, and
increase the availability of active sites, thereby improving pho-
tocatalysis performance.16,34,35

This study reports the synthesis of pure NiS, ZnS, and an
engineered optimized NiS–ZnS nanocomposite (NC) via
a coprecipitation route.36 The key novelty of this work lies in the
utilization of dynamic light scattering (DLS) as both a design
and mechanistic-investigation tool. Specically, DLS parame-
ters, including HR, Zeta potential (z), and polydispersity index
(PdI), were systematically optimized by tuning the precursor
ratios, pH, temperature, stabilizer concentration, and reactant
addition rate. This approach enabled precise control over the
physicochemical properties of the NiS–ZnS NC, yielding stable
nanocomposites with reduced HR, appropriate surface charge,
and uniform dispersion, thereby augmenting the effective
surface area for pollutant degradation.37

Beyond the synthesis conditions, DLS was uniquely
employed to monitor real-time uctuations in HR and z during
dye adsorption and photocatalytic degradation, as well as in
varying ionic environments. These measurements revealed the
interaction between NiS–ZnS nanocomposites and the crystal
violet dye, where variations in surface charge and an increase in
HR verify dye adsorption followed by subsequent degradation.
This provides new insights into the nanoscale mechanisms
governing dye degradation and indicates a direct correlation
between dye–nanocomposite interactions and photocatalyst
efficacy, which is rarely explored in photocatalysis research.
Furthermore, the inuence of inorganic cations (Na+, Ag+, and
Ca2+) and anions (Cl−, SO4

2−, and NO3
−) on the nanocomposite

behavior was systematically investigated through changes in HR

and surface charge, elucidating their role in dye adsorption and
the photocatalytic degradation process, consistent with
previous reports.38,39

To further support these experimental insights, comple-
mentary computational studies based on density functional
theory (DFT) were performed to gain deeper insights into the
electronic structure and interfacial interactions. HOMO–LUMO,
density of states (DOS), electrostatic potential (ESP), and non-
covalent interaction (NCI) analyses revealed bandgap narrow-
ing, favorable crystal violet binding at multiple active sites,
strong interaction energies, and enhanced charge transfer
across the dye–nanocomposite interface. These theoretical
insights are in excellent agreement with experimental observa-
tions, highlighting charge-carrier-recombination suppression,
RSC Adv., 2026, 16, 23500–23527 | 23501
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efficient radical generation, and superior dye degradation
efficiencies.

Together, this integrated experimental–computational
strategy establishes the NiS–ZnS composite as a robust, charge-
engineered photocatalyst. By combining DLS-guided design
with theoretical validation, this study not only describes an
efficient material for visible light–driven dye remediation but
also furnishes a generalizable framework for understanding
and optimizing dye–nanocomposite interactions in photo-
catalytic wastewater treatment.

Experimental work
Materials

Nickel acetate tetrahydrate [Ni(CH3COO)2$4H2O], zinc acetate
hexahydrate [Zn(CH3COO)2$6H2O], sodium sulde (Na2S), and
polyvinyl alcohol (PVA); HCl and NaOH for pH control; inor-
ganic salts, including NaCl, Na2SO4, NaNO3, AgNO3 and CaCl2;
and organic scavengers, including ethanol, isopropyl alcohol
(IPA), butanol, ethylene diamine tetra acetic acid (EDTA) and
ascorbic acid, were purchased from DaeJung Chemicals
(Republic of Korea). Crystal violet (CV), malachite green (MG),
methylene blue (MB), reactive black 5 (RB5), Orange II indi-
cator, and reactive orange 16 dyes were purchased from Sigma-
Aldrich (Germany). All chemicals were of analytical grade and
used as received.

Preparation of stock solutions

0.5 M nickel and zinc acetate solutions and a 1 M Na2S solution
were prepared in distilled water. For salt effect studies, 0.1 M
solutions of NaCl, CaCl2, NaNO3, Na2SO4, and AgNO3 were
prepared. Organic scavengers (ethanol, butanol, IPA, EDTA, and
ascorbic acid) were also prepared at 0.1 M. No pH adjustments
were made. Dye solutions were prepared by dissolving 1 g in 1 L
of distilled water to make a 1000 mg L−1 solution. For the
desired concentrations, the dilution factor was used. Among the
dyes, the NiS–ZnS NC showed good interaction with crystal
violet dye; consequently, this dye was chosen for further opti-
mization and mechanistic studies.

Synthesis of the NiS and ZnS nanoparticles

NiS was synthesized by stirring nickel acetate (0.5 M) with 1%
PVA at 60 °C, followed by dropwise addition of Na2S (1 M,
double volume). The mixture was stirred for 3 h, centrifuged,
washed with ethanol/water, and dried at 100 °C. ZnS was
synthesized under identical conditions at 25 °C. Both powders
were ground before characterization (Fig. S1).

Synthesis of the NiS–ZnS nanocomposite

Equimolar solutions (0.5 M) of Ni and Zn acetates were mixed
and treated with Na2S (double volume) under stirring at 40 °C
for 3 h. The precipitates were centrifuged, washed, and dried.
For optimization, synthesis parameters, including precursor
ratios (100 : 0–0 : 100), pH (3–9), temperature (20–80 °C), Na2S
addition time (0–20 min), and PVA concentration (0–2%), were
systematically varied (Fig. S1).
23502 | RSC Adv., 2026, 16, 23500–23527
Adsorption studies

Adsorption kinetics were studied using different initial CV
concentrations (2–30 mg L−1) and 0.2 g L−1 of the nano-
composite at room temperature. The mixture was stirred in the
dark for 20 min, and samples were collected at 3-minutes
intervals and analyzed spectrophotometrically. Adsorption
studies were conducted to study the adsorption–desorption
equilibrium of CV and its interactive role with the NiS–ZnS NC.
The adsorbed quantity and adsorption percentage were calcu-
lated using eqn (1) and (2).40

qt ¼ ðC0 � CtÞV
m

(1)

Adsorption % ¼ ðC0 � CtÞ
C0

� 100 (2)

where qt= adsorption capacity at equilibrium (mg g−1),C0= initial
CV concentration (mg L−1), Ct is the residual concentration aer
time t, V is the volume of solution (L), andm is the nanocomposite
weight (g L−1).
Photocatalytic studies

For dye degradation, 50 mL of the 20 mg L−1 CV solution was
mixed with 0.2 g L−1 of the nanocomposite at pH 6.9 and stirred
(300 rpm) in the dark for 20 min to establish the adsorption
equilibrium. The solution was then irradiated for 60 min under
a 500 W visible light source with a 30 798 l× intensity (Halogen
lamp, Hi Luminar, Germany) at a distance of 25 cm.41 4 mL
aliquots were withdrawn every 10 min for UV-Vis analysis at
576 nm. Effects of catalyst dosage (0.04–0.20 g L−1), pH (2–12),
initial dye concentration (2–30 mg L−1), and recyclability (up to
7 cycles) were evaluated. Degradation efficiency and minerali-
zation (TOC removal in mg L−1) were calculated using eqn (3)
and (4).40,42 Photocatalytic degradation kinetic analysis was
performed using pseudo-rst order (PFO) and Langmuir–Hin-
shelwood models.43 The degradation rate for various CV
concentrations was calculated using (eqn (5)).44 The L-H model
(eqn (6))43 describes the reaction rate (r0) as a function of both
adsorption and surface photocatalytic activity (Kc).

Degradation % ¼ C0 � Ct

C0

� 100 (3)

TOC removalð%Þ ¼ TOC0 � TOCt

TOC0

� 100 (4)

ln

�
C0

Ct

�
¼ kappt (5)

1

r0
¼ 1

Kc

þ 1

KcKads

� 1

½CV�e
(6)

In eqn (3) and (5), C0 and Ct are the initial and nal CV
concentrations (mg L−1), respectively, [CV]e represents the
equilibrium concentration of crystal violet, and kapp represents
the apparent degradation rate constant. In eqn (4), TOC0 and
TOCt are the initial and nal TOC of the dye solution in mg L−1,
respectively.33 In eqn (6), r0 is the initial degradation rate (mg
© 2026 The Author(s). Published by the Royal Society of Chemistry
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L−1 min), and Kc is the surface reaction rate constant (mg L−1

.min), which tells us about surface reactivity; Kads is the
adsorption equilibrium constant (L mg−1), which reects the
dye-catalyst affinity (eqn (6)).43

To enable comparisonwith photon-ux-normalizedmetrics, it
is important to note that the light intensity used in this study is
reported in terms of lamp power and illuminance (lux), which do
not directly provide the incident photon ux at the reactor.
Therefore, the apparent quantum yield (AQY) could not be
rigorously determined under the present experimental condi-
tions. A quantitative AQY evaluation requires photon-ux
measurements using chemical actinometry or calibrated radio-
metric techniques under monochromatic irradiation. In this
work, photocatalytic performance is, thus, discussed in terms of
degradation efficiency under xed irradiation conditions.
Toxicity and salt/scavenger effects

The phytotoxicity of CV and treated solutions was tested using
tomato seeds following ISO/DIS 15799 (1999). The effects of salts
(0.1 M) and organic scavengers (0.1 M) on the photocatalytic
activity were studied by monitoring CV degradation via UV-Vis
spectroscopy. Control salt studies were performed by adding
10 mL of 0.1 M of each salt directly to the dye solution and stirring
for 60 min without NC. EPR analysis was conducted using
20mg L−1 of DMPO and TEMP for reactive species (cOH and cO2

−)
generation.
Characterization

Optical properties were examined using UV-vis (Specord 200+) and
uorescence spectroscopy (PerkinElmer LS-45). Hydrodynamic
size (HR), zeta potential, and polydispersity index were determined
via DLS (Malvern Zetasizer). Structural analysis was performed via
XRD analysis (Bruker D8 Advance), and the crystallite size was
conrmed using eqn (7) (ref. 45) and FTIR (PerkinElmer). Binding
energies were calculated using XPS (XPS, AES430S, ANELVA,
Japan). Morphology and elemental distribution were characterized
by SEM-EDX (JEOL JSM-6510LV). Surface area and porosity were
determined via BET (Nova-1000). Transmission electron micros-
copy (TEM) was employed to examine the morphology and
microstructural features of the synthesized samples (TEM, FEI
Talos F200X). Thermal stability and decomposition behavior were
investigated using thermogravimetric analyses (TGA-STA 8000,
PerkinElmer, USA). Electron paramagnetic resonance (EPR,
Bruker EMXplus-6/1) spectroscopy was used to probe the unpaired
electron species and defect states within the nanocomposite. The
degradation intermediates and products were analyzed using
liquid chromatography-mass spectrometry (LC-MS, AB Sciex,
API4000), furnishing insights into the degradation pathway.

D ¼ Kl

b cos q
(7)

where D is the crystal size (nm), K is the Scherrer constant
representing the particle shape with a value of 0.9, l is the
wavelength of X-ray (copper Ka radiation, l = 0.15406 nm), q
indicates the diffraction angle, and b is the full width at half-
maximum (FWHM) of the diffraction peak.45
© 2026 The Author(s). Published by the Royal Society of Chemistry
DFT studies

In this study, ChemBioDraw Ultra 14.0 was used for drawing
molecular structures, which were then modelled and visualized
using Gauss View 6.0. All quantum chemical calculations were
performed using the Gaussian 09W soware package.46 Geom-
etry optimizations for dyes, metal suldes, and their complexes
were conducted using Density Functional Theory (DFT) with the
B3LYP functional and the STO-3G basis set. For the Density of
States (DOS) analysis, the Gauss Sum soware was employed.
Non-Covalent Interaction (NCI) and Reduced Density Gradient
(RDG) analyses were carried out using the Multiwfn program
and visualized through the VMD soware. All computational
resources and facilities used for this research were provided by
COMSATS University Islamabad, Abbottabad Campus. The
interaction energies for all optimized complexes were calcu-
lated using the standard interaction energy equation to assess
the binding strength.

Results and discussions
Concentration optimization of the NiS–ZnS NC

The structural and colloidal properties of the NiS–ZnS NC were
systematically optimized by tuning the precursor ratios, pH,
temperature, time of addition (TOA) of Na2S, and polyvinyl
alcohol (PVA) concentration. Dynamic light scattering (DLS)
and absorption studies were used to evaluate HR, surface charge
(z potential), and polydispersity index (PdI), which together
dene the nanocomposite stability and photocatalytic potential.

Precursor ratio

As shown in Fig. 1a and b, the NiS : ZnS ratio strongly inuenced
the size distribution and stability of the NCs. The 50 : 50 compo-
sition yielded smaller HR values, a more homogeneous particle
distribution, and higher stability compared to other compositions,
and it was, therefore, selected for further optimization.

pH dependence

The role of the synthesis medium was probed across acidic,
neutral, and alkaline conditions (Fig. 1d). At pH 5, the NC
exhibited the lowest HR, the highest stability,47 and the nar-
rowest size distribution, whereas destabilization occurred at
extreme pH values. Under alkaline conditions (pH z 9),
amphoteric Zn(OH)2 was converted into soluble zincate
[Zn(OH)4]

2−, while Ni(II) precipitated as Ni(OH)2 or NiS, result-
ing in Ni-rich phases. At acidic pH (z2), sulde protonation
produced H2S and dissolved metal suldes,48 leaving predomi-
nantly ZnS, consistent with the ZnS-like diffraction peaks. At
near-neutral pH (6.5), both the NiS and ZnS peaks were
observed (Fig. 1c), but with reduced stability compared to those
at pH 5. Based on these results, pH 5 was chosen as the
optimum condition for subsequent experiments.

Temperature optimization

Temperature strongly affected both HR and z potential (Fig. 1f).
At 20 °C, the lower HR peak corresponded mainly to ZnS,
RSC Adv., 2026, 16, 23500–23527 | 23503
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Fig. 1 Optimization of the NiS–ZnS NC. Concentration optimization: (a) UV-vis spectra; (b) HR, z potential, and PdI (pH: 6.5, T: 20 °C, stirring
speed: 500 rpm, TOA: 10 min, reaction time: 3 hours). pH optimization: (c) UV-vis spectra; (d) HR, z potential, and PdI (precursor ratio (50 : 50), T:
20 °C). Temperature optimization: (e) UV-vis spectra; (f)HR, z potential, and PdI (precursor ratio (50 : 50), pH: 5). Time of addition optimization: (g)
UV-vis spectra; (h) HR, z potential, and PdI (precursor ratio (50 : 50), pH: 5, T: 40 °C). PVA conc. (%) optimization: (i) UV-vis spectra; (j) HR, z
potential, and PdI (precursor ratio (50 : 50), pH: 5, T: 40 °C, TOA: 20 min).
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indicating its dominance. With increasing temperature, the NiS
contribution became more evident, particularly at 60 °C, where
the NiS peak slightly predominated (Fig. 1e). A stabilized NC
was achieved at 40 °C, characterized by a z potential of −18.3 ±

1.44 mV, attributed to the reduced collision frequency and
slower nucleation-growth kinetics. Above 60 °C, rapid ion
consumption led to accelerated nucleation and aggregation,
producing larger clusters and reducing colloidal stability.49

Consequently, stability declined at higher temperatures,
consistent with earlier reports of temperature-driven aggrega-
tion in sulde nanomaterials.50 The PdI values generally
increased with temperature, except at 60 °C, where transient
stabilization by NiS suppressed broadening.
Time of addition (TOA)

The rate of Na2S addition also inuenced the NC characteris-
tics, as depicted in (Fig. 1g and h). At pH 5 and 40 °C, gradual
23504 | RSC Adv., 2026, 16, 23500–23527
addition produced more uniform size distributions, whereas
rapid addition caused irregular ion distributions, reected in
hyperchromic shis (320–340 nm) and peak broadening.51

Faster addition likely generated transient intermediate species,
reducing the absorption intensity of the nal product (Fig. 1g).
At higher TOA, HR decreased in line with an increase in the
surface charge, while PdI decreased, indicating better homo-
geneity. These observations highlight the role of controlled
nucleation in stabilizing sulde nanostructures (Fig. 1h).52
Effect of the PVA concentration

PVA, used as a stabilizing agent, further enhanced dispersion
(Fig. 1i). Increasing the PVA concentration led to higher
absorption intensity, except at 1.5%, where aggregation was
observed. At higher concentrations (>2%), interparticle
coupling was suppressed, and the plasmon band shied to
shorter wavelengths, consistent with reduced electronic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions between NCs (Fig. 1j).53 The reduction in HR was
attributed to the formation of a polymeric shell around the NC
surface, while PdI initially declined up to 1.5% PVA before
increasing again, likely due to the viscosity effects in concen-
trated suspensions.54 The nal z potential reached −14.4 ±

0.9 mV at 2% PVA, indicating effective stabilization.55

Optimized nanocomposite

The combined parameter screening identied the optimum
synthesis conditions as NiS : ZnS (50 : 50), pH 5, 40 °C,
PVA concentration of 2%, and TOA of 20 min. Under
these conditions, the NC achieved a hydrodynamic size of
300 ± 46.7 nm (Fig. S4) and PdI of 0.42 ± 0.20, compared to the
size of 389.9 ± 7.1 nm and the PdI of 0.95 ± 0.07 for non-
optimized samples. These results conrm superior colloidal
stability, reduced aggregation, and enhanced surface area
under the optimized synthesis conditions. Such characteristics
are expected to improve photocatalytic activity by promoting
efficient dye-catalyst interactions and prolonging catalyst
lifetime.

SEM images and BET specic surface area of the NiS–ZnS NC,
and XRD spectra of pure NiS, ZnS, and the NiS–ZnS NC

SEM images of NC are measured at different resolutions,
revealing irregular morphologies with fracture edges and highly
agglomerated ne particles with rough surfaces (Fig. 2a and b).
Although the two nanomaterials are not distinctly visible in the
structure, the electron images (Fig. S2) indicate that ZnS is
Fig. 2 SEM micrographs at different resolutions: (a) 10 mm, (b) 5 mm, and
isotherms; (e) pore volume against pore radius of the NiS–ZnS NC; and

© 2026 The Author(s). Published by the Royal Society of Chemistry
uniformly embedded within the NiS matrix. This uniform
distribution is further supported by the EDX data (Fig. S2),
which conrms consistent elemental composition throughout
the material.

The Brunauer–Emmett–Teller (BET) analysis revealed
a specic surface area of 65.3 m2 g−1 for the NiS–ZnS NC,
measured at 77 K using 20 relative pressure (P/P0) points in the
range of 0–1. Pore-size distribution, determined by density
functional theory (DFT), indicated a total pore volume of 0.141
cm3 g−1 and an average pore diameter of 0.563 nm (Fig. 2e). The
nitrogen adsorption–desorption isotherm (Fig. 2d) displays
a typical type-IV prole with a pronounced H3-type hysteresis
loop, characteristic of mesoporous materials.56 The gradual
increase in adsorption capacity with relative pressure, together
with the hysteresis observed in the desorption branch, reects
the capillary condensation within mesopores. These textural
features conrm amesoporous structure with high surface area,
offering abundant active sites and efficient mass transfer. Such
architecture enhances light interaction and dye diffusion,
thereby promoting the photocatalytic and adsorption perfor-
mance of the material toward crystal violet.

XRD patterns of pure NiS, ZnS NPs, and the NiS–ZnS NC
(Fig. 2f). Two phases for nickel sulde were detected, with ortho-
rhombic Ni7S6 being the dominant phase, using the JCPDS Card #
00-024-1021, showing nine major diffraction peaks located at 2q
values of 19.44°, 20.72°, 22.19°, 27.12°, 30.97°, 32.07°, 38.29°,
39.57°, and 49.08°, corresponding to the (040), (032), (042), (004),
(131), (044), (133), and (026) planes, respectively. Few peaks of
(c) 1 mm. (d) BET specific surface area using N2 adsorption–desorption
(f) XRD spectra of the pure NiS, ZnS, and the optimized NiS–ZnS NC.

RSC Adv., 2026, 16, 23500–23527 | 23505
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hexagonal NiS were observed at 2q values of 34.05°, 34.78°, and
45.62° (JCPDS # 01-077-1624), corresponding to the (002), (101),
and (102) planes, respectively (Fig. 2f). The cubic zinc sulde
exhibited prominent peaks at 2q values of 28.51°, 47.63°, 56.42°,
69.70°, and 77.01°, corresponding to the planes of (111), (220),
(311), (400), and (331), respectively, and matched well with JCPDS
#00-005-0566.57 The nanocomposite (NC) exhibited peak positions
similar to those for the pure nanoparticles (NPs), with a slight shi
toward higher 2q values observed for the (040) plane of Ni7S6
located at 2q = 19.44° and the (311) plane of ZnS situated at 2q =
56.42°. The crystallite sizes of the pure NiS and ZnS, calculated
using Scherrer's equation (eqn (7)), were found to be 23.90 and
4.21 nm, respectively.32 The shi in peaks indicates a reduced
crystallite size (∼1.98 nm) for the NiS–ZnS NC, resulting from
phase coexistence with smaller lattice parameters.34,58 The results
demonstrate the successful synthesis of the NiS–ZnS NC and
highlight its potential for environmental remediation and photo-
catalytic applications. The observed low crystallinity is attributed
to the synthesis conditions, as the material is used without calci-
nation to preserve its surface–active properties for photocatalysis.
Electron images and EDX spectra of the NiS–ZnS NC

Electron images of the NC recorded at multiple positions
demonstrate consistent morphology across the material (Fig. S2).
The corresponding EDX spectra collected from different regions
show nearly identical elemental compositions, indicating
a slightly higher weight percentage of nickel compared to zinc
throughout the NC, conrmed by EDX analysis (Fig. S2 and Table
S1). The high sulfur content further conrms the successful
formation of the NiS–ZnS NC. A minor amount of oxygen suggests
Fig. 3 (a, b, d and e) TEM images, (c) particle-size distribution histogram

23506 | RSC Adv., 2026, 16, 23500–23527
slight surface oxidation, while the trace sodium observed origi-
nates from the Na2S precipitating agent.
TEM analysis of the NiS–ZnS NC

Transmission electron microscopy (TEM) was employed to
examine the morphology and particle-size distribution of the
NiS–ZnS NC. TEM images reveal highly agglomerated particles
with rough edges and rough surfaces (Fig. 3a and b), consistent
with SEM observations (Fig. 2a–c). The average particle size was
determined to be approximately 20.8 nm, conrming the
nanoscale nature of the synthesized NC (Fig. 3c). The observed
agglomeration is attributed to strong interparticle interactions
among the nanocomposite components. Such observations
provide an in-depth understanding of the particle's morpho-
logical and structural features.58

TEM analysis of the NiS–ZnS NC showcased well-dened
lattice fringes with interplanar spacings of 0.319 nm and
0.285 nm, corresponding to the (111) plane of cubic ZnS and the
(002) plane of hexagonal NiS, respectively. These values are in
good agreement with the crystallographic data, proving the
successful formation of the NiS–ZnS NC (Fig. 3d and e).59 A
slight shi in d-spacing is observed, which may be attributed to
lattice deformation and strain arising from the interfacial
interaction between the NiS and ZnS phases.34

Fig. 3f shows the selected area electron diffraction (SAED)
pattern, which exhibits distinct diffraction rings, indicating the
polycrystalline nature of the NiS–ZnS NC. The diffraction rings
can be indexed to the (111), (220), and (311) planes of ZnS, the
(002) plane of NiS, and additional reections (such as (040) and
(131)) corresponding to Ni7S6. The results are consistent with
, and (f) selected-area electron diffraction images of the NiS–ZnS NC.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the XRD analysis and further signify the coexistence of the
crystalline NiS and ZnS phases of the nanocomposite.

TGA analysis of the NiS–ZnS NC

The thermal stability of the NiS–ZnS NC was analyzed by TGA
over a temperature range of 35 to 800 °C at a heating rate of 10 °
C min−1. The TGA curve shows four distinct weight-loss stages,
with a total mass loss of 27.2% (Fig. 4). The initial weight loss of
5.9% (35–193.3 °C) is associated with the removal of physically
adsorbed and bound water molecules. The second stage,
accounting for a 7.87% loss (193.3–303.6 °C), was attributed to
the decomposition of residual precursors, surface-bound
species, and chemisorbed hydroxyl groups.60–62 A further
weight loss of 6.02% (303.6–475.7 °C) was observed, attributed
to the partial loss of sulfur species from the NiS phase at
elevated temperatures. Beyond 450 °C, the mass change
becomes minimal, indicating the enhanced thermal stability of
the nanocomposite.63 A nal weight loss of 2.68% (475.7–712.6 °
C) is ascribed to the gradual oxidation of ZnS within the
nanocomposite matrix.64 The residual mass of 72.8%. conrms
the overall robustness of the NiS–ZnS NC.

XPS analysis of the NiS–ZnS NC

X-ray photoelectron spectroscopy (XPS) was employed to eluci-
date the surface composition and bonding environment of the
optimized NiS–ZnS NC. The survey spectrum (Fig. 5f) conrms
Ni, Zn, and S as the principal elements, with minor contribu-
tions from C and O, in good agreement with the EDX results
(Fig. S2). The corresponding core-level regions are observed at
850–890 eV for Ni 2p, 1015–1050 eV for Zn 2p, 158–174 eV for S
2p, 280–292 eV for C 1s, and 526–538 eV for O 1s (Fig. 5a–e),
indicating that the detected species are chemically bound
rather than present as metallic impurities.

In the high-resolution Zn 2p spectrum (Fig. 5b), a sharp
doublet appears at 1021.8 and 1044.9 eV, attributable to Zn 2p3/2
and Zn 2p1/2 of Zn

2+, respectively, with a spin–orbit splitting of
Fig. 4 TGA (weight %) plot of the NiS–ZnS NC.

© 2026 The Author(s). Published by the Royal Society of Chemistry
32.1 eV, consistent with the reports in the literature.34 The Ni 2p
region (Fig. 5a) displays characteristic peaks at 856.0 eV (Ni
2p3/2) and 873.5 eV (Ni 2p1/2), together with additional compo-
nents in the ranges of 852.1–858.4 and 870.8–876.0 eV, which
arise from the Ni2+ species and their associated satellite
features.

The spin–orbit separation of 17.5 eV and the presence of
shake-up satellites further corroborate the divalent state of Ni in
a sulde environment.

The S 2p spectrum (Fig. 5c) can be deconvoluted into
a doublet assigned to S 2p3/2 (160.3–163.3 eV) and S 2p1/2 (162.5–
166.5 eV), characteristic of the lattice S2− in the metal suldes.65

This prole conrms that sulfur is predominantly present as
sulde species, associated with both the ZnS and NiS domains,
evidencing the formation of an integrated NiS–ZnS network.
The C 1s spectrum (Fig. 5d) shows contributions at 284.7, 285.6
and 288.7 eV, which can be ascribed to the C–C/C–H, C–O and
O–C]O groups, respectively, while the O 1 s region (Fig. 5e)
exhibits a broad peak between 528.6 and 534.9 eV, originating
from surface hydroxyls, adsorbed oxygen and minor metal–
oxygen bonds.66 The NiS–ZnS NC exhibits slight shis in
binding energies compared to the pristine NiS and ZnS, as
revealed by XPS analysis. Specically, the Zn 2p3/2 peak shis
from 1021.8 to 1021.4 eV, while the Ni 2p3/2 peak shis from 856
to 855.7 eV. In contrast, a marginally positive shi is observed in
the S 2p peak (168.4 to 168.5 eV). These shis indicate strong
electronic interactions between the two sulde phases (Fig. 5f).
The observed negative shi in the Zn and Ni binding energies
exhibits interfacial charge redistribution, conrming the
formation of a heterostructure and facilitating enhanced charge
transfer, which contributes to improving the photocatalytic
activity of the nanocomposite.65 Overall, the XPS data demon-
strate that the nanocomposite consists of well-dened Ni2+ and
Zn2+ sulde phases with clean sulde bonding environments,
conrming the successful synthesis of the NiS–ZnS NC.
Spectroscopic properties

Spectroscopic analyses were performed to conrm the synthesis,
electronic structure, and functional properties of the NiS and ZnS
nanoparticles (NPs) and the NiS–ZnS NC. UV-Vis absorption
spectra (Fig. 6a) veried the successful synthesis of the nano-
materials, with estimated indirect band gaps of 2.62 eV for NiS,
2.48 eV for ZnS, and 2.57 eV for the NC (Fig. 6b).67 These values
indicate that both pure phases and the composite are active
under visible light, a prerequisite for efficient photocatalysis.

Photoluminescence (PL) spectra provided further insights
into charge carrier dynamics. While ZnS exhibited strong
emissions associated with rapid recombination, its intensity
was markedly quenched for the NiS–ZnS NC (Fig. 6c), con-
rming suppressed e−/h+ recombination upon heterojunction
formation.68

In the NC, photogenerated electrons transfer from the
conduction band (CB) of ZnS to that of NiS, where they partic-
ipate in oxygen reduction to generate reactive oxygen species
(ROS and cO2

−). Simultaneously, holes produced in the valence
band (VB) of NiS migrate to the VB of ZnS, enabling the
RSC Adv., 2026, 16, 23500–23527 | 23507
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Fig. 5 (a) High-resolution XPS spectra of nickel (Ni), (b) zinc (Zn), (c) sulfur (S), (d) carbon (C), and (e) oxygen (O) and the (f) typical XPS survey
spectrum of the NiS–ZnS NC.
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oxidation of hydroxyl ions to hydroxyl radicals (cOH). These ROS
act as highly reactive species responsible for the degradation of
crystal violet.

Notably, the higher PL intensity observed for pure NiS is
consistent with the defect-related or exciton-mediated transi-
tions commonly reported for NiS nanoparticles.69,70 Together,
these results demonstrate that the ZnS–NiS heterojunction
enhances charge separation, prolongs carrier lifetimes, and
promotes radical generation, thereby underpinning the supe-
rior photocatalytic performance of the NC. Table 1 below shows
the band gap analysis from the PL spectra, which mostly
prioritizes the visible light–active region in all nanomaterials.
23508 | RSC Adv., 2026, 16, 23500–23527
Fourier-transform infrared (FTIR) spectra were recorded in
the 500–600 cm−1 range to examine the characteristic stretching
and bending vibrations of the nanomaterials (Fig. 6d). For the
pure NiS and ZnS, distinct bands were observed at 514, 529, 505,
518, and 524 cm−1, corresponding to the Ni–S and Zn–S vibra-
tions. For the NiS–ZnS NC, these bands shied to 503, 509, and
526 cm−1, indicating interfacial interactions between NiS and
ZnS and the possible emergence of new vibrational modes
associated with nanocomposite formation. Such band shis
provide strong evidence for the successful integration of the two
phases.

The full FTIR spectra (Fig. S3) further conrmed the struc-
tural features. For NiS, absorptions between 514–529 cm−1 and
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01846g


Table 1 Excitation and emission wavelengths of pure NiS and ZnS NPs
and the NiS–ZnS NC

Excitation wavelength
(nm)

Emission wavelength
(nm)

Band gap
(eV)

NiS (226) 456 2.72
ZnS (306) 398 3.11 & 2.56
NiS–ZnS (231 & 306) 399 & 462.5 3.10 & 2.68

Fig. 6 (a) UV-vis spectra (0.1mgmL−1, T: 20 °C); (b) indirect band gap calculated from Tauc plot; (c) fluorescence spectra (0.1mgmL−1, T: 20 °C);
and (d) FTIR spectra of NiS, ZnS, and the NiS–ZnS NC.
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at 1548 cm−1 are attributed to the Ni–S asymmetrical stretching
and adsorbed water, respectively.71 Additional bands at 1011–
1089 cm−1 suggest Ni–S–Ni bending modes.72 In ZnS, peaks at
1401 and 1548 cm−1 correspond to the symmetric and asym-
metric stretching of zinc carboxylate (COO−), while a broad
band at 3221 cm−1 arises from the O–H stretching of surface-
adsorbed water. A weaker peak near 1116 cm−1 can be
assigned to S–O stretching vibrations.73

Overall, FTIR analysis validates the presence of Ni–S and Zn–
S bonds, conrms nanocomposite formation through vibra-
tional shis, and highlights the surface functionalities relevant
to the dye interaction and photocatalytic activity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Screening studies

The NiS–ZnS NC demonstrated excellent photocatalytic activity
against cationic dyes, achieving degradation efficiencies of 98%
for crystal violet (CV), 95% for malachite green (MG), and 94%
for methylene blue (MB) (Fig. 7a). In contrast, the NC exhibited
only limited activity toward anionic dyes, highlighting its pref-
erential affinity for cationic species. These results conrm that
the NiS–ZnS heterojunction is optimally designed for targeting
positively charged dye molecules, where surface charge inter-
actions play a critical role. Among the cationic dyes, CV was
chosen as the model pollutant for detailed optimization and
mechanistic investigation, providing insights into charge
transfer, radical generation, and surface interactions. Findings
from CV degradation can thus be extended to other cationic
dyes with similar structural and electronic characteristics
(Fig. 7a).
Surface-charge control of NC

Zeta potential measurements conrmed the negatively charged
nature of the NiS–ZnS NC, with a value of−14.7 ± 0.9 mV under
neutral conditions and a point of zero charge (PZC) at pH 2.67
(Fig. 7b). Below the PZC, the NC surface becomes positively
RSC Adv., 2026, 16, 23500–23527 | 23509
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Fig. 7 (a) Screening studies (dye concentration: 50 mg L−1, dose: 1 g L−1, irradiation time: 60 min); (b) z potential of NC at various pH
(concentration: 0.2 g L−1, sonication duration: 30 min); (c) effect of pH (CV concentration: 20 mg L−1, dose: 0.2 g L−1, T: 20 °C); (d) effect of
concentration (dose: 0.2 g L−1, T: 20 °C, pH: 6.9); (e) effect of dose (CV concentration: 20 mg L−1, T: 20 °C, pH: 6.9); (f) UV-vis spectra of CV dye
before and after degradation; (g) percent degradation profile, (h) HR size, and (i) z potential of NC during dye degradation (dose: 0.4 g L−1, CV
concentration: 20 mg L−1, pH: 6.9).
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charged. In contrast, above it, the charge is increasingly nega-
tive, reaching −18.9 ± 0.7 mV at a high pH of 12. The
progressive increase in the negative potential is attributed to the
enrichment of surface –OH groups.74 Such charge behavior is
highly favorable for dye adsorption. Crystal violet (CV),
a cationic dye, exhibits a positive surface potential of +1.41 mV
at pH 6.9, enabling strong electrostatic attraction towards the
negatively charged NC. These interactions signicantly promote
dye adsorption, which serves as a key prerequisite for subse-
quent photocatalytic degradation.
Effect of different parameters on CV degradation

The inuence of various parameters on CV photocatalytic
degradation has been investigated, including solution pH,
initial CV concentration, and photocatalyst dose using the NiS–
ZnS NC.
23510 | RSC Adv., 2026, 16, 23500–23527
Cationic dye photocatalytic degradation by NC

Effect of solution pH. The solution pH strongly inuenced
the dye adsorption and photocatalytic degradation, primarily
due to electrostatic interactions between the negatively charged
NiS–ZnS NC surface and the positively charged crystal violet
(CV) dye. As shown in Fig. 7c, dye adsorption increased from
28.9% at pH 2 to 74.9% at pH 12, consistent with the increasing
negative surface potential of the NC at higher pH values
(Fig. 7b). The photocatalytic degradation efficiency exhibited
a similar trend, rising from 78.6% to 95.3% as pH increased
from 2 to 12. The corresponding degradation rate constants
increased with pH (Fig. S7a), conrming that stronger electro-
static attraction facilitates dye adsorption and accelerates
radical-mediated degradation.

Effect of the initial dye concentration. The photocatalytic
efficiency of NC decreased with increasing CV concentration
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 7d). At 2 mg L−1, complete degradation was achieved
within 30 min, whereas efficiency dropped to 88.3%, 86.2%,
81.6%, and 73.2% at 6, 10, 20, and 30 mg L−1, respectively. This
inverse relationship between the dye concentration and the
degradation efficiency is consistent with previous reports.75 The
decline arises from the limited availability of active sites at
higher dye loadings and reduced light penetration through
concentrated dye solutions, which collectively suppress radical
generation.76 Kinetic analysis using the pseudo-rst order (PFO)
model further supported this observation, with rate constants
(k) decreasing from 0.026 min−1 at 2 mg L−1 to 0.012 min−1 at
30 mg L−1 (Fig. S7b).

Effect of photocatalyst dose. Catalyst loading is a critical
factor in balancing photon absorption with material economy.
As shown in Fig. 7e, increasing the NC dose from 0.04 to 0.2 g
L−1 improved the degradation efficiency from 67.9% to 83.7%.
This enhancement is attributed to the greater number of active
sites available at higher dosages.77 Importantly, NC maintained
strong photocatalytic performance even at low doses, under-
scoring its efficiency. Kinetic analysis conrmed this trend, with
the PFO rate constant rising from 0.008 min−1 at 0.04 g L−1 to
0.015 min−1 at 0.2 g L−1 (Fig. S7c).

Mineralization efficiency. Total organic carbon (TOC) anal-
ysis was performed to conrm CV mineralization and rule out
accumulation of harmful intermediates. For a 20 mg L−1 dye
solution, the initial TOC concentration of 5.08 mg L−1

decreased to 1.26 mg L−1 aer photocatalysis, corresponding to
75.1% TOC removal, alongside 83.4% dye degradation (Fig. S8).
This high degree of TOC elimination indicates that CV was
oxidized predominantly to CO2 and H2O, rather than trans-
formed into persistent organic by-products, as conrmed by LC-
MS analysis (Fig. 13a).

Mechanistic and DLS conrmation of CV degradation

A new strategy was employed to investigate the dynamic inter-
action between dye molecules and the photocatalyst during
degradation by monitoring the HR and surface charge (z
potential) of the NiS–ZnS NC in real time. Dynamic light scat-
tering (DLS) provides valuable information on particle-size
distribution and colloidal stability in terms of surface charge,
and tracking these parameters under photocatalytic conditions
reveals the interplay between dye adsorption and degradation at
the catalyst surface.

UV-visible and degradation proles

The photocatalytic reaction shows that the NC rapidly initiated
the degradation of crystal violet (CV) (Fig. 7f and g). Approxi-
mately 31% of the dye was removed within the rst ve min of
irradiation, and complete degradation (98%) was achieved by
60 min (Fig. 7g). The disappearance of the major absorption
band at 576 nm further conrmed the breakdown of the dye
structure (Fig. 7f).

Hydrodynamic radius (HR) variation

The HR of the NC changed dynamically throughout the degra-
dation process (Fig. 7h). In the rst 10 min, HR increased,
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicating the adsorption of dye molecules onto the NC surface,
supported by surface-charge variation (Fig. 7i). Between 10 and
20 min, HR decreased, consistent with the photocatalytic
breakdown of the adsorbed dye. Beyond 20min,HR uctuations
with larger standard deviations suggested alternating phases of
adsorption and partial degradation, likely due to the transient
accumulation of dye and intermediates. Aer 40 min, a contin-
uous decline in HR was observed, reecting sustained degra-
dation and progressive removal of dye molecules in the nal
stage of the cycle. This systematic HR variation provides direct
evidence of adsorption-degradation coupling at the NC surface.
Zeta potential evolution

Surface-charge monitoring further conrmed the electrostatic
interactions driving adsorption and degradation. Initially, the
NC exhibited a z potential of −14.4 ± 0.9 mV. Within 5 min of
contact with CV, this value shied to −5.4 ± 1.6 mV and to
−0.66 ± 0.09 mV by 10 min, consistent with the strong
adsorption of positively charged (+1.41 mV) dye molecules
(Fig. 7i). As degradation progressed, the z potential gradually
recovered to −8.7 ± 0.9 mV by the end of the reaction, indi-
cating the removal of adsorbed dye and partial desorption of
mineralized products. The partial loss of the negative charge is
attributed to the deposition of oxidized intermediates and
residual mineralization products on the NC surface. Together,
HR and z potential measurements provide complementary
evidence for the dynamic adsorption-degradation mechanism.
Kinetic performance

The effect of the initial CV concentration (2–30 mg L−1) on the
adsorption capacity (qt, mg g−1) was evaluated, with equilibrium
attained within 20 min (Fig. S6). The qt increased from 7.3 to
47.15 mg g−1, with increasing CV concentration, which can be
attributed to enhanced interaction between dye molecules and
the available active sites on the nanocomposite surface.78 To
further evaluate the photocatalytic activity, the degradation of
CV was examined at initial concentrations ranging from 2 to
30 mg L−1 (Fig. 8a). The results show a clear decrease in
degradation efficiency with increasing dye concentration,
attributable to the saturation of active sites and reduced light
penetration at higher loadings. Complete degradation occurred
within 30 min at 2 mg L−1, while efficiency dropped to 88.3%,
86.2%, 81.6%, and 73.2% at 6, 10, 20, and 30 mg L−1, respec-
tively. Pseudo-rst-order kinetic analysis revealed a decrease in
the rate constant (k) from 0.026 min−1 at 2 mg L−1 to
0.012 min−1 at 30 mg L−1, in agreement with literature trends.

At low initial CV concentrations, the NiS–ZnS NC achieved
complete degradation within 30 min. In contrast, efficiency
decreased to 73% at a higher concentration of 30 mg L−1

(Fig. 8a). Control experiments, in which the CV solution was
irradiated in the absence of NC, displayed only 8.9% degrada-
tion, conrming that the process is predominantly
photocatalyst-driven. The decline in the degradation efficiency
at higher concentrations is attributed to the saturation of active
sites on the NC surface and the reduced light penetration in
RSC Adv., 2026, 16, 23500–23527 | 23511
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Fig. 8 (a) Photocatalyst performance. (b) Photocatalytic kinetics (reaction rate vs. initial CV conc.): (b1) PFO kinetic curve (inset) and (b2) plot of 1/
Kapp vs. initial CV conc. (inset) (dose: 0.2 g L−1, pH: 6.9, T: 20 °C). (c) Effect of organic scavengers on adsorption. (d) Photocatalytic degradation
(10 mL (0.1 M) in a 50 mL solution, dose: 0.2 g L−1, CV concentration: 20 mg L−1, pH: 6.9, T: 20 °C). (e) EPR spectra of cOH and O2c

− when DMPO
and TEMP were used as trapping agents under dark and light conditions, respectively (DMPO and TEMP concentrations: 20 mg L−1, T: 20 °C, pH:
6.9, dose: 0.2 g L−1, light source: 500 W halogen lamp).
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concentrated dye solutions, both of which suppress radical
generation and retard the overall reaction.43

The photocatalytic data were tted to a pseudo-rst-order
kinetic model, ln(C0/Ct) = k1t, which showed an excellent
correlation with the experimental results (R2 values), as shown
in Fig. 8(b1).79 The apparent rate constant (kapp) decreased
systematically with increasing dye concentration, reecting
reduced reaction rates at higher pollutant loads. Such rapid
23512 | RSC Adv., 2026, 16, 23500–23527
removal at lower concentrations is consistent with greater
availability of active sites and higher surface-to-volume ratios
for dye-catalyst interactions.80

To further describe the heterogeneous photocatalytic
process, the Langmuir–Hinshelwood (L–H) model was applied.
The inset (Fig. 8b2) shows a linear relationship between 1/kapp
and the initial CV concentration, conrming the L–H mecha-
nism. From this plot, the surface reaction rate constant (KC) was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calculated as 0.69 mg L−1 min−1 (from the slope, 1/KC; R
2 =

0.99), while the adsorption equilibrium constant (KL–H) was
determined to be 0.042 L mg−1 (from the intercept, 1/KCKL–H).81

The relatively high KC value indicates that the degradation
process is primarily driven by photocatalytic reactions rather
than adsorption alone.82

These results highlight that while NC efficiently degrades CV
across a wide concentration range, its performance is strongly
inuenced by the initial pollutant load, with its kinetic behavior
well described by the L–H model.
Tuning NC activity using organic scavengers

To investigate the reactive species involved in the photocatalytic
process, scavenger experiments were performed (Fig. 8c). The
addition of isopropanol (IPA) and ethanol, well-established cOH
scavengers, resulted in a slight decrease in both the dye
adsorption and photocatalytic efficiency, conrming the
involvement of cOH radicals. This observation is consistent with
previous reports showing that short-chain alcohols effectively
quench cOH radicals and suppress photocatalytic degradation
pathways.83 Additionally, both ethanol and IPA can act as hole
scavengers, reducing hole-driven oxidation and thereby
decreasing degradation efficiency.84

In contrast, butanol exhibited a slight increase in adsorption
(43.6% to 44.6%) but a marginal reduction in degradation
efficiency. This behavior is attributed to the weaker radical
scavenging of long-chain alcohols, as well as the steric and
polarity effects that inuence their interaction with the radical
surface.85

The presence of EDTA signicantly enhanced performance,
with degradation efficiency reaching 91.8%. This improvement
arises from its dual role: (i) increasing dye adsorption (43.6% to
84.5%) by enhancing surface charge and electrostatic attraction
with cationic CV86 and (ii) acting as a hole scavenger, thereby
suppressing the e−/h+ recombination and promoting reactive
oxygen species generation.87 The nearly colorless solution
observed under dark conditions further conrms the strong
adsorption capability induced by EDTA.88

Ascorbic acid, used as a superoxide radical (cO2
−) scavenger,

led to a signicant decrease in both adsorption and degrada-
tion, suggesting a notable contribution of cO2

− radicals to the
photocatalytic process (Fig. 8d).89

Overall, the degradation efficiency followed the order: EDTA
> NC (no scavenger) > ethanol > butanol > IPA > ascorbic acid,
indicating that although scavengers inuence performance, the
NC retains a high activity, reecting its robust charge separation
and transfer characteristics.

Further evidence from EPR analysis supports the involve-
ment of reactive oxygen species (Fig. 8e). The lack of an EPR
signal under dark conditions conrms that ROS generation by
the nanocomposite is strictly light-induced and monitored
through spin trapping using DMPO and TEMP.90 The oxidation
of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to its correspond-
ing radical species veries the presence of cOH radicals, while
the inhibition of CV degradation in the presence of ascorbic
acid conrms the involvement of cO2

− radicals. Additionally,
© 2026 The Author(s). Published by the Royal Society of Chemistry
the conversion of 2,2,6,6-tetramethylpiperidine (TEMP) into
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) indicates the
generation of singlet oxygen species. These results collectively
conrm that multiple reactive oxygen species contribute to the
photocatalytic degradation mechanism.91
Computational study of NiS, ZnS, and the NiS–ZnS NC

Density functional theory (DFT) calculations were performed
using the B3LYP functional with the STO-3G basis set to gain
molecular-level insight into the electronic properties of the NiS–
ZnS nanocomposite (NC). The geometries of individual NiS and
ZnS nanostructures were rst optimized, both adopting cage-
like congurations that maximize surface area and provide
abundant active sites. Subsequently, the composite NiS–ZnS
structure was modeled and further combined with crystal violet
(CV) to evaluate dye-catalyst interactions.

Frontier molecular orbital (HOMO–LUMO) analysis was
carried out to probe electronic distributions and band gap
energies (Fig. 9a). In the orbital maps, deep red regions denote
high electron density, while green regions indicate low density.
Compared to pristine NiS and ZnS, the NiS–ZnS NC exhibited
a signicant reduction in band gap energy (Table S3), reecting
enhanced charge delocalization and improved electron–trans-
fer pathways within the heterojunction. This band gap nar-
rowing underscores the nanocomposite's capacity to absorb
visible light more efficiently than its individual components.

The HOMO–LUMO orbital distributions of NiS, ZnS, NiS–
ZnS, and CV (Fig. 10) further illustrate favorable orbital overlap
between the dye and NC, suggesting efficient electron injection
from the excited dye into the composite conduction band.
These computational results corroborate the experimental
ndings, demonstrating that electronic coupling and band gap
reduction in the NiS–ZnS system are key contributors to its
superior photocatalytic activity.

Electrostatic potential (ESP) maps were generated to visualize
charge distribution within the NiS–ZnS NC and crystal violet (CV),
providing molecular-level insight into potential reactive sites
(Fig. 9a). These maps highlight electron-rich (nucleophilic) and
electron-decient (electrophilic) regions, thereby identifying pref-
erential sites for intermolecular interactions and photocatalytic
reactions.92 A continuous color gradient from blue to red was used
to represent ESP values, with blue denoting regions of high posi-
tive potential (electrophilic sites) and red indicating low negative
potential (nucleophilic sites).

For CV, the negative potential was predominantly localized
near the nitrogen atoms and at the central triphenylmethane
core, consistent with known sites of electrophilic attack
(Fig. 9a). By contrast, positively charged ESP regions provide
favorable docking points for electron-rich species.

The spatial distribution of these potentials suggests that CV
molecules align on the NC surface in orientations that maxi-
mize electrostatic complementarity, facilitating adsorption and
subsequent charge transfer.

Contour plots further conrmed this orientation, showing
preferential binding directionality of CV to the nanomaterial
surface (Fig. 9a).
RSC Adv., 2026, 16, 23500–23527 | 23513
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Fig. 9 (a) Optimized structures showing the HOMO, LUMO, ESP maps, and contour plots of the molecular complex systems. (b) DOS, 2D NCI
plot, and 3D-isosurfaces of the nanocomposite, dye, and their complexes.
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Fig. 10 Charge-transfer mechanism for the NiS–ZnS NC, and its binding mechanism with the C1 and C2 (electron-dense parts) of the CV dye:
a theoretical approach.
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Overall, ESP mapping complements the HOMO–LUMO
analysis, revealing that charge distribution and electrostatic
complementarity play decisive roles in stabilizing dye-catalyst
interactions and driving efficient photocatalytic degradation.93

As summarized in Table S4, the interaction energy of the NiS–
ZnS NC with CV (−199.18 kcal mol−1) exceeds values reported for
comparable materials, underscoring its superior binding affinity
and highlighting its strong potential for efficient visible light–
driven photocatalysis. The interaction energies of all stable
complexes were calculated according to eqn (8).94

DEint = ECV@NiS–ZnS − (ENiS–ZnS + ECV) (8)

where DEint represents the interaction energy aer binding,
ECV@NiS–ZnS represents the total energy of the combined system,
ENiS-ZnS represents the energy of the photocatalyst, and ECV
represents the energy of the isolated dye molecule.
DOS and NCI-RDG analyses

Density of states (DOS) analysis was carried out to probe the
electronic structure of the NiS–ZnS NC and its interaction with
crystal violet (CV). DOS provides critical insights into electron–
transfer processes between the valence and conduction bands,
which directly inuence photocatalytic efficiency. The Fermi
level, positioned between the valence band maximum and the
conduction band minimum, dictates the migration of photo-
excited electrons under irradiation.95

Upon interaction with CV, the DOS proles of the NC di-
splayed signicant modications, particularly in the energy
distribution near the conduction band. Pronounced changes
were observed in the lowest unoccupied molecular orbital
(LUMO) region, accompanied by shis in the overall density
distribution. These features reect the enhanced electronic
coupling between the dye and nanocomposite, which effectively
lowers the charge-transfer barrier.

Such electronic reorganization indicates that the adsorption
of CV facilitates stronger orbital overlap and promotes efficient
migration of electrons from the dye to the NC. This improved
© 2026 The Author(s). Published by the Royal Society of Chemistry
charge-transport pathway not only enhances the separation of
photogenerated carriers but also increases the likelihood of
radical formation at the catalyst surface. Collectively, the DOS
results corroborate experimental observations and highlight the
role of dye-nanocomposite interactions in driving superior
photocatalytic activity.95

Frontier orbital calculations revealed clear electronic modi-
cations upon dye adsorption. The LUMO energy of the pristine
NiS–ZnS NC was −0.17 eV, while that of crystal violet (CV) was
2.88 eV. Upon interaction, the LUMO levels of the combined
systems shied markedly to 0.58 eV at the C1 site and 0.52 eV at
the C2 site. This downward shi enhanced the electronic
coupling between the dye and the NC, facilitating efficient
electron transfer across the interface. The interaction-induced
changes in the frontier orbitals reect the formation of a favor-
able dye–nanocomposite junction, which promotes the sepa-
ration of photoinduced e−/h+ pairs under irradiation. These
results are consistent with the calculated interaction energies
and experimental photocatalytic performance, further vali-
dating the superior activity of NiS–ZnS in the presence of CV.

To gain deeper insights into the binding forces at the
interface, non-covalent interaction (NCI) analysis was per-
formed. Based on the electron density (r) and the reduced
density gradient (RDG), this method distinguishes attractive
forces [sign(l2) r < 0], steric repulsion [sign(l2) r > 0], and weak
dispersive interactions [sign(l2) r z 0].96 The 2D NCI plots
(Fig. 9b) revealed distinct green and blue spikes within the
sign(l2)r range of 0 to −0.05 a.u., conrming the coexistence of
van der Waals and electrostatic interactions. Strong blue spikes
(−0.02 to −0.05 a.u.) correspond to attractive forces localized
near the aromatic rings and nitrogen functionalities of CV, in
agreement with the reduced band gaps (from 4.34 to 2.02/1.94
eV) and high interaction energies (−197.27 and
−199.18 kcal mol−1). Green spikes further indicated the
contribution of dispersive van der Waals interactions.

Together, these ndings demonstrate that CV adsorption on
NiS–ZnS is stabilized by multiple non-covalent forces, enabling
RSC Adv., 2026, 16, 23500–23527 | 23515
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robust dye-catalyst binding, enhanced charge transfer, and
improved photocatalytic efficiency.

Interaction analysis and photocatalytic potential of the NiS–
ZnS NC with crystal violet dye

To further elucidate the photocatalytic behavior of the NiS–ZnS
nanocomposite (NC), interaction studies were performed with
crystal violet (CV) using the optimized geometries of both the
NC and dye molecule. Two representative adsorption congu-
rations were examined: (i) the C1 site, corresponding to the
branched nitrogen atom of CV, and (ii) the C2 site, located on
the aromatic benzene ring, as shown in Fig. 10.

At the C1 site, a strong interaction between NiS–ZnS and CV
was observed, leading to a pronounced narrowing of the band
gap from 4.34 eV to 2.02 eV and an interaction energy of
−197.27 kcal mol−1. The reduced band gap implies enhanced
absorption in the visible region, while the large negative inter-
action energy indicates robust binding at the dye-
nanocomposite interface. These effects collectively promote
efficient e−/h+ separation and facilitate charge transfer,
consistent with the high photocatalytic potential of the NC at
this site (Fig. 10).

The C2 site exhibited even stronger binding. Here, the band
gap decreased to 1.94 eV, accompanied by a more favorable
interaction energy of −199.18 kcal mol−1. This enhanced
stability is attributed to the strong p-d orbital overlap between
the benzene ring of CV and the NC surface, supported by elec-
trostatic contributions that improve electronic communication
at the interface. The resulting increase in charge mobility
suggests that adsorption at the C2 site may be particularly
favorable for driving photocatalytic reactions.

Effect of salts on the surface charge, adsorption, and
photocatalytic degradation of CV

This study introduces a novel approach to track surface inter-
actions in photocatalytic systems by simultaneously monitoring
the HR and z potential of the NiS–ZnS NC during dye adsorption
and degradation. While earlier reports have discussed tuning
the surface charge of nanomaterials to control dye interactions,
the combined use ofHR and z potential38 to directly validate dye/
NC/salt interactions and their role in photocatalysis has not
been reported. Here, monovalent and divalent salts with
different anions (NaCl, NaNO3, Na2SO4, AgNO3, and CaCl2) were
employed to modulate the NC surface charge and probe their
inuence on crystal violet (CV) adsorption and photocatalytic
degradation.

Salt–nanocomposite interactions

Pristine NC exhibited an HR of 300 ± 46.7 nm and a z potential
of −14.3 ± 1.0 mV in suspension. Upon exposure to 0.1 M salt
solutions, HR generally increased. At the same time, z potential
shied toward more positive values, conrming cation binding
at the NC surface (Fig. 9a and b), and the values are mentioned
in Table S5. Among sodium salts, NaNO3 produced the largest
HR increase and a slight reduction in surface charge, indicating
strong NO3

−-mediated interactions. By contrast, NaCl and
23516 | RSC Adv., 2026, 16, 23500–23527
Na2SO4 induced only modest changes, consistent with their
limited Cl− and SO4

2− bindings, respectively. CaCl2 induced the
greatest reduction in the z potential, reecting a strong
adsorption of divalent Ca2+ ions at high charge density. AgNO3

had negligible effects, suggesting weak Ag+ affinity for sulde
sites; the slight surface charge shi was attributed to the
deposition of nitrate ions.

Effect on adsorption

Upon addition, HR increased with larger deviations, conrming
the deposition of CV molecules at the NC surface (Fig. 9a).
Simultaneously, the z potential shied toward less negative
values (Fig. 9b), validating the electrostatic attraction between
the cationic CV and the negatively charged NC. The strongest z-
potential reduction occurred in the CaCl2 solution due to Ca2+

deposition, which reduced the electrostatic binding of CV. In
contrast, NaNO3 maintained surface stability aer CV adsorp-
tion, highlighting the stabilizing role of nitrate ions, as shown
in (Fig. 9c).

Effect on photocatalytic degradation

Following irradiation, HR decreased across all systems, con-
rming dye breakdown. However, HR remained slightly higher
than in pristine NC, indicating the partial deposition of
mineralization products and residual salts. The z potential
partially recovered toward more negative values, consistent with
CV degradation, but it did not return to the initial levels, sug-
gesting that dye fragments and salt ions remained on the
surface (Fig. 9b).

Inuence of salt on the adsorption and photocatalytic
degradation of CV

Adsorption studies aer 20 min in the dark further claried the
salt effects (Fig. 11c). NaNO3 produced the highest CV removal
efficiency (68.4%), consistent with its strong impact onHR and z

potential, where competitive binding between nitrate ions and
dye molecules enhanced surface interactions. In contrast, CaCl2
reduced adsorption to 36.7%, as the strong Ca2+ binding sup-
pressed electrostatic attraction to CV. Na2SO4 slightly enhanced
adsorption by promoting diffuse-layer formation, whereas NaCl
decreased CV adsorption due to competing dye–salt interac-
tions and reduced NC surface charge. AgNO3 reduced adsorp-
tion efficiency despite increases in HR, attributed to the
disruptive role of the large-radius Ag+ ions at the dye-NC
interface.

Collectively, these results conrm that HR and z potential
monitoring provide a powerful means to visualize NC-salt-dye
interactions in real time. The data reveal that the salt type
and ionic properties strongly modulate the surface charge,
adsorption dynamics, and degradation efficiency, thereby
shaping photocatalytic performance.

Fig. 11d shows the CV dye photocatalytic degradation by the
NiS–ZnS NC in different salts. NaNO3 gave the highest efficiency
(94%) due to enhanced adsorption and cOH generation via
photolysis, while CaCl2 showed the lowest, as Ca2+ binding
suppressed NC surface charge and dye interaction. Salt type
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) HR of NC in salt after dye adsorption and photocatalytic degradation; (b) z potential of NC in various salts after dye adsorption and
photocatalytic degradation (salt centration: 0.1 M, CV concentration: 20 mg L−1, dose: 0.2 g L−1, pH: 6.9); effect of inorganic salts on (c)
adsorption and (d) photodegradation efficiency of NC (CV concentration: 20 mg L−1, dose: 0.2 g L−1, salt concentration: 0.1 M, pH: 6.9); (e) UV-
Vis spectra of the control studies of salts (CV concentration: 10mg L−1, salt concentration: 0.1 M, irradiation time: 60min); and (f) charge-transfer
mechanism in the NiS–ZnS NC and the role of salt anions in dye degradation.
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thus plays a decisive role in photocatalytic performance. Eqn
(S1)–(S6) express the generation of hydroxyl radicals by nitrate
ions.97 It is also consistent with the literature, as the generation
of oxygen radicals from nitrate ions gives rise to hydroxyl radi-
cals that participate in dye degradation. The generation of such
radicals is given by eqn (S7)–(S9).98
© 2026 The Author(s). Published by the Royal Society of Chemistry
Enhanced photocatalytic activity was observed only with
NaNO3, which increased CV adsorption and generated cOH
radicals via photolysis (Fig. 11a–d). In contrast, AgNO3, despite
sharing the same anion, reduced both adsorption and degra-
dation due to competition of Ag+ with CV for surface sites, lower
surface charge, and electron scavenging by Ag+. CaCl2 further
RSC Adv., 2026, 16, 23500–23527 | 23517
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suppressed efficiency to 55%, as Ca2+ strongly neutralized the
NC surface charge, weakening dye interaction; z potential
shied from 2.40 ± 0.23 to −3.40 ± 0.12 mV aer degradation,
indicating incomplete recovery due to Ca2+ deposition
(Fig. 11b). Monovalent Na+ caused a lower degree of surface
neutralization than divalent Ca2+.99 In NaCl, degradation
reached 85.5%, with surface charge decreasing from −14.3 ±

1.0 to −4.23 ± 0.67 mV and HR rising from 300 ± 46.7 to 834 ±

329 nm aer adsorption, as shown in Fig. 11a and b. Following
degradation, the z potential recovered to −10.6 ± 0.55 mV, and
HR declined to 400 ± 82.5 nm, conrming efficient degradation
assisted by reactive chlorine species, eqn S10 and S11).33,100,101

For Na2SO4, the z potential of the NiS–ZnS NC decreased
slightly from −14.4 ± 0.9 to −14.0 ± 0.85 mV, while the HR

increased to 642 ± 33 nm, suggesting minimal interaction of Na+

cations and amore pronounced role of SO4
2− anions (Fig. 11a and

b). This led tomodestly enhanced CV adsorption (45.3%, Fig. 11c),
largely due to the preservation of NC's negative surface charge.
Upon dye adsorption, the surface charge decreased further andHR

increased, conrming favorable electrostatic binding between the
Fig. 12 (a) Photocatalytic degradation cycles (dose: 3 g L−1, CV concen
tration: 30 mg L−1, T: 20 °C, dose: 2 g L−1, pH: 6.9); and (c) FTIR spectr
degradation.

23518 | RSC Adv., 2026, 16, 23500–23527
cationic dye and NC. Aer photocatalytic degradation, the z

potential recovered toward more negative values and HR

decreased, consistent with successful dye removal. However, the
overall degradation efficiency (79.8%) remained lower than that in
other salt systems. This reduction is attributed to the quenching
effect of SO4

2− anions, which can simultaneously scavenge
valence-band holes and conduction-band electrons, thereby sup-
pressing radical formation and limiting photocatalytic activity.102

Generation of sulfate radicals, eqn (S12) and (S13).
Sulfate radicals are less effective than hydroxyl radicals

(cOH), due to their large size, and the radical function could be
distributed over a resonance structure, which may render them
less effective than hydroxyl radicals in dye degradation.
However, their inhibitory effect may be low due to their
oxidizing ability for organics.97
Control studies of salts

To examine the effects of salt, dye solutions containing 0.1 M of
each salt were irradiated for 60 min under identical conditions
(Fig. 11e). Chloride salts showed the highest removal efficiency,
tration: 30 mg L−1, pH: 6.9); (b) recyclability and stability (CV concen-
a of the NiS–ZnS NC before and after the 7th cycle of photocatalytic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nitrate salts the lowest, and sulfate salts exhibited an intermediate
effect. The high removal efficiency of chloride ions can be asso-
ciated with the generation of reactive species (Clc, Cl2c

−, Cl2, and
HClO) by the action of chloride ions with hydroxyl radicals, which
degrade dye molecules. The generation of such active species can
be expressed using eqn (S14)–(S19).103

The effect of nitrate salts has also been investigated, which
results in the generation of hydroxyl radicals by nitrate ions in
light, eqn (S1)–(S9).
Effect of sulfate ions on control salt studies

A study reported the production of active sulfate radicals from
sodium persulfate (NaS2O8) when exposed to light. Such an
active species acts as an oxidizing agent, which attacks dye
molecules and causes their elimination from the aqueous
medium,104 eqn (S12) and (S13).

The adsorption and photocatalytic efficiency of the nano-
composite in various salts decrease in the following order:
NaNO3 > control > Na2SO4 >AgNO3 > NaCl > CaCl2 and NaNO3 >
control > NaCl > AgNO3 > NaCl > Na2SO4 > CaCl2.
Photocatalytic mechanism of NC in salts

In the NiS–ZnS nanocomposite (NC), NiS acts as a p-type semi-
conductor and electron acceptor, reducing surface-charge effects
and prolonging the lifetime of photogenerated carriers. At the
same time, ZnS functions as an n-type semiconductor with
electron-donating properties. UV-vis and PL analyses conrm that
both materials are visible-light active and promote charge sepa-
ration during photocatalysis. Under irradiation, the electrons (e−)
in the conduction band (CB) of ZnS are efficiently transferred to
the CB of NiS,34 where they reduce dissolved O2 molecules to
Table 2 Comparison of the photocatalytic activity of the NiS–ZnS NC w
different dyes

S. No Nanomaterials Source Time (m

1 CdS and Cu@CdS
nanoparticles

Visible light 15

2 CuS-CNTs Visible light 90

3 CuS/CdS Z-scheme Visible light 48

4 Ag2O–V2O5 nanocomposite UV-vis light 120

5 Sn-doped ZnS NPs Visible 120

6 In2MnS4 micro-owers 300 W Xe lamp 100

7 ZnS/rGO/g-C3N4 Visible light 70

8 Copper zinc tin sulde
(CZTS)-MoS2

300 W halogen lamp 80

9 Zn-doped and (Y, Zn)-co-doped
CeO2/CdS heterostructures

UV-vis light 120

10 NiS–ZnS NC Visible light
(halogen lamp-500 W)

60

© 2026 The Author(s). Published by the Royal Society of Chemistry
generate superoxide radicals (cO2
−). Concurrently, holes (h+)

formed in the valence band (VB) of NiS are transferred to the
valence band (VB) of ZnS, where they oxidize water molecules,
producing hydroxyl radicals (cOH). These reactive species not only
degrade the dye molecules adsorbed on the NC surface but also
diffuse into the bulk solution, drivingmineralization into CO2 and
H2O,105 as conrmed from the LC-MS data given in (Fig. S5). Salts
further inuence the charge-transfer process by generating addi-
tional radicals. Chloride and sulfate ions capture VB holes to form
Clc and SO4c

− species, while nitrate (NO3
−) undergoes photolysis

to nitrite (NO2
−), producing cOH radicals, asmentioned in Fig. 11f.

Collectively, these processes accelerate photocatalytic degradation,
as illustrated in Fig. 11e.

The conduction band (CB) and valence band (VB) edge
positions of NiS and ZnS were estimated using the Mulliken
electronegativity approach (eqn (9) and (10)):106

ECB = X − Ee − 0.5Eg (9)

EVB = ECB + Eg (10)

where X is the absolute electronegativity, Ee is the energy of free
electrons on the hydrogen scale (4.5 eV), and Eg is the experi-
mentally measured band gap. Based on these calculations, ZnS
(n-type) shows CB and VB positions of−0.47 eV and +2.01 eV vs.
NHE, respectively, whereas NiS (p-type) shows CB and VB
positions of −0.40 eV and +2.22 eV vs. NHE (Fig. 11f). This band
alignment results in the formation of a p-n heterojunction,
enabling the transfer of photogenerated electrons (e−) from the
CB of ZnS to that of NiS, while holes (h+) migrate from the VB of
NiS to the VB of ZnS. Such directional charge transfer promotes
efficient charge separation, suppresses e−/h+ recombination,
and consequently augments photocatalytic activity.58
ith that of different nanomaterials for the photocatalytic degradation of

in) Experimental conditions Degradation (%) References

Concentration: 100 mg L−1,
dose: 200 mg

98.88 108

Methylene blue concentration:
15 mg L−1, dose: 15 mg

100 109

Trypan blue concentration:
15 mg L−1, dose: 20 mg

81 110

Concentration: 10 mg L−1,
dose: 10 mg

92.3 111

Concentration: 20 mg L−1,
dose: 25 mg

95 112

Concentration: 5 mg L−1,
dose: 100 mg

96.6 113

Concentration: 25 mg L−1,
dose: 10 mg

96.7 114

Concentration: 20 mg L−1,
dose: 20 mg

79.9 115

Concentration: 1, 2, and 3 mg L−1;
dose: 3 mg

100 116

Concentration: 20 mg L−1,
dose: 40 mg

98 Present
study
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Recyclability and structural stability analysis by DLS and FTIR
spectroscopy

Recyclability and stability. The durability of the NC was eval-
uated across seven successive photocatalytic cycles (Fig. 12a). The
catalyst retained nearly complete activity, degrading 100% of CV in
the rst cycle and 97% in the second, with only a gradual decline
thereaer. By the seventh cycle, efficiency decreased modestly due
to partial loss of colloidal stability. Such losses can be attributed to
the deposition of organic acetyl cation (CH3CO

+) and inorganic
nitrate (NO3

−) and sulfate (SO4
2−) anion on the photocatalyst

surface that can affect the particle diffusion speed by changing the
thickness of the electric double layer called the Debye length (K−1).
Thus, a low-conductivity medium forms an extended ionic double
layer around the particle, thereby slowing diffusion and leading to
a larger apparent hydrodynamic diameter.38,107DLSmeasurements
conrmed this trend: HR increased progressively up to the h
cycle, while the z potential showed a corresponding decline,
indicating aggregation (Fig. 12b). Beyond the h cycle,
Fig. 13 (a) Proposedmechanism of cleavage of the crystal violet dye struc
seeds after 12 days of germination under different treatments: (b) germi

23520 | RSC Adv., 2026, 16, 23500–23527
agglomeration became more pronounced, reducing the effective
surface area available for dye interaction and accounting for the
reduced photocatalytic efficiency observed in later cycles. None-
theless, the NC demonstrated excellent stability, maintaining high
activity over repeated use.33

The FTIR spectra showed nearly no changes aer recycling
(Fig. 12c), conrming the material's structural stability.
However, a slight change was observed in the 500–540 cm−1

region, where the peaks at 503 and 509 cm−1 disappeared
(Fig. 12c, inset). The peaks at 517 and 529 cm−1 remained
intact, conrming the presence of ZnS and NiS entities in the
nanocomposite, respectively, consistent with Fig. 12c (inset)
and Fig. 4d. Overall, the FTIR spectra before and aer the 7th
cycle are nearly identical (Fig. 12c), with only a minor decrease
in intensity, conrming the structural stability and good reus-
ability of the NiS–ZnS NC for potential industrial applications.

Comparison of photocatalysts. The photocatalytic perfor-
mance of the NiS–ZnS NC towards CV dye, as summarized in
ture via the photocatalytic degradation pathway, and growth of tomato
nation rate (%), (c) shoot growth, and (d) images of germinated seeds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2, demonstrates its superior efficiency compared to
recently reported photocatalysts. The NC exhibits remarkable
stability and reusability, sustaining a high degradation effi-
ciency even aer the 7th cycle. These ndings highlight its
robustness, consistency, and strong potential for practical
wastewater-treatment applications.
Possible photocatalytic degradation pathway and
phytotoxicity study for the crystal violet dye

Theoretical investigations also validated the possible interac-
tion of NC with the C1 (branched nitrogen atom) and C2 posi-
tions (aromatic rings) of CV, with more pronounced interaction
at the C2 position, also responsible for the reduction in the
band gap of NC (Fig. 10). This feasible interaction is further
supported by the electrostatic attraction between the negatively
charged NC surface (Fig. 7b) and the cationic CV dye, which
carries a positively charged dimethylene group.

The degradation products of the CV dye (N,N,N,N,N,N-hexa-
ethylpararosaniline), identied from LC-MS spectra (Fig. S5),
include possible intermediates listed in Table S2. The degra-
dation products detected are relevant to the literature.

The photocatalytic degradation of CV proceeded via an
initial cOH-induced oxidative cleavage at the central carbon of
the amino-triphenylmethane chromophore, generating smaller
aromatic intermediates, (a1) 4-(N, N-dimethylamino)-40–(N0,N0-
dimethylamino) benzophenone and (a2) 4-N, N (dimethyl
amino) phenol, mentioned in the mechanism.117 Aer CV
cleavage, the subsequent N-demethylation of intermediate (a1)
occurs through the attack of cOH radicals and the removal of the
formyl group. Hydroxyl radicals are formed directly from the
reaction of holes with surface-adsorbed water or cOH radicals.
Intermediate (a1) results in two degradation products, 4-
aminobenzoic acid and aniline at the end, which further
degrade into carbonates, nitrates, acetyl cation, and nally the
mineralized products CO2 and H2O.100 The second interme-
diate, (a2) 4-N,N (dimethyl amino) phenol, also undergoes
subsequent N-demethylation in the presence of hydroxyl radi-
cals. This leads to the removal of formyl groups, yielding
intermediate 4-aminophenol, which further degrades into 1-
hydroxypropan-2-one, followed by acetic acid, acetyl cations,
and the nal mineralized products. LC-MS data conrmed the
complete mineralization of crystal violet, yielding CO2 and H2O
as the nal products (Fig. 13a and S5).
Phytotoxicity and germination studies

The phytotoxicity of treated and untreated dye solutions, as well
as the NiS–ZnS NC suspension, was evaluated using tomato-
seed germination tests. In the control environment, 100%
germination was observed with normal shoot growth. Seeds
exposed to the treated dye solution showed 96% germination
and 55% shoot growth, indicating substantially reduced toxicity
aer photocatalytic treatment. The NC suspension demon-
strated 81% germination with 44% shoot growth, conrming
the material's biocompatibility. By contrast, seeds exposed to
the untreated dye solution exhibited only 73% germination and
© 2026 The Author(s). Published by the Royal Society of Chemistry
severely stunted shoot growth (3%), highlighting the inherent
toxicity of crystal violet (Fig. 13b and c).

These results align with previous reports by Hussain et al.
and Mohamed et al..118,119 The representative images of seed
germination under different conditions are given in Fig. 13d.

Conclusion

This study focuses on synthesizing pure NiS, ZnS, and an opti-
mized NiS–ZnS NC via a co-precipitation method. Parameters,
including the precursor concentration, pH, temperature,
stabilizer content, and reactant addition rate, were optimized
for controlling the HR (300 ± 46.7 nm), PdI (0.42 ± 0.20), and z

potential (−14.4 ± 0.9 mV) of the NiS–ZnS NC. These parame-
ters were tuned across different pH values and inorganic salts
for effective dye interaction and were systematically evaluated
by DLS. XRD, SEM, TEM, EDX, and XPS conrmed the
successful formation of the NiS–ZnS NC with ∼1.98 nm crys-
tallite size and an agglomerated morphology, and Ni–Zn–S
elemental signatures were consistent with those of the well-
dened Ni2+ and Zn2+ sulde phases. DLS and FTIR analyses
conrmed the stability of NC in dispersion based on the HR and
surface charge. Further, it exhibited structural stability up to the
7th cycle, maintaining 87.8% removal efficiency, highlighting
its practical applicability. BET conrm its mesoporous nature
with surface area (65.3 m2 g−1), pore volume, and pore diameter
(0.141 cm3 g−1, 0.563 nm) measurements. UV-Vis and PL results
conrm the NC formation with a band gap of 2.57 eV (making it
visible light active), indicating the suppression of e−/h+

recombination through the heterojunction.
Photocatalytic testing across various anionic and cationic

dyes demonstrated the effective nature of NC for cationic-dye
degradation, achieving 98% removal of CV under favorable
alkaline conditions. DLS revealed the role of NC interactions
with monovalent and divalent ions in tuning its surface charge
and HR, thereby regulating dye adsorption and photocatalytic
degradation. Specically, NaNO3 enhances, while CaCl2
suppresses, the dye degradation efficiency; these processes
provide novel mechanistic insights into ion-mediated photo-
catalysis. Complementary DFT, DOS, and NCI analyses
conrmed the band gap narrowing, strong dye–NC binding, and
favorable charge-transfer interactions that underpin the NC's
photocatalytic activity. A toxicity study reveals the environ-
mentally friendly nature of NC and the treated CV solution.
Collectively, these results establish NiS–ZnS as a robust, stable,
tunable, and visible light-active photocatalyst with strong
potential for practical wastewater-treatment applications, both
in the absence and presence of salt systems.
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