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In this study, NiSe, nanocubes, ZnO rods, and their composites were prepared by simple chemical methods
to investigate their photocatalytic response and antibacterial activity. The optimal concentration of NiSe,
nanocubes was explored for enhanced photocatalytic performance by varying its percentage in the
NiSe,—ZnO composites. The findings suggested that the optical response of ZnO was significantly
improved and shifted towards visible region by incorporating NiSe, as a co-catalyst. The photocatalytic
properties of NiSe,, ZnO, and NiSe,—ZnO composites were assessed under visible light by using
methylene blue (MB) as a model pollutant. The results showed that the optimized composite containing
75% NiSe, with ZnO exhibited outstanding photocatalytic efficiency of 97%. The degradation of MB dye
by NiSe,, ZnO, and their composites followed the pseudo-first-order reaction kinetics (Langmuir—
Hinshelwood model). Furthermore, the prepared NiSe,—ZnO composite displayed exceptional reusability
and stability over a number of cycles, demonstrating its practical applicability. This research presents
unique findings, showcasing the comparative antibacterial performance of NiSe,, ZnO, and NiSe,-ZnO
nanocomposites against Bacillus cereus (B. cereus). Of all the prepared photocatalysts, the 75% NiSe,—
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1. Introduction

Currently, two of the most serious global challenges faced by
humans are rapid depletion of energy resources and environ-
mental pollution. Organic dyes are commonly released into
waterways by textile, painting, paper, and leather industries,
causing serious environmental pollution.'* Azo dyes are the
most commonly used dyes in the textile industry, which are
highly soluble in water and are extremely harmful.>® These toxic
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ZnO nanocomposite revealed the best performance, exhibiting an inhibition zone of 28 mm.

organic dyes can be removed from waterways through tradi-
tional methods such as coagulation, desalination, reverse
osmosis, filtration, adsorption, etc.”®* However, these methods
are usually ineffective to completely remove azo dyes from
wastewater due to their inherent disadvantages, which also
include the production of secondary harmful products.” Pho-
tocatalysis, a low-cost technique, is considered a promising
method for the removal of stable toxic organic dyes.'® This
process usually involves heterogeneous catalysis, in which
a light-harvesting catalyst is placed in contact with target reac-
tants either in a liquid or a gas phase.* This method has been
successfully applied as an effective route for the degradation of
a variety of toxic compounds, including numerous air and
aquatic organic contaminants.' For example, the removal of
organic pollutants can occur at room temperature within a few
hours by using active photocatalysts.”> Furthermore, organic
pollutants could be entirely mineralized to non-toxic
compounds such as CO, and H,O without the creation of
secondary harmful products.*** Zinc oxide (ZnO) is a versatile
and functional material that has gained significant attention
due to its unique optical, electronic, and photocatalytic prop-
erties.”® ZnO is a wide bandgap semiconductor that can effi-
ciently absorb ultraviolet (UV) light and produce electrons and
holes in its conduction and valence bands, respectively.** This
ability to produce charge carriers makes ZnO a promising

© 2024 The Author(s). Published by the Royal Society of Chemistry
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material for photocatalytic applications.”* One of the main
disadvantages of ZnO is its inefficient utilization of sunlight
because it can only absorb UV light, which is only 4-5% of the
solar spectrum. Thus, a large portion of the solar energy is not
utilized by ZnO, which reduces the overall photocatalytic effi-
ciency of ZnO and limits its potential applications for waste-
water treatment.”® To overcome this disadvantage, researchers
are exploring the use of ZnO in combination with other mate-
rials that can efficiently utilize visible light.

One of the most important aspects of photocatalysis is the
recombination process of photo-generated charge -carriers
(electrons and holes).* In addition, the bandgap of the mate-
rial, electron mobility, and surface area of the material can all
play a substantial role in the recombination of electron-hole
pairs.”” The surface area of the material can also influence the
recombination by increasing the probability of recombination
via trap states or catalytic sites.'® Therefore, one of the most
effective ways to improve the photocatalytic activity of ZnO is to
enhance the above-mentioned parameters. This can be ach-
ieved by modifying the surface of ZnO with materials such as
noble metals, transition metals, or metal oxide, as well as the
usage of coupled semiconductors.”®*® Also, coupled semi-
conductors comprise of two different forms of energy-level
systems that play a significant role in charge separation.*
Coupling heterogeneous semiconductor materials can decrease
the band gap, increase the absorption coefficient range to the
region of the visible spectrum, and cause electron-hole pair
separation under visible light irradiation, leading to improved
photocatalytic activity.®»** The reduction of the bandgap
coupled semiconductors can lead to improved electronic and
optical properties, making them more useful for various appli-
cations.* For instance, Ag/Mg-ZnO,** and ZnO-MgO,* etc. have
been reported to photodegrade organic contaminants more
effectively compared to their pure counterparts. Composite
materials are utilized not just to enhance catalytic properties
but can also be used for a variety of other applications including
gas sensors and electric conductivity etc.>**” NiSe, is an inter-
esting material that has gained significant interest of
researchers due to its potential applications in energy storage,
dye sensitized solar cells, electrocatalysts, etc.?® NiSe, is a p-type
semiconductor having a bandgap energy of around 1.9 eV.*®
NiSe, exhibits more metallic behavior than other Ni-based
chalcogenides, such as sulfides and oxides.”® In addition, the
fabrication of nickel-containing selenides is cost-effective and
less toxic compared to other selenide-based materials such as
cadmium or lead.** The material also exhibits intrinsic elec-
trical conductivity that facilitates electron conduction, making
it an ideal candidate for hydrogen production via photo-
catalysis.* Due to these factors, it may also be used as a co-
catalyst for water splitting. In the last few decades, nickel-
based selenides have been developed as effective materials for
photocatalytic water-splitting processes.**> Recent studies have
explored NiSe,-based nanocomposites, such as NiSe,/CdS, for
their potential application in photocatalytic hydrogen produc-
tion.*® Mny 05Cdy 05S nanoparticles have been anchored onto
cubic NiSe, for efficient hydrogen production under photo-
catalytic conditions.**
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Bacterial contamination of drinking water and food is
another major global problem.*® Various pathogens are signif-
icant contributors to various infections and foodborne diseases,
which pose a significant public health threat.’**” Recently,
metal oxides, including ZnO and TiO,, have gained consider-
able attention as highly effective antibacterial agents because of
their impressive physical properties and remarkable stability.**
B. cereus is a commonly found Gram-positive, spore-forming
bacterium that has the ability to grow in water bodies at
different temperatures and pH levels.*® In addition, B. cereus
spores are also resistant to typical toxic chemicals therefore,
traditional methods are not very effective at inactivating them.
B. cereus has been associated with several foodborne outbreaks
in meat, vegetables, rice, and milk, particularly when food is
cooked, cooled, and stored under inadequate refrigeration
conditions.***' Symptoms of B. cereus related food poisoning
include nausea, vomiting, abdominal pain, and diarrhea.**** B.
cereus in dairy products can be identified and classified using
a variety of traditional and advanced microbiological testing
methods. As a result, these methods remain very complex and
time-consuming.** Nanomaterials are now often used to control
bacterial growth as their smaller size enables them to penetrate
through the cell membrane to kill the bacteria through several
modes of action. Furthermore, after passing through the cell
membrane, the reactive oxygen species (ROS) can initiate
intracellular destruction by damaging the bacterial DNA,
oxidation of the proteins, and peroxidation of lipids.** With
regard to its ability to kill B. cereus and various other prominent
bacterial strains, the engineered ZnO nanostructures have been
shown to exhibit highly impressive antimicrobial properties.***
For instance, Cu@ZnO nanocomposites revealed high antibac-
terial activities against Escherichia coli and B. cereus as
compared to pure Zn0O.*®

Although widespread efforts have been made to boost the
photocatalytic activity of ZnO by using various strategies, its
coupling with NiSe, has not yet been investigated to the best of
our knowledge. By using NiSe, as a co-catalyst, the ZnO-NiSe,
composites can form heterojunctions to facilitate the interfacial
charge transfer, thus preventing the recombination of charge
carriers. Additionally, the presence of NiSe, in the composites
can potentially shift the absorption edge towards the visible
region and can induce a synergistic effect, which could lead to
improved photocatalytic reactions. Therefore, it can be specu-
lated that NiSe, should be an effective co-catalyst to improve the
photocatalytic performance of ZnO. In the present work, NiSe,,
ZnO, and their composites were prepared by using a cost-
effective wet chemical method. For the NiSe,-ZnO composite
samples, the amount of NiSe, was varied to determine the
influence of NiSe, on the structural, morphological, optical, and
photocatalytic response of ZnO. Methylene blue (MB) dye,
which is a non-biodegradable and harmful organic compound,
is selected as the degradation target to assess the photocatalytic
performances of the prepared samples under visible light irra-
diation. The photocatalytic response of the prepared samples
for degradation efficiency followed the trend: 75% NiSe,~ZnO
(97%) > 50% NiSe,-ZnO (82%) > 25% NiSe,~ZnO (73%) > ZnO
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(60%) > NiSe, (50%). The 75% NiSe,~ZnO composite also
revealed enhanced antibacterial performance against B. cereus.

2. Experimental

2.1. Material and methods

Elemental selenium powder (Se) 99.95%, nickel nitrate hexa-
hydrate (Ni(NO3),-6H,0) 97%, ethanol (C,HsOH) 99.8%, and
methanol (CH3;0H) 99.7% were purchased from Sigma Aldrich.
Hydrazine hydrate (N,H, -H,0) 79-81% was supplied by Duk-
san, zinc acetate-dihydrate Zn(CH;COO),-2H,0 (99%) by Allied
Signal, and sodium hydroxide (NaOH) 98% by Sigma Aldrich.
All chemicals were utilized as received without any purification.

2.2. Synthesis of ZnO rods

The ZnO rods were prepared using a low-cost and simple sol-gel
process. In a typical synthesis, 2.2 g of zinc acetate dihydrate
(zZn(CH3C00),-2H,0) and 8 g of sodium hydroxide (NaOH)
were weighed using a measuring balance. After that, all the
precursors were mixed in a beaker containing 100 mL of DI
water and thoroughly stirred for a few minutes to obtain
a homogeneous solution. The mixture was then transferred into
a glass bottle, sealed tightly and heated at 90 °C for around 12 h.
Next, the mixture was naturally cooled down to room temper-
ature and then carefully washed with DI water and ethanol to
obtain white precipitates followed by overnight drying in an
oven at around 80 °C. The dried sample was then calcined at
a high temperature, typically around 350 °C for 3 h, to yield the
final ZnO product.

2.3. Preparation of NiSe, nanocubes

For the synthesis of NiSe, nanocubes, Se powder (0.52 g) was
first added to a beaker containing hydrazine hydrate (4 mL) and
sonicated for around 10 min. Nickel nitrate hexahydrate (0.96 g)
was then added to the above solution, and the resulting mixture
was sonicated for 30 min. After sonication, the mixture was
poured into a stainless-steel Teflon-lined autoclave and placed
in an oven at around 180 °C for 24 h. The autoclave was then
allowed to cool down to room temperature and the resulting
precipitates were centrifuged and washed several times with DI
water and ethanol. After washing, the sample was dried in an
oven for 24 h at 80 °C.

2.4. Preparation of ZnO-NiSe, composites

A series of ZnO-NiSe, composites were prepared by varying the
weight percent ratios of NiSe,. Appropriate amounts of NiSe,
and ZnO were mixed in methanol (40 mL) to achieve a 25%,
50%, and 75% ratio of NiSe, in the composites. The mixture was
first sonicated and subsequently stirred for around 30 min.
After stirring, the mixture was placed in an oven to dry at 60 °C
for 18 h.

2.5. Characterization

For the structural and phase analysis, an X-ray diffractometer
(P-XRD, Philips) was employed, with CuK, as a radiation source
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(A = 0.154 nm). The diffraction patterns for all prepared
samples were recorded in a 26 range of 20°-80°. The surface
morphology and microstructure of the prepared samples were
investigated with the aid of a TESCAN-made (MAIA-3) field
emission scanning electron microscope. Elemental identifica-
tion of the NiSe,, ZnO, and their composites was performed
through energy-dispersive X-ray spectroscopy. UV-Vis spectros-
copy (U-4001, Hitachi) was used to examine the optical prop-
erties of the prepared nanocomposite samples.

2.6. Photodegradation studies

To evaluate the photocatalytic characteristics of NiSe,, ZnO, and
NiSe,-ZnO composites, the degradation of organic pollutants
such as methylene blue (MB) was carried out. The experiments
were carried out in the presence of visible light illumination by
employing Xenon lamp as a source (400 W). In addition, the
experiments were performed in a wooden cabin which is
designed to prevent external light from entering and affecting
the photocatalytic process. Initially, 0.01 g of MB was dissolved
in a beaker containing 100 mL of DI water to produce
a homogenous solution. Then, 0.04 g of the photocatalyst was
added in 1 ppm of MB solution in a beaker containing 100 mL
of DI water. The mixture was magnetically stirred for 30 min
without light so that adsorption/desorption equilibrium could
be achieved. After 30 min of stirring in the dark, 3 mL of the
suspended solution was extracted, its absorption data was
recorded, and the reading was marked as zero min. The
degradation of the solution was initiated by exposing it to light,
3 mL of the suspended solution was extracted at regular inter-
vals of 30 min, and the samples were centrifuged and analyzed
using UV-Vis spectroscopy. This process was repeated until the
solution became colorless, indicating that MB dye had
completely decomposed. To calculate the degradation efficiency
of each sample, the following equation was used:

G -G
——— x 100 1
— 0

Degradation(%) =
where C; represents the concentration of MB dye at any time ‘¢’,
C, indicates the initial concentration.

2.7. Antibacterial studies

The culture media (LB broth) was prepared by adding 0.5 g of
sodium chloride, 0.5 g of tryptone, and 0.25 g of yeast in 50 mL
of water in a glass bottle, the media was sterilized for 1 h at 15
Ibs of pressure at 121 °C. Following this, the media was cooled
down in a laminar flow hood, and a disinfected wire loop-size
stock strain was transferred into a test tube containing 10 mL
of the above-prepared LB media. The cultured microorganism
was added to the test tube, and covered with aluminum foil and
then placed in an incubator at 37 °C for 24 h on an orbital
shaker with continuous shaking. The agar disc diffusion
method was used to evaluate the antibacterial activity of the
prepared samples. B. cereus was inoculated on an LB agar Petri
plate with a sterile cotton bud. The filter paper was cut into
circular discs with a diameter of 6 mm. The autoclaved discs
were dipped into a solution containing the synthesized samples

© 2024 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/d4ra04715j

Open Access Article. Published on 09 September 2024. Downloaded on 1/20/2026 9:11:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(5 mg mL ). The sample-coated discs were placed on the media
inoculated with B. cereus in Petri dishes. The Petri plates were
incubated for 24 h at 37 °C. After incubation, the average zone of
inhibition surrounding the discs was measured.

3. Results and discussion

3.1. Structural, morphological, and elemental analysis

The phase and structural characteristics of the NiSe,, ZnO, and
their composites with different NiSe, content were investigated
using XRD. Fig. 1a shows the XRD patterns of both ZnO and
NiSe, where the diffraction peaks of ZnO are observed at 26
values of 31.70°, 34.47°, 36.27°, 47.45°, 56.48°, 62.73°, and
67.66°, which are assigned to the (100), (002), (101), (102), (110),
(103), and (112) crystallographic planes, respectively. The
diffraction pattern is in perfect agreement with the standard
JCPDS No. 01-076-0704 for hexagonal wurtzite ZnO. The two
small diffraction peaks at 260 = 38.3° and 44.6° are attributed to
the orthorhombic crystal structure of zinc hydroxide (JCPDS
card No. 00-020-1435). The XRD pattern of NiSe, also shows
sharp diffraction peaks at 26 = 25.92°, 29.77°, 33.62°, 36.99°,
42.88°,45.17°, 50.82°, 55.51°, 57.80°, 62.13°, 70.18°, 72.47°, and
74.52°, which are indexed to the (111), (200), (210), (211), (220),
(221), (311), (230), (321), (400), (420), (421) and (332) crystallo-
graphic planes, respectively. The observed pattern agrees with
the JCPDS card No. 00-011-0552 and attributed to the cubic
phase of NiSe,. The two small diffraction selenium peaks were
also observed at 26 = 23.4° and 41.22°, which are respectively
assigned to the (100) and (110) crystal planes. The diffraction
peaks due to selenium are in perfect agreement with the stan-
dard JCPDS No. 00-006-0362. XRD patterns of NiSe,-ZnO
nanocomposites containing different amounts of NiSe, are
presented in Fig. 1b. The observed diffraction peaks could be
indexed to the ZnO and cubic NiSe,, suggesting the successful
coupling of ZnO with NiSe,. As expected, the peak intensity of
NiSe, increased with increasing the concentration of NiSe, from
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25% to 75%. The crystalline structure of the nanocomposites
was found to be in good agreement with the standard JCPDS
cards for ZnO and NiSe, indicating the high quality of the
synthesized nanocomposites. The sharp diffractions in the XRD
patterns of NiSe,-ZnO nanocomposites confirm that the
samples maintained their crystallinity during composite
formation. By using the well-known Scherrer formula, the
average crystallite sizes of NiSe,, ZnO, 25% NiSe,-ZnO, 50%
NiSe,-ZnO and 75% NiSe,-ZnO nanocomposites
were determined to be 24, 30, 35, 28, and 26 nm.

Fig. 2 displays the FESEM images of pure ZnO, NiSe, and
their composites containing different concentrations of NiSe,.
The morphological structure of ZnO is comprised of nanorods
with random orientations, as presented in Fig. 2a. The average
diameter of the nanorods was determined to be in the range of
70 nm. The FESEM image presented in Fig. 2b illustrates the
morphology of NiSe,, which is comprised of cube-like structures.
For the NiSe,-ZnO nanocomposites, FESEM images demonstrate
the coexistence of both ZnO nanorods and NiSe, cubes (Fig. 2c-
e). The ratio of nanorods of ZnO and NiSe, cubes appeared to be
dependent on the NiSe, content, as expected. For instance, the
ratio of nanorods in the 25% NiSe,-ZnO composite is high as
compared to nanocubes, due to the higher concentration of ZnO.
Fig. 2(d) demonstrates a FESEM micrograph of 50% NiSe,-ZnO
nanocomposites. The coexistence of nanorods of NiSe, and
nanocubes in almost equal amounts is attributed to the equal
concentration of ZnO and NiSe,. In Fig. 2(e) the existence of NiSe,
cubes with few ZnO nanorods ultimately confirms the composi-
tion of the 75% NiSe,-ZnO nanocomposite.

EDX measurements were performed to validate the chemical
composition of pure ZnO, NiSe,, and ZnO-NiSe, composites,
and the corresponding data is shown in Fig. 3. The EDX spec-
trum of pure ZnO revealed the emission of X-rays related to Zn
and O elements as evident in Fig. 3a. Similarly, the EDX spec-
trum of pure NiSe, shows the elemental peaks due to Ni and Se

elements (Fig. 3b). In the case of the NiSe,-ZnO
b)[ nis I .
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Fig. 1 XRD pattern of (a) pure ZnO and NiSe; (b) 25% NiSe,—Zn0O, 50% NiSe,—Zn0O, and 75% NiSe,—ZnO nanocomposites.
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Fig. 2 FESEM images of (a) pure ZnO, (b) pure NiSe,, (c) 25% NiSe,—Zn0O, (d) 50% NiSe,—Zn0O, and (e) 75% NiSe,—ZnO nanocomposites.

nanocomposites, the spectra comprised X-ray emissions asso-
ciated with Ni, Zn, O, and Se as shown in Fig. 3(c)-(e). Peaks due
to impurity elements or contaminations were not detected in
the EDX spectra, thus certifying the elemental purity of the
prepared materials.

3.2. Optical measurements

UV-Vis spectroscopy was utilized to explore the optical charac-
teristics of the synthesized NiSe,, ZnO, and their nano-
composites over a range between 200 and 800 nm. In the case of
pure ZnO, strong light absorption was observed at around
380 nm, which could be attributed to its inherent bandgap of
3.2 eV as shown in Fig. 4a. This property of ZnO agrees with the

28630 | RSC Adv, 2024, 14, 28626-28637

previous reports.” Similarly, a strong continuous absorption
was observed for NiSe, in the measured spectral range as pre-
sented in Fig. 4b. Similar absorption characteristics of NiSe, are
also reported in the literature and attributed to its metallic
nature. Compared to pure ZnO samples, the photoabsorption
capability of NiSe,-ZnO nanocomposites is significantly
enhanced by increasing the NiSe, content (Fig. 4c). This is
desired for superior photocatalytic properties of the materials.
The following Tauc formula was used to determine the bandgap
energy of ZnO, NiSe, and their composites:

()" = A(hv — Ey) (2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX spectra of (a) pure ZnO (b) pure NiSe; (c) 25% NiSe,-ZnO

where « is the absorption coefficient, 4 is Planck's constant, v is
the frequency of light, A is a constant and E, is the bandgap
energy, n is the nature of electronic transition and the value of
is 1/2, for the direct transition. The band gap energy is deter-
mined from the intercept of the linear portion of the (ahv)* vs.
hv as presented in Fig. 4d. The bandgap energy of ZnO/NiSe,
nanocomposites with 25%, 50%, and 75% NiSe, content were
determined to be 2.75 eV, 2.35 eV, and 2.1 eV, respectively. The
bandgap energies of the composites were observed to decrease
with increasing the NiSe, concentration. The bandgap energies
of the nanocomposites are lower compared to pure ZnO, which
could be attributed to the formation of heterojunction between
ZnO and NiSe,. Consequently, new energy levels are produced
at the interface of the heterojunction.

3.3. Photocatalytic studies

The MB dye was used as a representative pollutant to analyze
the photocatalytic = performance of the NiSe,-ZnO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites and their comparison with pure ZnO and NiSe,
samples under visible light exposure. The corresponding results
are presented in Fig. 5. Initially, experiments were carried out
without any photocatalyst, and the relationship of absorbance
of MB dye as a function of exposure time was monitored as
illustrated in histograms of Fig. 5(a). The result demonstrates
that the removal of MB without a catalyst is quite slow, and
there is a minor decrease in the absorption peak intensity at
around 664 nm even after exposure to visible light for 300 min.
However, the absorbance peak is noticeably reduced in the
presence of pure ZnO (Fig. 5(b)), where almost 60% of the dye
was degraded in 300 min. The low efficiency of ZnO towards the
degradation of MB dye is attributed to the broad bandgap and
reduced charge separation in ZnO. Fig. 5(c) illustrates the
removal of MB using pure NiSe, as a photocatalyst, where only
50% of the MB dye was degraded after light exposure for
300 min. The low photocatalytic efficiency of NiSe, could be
attributed to poor charge separation and low specific surface
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the bandgap energies using Tauc plot.

area. Compared to pure ZnO and NiSe, samples, the NiSe,-ZnO
nanocomposites exhibit significant ability to remove MB dye,
which is highly dependent on the NiSe, content as illustrated in
Fig. 5(d)—(f).

The photocatalytic efficiency of the nanocomposites exhibits
the following trend: 25% NiSe,-ZnO (73%) < 50% NiSe,~ZnO
(82%) < 75% NiSe,~ZnO (97%). Among all the photocatalysts
used in this study, the 75% NiSe,-ZnO nanocomposite demon-
strated a remarkable photocatalytic performance. The essential
component to enhance the performance of the photocatalyst is
its bandgap, which is reduced by increasing the ratio of NiSe,
content in the nanocomposites. Because of the reduction in the
bandgap energy, the absorption capability of the sample could
increase in the visible range, thus leading to enhanced photo-
catalytic activities. In addition, the addition of NiSe, led to the
formation of the ZnO-NiSe, heterojunction that exhibits
improved photocatalytic performance than that of pure ZnO and
NiSe,, which could be attributed to a slower electron-hole
recombination rate, which promotes the use of visible light and
charge carrier photogeneration. Therefore, the heterojunction
contact between ZnO and NiSe, is critical in maintaining the
separation of the photogenerated electron-hole pairs.*®

28632 | RSC Adv, 2024, 14, 28626-28637

Fig. 6 compares the efficacy of all samples while summa-
rizing how each photocatalyst performed. In Fig. 6a, the
degradation rate (C,/C,) is plotted against illumination time for
Zn0, NiSe, and their composites, where C, and C, respectively
represent the MB dye concentration before illumination and at
time ‘¢’. It is evident that the decomposition rate of MB dye is
higher for the 75% NiSe,-ZnO composite sample. The
increasing trend in the elimination of MB dye with the inclusion
of NiSe, clearly suggests that the number of active adsorption
sites present on the surface of NiSe,-ZnO composite are
increasing as the amount of NiSe, is increased. This could, in
turn, enhance the number of hydroxyl radicals, thus leading to
superior photocatalytic performance of the samples. The
Langmuir-Hinshelwood (L-H) model was used to calculate the
rate constant (k).*

G
In— = —kt
nCO

The kinetic behavior of the synthesized photocatalysts can
be demonstrated by plotting In(C,/C,) against illumination time
as depicted in Fig. 6b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Photodegradation characteristics of MB dye (a) without any photocatalyst (b) ZnO (c) NiSe; (d) 25% NiSe,—ZnO (e) 50% NiSe,—ZnO and (f)

75% NiSe,—ZnO composites.

The degradation reaction was observed to follow the pseudo-
first-order Langmuir-Hinshelwood kinetic model.** The rate
constant (k) value can be found by the slope of a straight line.
The estimated Kkinetics reaction rate constant k values are
0.0024 and 0.0031 min~" for NiSe, and ZnO, respectively. For
NiSe,-ZnO nanocomposites with 25, 50, and 75% NiSe, ratios,
the k values were determined to be 0.0042, 0.0058, and
0.0095 min~'. From the values of reaction rates, it could be
concluded that the rate constant of 75% NiSe,~ZnO nano-
composite is higher compared to other samples, which leads to

© 2024 The Author(s). Published by the Royal Society of Chemistry

its superior degradation performance. The superior perfor-
mance of 75% NiSe,-ZnO composite in the removal of MB dye
confirms the presence of an optimal number of active adsorp-
tion sites on the sample surface. The results suggest that
a higher NiSe, content in NiSe,-ZnO nanocomposites results in
more °‘OH radicals, thus improving the photocatalytic
performance.

The stability and reuse of a photocatalyst are regarded as
important features in large-scale applications. Fig. 6¢ shows the
recycling test performed on the 75% NiSe,-ZnO photocatalyst

RSC Adv, 2024, 14, 28626-28637 | 28633
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(a) C/C,, profiles of NiSe;,, ZnO, and their composites (b) kinetic behavior of MB dye elimination using the prepared photocatalysts (c)

cyclic runs of 75% NiSe,—-ZnO composites for photocatalytic degradation of MB dye.

for four consecutive cycles. After each cycle, the catalyst was
centrifuged, washed several times with DI water and ethanol,
and dried in an oven at 60 °C for 12 h. The dry material was then
processed uniformly and used for the next cycle. As depicted in
Fig. 6¢, the prepared photocatalyst demonstrates an excellent
performance in terms of reusability and stability for a number
of times. The slight reduction in the photocatalytic performance
is predominantly attributed to the loss of sample during the
recovery process. However, a slight loss of activity could also be
ascribed to the partial deactivation of the active adsorption sites
on the surface of the photocatalyst. The above results suggest
that the prepared composites hold an excellent potential for the
photodegradation of organic pollutants. Table 1 presents
a comparison of photocatalytic degradation of NiSe,-ZnO
composites with ZnO combined with other systems reported in
the literature. It can be seen that the performance of NiSe,-ZnO
composites, with optimal concentration of NiSe,, was signifi-
cantly enhanced compared to other relevant materials. This
could be attributed to an improved synergistic effect between
NiSe, and ZnO.

28634 | RSC Adv, 2024, 14, 28626-28637

The migration of charge carriers from one semiconductor to
another usually relies on their respective potential edge of the
conduction (Ecg) and the valence band (Eyg). The correspond-
ing values of Eyg and Ecp potentials for both ZnO and NiSe,
could be determined by utilizing their E, values according to the
following relations:*

EVB = ECB + Eg [3)

Ecg = —x +0.5E, + E° (4)
1

x=[xaxgl*? (5)

In the above equations, E€ is the energy of the free electrons
on the hydrogen scale (4.5 eV), xa and xp are the absolute
electronegativities of different atoms. By using eqn (5), the
electronegativity values calculated for ZnO and NiSe, were
found to be 5.79 eV and 5.34 eV respectively. The values of Eyg
for pure ZnO rods and NiSe, nanocubes were determined to be
3.51 and 1.50 V, respectively. Similarly, the Ecg values of pure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of photocatalytic degradation using different synthesized ZnO-NPs

Degradation Reaction time
Catalyst Target dye Light source ratio (%) (min) Ref.
75% NiSe,~-ZnO MB Visible 97 300 Current work
Graphdiyne-ZnO nanohybrids MB uv 89 180 50
Cu-ZnO/TiO, MB Visible 68 120 51
ZnO/PANI MB Visible 76 160 52
Graphene-ZnO nanofiber mats MB uv 80 240 53
40% ZnO-GR MB Visible 86.8 100 54
electron-hole pair separation. Once the charge carrier separation
D is maintained, the photoexcited electrons quickly migrate to the
] photocatalyst's surface to degrade the MB dye. The electrons in
Products the CB of ZnO combine with the O, to produce O, which
undergoes a series of reactions to degrade the dyes into harmless
-0.06 Adsorption products. On the other hand, the photogenerated holes in NiSe,
031 VB react with water to generate hydroxyl radicals that further
reacts with MB dye to create degradation products. Moreover,

(O, + H,0
1.5

3.51

Fig. 7 Photocatalytic mechanism of ZnO—-NiSe, nanocomposites for
degradation of MB dye under visible light irradiation.

ZnO and NiSe, were estimated to be 0.31 V and —0.06 V,
respectively.

The degradation of MB dye is believed to be highly dependent
on the excitation of photocatalysts when exposed to visible light.
Within this context, the ZnO-NiSe, heterojunction exhibits type
(I1) band alignment, which ensures an enhanced charge carrier
separation, as illustrated in Fig. 7. In this process, the photoex-
cited electrons in the Ecg of NiSe, migrate to the Ecp of ZnO as the
conduction band edge potential of NiSe, (—0.06 V) is more
negative compared to ZnO (0.31 V). Since the valence edge
potential of ZnO (3.51 V) is more positive compared to that of
NiSe, (1.50 V), the generated holes in the Eyg of ZnO are migrated
to that of NiSe,. As a result, the formation of the ZnO-NiSe, het-
erojunction interface efficiently maintains ZnO and NiSe,

during the reaction process, the electrons and holes could directly
interact with dye molecules. Consequently, the molecules of MB
dye are photocatalytically destroyed, resulting in the formation of
nontoxic compounds (CO, and H,0).** The proposed reaction
mechanism for MB dye degradation is shown below.

ZnO + NiSe, + v — ZnO (ecg”) + NiSe; (hyg")
ZnO (ecg”) + O, = O, + ZnO
0,"” + dye — degradation products
NiSe, (hy ") + H,O — H* + OH™ + NiSe,
NiSe, (hy ") + OH™ — NiSe, + OH'
OH + dye — degradation products
0O, + OH" + dye — degradation products

3.4. Antibacterial activity

The antibacterial characteristics of NiSe,-ZnO composites
tested against Gram-positive (B. cereus) are shown in Fig. 8. The

Fig. 8 Zone of inhibition of the prepared nanostructures against B. cereus (1) 25% NiSe,—ZnO (2) 50% NiSe,-ZnO (3) 75% NiSe,-ZnO; where

a and b denote ZnO and NiSe; respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Quantitative data of the calculated inhibition zone for ZnO,
NiSe, and their composites

Zone of inhibition

Samples code Sample name (mm)
A ZnO 15
B NiSe, 20
(o 25% NiSe,~ZnO 23
C, 50% NiSe,-ZnO 25
Cs 75% NiSe,~ZnO 28

bactericidal activity of pure NiSe, and ZnO was considered as
a control. ZnO exhibited reduced antibacterial activity due to its
larger crystallite size and wider bandgap in comparison to other
synthesized materials in this study. It is known that nano-
materials with larger particle sizes showed narrow inhibition
zones.” Furthermore, the results shown in the Fig. 8 demon-
strate that NiSe, and ZnO samples exhibit lower antibacterial
activities in comparison to NiSe,-ZnO nanocomposites. The
crystallite size of the composites plays a significant role in
controlling their antibacterial activity, in addition to the effec-
tive heterojunction between NiSe, and ZnO. Among all the
prepared samples, the 75% NiSe,~ZnO nanocomposite
demonstrated excellent antibacterial activity with an inhibition
zone of 28 mm (Table 2). Semiconducting nanomaterials are
known to produce reactive oxygen species (ROS) such as O, ",
‘OH and H,0, when exposed to visible light. These ROS react
with the bacterial cell wall, cytoplasmic membrane, or intra-
cellular components, leading to lipid peroxidation and cell wall
breakdown, ultimately causing bacterial death.*®* Due to their
small size and high reactivity, nanoparticles can easily pene-
trate and pass through the cell wall, interacting with the cell
membrane. The ions they release induce structural changes in
the cell membrane, compromising its integrity and increasing
its permeability.*

4. Conclusions

We have successfully fabricated NiSe,, ZnO, and NiSe,-ZnO
composites with varying concentrations of NiSe, to analyze their
photocatalytic performance against MB. Pure ZnO, NiSe, and
their composites were synthesized with the aid of sol-gel and
hydrothermal methods. The prepared samples were character-
ized using different techniques to study the effect of various
concentrations of NiSe, on the structural, optical, and
morphological properties of ZnO. XRD measurements
confirmed the structural and phase purity of NiSe, and ZnO.
The average crystallite sizes of NiSe,, ZnO, and NiSe,-ZnO
composites were determined to be in the range between 24-
35 nm. FESEM images showed that the morphology of ZnO was
comprised of randomly oriented nanorods, whilst that of NiSe,
was observed to be nanocubes. The morphology of NiSe,-ZnO
nanocomposites was found to be composed of both co-existing
ZnO nanorods and NiSe, nanocubes. The elemental composi-
tion of the prepared samples was confirmed by EDX spectra.
Optical measurements revealed a red shift in the bandgap

28636 | RSC Adv, 2024, 14, 28626-28637
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values by increasing the NiSe, amount in the NiSe,-ZnO
nanocomposites. The photocatalytic activities of the synthe-
sized samples were evaluated by using MB dye as a model
contaminant. The photocatalytic response of the prepared
samples followed the trend: 75% NiSe,-ZnO (97%) > 50%
NiSe,-ZnO (82%) > 25% NiSe,-ZnO (73%) > ZnO (60%) > NiSe,
(50%). The Langmuir-Hinshelwood model was utilized to
determine the values of rate constants, which further confirmed
that the addition of NiSe, had a remarkable role in enhancing
the photocatalytic efficiency of ZnO. The 75% NiSe,-ZnO
composite sample also exhibited a high antibacterial activity
against B. cereus under visible light irradiation.
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