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Abstract: The NiO-ZnO metal oxide nanocomposites were prepared by the sol-gel method and possess a high degree of purity, as indicated
by the X-ray diffraction patterns. The morphology and elemental results were studied using scanning electron microscopy and energy-
dispersive X-ray spectrometer, respectively. The degradation of dyes, specifically crystal violet (CV), through photocatalysis has been
investigated under ultraviolet light using NiO-ZnO mixed metal oxide nanocomposites with p-n type heterojunctions. The energy band
gap of pure NiO-ZnO composites was calculated using the Tauc plot of absorption spectra, and it is found to be 2.95 eV. The optimal
properties for all photocatalysts were a pH of 9, an irradiation time of 175 min, a catalyst amount of 100 mg, and a dye concentration of
10 mg/L. Under these optimum conditions, the prepared photocatalysts degraded the CV dye by 98.22% for NiO—ZnO. The p-n
semiconductors type (NiO-ZnO) nanocomposites having the highest activity for CV degradation could be attributed to charge transfer
processes inhibiting electron-hole pair recombination. As a result, semiconducting composite-based nanocatalysts with high
photocatalytic activity, such as NiO-ZnO, show promise for future industrial applications in removing undesirable organic pollutants

from the environment.
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1. Introduction

All living things in this universe depend on clean, healthy water to
survive. Overindustrialization has a negative impact on our fieely
available water resources [1]. Recently, issues related to water
pollution have received much attention. Water pollution from dye-
contaminated wastewater accounts for a significant portion of aqueous
pollution. Several industries like food processing, textile dyeing,
paints, papermaking, and cosmetics discharge dye-contaminated
effluents into the environment, producing dye-contaminated
wastewater. It is observed that, each year, about one million tons of
dyes are made around the world. More than 15% of these dyes enter
the environment as pollutants via industrial effluents [2].

According to multiple studies, the textile industry uses between
10 and 12% of dyes annually, including Eriochrome Black-T,
Rhodamine B, Methylene Blue, Victoria blue, Thymol blue,
Indigo Red, Caramine, and Rose Bengal [3—6]. Of these, about
20% are lost during the material’s production and processing and
wind up as wastewater. These dye-polluted effluents contain
highly poisonous, nonbiodegradable colored dyes that have an
adverse effect on living things [7].
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Methyl violet 10 B, sometimes referred to as gentian violet or
crystal violet (CV), is a triaryl methane dye that finds extensive
application in several industries, including analytic chemistry,
food processing, cosmetics, paper, leather, dyeing, and ballpoint
pens. It is also possible to stain biological substances with CV. In
biochemistry, CV has been used to measure cell viability because
it binds to DNA. But in living tissue, this binding to DNA will
cause replication mistakes, which could result in mutations and
cancer. Toxicological studies have demonstrated that CV causes
mutagenesis and carcinogenesis in animals. It is therefore
regarded as a significant contaminant in wastewater [8].

Industrial wastewaters have been treated using a variety of
techniques, including biological, chemical, food, dye processing,
pulp and paper, textile waste, and pharmaceutical. Ultrafiltration,
reverse osmosis, adsorption on activated carbon, chemical
coagulation, and ion exchange on synthetic adsorbent resins are
examples of traditional physical methods for eliminating color
pollution [9].

Adsorption, nanofiltration, photooxidation, coagulation, reverse
osmosis, and electrodialysis are a few of the removal methods that
have been employed. Every approach has advantages and
disadvantages of its own [10, 11]. Photocatalysis has many
advantages, including environmental friendly, inexpensive, easy to
operate, operate continuously under light sources, doesn’t create
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secondary waste, complete degradation, and reusable function at
normal temperatures and atmospheric pressure. While many
techniques have been employed, researchers have recently focused
a great deal of attention on dye removal through a photocatalytic
degradation process. Toxic dye pollution is transformed into
harmless compounds using this environmentally friendly method. A
cost-effective and highly efficient approach is transforming
contaminated water into clean, fresh water. One of the most
prevalent elements in our environment is solar light. The optimum
way to employ photocatalysts in the process of photocatalysis,
which degrades pollutants in water, is therefore outside.

The distinctive qualities of transition metal oxides (TMOs) such as
their good chemical stability, environmental friendliness, high theoretical
specific capacity at a reasonable cost, wide availability, and simple
production process have gamered a lot of interest. The unique
properties of transition metal oxides, or TMOs, such as their low cost
of fabrication, environmental friendliness, high theoretical specific
capacity, good chemical stability, and widespread availability, have
sparked interest in TMOs for use as photocatalysts, in solar cells, gas
sensors, electrode materials, and other applications [12].

Because of their important optical and electrical properties,
which are very helpful in building multifunctional nanoscale
optoelectronic and electronic devices, there has been an increased
demand recently for the development of nanosized semiconductors.
Using semiconductor metal oxide in photocatalysis has been a
promising technique in recent years, and it is receiving more
attention in the wastewater treatment area in an effort to fully
mineralize pollutants in environmental systems.

Numerous semiconductor photocatalysts for eliminating dyes
from wastewater are available in the literature. SnO,, CeO,, TiO,,
Zn0, WOs, V,0s, or ZnS are examples of n-type semiconductors;
on the other hand, NiO, CuO, Mn304, Co0304 or Cu,S are
examples of p-type semiconductors [13-23]. However, because
electron-hole pairs in a photocatalytic process regenerate quickly,
the dye removal efficiency is not necessarily substantial. By doping
with metals, these materials’ photocatalytic capabilities are
growing. The prospective applications of nanocomposite materials
comprising two distinct TMOs in photocatalytic performance have
led to a recent surge in interest. NiO-ZnO nanocomposites are
more effective photocatalysts than individual NiO or ZnO particles.
Their photocatalytic activity increases with the concentration of
NiO. NiO-ZnO nanocomposites are effective at removing dyes like
methylene blue and rhodamine B. They can also remove acid violet.

Separating the electrons and holes created by photon absorption
increases the efficiency of photocatalysts. Heterojunctions between
two semiconductors are one way to separate photoinduced electrons
and holes. There are six different types of heterojunctions: surface,
Schottky, Z-scheme, step-scheme, conventional, and p-n type. The
focus of study these days is on p-n junction photocatalysts. By
raising the quantum yields of photocatalytic reactions, effective
electron and photon separation enhances advanced oxidation
processes [24]. Heterojunction structures not only improve the
effective charge transfer but also broaden the absorption of
ultraviolet light in the photocatalytic system. Thus, photocatalytic
and photoelectrochemical efficiency can be significantly enhanced
under ultraviolet light illumination.

The literature review reveals that a number of techniques, such
as sol-gel, microwave-assisted method, chemical vapor deposition,
electrodeposition, spray pyrolysis, microemulsion, thermal
decomposition of organic precursors, ultrasonic, and hydrothermal
methods, have been developed for the synthesis of ZnO
nanopowders. While the chemical method has gained popularity,
most of these procedures are not used on a large basis [25].
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Group II-VI semiconducting material with a high excitation
energy is zinc oxide (ZnO). It is a broad band gap material with
n-type semiconductivity with an energy of about 3.37 eV. Owing
to its special qualities, it has been applied in a number of
industries, such as photodetectors and photocatalysts, solar cells,
varistors, optoelectronics, piezoelectric sensors, gas sensors, and
light-emitting diodes [26-29]. Numerous morphological features,
such as nanoparticles, nanorods, nanowires, and nanoflowers, can
be easily shaped from zinc oxide (ZnO). In addition, it is
nontoxic, easily prepared, and competitively priced [31]. Zinc
oxide is polytypic, meaning it has several stable structural
configurations. For instance, its hexagonal form is known as
wurtzite, and its cubic structure is known as a zinc mix. Zinc
oxide, an amphoteric oxide, has certain physical properties, such
as its crystal structure and near insolubility in water and alcohol [30].

The green crystalline solid nickel oxide (NiO) possesses
ferromagnetic  characteristics. Above 523 K, it displays
paramagnetic. It is a semiconductor material of the p-type with a
broad band gap of roughly 3.6-4.0 eV in energy. The structure of
NiO is face-centered cubic, or FCC. It can be used in a wide
range of electronic and magnetic devices. These applications are
improved when the particle size is controlled. NiO has emerged as
an interesting study material because of its inexpensive cost and
good ion storing characteristics [31].

NiO-ZnO nanocomposite p—n heterojunction semiconductors are
gaining popularity due to their excellent electrical properties. They are
widely used in electrochemical sensing, antibacterial applications,
photocatalysts, gas sensing, and as a fuel cell electrodes. Additionally,
they are employed magnetic recording devices. By doping ZnO with
transition metals like Ni, this study improved and optimized its
electrical, magnetic, and optical properties; the end product was the
creation of novel materials that could find application in
semiconductor systems. The p-n type (NiO-ZnO) nanocomposite has
the maximum activity for dye degradation because of the charge
transfer mechanisms that prevent electron-hole pair recombination
[32]. This is most likely attributed to band gap energy variance.

In this work, the sol-gel synthesis of NiO-ZnO nanocomposites
under UV light conditions was investigated for their enhanced
catalytic oxidation of CV. Characterization techniques employed to
assess the nanocomposites included X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), diffuse reflectance
spectroscopy (DRS), transmission electron microscopy (TEM),
Brunauer-Emmett-Teller (BET), thermogravimetric  analysis
(TGA), and UV-visible (UV-Vis) spectroscopy.

2. Materials and Procedures
2.1. Substances and agents

Analytical-grade chemicals were all utilized in the preparation
process; no additional purification was necessary. The precursors
were obtained from Sigma Aldrich and included nickel chloride
hexahydrate (NiCl,*6H,0), zinc chloride hexahydrate (ZnCl,*6H,0),
ammonia (NH4OH), and ethylene glycol. Throughout the process,
the solvent was deionized water. Aqueous solution was used to clean
every piece of glassware, and deionized water was used to rinse it
multiple times.

2.2. Preparation of NiO-ZnO nanocomposites

Using the sol—gel technique, ZnO-doped NiO nanocomposites
were created with the formula Ni,Zn;-O (x =0.1). Following the
proper ratios of (0.1 M) precursor solutions, the mixture was
continuously heated to 80°C while being agitated. After letting the
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liquid settle to ambient temperature, 0.1 M aqueous ammonia was
gradually added dropwise until the mixture’s pH reached
approximately 10-11. Following pH adjustment, the mixture was
stirred and allowed to settle for a full day. After removing the
byproducts with deionized water, the resulting green precipitate
was dried for 24 h at roughly 60°C. To neutralize the solution, it
was repeatedly washed with double-distilled water. The solution
was dried for 24 h at 100°C once it reached neutrality. The
composite’s dry precipitate was ground using an agate pestle and
mortar, and it was then annealed for four hours at 400°C in a
regulated muffle furnace. XRD analysis was used to track the
composite sample’s phase purity and degree of crystallinity.

2.3. Characterization of NiO-ZnO nanocomposite
materials

On a Siemens D-500 diffractometer running at 45 kV and
100 mA, the powder materials’ XRD was measured using Cu-Ka
(A=1.5406 A). At a scanning rate of 5°/min, the XRD pattern
was recorded between angles of 10 and 80° (20). A Jasco
UV-Vis-NIR spectrophotometer (model V-770) was used to
record UV-Vis absorption spectra in the 200800 nm wavelength
range. The powder sample was studied using TEM on a JEOL
JEM 2100 plus (Japan) apparatus. An SDT Q600 apparatus (TA
Instruments, USA) was used to record the results of differential
scanning calorimetry (DSC) and TGA. The sample was subjected
to FTIR using an Agilent Technologies Cary 630 FTIR
instrument. A Quanta Chrome Instruments v11.02 model was
used to conduct BET experiments on the powder samples.

3. Results and Discussion

3.1. X-ray diffraction

XRD was used to characterize the nature and size of the
particles. The pure NiO-ZnO nanocomposites’ XRD patterns are
displayed in Figure 1. The XRD pattern shows that there are no
further impurity phases, indicating that Admina excellent
NiO-ZnO nanocomposite material was synthesized.

The p-NiO cubic crystalline structure’s (hkl) planes and 26
values are determined to be 37.21° (111), 43.23° (200), and
62.82° (220), respectively (JCPDS no. 01-078-0423) [31]. The
hexagonal crystalline structure of n-ZnO has the following
diffraction peaks at 20 values and (hkl) planes: 31.74° (100),
34.4° (002), 36.22° (101), 47.52° (102), 56.58° (110), 62.86°
(103), 66.40° (200), 67.94° (112), and 69.10° (201) (JCPDS no.
01-079-2205) [26]. Using the following Scherrer equations, we
estimated the average crystallite size (D) and strain (g) present in
the sample from the full width at half maximum (FWHM) of the
XRD peaks in order to assess the impact of ZnO nanoparticles on
the microstructural properties (such as size and strain) of NiO:

D_ kA
" BcosO

1

where 0 is Bragg’s diffraction angle, p=1.54056 A is the
wavelength of Cu ka, f is the FWHM in radian intensity, D is the
average crystallite size, € is the lattice strain, and K is a constant,
assumed to be 0.94.

It was found that the average D value of NiO-ZnO
nanocomposites was 18 nm. For hexagonal ZnO, the lattice
parameters computed from the XRD data are a=4.68 A,
b=3.43 A, and ¢ =5.14 A; for cubic NiO, they are a=4.19 A,

3.2. UV—Vis DRS spectral study

Using UV-Vis spectroscopy, the optical phenomena of the
produced materials were examined. Optical absorption
spectroscopy in the 200-800 nm wavelength range is displayed in
Figure 2(a). The Tauc formula, which is as follows, serves as the
foundation for the DRS study of the absorbing substance.

ahv = B(hv — Eg)" (2)

where o (2.303 A/d) is the coefficient of absorption, A is the
absorbance, d is the optical path length, B is the proportionality
constant, Eg is the band gap energy, hv is the energy of the
photon, and n is a constant that is found to be % for direct

Figure 1
XRD patterns of (a) pure NiO, (b) pure ZnO, and (c) NiO-ZnO nanocomposites
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Figure 2
(a) UV—visible absorption spectrum of the NiO-ZnO nanocomposite and (b) Tauc plot of the NiO-ZnO nanocomposite
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allowed transitions and 2 for indirect allowed transitions. As
demonstrated in Figure 2(b), the optical band gaps of the
produced samples were determined by the use of a Tauc plot,
which involved graphing (ahv)? vs (hv), which is 2.95 eV.

3.3. Compositional analysis (EDS)

The energy-dispersive X-ray spectrometer (EDS) data
resolution was noted in the binding energy region of 0-20 keV as
shown in Figure 3. The spectrum’s peak indicates that Ni, Zn, and
O are present. Ni, Zn, and O have atomic percentages of 35.01,
42.12, and 22.87%, in that order. The current ratio of Ni, Zn, and
O indicates that nonstoichiometric NiO-ZnO forms, which makes
them effective photocatalysts for use in photocatalytic processes.

3.4. Transmission electron microscopy (TEM)

NiO-ZnO was subjected to TEM examination in order to learn
more about the internal microstructure and crystallographic
characteristics of the nonmaterial; the resulting TEM patterns are
displayed in Figure 4. The aggregation of the growing ZnO and
NiO particles is the reason for the nanocomposite’s greater range
of particle sizes.

The TEM picture reveals the presence of cubic and hexagonal
structures. Mesoporous structure development is indicated by the
interconnectivity of nanoparticles. The TEM picture of the
NiO-ZnO nanocomposites shows that the particles are roughly 20
nm in size.

3.5. Fourier-transform infrared spectroscopy
(FTIR)

Utilizing FTIR, the distinctive functional groups present in the
NiO-ZnO nanocomposites were identified. Figure 5 displays the
synthesized nanocomposites’ FTIR spectrum. The produced
nanocomposites’ spectra showed the presence of absorption bands in
the 4004000 cm™! range. At about 3367 cm™!, a large absorption
peak due to O-H stretching was seen. The minor peak at 913 cm™! is
attributed to C—H stretching, while the peaks at 1560 cm™' and
1395 cm™! are assigned to the symmetric and asymmetric C=0
stretching vibration modes. The metal-oxygen bond vibrations are
correlated with the drop at 638 cm™'. The stretching mode of the
Zn-O bond is responsible for the signal that was detected at
430 cm™!. A novel vibration mode at 513 cm™, corresponding to the
Ni-O stretching bond, is visible in the spectra of ZnO and ZnO

Figure 3
EDS image of the NiO-ZnO nanocomposite
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Figure 4
TEM image of the NiO-ZnO nanocomposite

Figure 5
FTIR image of the NiO-ZnO nanocomposite
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doped with NiO at various molar ratios of NiO-ZnO nanocomposites,
indicating that NiO was successfully doped into ZnO.

3.6. Thermal analysis

As illustrated in Figure 6, the thermal behavior of the produced
NiO-ZnO nanocomposites was examined using TGA and DSC
analysis at 20-800°C at a heating rate of 10°C/min in a nitrogen
atmosphere. Two stages of decomposition were detected by TGA
of the sample. Water molecules and evaporation were seen in the
first stage, which was followed by dehydration from below 21°C to
180°C, reaching a maximum at 60°C. Alongside this decline, there
was a mass loss of roughly 0.08616 mg, or 0.7818%. Two
molecules of carbon dioxide and two molecules of nitrogen dioxide
underwent thermal degradation in the second stage between 180°C
and 295°C. The mass loss that accompanied it was estimated to be
4.198%, or 0.4626 mg. The third stage was exothermic, with the
loss of two water molecules between 295°C and 500°C, with a
maximum at 400°C, converting hydroxides to oxides. A mass
reduction of about 0.6757%, or about 0.07447 mg, was also
observed with it. At temperatures over 500°C to 800°C, there was
no discernible shift in weight. The absence of alteration indicates
that ZnO nanoparticles are present. Since there was no change in
weight loss or thermal impacts over 800°C, the TG-DSC results
supported the crystalline nature of the NiO-ZnO nanocomposites.

3.7. Brunauer—-Emmett-Teller (BET) surface area
analysis

To ascertain the nanocomposites’ precise surface area, surface
area analysis was carried out. Figure 7 displays the type IV, N2
sorption isotherms of the produced nanocomposites, which
demonstrate the presence of slit-like mesoporous (2-50 nm)
nanoparticles created by aggregation. The findings of the BET
study showed that the pore size was 1.807 nm, the pore volume
was 0.049 cc/g, and the surface area was 31.485 m?/g. The results
clearly show that there is an inverse relationship between surface
area and particle size in nanocomposites. The distribution of pore
sizes in the samples confirmed the formation of mesoporous
material. A greater surface area can result in enhanced
photocatalytic activity because there are more active surface sites
available for improved dye molecule adsorption.

3.8. The photocatalytic degradation factors

3.8.1. pH’s impact

The pH of the solution is one of the key variables in
photocatalytic processes. It significantly affects the photocatalyst’s
surface charge. As seen in Figure 8, the impact of solution pH on
the rate of photocatalytic degradation in the presence of NiO-ZnO
was examined throughout a range of pH values from 3 to 11.
According to the experimental findings, as the pH rose from 3 to
11, there was a noticeable rise in the rate of photocatalytic
degradation of CV. The process of dye degradation becomes
constant above pH 9. The large concentration of protons in acidic
solutions (pH <6) slows down the dye’s photodegradation,
leading to a reduced degradation efficiency. A change in the
shape of the material was observed by varying the pH. It is found
that as pH increases, the luminescence intensity in the UV region
increases. The significant adsorption and high degradation rate are
caused by basic pH electrostatic interactions between the catalyst
surfaces and CV cations. The best pH was determined to be nine,
and at that pH, the catalyst and NiO-ZnO had a dye removal rate
of 97.71%.

3.8.2. Impact of contact time

Another factor influencing the photocatalytic efficiency of NiO—
ZnO, a nanocatalyst, in the elimination of CV dye is the irradiation
time. The study examined the experiment at an optimal pH of 9,
maintaining constant other experimental parameters but varying the
irradiation time from 30 to 180 min. The degradation efficiency
versus irradiation time is illustrated in Figure 9. Up to 150 min of
increasing irradiation, the produced photocatalysts for CV showed
an increase in degradation efficiency; after that, the value stayed
constant. This catalyst enhances the photodegradation of CV
compared to ZnO and higher dopant concentrations. The
incorporation of NiO ions decreases the optical band gap of ZnO
samples, which contributes to the development of O>~. For all the
samples, the ideal irradiation duration was 180 min, and the NiO—
ZnO catalysts had a dye removal efficiency of 98.22%.

3.8.3. Impact of dye concentration

An experiment was carried out at an optimal pH of 9 and
irradiation length of 180 min by varying the CV concentration
from 5 to 20 mg/L in order to ascertain the effect of dye
concentration on the degradation effectiveness of the
manufactured photocatalyst. Figure 10 displays the CV
deterioration efficiency findings that were obtained. The graph
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Figure 6
TGA/DSC image of the NiO-ZnO nanocomposite
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unequivocally demonstrates that the relationship between the dye
concentration and the produced photocatalyst’s degradation
efficiency is inverse. Under UV radiation, the degradation
efficiency falls as dye concentration rises. Since OH radical
generation is constant for a given amount of catalyst, the
percentage of dye degradation drastically falls over a certain
concentration due to inadequate OH radicals.

The production of radicals by the photocatalyst and the radicals’
interactions with dye molecules determine the pace of degradation.
Since the dye ions shield the photocatalyst’s active sites, the

Figure 7
BET image of the NiO-ZnO nanocomposite
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generation of hydroxyl radicals (.OH) at the catalyst’s surface is
decreased at high dye concentrations. Moreover, ultraviolet radiation
can be significantly absorbed by dye molecules at high dye
concentrations, lowering the radiation level. Consequently, for all
catalysts, the removal of CV was more effective at low
concentrations, or 10 mg/L, with a removal efficiency of 92.44% for
NiO—ZnO. For our additional research, we employed a concentration
of CV of 10 mg/L. We have investigated how the dye deteriorates in
relation to its concentration. Figure 10 demonstrates unequivocally
that less degradation happened at higher doses. This results from an
increase in dye concentration; more dye is absorbed by the catalyst

Figure 8
Effect of pH on the degradation of CV dye
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Figure 9
Effect of contact time on the degradation of CV dye
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Figure 10
Effect of dye concentration on degradation of CV dye
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particles. UV light cannot therefore reach the catalytic surface. Light
moves closer together at higher concentrations.

3.8.4. Impact of the catalyst

By changing the amount of dye solution from 50 to 200 mg, the
photocatalyst’s impact on the dye’s percentage degradation was
investigated, as illustrated in Figure 11. The dye degradation
increased to a point where a decrease in the decolorization rate was
noticed after the catalyst concentration was raised to 100 mg. This
is due to the fact that the number of active sites needed for
photocatalytic dye decolorization rises with catalyst concentration.
Additionally, after adding 100 mg of catalyst to the dye solution,
the suspension becomes more turbid and experiences a reduction in
sunlight/UV penetration, which slows down the photodecolorization
process. Based on the experimental findings, 100 mg of
photocatalyst was determined to be the ideal amount. For the NiO—
ZnO nanocomposite, the dye removal was 92.10% at the ideal
dosage. Lastly, the ideal parameters for a photocatalytic degradation
experiment were pH 9, 10 mg/L CV solution, 100 mg catalyst, and
175 min irradiation period for the NiO—ZnO photocatalysts.

Figure 11
Effect of catalyst on the degradation of CV dye
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4. Conclusion

In conclusion, the sol—gel technique was utilized to successfully
create NiO—ZnO nanocomposites with ethylene glycol acting as a
solvent. Under UV light irradiation, this nanocatalyst was
employed for the photocatalytic elimination of CV dye. The XRD
patterns show that the metal oxides produced using the previously
described process are highly pure. Scanning electron microscopy
and EDS were used to analyze the morphological and elemental
data, respectively. These materials have the potential to be
effective photocatalysts, as demonstrated by the experimental
results of CV dye photodegradation. The produced nanocomposite
demonstrated excellent photocatalytic activity toward the
degradation of CV, according to the results.
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