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In this work, following a facile coprecipitation technique, a novel ternary ZnO/NiO/MoOs heterojunction photocatalysts was synthesized
and characterized using SEM, TEM, UV-Vis DRS, XRD and FTIR analysis. Under visible light irradiation, the photodegradation of organic
pollutants, such as methylene blue, was studied. Comparing the ternary nanocomposite to ZnO, NiO, MoO; and binary ZnO/NiO, NiO/
MoO; nanocomposite, the former showed better photocatalytic performance. The energy band gap of ZnO/NiO/MoO; nanocomposite
was evaluated using Tauc plot from absorption spectra and resulted as 2.67 eV. The best photocatalytic activity for methylene blue (100%)

which is advantageous for effective fast transfer and separation of the photoexcited charge carriers, could be attributed to the better

photocatalytic presentation.

INTRODUCTION

Liquid industrial wastes contain several toxic chemicals,
like toxic metals, dyes, pesticides, efc. which can cause serious
environmental problems. Dye containing discharged wastes are
harmful to humans, aquatic life and microbes [1]. As of now,
conventional methods such as membrane separation [2], floccu-
lation condensation [3], adsorption [4], oxidation or ozonation
[5], reverse osmosis and other techniques have been used to
solve such issues. Nevertheless, these techniques are unable
to eliminate organic contaminants from water. In recent times,
photocatalytic degradation of wastewater has emerged as an
encouraging method due to its efficiency, eco-friendliness,
environmental compatibility and convenience [6-8]. This comp-
rises of a heterogeneous reaction occurring on the surface of a
catalyst, which facilitates the conversion of light energy into
the chemical energy. This process includes excitation, redox
reactions and recombination, aiming to balance the Fermi energy
level of the catalyst with that of the surface adsorbents [9-11].

Because of its photocatalytic activity, metal oxide semi-
conductors have been seen as a type of promising material to
address pollution. Among these, zinc oxide (ZnO), a significant

was shown by ternary ZnO/NiO/MoQOj; photocatalyst within 55 min. The development of the ZnO/NiO/MoO; heterojunction photocatalyst, |
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semiconductor material, has drawn a lot of research interest
due to its inexpensive nature, superior electrochemical stability
and high electron mobility [12,13]. ZnO does, however, also
have several defects. It is often active in the presence of UV
light and because photoexcited electrons and holes readily
recombine, its photocatalytic function is diminished [14,15].

A variety of methods have been used to raise ZnO-based
photocatalyst performance [15-30]. Among them is doping
with non-metals (C, N, efc.) [19,20] or alkali/transition metals
[17,18]. Significantly increased photocatalytic activity has been
reported for ZnO contained hetero-structures and composites
having graphene [21], reduced graphene oxide [22], noble
metals [23] and other metal oxides [24-31]. Coupling with p-
type oxides is an efficient way to increase the photocatalytic
activity of ZnO. Here, the efficiency of photogenerated
electron-hole pair separation and the capacity to use light can
both be enhanced by the creation of heterojunctions between
the n-type ZnO and an appropriate p-type semiconducting
oxide. Numerous ZnO binary heterojunctions exist, including
ZnO/MoOs; [32], MoO3/ZnO [33] and 1D/1D ZnO @h-MoO;
[34], etc. Since, the binary hetero-junctions had higher photo-
excited electron hole pair separation and transfer efficiency,
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they demonstrated higher photocatalytic activity than single
semiconductor materials.

Nickel oxide is a p-type semiconductor known for its non-
toxic nature, stability, affordability and wide band gap comp-
ared to other semiconductor metal oxides. Additionally, its
excellent optical, electrical and photocatalytic properties make
it a promising material for photocatalysis applications [35].
Considerable work has gone into changing nickel oxide (NiO)
by doping it with non-metals, adding transition metals and
combining it with semiconductors in order to increase its photo-
catalytic activity [36-39]. Previous research demonstrated that
enhancing charge separation efficiency and prolonging charge
carrier lifetime can improve photocatalytic performance by
combining two or more semiconductors with compatible band
positions. As a result, merging different semiconductor oxides
is considered one of the most effective approaches to achieving
high photocatalytic degradation.

Molybdenum trioxide (MoQOjs), an n-type semiconductor
with a well-known band gap of 2.78 eV, is one of the most
commonly used materials due to its chemical stability, non-toxic
nature and abundant availability. Furthermore, its enhanced
dye adsorption capacity plays a key role in photocatalysis [40].
Because of its remarkable capabilities, it has been thought to
be an advantageous to develop the Z-scheme heterostructure
photocatalyst [41]. According to reports, MoOj; can be joined
with other photocatalysts, such as Bi,O [42], polyimides [43]
and CdS [44], to create composites with exceptional photo-
catalytic activity. This is achieved by lowering charge carrier
recombination and enhancing charge transfer processes.

Ternary hetero-junctions demonstrated superior photo-
catalytic performance compared to binary hetero-junctions in
the photodegradation of dyes like phenol, rhodamine B, alizarin
yellow, methylene blue and sulfa-methoxazole under visible
light irradiation. This enhanced activity is attributed to the rapid
separation and transfer of photo excited electron-hole pairs in
systems such as MnO,/Al,O;/Fe,0; [45], RGO/TiO»/ZnO [46],
Mo0O3/Zn0O/B,0s [47] and ZnO/TiO,/CdO [48].

However, limited studies have been conducted on ternary
hetero-junctions involving molybdenum oxide and zinc oxide
based semiconductors. This motivates us to strategically synth-
esize a ZnO-modified NiO/MoQ; ternary hetero-junction photo-
catalyst with enhanced photocatalytic performance under
sunlight, potentially suitable for everyday applications.

EXPERIMENTAL

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), nickel(II) nitrate
hexahydrate (Ni(NOs),-6H,0O), ammonium molybdate tetra-
hydrate ((NH4)sM070,4-4H,0), potassium hydroxide, ethylene
glycol, sodium hydroxide, procured from standard companies.

Synthesis of ZnO: First, 70 mL of double-distilled water
was used to dissolve 0.06 mol of zinc nitrate hexahydrate while
stirring constantly at room temperature. Subsequently, 1 mol
KOH solution was gradually added to the mixture to keep the
solution neutral (pH ~7). The white precipitate was formed after
2 h of stirring the solution at 50 °C and dried in an oven for 2 h
at 100 °C after being rinsed five times with double-distilled
water. To obtain white powder, the dry powder was homogenized

with a pestle and mortar. Finally, ZnO nanoparticles were
obtained by calcining the white powder for 2 h at 500 °C in a
muffle furnace.

Synthesis of NiO: Ni(NOs),-6H,O (0.1 M) dissolved in
deionized water was added to a solution containing NaOH
(0.8 M) solution dropwise. The mixture was stirred at 80 °C for
6 h, resulting in the slow formation of a green precipitate. This
precipitate was washed several times with double-distilled water
and ethanol, then dried at 120 °C. The obtained NiO nano-
particles were annealed at 600 °C for 5 h, producing black
NiO nanoparticles, which were collected for further study.

Synthesis of MoOs: Ethylene glycol (50 mL) were mixed
with 250 mL of 0.1 M ammonium molybdate tetrahydrate solu-
tion. The mixture was heated for 40 min at 120 °C, producing a
precipitate and a dark blue solution. After centrifugation, the
dark blue solution was poured off and the precipitate was washed
with distilled water, placed in a dish and placed in the oven at
80 °C for 24 h. The resultant white molybdenum trioxide powder
was treated at different sintering temperatures for 1 h.

For this, 50 mL of ethylene glycol were combined with
250 mL of 0.1 M ammonium molybdate tetrahydrate solution.
The mixture was heated at 120 °C for 40 min, resulting in a
precipitate and a dark blue solution. After centrifugation, the
dark blue solution was discarded and the precipitate was washed
with distilled water, placed in a dish and dried in an oven at 80
°C for 24 h, yielding white molybdenum trioxide powder. The
powder was then annealed at 500 °C for 1 h.

Synthesis of ZnO/NiO/MoQsternary composites: ZnO
(0.8 g), NiO (0.1 g) and MoOs (0.1 g) were homogenized
together for 1 h to obtain a ternary nanocomposite ZnO/NiO/
MOO3.

Photocatalytic activity: The photocatalytic performance
of ZnO/NiO/MoO; nanocomposite was evaluated using
methylene blue as a model organic dye pollutant. The process
was carried out in a visible light photoreactor within an outer
wooden cabinet, which was equipped with a magnetic stirrer,
a400 W metal halide lamp, an exhaust fan and an electric power
supply. For the reaction, 0.05 g of synthesized ternary nano-
composite was added to 100 mL of 10 ppm methylene blue
solution. The suspension was stirred magnetically in the dark
for 30 min to establish desorption/absorption equilibrium before
exposure to light. During irradiation to the metal halide lamp,
samples were collected at regular intervals, centrifuged and the
clear dye solution was analyzed for absorbance at 665 nm using
a visible spectrophotometer. The photocatalytic activity of the
ZnO/NiO/MoQO; nanocomposite was assessed under different
conditions, including varying pH levels (2-10), irradiation times
(5-140 min), methylene blue concentrations (5-100 ppm) and
photocatalyst dosages (0.2-1 g/L).

Characterization: Brucker DX-5 X-ray diffraction (XRD)
was used for the phase and crystalline structure at A = 1.54 A
with 20 ranging from 10-90°. IR Prestige 21 was used to record
FTIR spectra in the 4000-500 cm™ range. With the use of field
emission scanning electron microscopy (Carl Zeiss, Germany),
the size and shape of the particles were examined. High resol-
ution transmission electron microscope (model: Zeiss Gemini
300). The 2600R Shimadzu was used to measure the optical
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Fig. 1. XRD patterns of the ZnO, NiO, MoOs; and ZnO/NiO/MoO3 nanocomposite

band gap UV-vis DRS, with BaSO, serving as the reference
wavelength, spanning from 200 to 800 nm.

RESULTS AND DISCUSSION

X-ray diffraction studies: The different ratios of ZnO,
NiO and MoO; were combined to obtain homogenous ternary
composites. Fig. 1d shows the XRD spectrum of ZnO/NiO/
MoOj; nanocomposite. The diffraction peaks for MoOs; were
in accordance with JCPDS No.05-0508. the main characteristic
peaks located in 26 = 12.80°, 25.70° and 39.00° are indexed to
(020), (040) and (060) crystal planes. NiO exhibits four diffe-
rent peaks at about 26 = 37.20°, 43.30° 62.90° and 75.50°
correspond to the crystal plane (111), (200), (220) and (311)
(JCPDS card No.47-1049). ZnO observed diffraction peaks
(100), (002), (101), (102), (110), (103), (200), (112) and (201)
well matched with JCPDS card no. 8§9-0510.

FTIR studies: The FTIR spectrum of ZnO/NiO/MoOs
heterojunctions in the 4000-400 cm™ region is shown in Fig. 2.
The bonds between inorganic elements are typically the cause
of band frequencies that occur below 800 cm™. The stretching
vibration of the Zn-O bond in tetrahedral and octahedral coor-
dination is responsible for the significant bands observed at
500 and 600 cm™, respectively.
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Fig. 2. FTIR spectrum of ZnO/NiO/MoOs nanocomposite

The nanocomposite’s molecular interaction is observed
at434.45,491.56, 1000-800, 1700-1300, 3000-2800 and 3800-
3500 cm™. The Ni-O stretching is represented by the strong
band at 434.45 cm™, the Zn-O stretching by 491.56 cm™ and
the MoOj; absorption peaks range from 820 to 935 cm™. The
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H-O-H bending, 3577.64 cm™ O-H stretching bond, is indi-
cated by the peak ~1525.69 cm™.

UV-DRS studies: Fig. 3 shows the ZnO/NiO/MoO; UV-
visible absorption spectrum. The maximum absorption peak
is within the visible range. Using Tauc’s relation, the optical
bandgap of the ZnO/NiO/MoO; nanocomposite was calcu-
lated using (othv)? = A(hv — E,), where V is the photon energy
(eV), his Planck’s constant, o is the coefficient of absorption
and E, is the bandgap energy (eV). The bandgap energy can be
calculated by plotting the (athv)? versus hv as shown in Fig. 3
and extrapolating the line drawn tangent to the resulting curve.
The bandgap of the ZnO/NiO/MoO; nanocomposite was found
to be 2.67 eV.
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Fig. 3. Diffuse reflectance spectrum of ZnO/NiO/MoO; nanocomposite
(Inset shows the Tauc plot of ZnO/NiO/MoOs nanocomposite)

FE-SEM studies: Fig. 4a-b reveals that the nano compo-
site is spherical in shape and exhibit a generally uniform size.
SEM analysis indicated that the average particle size of the
samples was 35.69 nm.

EDX studies: Fig. 5 displays the typical EDX spectra of
the ZnO/NiO/MoO; nanocomposite. The elements Zn, Ni, Mo
and O were present in amounts of 57.31, 3.25, 6.66 and 32.78,
respectively. Furthermore, no extra peaks were observed that
corresponded to any other elements.
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Fig. 5. EDX Spectra of ZnO/NiO/MoO; nanocomposite

TEM studies: The HR-TEM images were captured by dis-
persing ZnO/NiO/MoOj; nanocomposite in ethanol on a carbon
coated copper grid. The HR-TEM image (Fig. 6) clearly shows
that the ZnO particles are polycrystalline and exhibit a spherical
shape with agglomeration.

Photocatalytic activity: Methylene blue was employed
in a photocatalytic degradation experiment. The photocatalytic
performance of the nanocomposite was evaluated under varying
conditions, including pH, irradiation time, methylene blue
concentration and photocatalyst dose. To determine the optimal
conditions, parameter optimization studies were conducted for
pH, dye concentration, catalyst amount and irradiation.

Effect of dye concentration: To assess the effect of dye
concentration on the degradation efficiency of the synthesized
photocatalyst, methylene blue concentrations were varied from
5 to 100 ppm and irradiation times were set up to 140 min.
The rate of degradation is influenced by the production of
radicals by the photocatalyst and their interactions with the
dye molecules. At higher dye concentrations, the dye ions can
shield the active sites of the photocatalyst, reducing the forma-
tion of hydroxyl radicals ("OH) on the surface of catalyst. More-
over, a higher concentration of dye molecules can absorb a signi-
ficant amount of visible light, which decreases the radiation
level [35]. As shown in Fig. 7, the removal of methylene blue
dye was most effective at a lower concentration of 10 ppm for
the catalyst.

Effect of pH: The pH of the solution is a crucial factor in
photdegradation processes, as it significantly influences the
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Fig. 4. SEM images of ZnO/NiO/MoOs; (a) 1 um (b) 100 nm (c) particle size distribution of ZnO/NiO/MoOs; nanocomposite
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Fig. 6. TEM images of ZnO/NiO/MoO; nanocomposite
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Fig. 7. Effect of methylene blue concentration on photodegradation

surface charge of the photocatalyst. Fig. 8 illustrates the effect
of solution pH on the rate of photocatalytic degradation using
ZnO/NiO/MoOs over a pH range from 2 to 10. The results show
that increasing the pH from 2 to 8 enhances the rate of photo-
catalytic degradation methylene blue. However, the degradation
process levels off when the pH exceeds 8. Based on these findings,
a pH of 8 was identified as the optimal condition.
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Fig. 8. Effect of pH on degradation of methylene blue

Effect of temperature: Temperature variations have a
significant impact on the photodegradation process. This is
according to the findings, which demonstrate that temperature
increases the rate of disintegration. The influence of temperature
on visible light is shown in Fig. 9, which illustrated that the
optimum rate of degradation occurs at 35 °C.
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Fig. 9. Effect of temperature on photodegradation of methylene blue

Effect of photocatalyst amount: The effect of photo-
catalyst quantity on methylene blue removal was investigated
by varying the amount from 0.2 to 1 g in 0.2 g increments,
while keeping other optimized conditions (pH 8, 10 ppm
methylene blue solution and 35 °C). Fig. 10 shows that the
degradation efficiency of methylene blue molecules increases
with photocatalyst amounts up to 0.4 g/L; beyond this concen-
tration, the efficiency decreases. An increase in the photocatalyst
concentration enhances the proliferation of superoxide and
hydroxyl radicals due to more active sites at the molecular
level. However, excessive photocatalyst concentration can lead
to coagulation of catalyst nanoparticles, reducing surface area
and photon absorption, which in turn decreases the rate of
photocatalytic degradation [49]. Based on these results, 0.4
g/L was found to be the optimal photocatalyst concentration.
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Fig. 10. Effect of catalyst amount on the photodegradation of methylene
blue

Effect of irradiation time: Another factor that influences
the photocatalytic efficiency of ZnO, NiO, MoO; and ZnO/NiO/
MoOj; nanocatalyst in the elimination of methylene blue is the
time period of irradiation. The irradiation time was changed
from 5 to 65 min while the optimized was conducted at pH 8,
10 ppm of methylene blue solution and temperature 35 °C,
which was the optimal setting. From Fig. 11, up to 55 min of
irradiation, the prepared photocatalyst for methylene blue showed
an increase in degrading efficiency; beyond that the value
remained constant. The optimum irradiation time was found to
be 55 min.
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Fig. 11. Effect of irradiation time on photodegradation of methylene blue

Recyclability test: After the methylene blue degradation,
the catalyst was collected for the recyclability test. The ZnO/
NiO/MoO; nanocomposite was examined and three cycles of
methylene blue degradation under optimal conditions were
studied. As more cycles are added, the ZnO/NiO/MoO; comp-
osite shows a progressive decline in catalytic efficiency. The
recyclability of ZnO/NiO/MoOs nanocomposite were well
organized up to three cycles (Fig. 12).
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Fig. 12. Degradation effiency of methylene blue under three different cycles

Conclusion

The coprecipitation approach was used to develop ternary
ZnO/NiO/Mo0O; nanocomposites as well as pure ZnO, NiO
and MoOs nanoparticles. Under visible irradiation, the photo-
catalytic degradation of methylene blue using ternary nano-
composite ZnO/NiO/MoO; was found to be very efficient and
acheived within 55 min. The XRD results showed no appear-
ance of secondary phases in the ternary nanocomposite. In
terms of reusability assessments, the ternary nanocomposite
maintained its activity upto three cycles only, preserving over
62% of its initial degradation efficiency.
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