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Abstract: Here, utilizing copper vanadate/zinc oxide (CuVA/ZnQO) nanoparticles, we
looked into the photocatalytic degradation of the dye methylene blue from an aqueous
solution. For remarkable photocatalytic degradation of the dye methylene blue (MB),
pure zinc oxide and copper vanadate doped zinc oxide nanopowders (5 wt.% Cu

vanadate) were created. Sol-gel was used to create a single phase of zinc oxide (ZnO).
Meanwhile, using a sonochemical process, the new copper vanadate nanoparticles were

luminescence (PL), and high-resolution

>

§ g easily created and integrated onto the surface of ZnO. X-ray diffraction (XRD), N,
=l % adsorption-desorption isotherm, photo

_8. @ | transmission electron microscopy (HRTEM) were used to evaluate and characterize the
N B prepared CuVA/ZnO. Successful dispersion of the copper vanadate phase between ZnO
= S nanocrystals was confirmed by XRD. The TEM pictures further demonstrated the
§ Q | hexagonal wurtzite structure of the as-produced CuVA/ZnO nanoparticles and
Y w

highlighted the homogeneous integration of copper nanoparticles on the surface of
ZnO. Along with an increase in ZnQ's surface area, other textural metrics also
improved as a result. All of the results obtained underscored the copper vanadate
nanoparticles' synergistic impact on the physicochemical characteristics of ZnO. Under
UV, solar, and visible light irradiations, CuVA/ZnO shown better performance against
MB photodegradation.

keywords: Zinc oxide nanoparticles; Sol-gel; Copper vanadate; photocatalytic removal; Methylene

blue; Water treatment
1. Introduction

The world needs clean water for irrigation
and consumption. Recent attention has been
focused on the health risks posed to people and
other living things by organic dye discharges
from the textile dyeing, paper producing,
paints, cosmetics, and food processing sectors.
[1-3] The release of effluents containing poorly
biodegradable dyes into water bodies is
undesirable due to their hazardous byproducts
created during hydrolysis and oxidation
processes in the wastewater phase. [4-6] The
aquatic flora and wildlife are impacted by dyes
entrance into the water supplies, disrupting the
ecology. Since these dyes are resistant to
biodegradation and persist in water for a long
time, it is necessary to convert them into simple
molecules. This was made possible by the

photoinduced breakdown of these dyes, which
was facilitated by a number of photocatalysts.
[7.8]

Coagulation,  adsorption,  flocculation,
advanced oxidation, and precipitation are some
of the classic methods for treating wastewater
that not only take a long time to complete but
also produce secondary sludge that is expensive
to dispose of. [9,10] Photocatalytic degradation
of organic pollutants has attracted a lot of
interest among the different techniques for
treating dye-contaminated water. [11,12] In
recent years, nanomaterials in their different
forms, shapes, and sizes have been discovered
to be efficient in the removal of dye
contaminants through photocatalytic activities.
[13,14] This is attributed to their unique
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physicochemical properties such as their
structures, high mechanical strength, high
width-to-height ratio, high thermal and
electrical conductivities, slight advantage
metal/semi-metallic weight and behavior, and
high surface area [15-19].

Metal oxide nanocomposites, in particular,
have been widely utilized in environmental
research due to their huge applications,
including catalysis and sensing applications
[20,21]. ZnO is a popular material among many
research teams as they act as a versatile
platform and play a pivotal role in several
sectors of nanotechnology [22,23]. ZnO is the
preferred metal oxide as it offers a wide direct
bandgap (~3.37 eV), a superior piezoelectric
coefficient as well as a high UV-sensitive n-
type semiconductor [24]. Zinc oxide and its
nanostructures with advanced nanotechnology
approaches have paved the way for several
important applications ranging from laser
diodes, photocatalysts, photovoltaics, and
piezoelectric energy harvesters [25-28]. In the
field of water treatment, ZnO nanoparticles
have proved itself as a promising photocatalyst
that can decompose the toxic dyes through a
photocatalytic  reaction under the UV
irradiation. Nonetheless, ZnO has several
drawbacks in terms of the fast electron-hole
pair recombination and the wide band gap [29-
31]. These shortcomings limit its industrial
applications. Therefore, several reports have
been released annually and focused to the
electron-hole pair recombination phenomena
via doping with other transition metals ex.
Aluminium [32], cobalt [33], nickel [34], and
copper [35,36].

Copper vanadates are a class of catalysts
with band gap of ~2 eV, making them suitable
for visible light absorption [37]. They thus
exhibit dye  degradation  activity as
photocatalysts [38-39] and water splitting
property as photoanode candidates [40-42].
Accordingly, the main goal of this study is to
improve the photocatalytic efficiency of ZnO
via doping with hetero atoms. In this work,
CuV,0¢ nanoparticles, was selected as a dopant
for zinc oxide. This hybrid (CuVA/ZnO
nanoparticles) was prepared using sol—gel
method. The physiochemical characteristics of
the fabricated nanoparticle were characterized
by XRD, TEM and surface area. Finally, the

synthesized nanoparticle was employed in the
photocatalytic degradation of methylene blue
(MB) dye.

2. Materials and methods
2.1. Materials

Zinc acetate [Zn (CH3C0O0),.5H,0], Tween-
80 [Cs2He0O10], ammonia solution (25%),
copper chloride [CuCl;], ammonium vanadate
[NH4V O3] were purchased from Sigma-Aldrich
company. Methylene blue (C1sH15CIN3S), MW
319.85 g/mol, 95 % pure was purchased from
Jiangxi, China. The structure of methylene blue
is shown in Fig.1.

CHg CHg
Fig.1. Structure of Methylene blue
2.2. Material Characterization

The specific surface area (BET) of the
prepared samples was determined according to
Brunauer—Emmett—Teller equation via
adsorption of N, by the sample on a
Quantochrome Nova-Touch 4LX automated
gas-sorption apparatus (USA) at 77K.
Meanwhile, the pore size was calculated from
the desorption isotherm according to the
Barrett, Joyner, and Halenda (BJH) mode.
Also, the high-resolution transmission electron
microscope (HRTEM, JEOL Ltd.,, 6340,
Tokyo-Japan) was used to investigate the
obtained morphology. The spectrum of diffuse
reflectance spectroscopy (DRS) for the obtain
hybrid compared with pristine was detected on
JASCO spectrometer (V-570). Moreover,
photoluminescence bands were acquired on
Lumina Fluorescence spectrometer, (Thermo
Fisher Scientific - UK). The optical
characteristics of the prepared nanoparticles as
well as the removal percentage of MB were
evaluated with JASCO spectrometer (V-570).

2.3. Preparation of zinc oxide nanoparticles

Zinc oxide nanoparticles (ZnO NPs) were
prepared by sol-gel method using Tween-80 as
an emulsifier. In the typical method, 50 g of
zinc acetate were dissolved in 150 ml distilled
water under vigorous stirring. After 60 min., 20
ml of Tween-80 (10 v/v %) was inserted and
left stirred for further 60 min. for homogeneous
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mixing. Then, few drops of freshly prepared
ammonia solution, 3M, were carefully added
and kept under a continuous stirring for three
hrs, till a colloidal suspension is obtained,
followed by aging for 48 hrs. After that, the
mixture was filtered out and well washed with
distilled water. Finally, the solid particles were
collected and dried in the oven at 100°C
overnight. For crystallization, the dried sample
was transferred to the muffle furnace and
calcinated at 400°C for 2 hrs.

2.4. Preparation of copper vanadate
nanoparticles (CuV,0g)
Briefly, copper vanadate nanoparticles

(CuV,0s NPs) were prepared by mixing of
equimolar concentrations of copper chloride
(CuCly) and ammonium vanadate in distilled
water under vigorous stirring for 3 hrs. Then,
the mixture was homogenised with the
ultrasonic bath for 2 hrs in order to well
distribute the obtained particles. Finally, the
colloidal suspension of CuV;0s nanoparticles
was filtered out, well washed with the distilled

water, and dried in the oven at 100°C
overnight.

2.5. Preparation of CuV,;0¢ ZnO
nanoparticles (CuvVA/ZnO)

The hybrid particles based CuV,0¢ and ZnO
(CuVA/ZnO) were obtained by solution
mixing. In this preparation, various proportions
of the as-synthesized copper vanadate
nanoparticles were added to the prepared zinc
oxide nanoparticles of a certain weight in
distilled water under vigorous stirring for 30
min. Finally, the sample was filtered out, well
washed, and dried in the oven at 100°C
overnight. The samples codes ZnO and
CuVA/ZnO are denoted to the pure ZnO and
the hybrid particles containing 5 wt. % of
CuV,0g, respectively.

2.6. Photocatalytic activity test

The photocatalytic degradation of methylene
blue (MB) dye was performed under UV and
sunlight irradiations. The ultra-violet emission
was obtained from high-pressure mercury lamp
of intensity 8-Watt and wavelength 365 nm.
The initial dye concentration used was 2 x 107
mol/L. However, at the first and in order to
achieve the adsorption/desorption equilibrium,
the dye solution was shacked for 1 hr. in
presence of 0.1 g of CuVA/ZnO. Subsequently,

the mixture was irradiated under either UV or
sunlight and the conditions were optimized.
Moreover, the photocatalytic reaction was done
under visible light using a xenon lamp of
intensity 100 W and a cut-off filter to remove
UV radiation (A < 420 nm). The remained dye
was  generally measured by UV-vis
spectrophotometer by following the gradual
decline of the MB maximum absorption peak
intensity appears at 664 nm over the reaction
time. Particularly, in case of using sunlight
irradiation, the sample was put in 200 mL
quartz reactor that placed on our laboratory
platforms and the photocatalytic process was
started at 2 a.m. for 3 hrs at temperature ranged
between 30 and 35°C. On the other hand, the
concentration of the produced hydroxyl radicals
was measured using photoluminescence in the
presence of terephthalic acid (TPA) that could
react with the radical species forming 2-
hydroxyterephthalic acid (2-HTA) detected at a
fixed wavelength.

3. RESULTS AND DISCUSSION
3.1. X-rays Diffraction

XRD is a reliable and widespread technique
which is extensively involved in the
investigation of the crystalline parameters and
size of the nanoparticles. Figure 2 displays
XRD of the as-synthesized samples. ZnO
spectrum displays characteristics bands at 20 =
31.5° (100), 34.3° (002), 36.4° (101), 47.8°
(102), 56° (110), 62.8° (103), 66.2° (200),
67.8° (112), and 69.3° (201), Fig.2[A],
confirming the successful formation of ZnO
nanoparticles with Wurtzite cubic structure
(JCPDS no. 36-1451). Fig.2[B] shows
characteristic  XRD pattern of triclinic
CuV,0¢ with a space group C-1 (PDF Card No:
01-074-2117) [43].
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Fig.2: XRD pattern of [A] ZnO, [B] CuV20es,
and [C] CuVA/ZnO nanocomposites.
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The major XRD patterns are centered at
angle (20) 29° (201), 32° (1-11), 34° (111), 42°
(—203), 52° (020), 58° (2—11), and 63° (—5-13),
approximately. Additionally, CuV,06
nanoparticles were obtained with a lower
crystallinity and showed a distinctive pattern at
260 = 14° as shown in Fig.2[B]. Particularly, this
peak was found in Fig.2[C] of CuVA/ZnO.
These results emphasized the well dispersion of
CuV,06 nanoparticles between zinc oxide
crystallites.

3.2. High Resolution Transmission electron
microscope (HRTEM)

Morphological properties, including size and
shape, have critical roles in the
physicochemical activities of nano particles.
Therefore, the prepared ZnO and CuVA/ZnO
nanocomposites were investigated via TEM
analysis to determine their respective sizes and
shapes as illustrated in Fig.3. The micrographs
reveal the formation of mixture shape ZnO
nanoparticles, rods (red arrows) and quasi
spherical (blue arrows), with a size ranging
between 36 and 92 nm; Fig.3[A]. The electron
diffraction micrograph showed high
polycrystallinity of the obtained ZnO NPs,
Fig.3[C]. Obviously, the morphology was quite
changed upon loading of CuV,0¢ on the ZnO
crystal. As shown in Fig.3[B],

w -!C
A
by

5 1/nm

Fig.3: [A-B] HRTEM micrographs and [C-D]
Electron diffraction of ZnO and CuVA/ZnO,

respectively.  Inset

magnification.

image is  higher

Waurtzite nanoparticles of hexagonal shape
(green arrows) were observed in addition to
some spherical particles (yellow arrows).
Indeed, these results indicate that a strong
interaction  between ZnO and CuV,0g
nanoparticles with a homogeneous dispersion
was established. Moreover, the electron
diffraction taken for these crystals emphasized
a lower crystallinity compared to pure ZnO NPs
in agreement with XRD findings.

3.3. Surface Area

The obtained ZnO NPs and their doped form
had their specific surface areas assessed
(CuVA/ZnO). The results show that the surface
area has increased following doping with
CuV,0g, as indicated by the measurements of
7.7 and 9.2 m%g for ZnO and CuVA/ZnO,
respectively. Additionally, for ZnO and
CuVA/ZnO, the total pore volume changed
from 1.2644 x 102 to 1.5073 x 1072 cclg,
respectively. As is common knowledge,
increasing the nanoparticles' surface area
causes the generation of reactive oxygen
radicals needed for dye degradation [44].

3.4. Optical Properties

Diffuse reflectance spectroscopy spectra
(DRS) for CuVA/ZnO nanoparticles are
illustrated in Fig.4 [A]. As shown, strong
absorption bands for ZnO NPs and its
corresponding hybrid containing 5 wt.% of
copper were observed in the region ranged from
200 to 400 nm as a result of electron transfer
from the valence band to the conduction band.
Particularly, ZnO NPs displayed a sharp
absorption at ~400 nm due to its intrinsic UV
absorption. However, introduction of copper
nanoparticles showed a slight shift to the visible
region confirming the successful formation of
the hybrid. The same observation was detected
from the photoluminescence spectra, Fig.4 [B],
as a slight decreasing in the intensity of ZnO
NPs after incorporation of copper vanadate
nanoparticles. This might be revealed to the
reduction in the electron-hole recombination
rate and hence increasing the lifetime of the
generated reactive species. Indeed, the low shift
in the main peak observed either in the DRS or
in the photoluminescence was not clearly
significant i.e. this might due to the low copper
content.
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Fig.4: [A] Diffuse reflectance spectra and [B]
Photoluminerence spectra for ZnO, CuV,0Og,
and CuVA/ZnO.

3.5. UV-Photocatalytic degradation of MB
over ZnO and CuVA/ZnO

Under UV irradiation, the photocatalytic
activity of ZnO, CuV,0¢, and their hybrid
CuVA/ZnO was assessed. Fig.5 displays the
following: (1) In the dark, ZnO responds
sporadically. The degradation began as soon as
it was exposed to UV light and progressed to up
to 70%. () The breakdown of MB was
reported at 93% after two hours of treatment
with CuVA/ZnO, indicating that the addition of
copper NPs increased the photocatalytic
activity of ZnO. The primary drawback of ZnO
is, in fact, its rapid electron-hole recombination
rate, which is thought to be the cause of its
reduced photoactivity.
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Fig.5: Removal of MB after the photocatalytic
degradation under UV irradiation over [A]
ZnO, and [B] CuVA/ZnO nanocomposite.

While CuV,0¢ NPs were inserted, the
electron-hole  recombination  could  be
suppressed. Particularly, ZnO can absorb the
UV energy and the electrons are transferred
from the valance band leaving holes to the
conduction band. The photo-excited electrons
were then trapped by copper vanadate NPs to
its Fermi level i.e. control the electron-hole
recombination. Then, the reactive oxygen
species (ROS) can be generated via reduction
of dissolved oxygen at the conduction band and

combination of water molecules with the holes
at the valance band. These radicals could
degrade the dye molecules through hydrogen
abstraction and subsequent oxidation processes.
On more reason behind this superior behaviour
is the increment in the surface area and the total
pore size after the introduction of copper NPs
which allow adsorbing more dye molecules to
be degraded on the surface of the prepared
CuVA/ZnO as shown in Fig.6.

Degradation

#0,” = ME mm—)

products

Fig.6: The possible degradation mechanism of
CuVA/ZnO photocatalyst

3.6. Solar-Photocatalytic degradation of MB
over ZnO and CuVA/ZnO

When exposed to sun light, the produced
hybrid was tested for resistance to MB
breakdown in comparison to pure ZnO NPs.
The following can be seen in Fig.7: (I) ZnO
nanoparticles don't degrade MB in any way. (I1)
When copper nanoparticles were added, ZnO
nanoparticles' photocatalytic activity increased
when MB was broken down under sun
radiation. These results did in fact support
CuV,06 NPs' synergistic action. The insertion
of copper vanadate nanoparticles changed the
absorption response to visible light, which may
be the cause of this behaviour.
CuVA/photocatalytic ZnO's mechanism under
sun irradiation can be anticipated to be deep. In
a short, the hybrid contains semiconductor
nanoparticles with conduction and valance
bands made of copper and zinc. The solar
energy needed for excitation from the valance
to the conduction band is absorbed by the
electrons in the NPs. Then, because it has been
noted that copper has a lower band gap and
band locations than zinc, the photogenerated
electrons were moved from the conduction
band of copper NPs to the conduction band of
ZnO. In the meantime, the zinc NP holes that
emerge from this move to the copper particle
valance band. This indicates that the conduction
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band is occupied by electrons and the valance
band by holes. This makes it easier to reduce
the dissolved oxygen at the conduction band
and oxidise water molecules at the valance
band, resulting in superoxide *O, and *OH,
which are oxygen and hydroxyl radicals,
respectively. Due to their high reactivity, these
radicals could damage dye molecules and speed
up the degradation process. Finally, it could be
asserted that the created hybrids may exhibit
various electron pathways when exposed to UV
and solar rays, as opposed to UV's method of
breakdown.
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Fig.7: Removal of MB after the photocatalytic
degradation under solar irradiation over [A]
ZnO and [B] CuVA/ZnO nanocomposite.

3.7. Photocatalytic degradation of MB under
visible light

The incorporation of copper vanadate NPs
into ZnO NPs led to a slight shift to a visible
region. Thus, the photocatalytic reactivity of
CuVA/ZnO was assessed under visible light
irradiation using xenon lamp. As shown in
Fig.8, the results confirmed the degradation of
MB up to ~ 70 % over the two hours of
irradiation upon the incorporation of only 5
wt.%CuV,0¢ on the ZnO surface. This ensures
the effect of CuV,0g on the ZnO photocatalytic
reactivity.
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Fig.8: Removal of MB after the photocatalytic
degradation under visible light irradiation over
CuVA/ZnO.

3.8. OH radical detection

Given their high reactivity and instability,
hydroxyl radicals (OH) play a significant part
in the breakdown of organic dyes. The
detection of hydroxyl radicals was carried out
using terephthalic acid as a probe molecule. OH
radicals are created during the
photodegradation reaction, and this can be seen
using a quick and easy photoluminescence
approach. Terephthalic acid was added as a
probe molecule that could interact with the
hydroxyl radicals present in the reaction
mixture to form 2-hydroxyterephthalic acid,
allowing the amount of hydroxyl radicals
produced during the degradation reaction to be
measured. The amount of 2-
hydroxyterephthalic ~acid generated was
calculated at 425 nm using UV measurement,
as shown in Fig.9. It is important to note that 2-
hydroxyterephthalic acid, a derivative of
terephthalic acid, can produce fluorescence
when exposed to light, despite the fact that
terephthalic acid is known as a non-fluorescent
molecule and lacks an absorption band,
particularly after 300 nm. Therefore, it is
evident from Fig. 9 that there is no peak for
terephthalic acid. However, the 2-hydroxy-
terephthalic acid band's intensity rises over
time, indicating that the degradation reaction is
producing more hydroxyl radicals.

35000
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5000|
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Fig.9: PL spectrum for terephthalic acid on

CuVA/ZnO
3.9. The recycle of the photocatalyst

In order to verify the stability of the
produced CuVA/ZnO nanoparticles, a series of
succeeding photocatalytic cycles were run
under ideal circumstances. After every cycle,
the photocatalyst was thoroughly cleaned with
distilled water to get rid of the dye that had
physisorbed onto it. It was then dried at 80°C
and utilized in another cycle. According to
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Fig.10, the photocatalytic activity remained
nearly constant for five cycles.
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Fig.10 : Recycle of CuVA/ZnO on removal of
methylene blue dye.

4. Conclusions

Successful preparation of copper vanadate
nanoparticles at 5% by weight in zno
nanoparticles. The existence and uniform
dispersion of copper vanadate nanoparticles
between zno crystals were confirmed by xrd
and tem. The shift towards the visible range and
the decrease in the rate of -electron-hole
recombination, respectively, were demonstrated
by the drs and photoluminescence experiments.
The produced hybrids shown enhanced
photocatalytic activity against the degradation
of mb during exposure to uv, solar, and visible
irradiations. In particular, the hybrid achieved
93% when exposed to uv light. However, under
solar light, it got as high as 90%. The increase
in surface area and suppression of electron-hole
recombination brought about by the synergistic
interaction between copper vanadate and zno
nanoparticles were recognized with the
improvement in the photocatalytic
performance. Finally, terephthalic acid was
used as a probe molecule to determine the
concentration of hydroxyl radicals created
during the reaction.
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