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used to characterize the prepared nanocomposite. Binary phase nanocomposites
were identified using XRD analysis. The diffraction peaks could be assigned to two
crystal phases of hexagonal structure of ZnO and orthorhombic structured of
vanadium pentoxide V,0Os, suggesting the successful incorporation of ZnO and
V705 in the composite. Transmission electron microscopy (TEM) and field
emission scanning electron microscopy were used to examine the morphology. The
results suggest that V,0s/ZnO/Pd nanocomposite has the ability to remove organic
contaminants from wastewater and soil pollution treatments. Finally, the
nanocomposite 96% efficiency of the photo degradation of dye after 100 min under
visible light. The ground-state structures were optimized using density functional

Keywords: . theory (DFT), with equilibrium geometries and frontier molecular orbital surfaces,
Ternary nanocomposite including the highest occupied molecular orbital (HOMO) and the lowest
Photocatalyst

unoccupied molecular orbital (LUMO), determined accordingly. The stability of
the ground-state structures was corroborated by a frequency analysis carried out at
the same computational level, which verified the lack of imaginary frequencies.
The excitation energies of the singlet states were computed based on the optimized
ground-state geometries using time-dependent density functional theory (TD-
DFT),utilizing the identical functional and foundational set. Along with their
configuration interaction descriptions and oscillator strengths, this method yielded
the permitted vertical electronic excitation energy, which correlate to absorption
energies in the UV/Vis spectral range.

ZnO
Malachite green dye

1. Introduction and textiles. Researchers are particularly interested in the
presence of textile dyes such as malachite green (MG) in
wastewater because these dyes are not biodegradable and
have negative environmental effects. As a result, many
purification methods, including ozonation, adsorption
and chlorination, have been suggested as solutions to this
problem. Such methods have been extensively used in the
past, however, they have a number of drawbacks.
Photodegradation was widely used as an alternative way
to treat and remove dyes. Metal oxide nanoparticles have
been used as a photocatalyst to eliminate MG dye from
water. It was found that by mixing biosynthesized ZnO
nanoparticles with appropriate amount of MG dye the
removal efficiency is 99% after irradiation for 40 min [2].
Xu's group used Ag-Mn oxide nanoparticles to study the

Industrialization has shown many advantages in
human’s life style, such as the development of medicine,
agriculture efficiency and growth of economy. Numerous
negative effects of the industrial revolution include
dangers to plant life, climate change, deforestation,
global warming, and pollution of the air, soil, and water,
which leads to the loss of numerous plant and animal
species as well as respiratory illnesses, malignancies, and
harm to prenatal health [1]. As a result, a lot of study has
been done on the recovery and reuse of contaminated
water, which offers a special and practical chance to
supplement conventional water supplies. Organic dyes
are among the types of pollutants produced by industrial
wastewater from printing, photography, painting, leather,
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photodegradation of MG dye from an aqueous solution.
According to their findings, Ag-Mn oxide nanoparticles
had strong broken down and photocatalytic activity 92%
of the dye in 120 min. Dye degradation increases with
extended irradiation times. Additionally, a greater
catalyst dosage led to a higher proportion of dye
degradation.  Beyond  wastewater  remediation,
nanoparticles have also proven highly effective as
catalysts in multicomponent organic reactions due to their
high surface area [3, 4], tunable active sites, and efficient
charge transport; these very attributes underpin their
strong performance as photocatalysts for dye
degradation. Researchers have recently utilized binary
and ternary composites at the nanoscale level to break
down the environmental pollutants such as dyes and
drugs. Vanadium pentoxide (V20s) has been widely
studied as a visible light active catalyst for the
photodegradation of organic contaminants due to its low
band gap energy of approximately 2.2 eV [5] During
photocatalytic process, the photogenerated electron-hole
pairs are recombination quickly and as a result reducing
the degradation of impurities. Coupling with other
semiconductor with large band gap has been introduced
to increasing the life-time of the electron-hole pairs,
leading to enhancement in photocatalytic activity. In
previous studies, different semiconductors have been
coupled with vanadium oxide such as V,0s/BiVOsu,
V,0s/Al,03 and V,0s/Si0> to improve its ability to
degraded the impurities [6]. Computational modeling is
crucial for revealing how pollutants adsorb and degrade
on metal-oxide nanocatalysts [7]. By clarifying band
alignment, adsorption energetics at facets/defects, and
pathways to reactive oxygen species, it identifies the
rate-controlling steps. Combined with adsorption
isotherms/kinetics and experiments, these insights guide

rational tuning of catalyst composition, morphology, and
defect density to suppress e—/h+ recombination and
maximize removal efficiency. In this work, n-type
semiconductor ZnO was selected as a component of the
ternary nanocomposite because of its broad band-gap
energy (3.3 eV), superior electron mobility, high optical
transparency, and ambient luminescence
capability,hopefully this coupling could enhance the
photocatalytic activity of vanadium oxide to be used in
breaking the unwanted dyes.

2. Materials and Methods

Highly pure materials, including zinc oxide with V,0s
nanoparticles, were purchased from Alpha Chemika.
Palladium chloride PdCl, was purchased from Sigma-
Aldrich.

2.1. Synthesis of
nanocomposite

ternary V,05\ZnO\Pd

Binary nanocomposite of V,0s\ZnO NPs was first
synthesized using low-cost photoreduction method. First,
100 milliliters of deionized water were used to dissolve
two grams of V,0s5\ZnO nanoparticles.

Thereafter, 5 mL of PdCl4 (0.01) M solution was
added drop wise to V,Os solution, the mixture was
agitated for 15 minutes. The surface of mixture was then
exposed to nitrogen gas for 20 min under continuous
stirring. The mixture was mixed with 2 mL methanol and
irradiated with light (UVA LED lamp with intensity of
1.71 mW.cm™) under continuous magnetic for 12 hours
of stirring. To create the ternary V,0s5\ZnO\Pd
nanocomposite, Figure 1 illustrates how the mixture was
filtered, repeatedly cleaned with deionized water, then
dried at 80°C for a whole day.
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Fig. 1. Diagram illustrating the photoreduction procedure used to create the ternary V205\ZnO\Pd nanocomposite.
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2.2. Preparation
solution

of ternary nanocomposite\MG

A standard solution of MG dye was prepared by
dissolving 0.2 g in 100 mL of deionized water. Sample
was stirred at a speed of 4000 tr/min for different time (15
to 120 min) prior to filtering. UV-Vis spectrophotometer
was used to record the wavelength (Amax) of MG dye and
it was found 617 nm as shown in Figure 2(a). The solution
was then irradiating for 120 minutes using philips
mercury lamp UVT (A) which was placed in a home-
made photoreactor as shown in Figure 2(b).

3. Results and Discussion

3.1. X-Ray Diffraction (XRD)

Two different phases for the ternary nanocomposite
have been observed as shown in Figure 3. One of them
belonging to the hexagonal structure of ZnO according to
JCPDS card no. 75-0457 and The JCPDS card number
01-1136 indicates that the other is well indexed to the
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orthorhombic structured V205 (a-V,0s phase as it
formed at room temperature) [8]. No further
impurities, such as VO3 or\and V,0s, were found in the
XRD pattern of the prepared nanocomposite, suggesting
that the final product have only the distinctive diffraction
peaks of V,0s and ZnO. However, no peak was observed
for Pd indicating the dispersion of Pd ion through the
lattice of the nanocomposite [9].

infrared

3.2. Fourier transforms

Spectroscopy

(FTIR)

The FTIR spectrum for V,05\ZnO\Pd nanocomposite
was recorded within the range of (400 -4000) cm™ as
shown in Figure 4. Absorption peak appeared on 575 cm’
!is assigned to Zn-O bond (Metal-oxide). Peaks appeared
at 476 and 712 cm are assigned to the asymmetric
stretching modes V-O and V-O-V, respectively [10].
Absorption peak centered at 1010 cm-1 corresponds to
V=0 group [1, 13]. The bending and stretching vibrations
of O-H are responsible for the peak at (3429) cm '[11].

Fig. 2. UV-Vis spectrum showing the Amax of MG dye at 617 nm (a) and home-made photoreactor equipped with philips

mercury lamp UVT (b).
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Fig. 3. XRD pattern for the prepared nanocomposite
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3.3. Field Emission-Scanning Electron Microscopy
(FE-SEM)

The structural properties of synthesized V,0s\ZnO\Pd
nanocomposite was studied by field emission scanning
electron microscopy (FE-SEM) [12]. Figure 5 shows that
the nanocomposites have spherical shape with the
appearance of some agglomerated particles, which could
be related to the lack of stabilizing and\or capping agent
which can help in reducing the agglomeration of particles
through providing electrostatic repulsion. The size of
these particles was calculated using image program and it
was found that the average diameter is 49.21 nm.

With an overall size of nearly a micron, the other
population c. It appears that the flower-like structure is
related to V»0Os's innate propensity to form monolayers.

consists of "flower-like" nanostructures. The flower
like structure seems to be linked to the natural tendency
of V,Osto grow as a monolayer. The inset

b WD = 8.5 mm

Signal A = SE1
Mag= 50.00 KX

in Figure(5) shows the selected-area diffraction It
appears that the flower-like structure is related to V,Os's
innate propensity to form monolayers. n pattern of the
V,05s\ZnO\Pd NPs representing the nanocrystalline
behaviour consistent with the XRD results.

3.4. Transmission Electron Microscopy (TEM)

Both size and shape of V,05\ZnO\Pd nanocomposite
was investigated using transmission electron microscopy
images (TEM). TEM images in Figure 6 show that the
majority of particles are spherical in shape with an
average diameter of 47 nm which is quite close to that
measured with FE-SEM [13, 14].

Transmission Electron Microscopy (TEM) analysis of
the nanostructures (NSs) showed that the "nearly-
spherical" NPs were adopting an a-phase V205, whilst
the "flower-like" type NSs were adopting the B-phase
V20:s.

Date :21 Feb 2023
Time :11:34:48

Fig. 5. FE-SEM image for V,05\ZnO \Pd nanocomposite

(a)

b

(b)

Fig. 6. TEM photographs of (a) and (b) from (60 to 100) nm respectively of V,05\ZnO \Pd nanocomposite.
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3.5. Photocatalytic Degradation

In this experiment the photocatalytic activity of
V,05\ZnO\Pd nanocomposite was examined by mixing
0.3 g of the composite with (10 and 15) mg/L of MG dye.
One of the most important factors in overcoming all
quantity barriers to full molecular transfer between the
solid and aqueous phases is the primary concentration.
Under UV light, the MG dye at different concentrations
(10-15 mg/L) in the presence of 0.3 g of V,05\ZnO\Pd
nanocomposite influenced the catalyst's photolysis
efficiency [15]. The optimal MG dye concentration was
reached after 100 minutes of exposure to UV light, and
the absorption was evaluated (Figure 7). Consequently,
the nanocomposite's ideal concentration is between 10
and 15 mg/L (96%).

The Photo degradation efficiency was calculated
using the following Eq. 1 [16].

Photo Degradation Efficiency (PDE)

(%) = (1 — CYC°) x (100%) (1)

Where C° is the initial MG concentration and Ct is the
concentration following the irradiation period. The best
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removal efficiency was found to be 96%.

Yin Haihong, et al found that the rate of accelerated
photodegradation of methylene blue is high when the dye
mixed with V,0s5/ZnO Nanocomposite compare with the
one mixed with bare ZnO nanoparticles. They attributed
that to the stronger localization of plasmonic near-field
effects, which expanded the light absorption zone, as a
consequence the efficient electron-hole separation at the
interfaces between V,0s and Au and ZnO [17]. The
proper mechanism for the photocatalytic activity of the
ternary nanocomposite was suggested as follows: Pd
improves the visible-light response by SPR, V20s absorbs
visible light and produces more charge carriers, and ZnO
absorbs UV light and produces electron-hole pairs [18].
Charge separation is made easier by the heterojunction
between ZnO and V:0s. Pd nanoparticles decrease
recombination by acting as electron sinks [19]. As a
consequence, O: is reduced by electrons (e7) to Oze
(superoxide radicals) and HzO is oxidized by holes (h*) to
OHe (hydroxyl radicals) [20, 21]. Organic contaminants
(dies) are broken down by these radicals into CO2 and
H:O as seen in Figure 8.
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Fig. 7. The PDE% after treating the MG dye with V,05\ZnO \Pd nanocomposite (a), and the concentration of the dye after

irradiation time (b).
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Fig. 8. Schematic diagram showing the photocatalytic ability of V,0s5\ZnO \Pd nanocomposite.
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3.6. Surface area analysis

The Brauner, Emmitte and Telar (BET) analysis is not
consistent with the low mass concentrations of
nanoparticles, which are typically in the range of 0.1
mg/m3 or less [17]. The V,0s/ZnO/Pd NPs sample has
surface areas of 20.747 m? g-1, according to Table 1. BET
measurement shows that the V,0s/ZnO/Pd NPs have total
pore volumes of 0.1501 ¢cm?/g. Additionally, when the
nanomaterials exhibit in the 28.941 range after being
inoculated with Palladium chloride (PdCl,) via the photo
deposition procedure, the pores' diameter reduces,
measured BET surface area of the sample V,0s/ZnO/Pd
NPs was smaller (20.747 m?/g)which can be correlated to
the fact that the method of preparation helped to form a
nanocomposite distinguished by its physical and
chemical properties, indicating that the high surface area
and high mesopore volume fraction of the V,0s5/ZnO/Pd
NPs supports could be used to decorate the supports with
Pd nanocatalysts even when the interior region is not
being used efficiently [22]. Therefore, the mesopore
structure and large surface area would improve the
electrochemical active sites, which would improve the
oscillator strengths and catalytic configuration interaction
(CI) descriptions Figure 9.

3.7. Computational Method

Ground states (GS) were optimized using Density

Functional Theory (DFT) with the B3LYP functional as
implemented in the Gaussian 09 software package [23].
Equilibrium geometries and frontier orbital surfaces
(HOMO and LUMO) were calculated using the 6-311G
(d,p) basis set. The lack of imaginary frequencies in the
GS was validated by frequency analysis conducted at the
same computational level [24].

The energies of the excited singlet states (ES) were

calculated from the GS geometries using time-dependent
density functional theory (TD-DFT) [25], using the same
base and functional set. This technique produced the
permitted vertical electronic excitation energy, which in
turn produced the UV/Vis absorption energies.
To determine the maximum wavelength of ZnO, and
V,0s, Figure 10 and 11 show the ultraviolet-visible (UV-
Vis) absorption spectra of ZnO and V»Os spanning the
wavelength range of 173-512 nm.

The maximum wavelengths (Amax) corresponding to
the highest absorption in the UV-Vis spectrum were
identified for ZnO, and V.05 at 512 nm, and 173 nm,
respectively[26,27]. With an energy gap of -2.64 eV,
these transitions result from the change from the highest
occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), as seen in Figure
12. The calculations also revealed one additional
forbidden transition with marginal intensities: from the
HOMO to the LUMO of ZnO with an energy splitting of
-1.67 Ev [28,29].

Table 1. Surface area measurements of V,0s/ZnO/Pd nanocomposite

Surface physical parameters

V205/Zn0O/Pd nanocomposite

BET surface area (as, Bet)
Average pore diameter
Total Pore volume (p/p®) = 0.979

20.747 m?/g
28.941 nm
0.1501 cm’/g

Type of pore Micro-pores
C -51.372
Vi 4.7668 [cm® (STP) g']
0.15
V205
012
0.1 + 0.1
E 0.08
\S é 0.06
3"005 i 0.04
0.02
0 ¢ T 0
0 0.25 0.5 0 100 200 300 - 400 500 600 700

P/po

Fig. 9. BET adsorption—desorption isotherm of
V,05/Zn0O/Pd NPs

Fig. 10: A-UV-Visible absorption spectra of V,0s.
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Fig. 11. A-UV-Visible absorption spectra of ZnO.

4. Conclusion

Photoreduction method was used to produce
V,05\ZnO\Pd nanocomposite. This composite exhibit
two phases according to the XRD pattern one is identified
as the hexagonal structure of ZnO and the other as the
orthorhombic structured V»0s. The V20s/ZnO/Pd
nanocomposite's excellent light absorption, improved
radical production, and effective charge separation
contribute to its exceptional photocatalytic activity. It is
therefore a viable option for sustainable pollutant
degradation and environmental remediation. It was found
that after 100 minutes of elimination under UVA LED,
about 96% of the dye was successfully destroyed. A
frequency analysis performed at the same computational
level verified the stability of the ground states by
confirming the absence of imaginary frequencies. The
excitation energies of the singlet states were determined
based on the optimized ground-state geometries using
time-dependent density functional theory (TD-DFT),
employing the same functional and basis set. This
approach enabled the calculation of allowed vertical
electronic excitation energies, which correspond to
absorption energies in the UV/Vis spectral region, along
with  their associated configuration interaction
descriptions and oscillator strengths.
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