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ARTICLE INFO ABSTRACT

Keywords: CuMoO4 nanoparticles (NPs) were synthesized by a thermal decomposition followed by a precipitation method.
AOP Analytical techniques such as FE-SEM, EDS, HR-TEM, XRD, FTIR, UV-visible, PL, and XPS were used to char-
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acterize the structural, optical, and photocatalytic properties of CuMoO4. As per XRD analysis, the structure of
CuMoO4 NPs with different Cu concentrations was consistent, however, their crystallinities were changed. The
band gap of CuMoO4 with various concentrations of Cu (0.1, 0.2, and 0.3 M) was estimated to be 1.97 eV, 1.86

eV, and 1.44 eV, respectively. The electrical conductivity of 0.3 M CuMoO4 NPs was greater than other syn-
thesized nanocomposites. Methylene Blue (MB) mineralization in an aqueous medium after 180 min of exposure
to sunlight was investigated to study the photocatalytic activities of all CuMoO4 composites. As per the PL study,
the 0.3 M CuMoOy4 NPs exhibited better photocatalytic efficiency due to their low electron-hole recombination
rate. Experimental parameters like the MB concentration, catalyst dosage, and the solution pH were evaluated to
optimize the experimental conditions. The in-situ capture analysis proposed a plausible mechanism for the
photocatalytic degradation of MB. The two main active species identified for MB degradation were superoxide
radical anions and hydroxyl radicals. The repeated photocatalytic MB degradation verified the high level of
reusability of 0.3 M CuMoOy. The well-diffusion technique was utilized to examine the antibacterial activity of
0.3 M CuMoO4 NPs against gram-positive (Salmonella typhi) and gram-negative (Streptococcus mutans) bacterial
strains. The optimized CuMoO4 showed excellent promise for application in the field of photocatalysis, elec-
trocatalytic and antibacterial activity.

1. Introduction

Pure water is regarded as the most vital need of daily living; at
present, the quanity and quality of drinking water are inadequate to
satisfy the necessities of human existence [1]. Nearly 748 million people
were unaware that there is not enough clean water to drink. By 2050, the
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quantity of water required by industries like manufacturing will have
increased by 400% [2]. The volume of wastewater released increases
along with the increase in industrialization including textiles, paper
mills, concrete, plastic, rubber, and pharmaceuticals. Methylene blue
(MB) is a colorant dye and used to stain wool, silk, cotton, and is also
used in biological staining. MB is dangerous to aquatic habitats owing to
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its interference with photosynthesis, and its toxicity offers difficulties to
ecosystems and causes some major environmental issues that impact
aquatic life as well as human health [3]. A large portion of the textile
dyes (60-70%) are azo compounds, which account for 20% of the total
organic pollutants in water delivered by textile industries [4]. Aromatic
dyes are very hazardous and challenging to degrade due to their
comparatively stable chemical structures. [5,6]. Hence, among various
types of pollution, it is important to develop dependable, reliable, and
financially viable approaches for wastewater treatment.

Several practical approaches have been developed to effectively
remove organic contaminants from wastewater. The conventional
wastewater treatment used to degrade these pollutants resulted in the
transfer of pollutants from one form to another that is more hazardous
than the original pollutant molecules [7]. Considering the aforemen-
tioned issues, it is necessary to establish a process that can considerably
destroy the contaminants found in effluent. In this context, the utiliza-
tion of advanced oxidation processes (AOPs) based on semiconductors
has gained attention due to their ability to mineralize organic contam-
inants in aqueous solutions [8]. Various semiconductor materials
including TiO2, ZnO, MoOs, SnO and WOs3, have been utilized for
mineralization of harmful organic contaminants under UV or visible
light all over the years [9]. Among all natural resources for energy, solar
energy is regarded as the most effective, conveniently easily accessible,
sustainable, and global energy source. Visible light provides 43% of the
energy in the solar spectrum, whereas UV light contributes just 4%. So it
is important to fabricate such photocatalysts that use visible light to
mineralize pollutants [10].

Compounds containing metal molybdate, denoted by the formula-
tion MMoOy, are a significant class of inorganic materials, with diverse
appliances such as magnetic materials, photoluminescence, high elec-
trical conductivity, symmetric capacitors, thermal stability, and elas-
ticity, optical transparency, pigments, supercapacitors, lithium-ion
batteries, photocatalysts, and radio generators [11]. Additionally, metal
molybdate, a transition metal, is extensively used as a photocatalyst to
degrade industrial organic pollutants, like organic colored compounds
and their intermediates, that are harmful to the environment and
contaminate the ecosystem because they contain excessive oxygen va-
cancies, which are essential to remove in photocatalysis [12]. In
particular, due to its numerous uses, the copper molybdate nanocatalyst,
CuMoOg4 was extensively used [13].

In this work, a simple thermal decomposition method followed by a
precipitation method has been used to synthesize CuMoO4 with varied
Cu mass molarities. MB mineralization under sunlight irradiation has
been used to study CuMoO, photocatalytic properties. The novelty of the
present work is, that there are no other studies in the literature about
CuMoO4 NPs synthesized by the thermal decomposition followed by
precipitation method. Based on the characterization and analytical re-
sults, a mechanism for the photocatalyst’s increased photocatalytic
performance has also been proposed, in addition, the electrocatalytic
and antibacterial activities were also studied. By studying the degra-
dation of dye, the potential usability of CuMoO4 NPs was evaluated.
Additionally, the species involved in the mineralization process were
analysed by scavenger study which was used to explain and clarify the
photocatalytic degradation mechanism of MB dye.

2. Experimental section
2.1. Materials and methods

The copper nitrate trihydrate Cu(NO3)2.3 H20, ammonium hepta-
molybdate tetrahydrate (NH4)sMo07024.4 H20O, and ammonia solution

25% were purchased from Sigma Aldrich. Analytical-grade chemicals
were employed without any further purification.
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2.2. Synthesis of CuMoO4 NPs

The commercially available ammonium hepta-molybdate tetrahy-
drate (NH4)gM07024.4 H20 (5 g) was thermally converted into MoOs
over 3.5 h at 400 °C. To achive a uniform MoOs dispersion, a suitable
quantity (0.5 g) of freshly obtained MoO3 was added to the 25 mL of
double-distilled water and stirred for around 30 min. 2.5 mL of NH3-H,0
solution was poured in the MoOs suspension to get the (NH4)2MoO4
clear solution. After that, the solution was stirred for 30 min. Further,
different concentrations of 25 mL CuNO3.3 H,0 [0.1 M (0.604 g), 0.2 M
(1.208 g), and 0.3 M (1.812 g)] were slowly added to the aforemen-
tioned solution mixture. Upon copper solution addition, the solution pH
reached 7 and this change in pH leads to the precipitation of
Cu3(Mo04)2(OH), due to the interaction of Cu and Mo ions in solution
[14]. The freshly prepared precipitates of CuMoO4 were rinsed with DI
water, and then alcohol. The prepared precipitates were dried at 80 °C in
the oven for 6 h and finally calcined for 2 h at 500 °C. CuMoO4 prepared
by different concentrations of copper were labelled as 0.1 M CuMoOs,
0.2 M CuMo0Oy, and 0.3 M CuMoOy, The stepwise synthesis procedure is
depicted in Scheme 1.

2.3. Photocatalytic activity

Photocatalytic MB degradation in aqueous solution under sunlight
was investigated to measure the photocatalytic efficiency of CuMoOj.
Degradation experiments were performed from 11 a.m. to 3 p.m. at Al-
Muthanna University, Iraq in April 2023. All of the synthesized catalysts
i.e., 0.1 M CuMoOy4, 0.2 M CuMo00Oy4, and 0.3 M CuMoO4 were employed
to carry out the photocatalytic degradation activity. In a typical test,
5 mg of catalyst was added to 10 ppm of MB solution in 100 mL solution.
Before being exposed to sunlight, the suspension was agitated periodi-
cally in the dark for 30 min to establish an equilibrium between the
adsorption-desorption of the catalysts and the contaminants. 5.0 mL of
suspension was taken out during solar irradiation at 30 min regular in-
tervals and filtered to get rid of the catalysts from the MB solution. The
UV-visible 4000 spectrophotometer was utilized to measure the con-
centration of MB at its distinctive absorption peak (664 nm). The
degradation efficiency (n) of MB dye was evaluated using Eq. (1).

CU -C

& % 100 (€]
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Where C, represents the initial concentration of MB and C represents the
MB concentration upon light exposure [15].

The active species produced in the photocatalytic degradation of MB
dye with 0.3 M CuMoO4 NPs were extensively explored in situ through
capture studies. Scavengers like 1 mM silver nitrate (AgNOs), disodium
ethylene diamine tetraacetate (Nap-EDTA), isopropanol (IPA), and p-
benzoquinone (p-BQ) were utilized in the photocatalytic process to
inhibit electrons (e"), holes (h™), hydroxyl radicals ("OH), and super-
oxide radicals (03).

Additionally, the reusability of 0.3 M CuMoO4 was carried out for
four cycles under the same conditions as in the photocatalytic experi-
ment. The photocatalyst and the leftover contaminant were separated
using centrifugation. To remove any unwanted components, the catalyst
was cleaned with water and ethanol before each subsequent cycle. The
material was then dried for 6 h at 120 °C, and reused for the subsequent
cycles.

2.4. Zero-point charge

The zero-point charge (pHzpc) was calculated to gain information
about the surface charge of CuMoO4 NPs. Using the salt addition
method, the pHzpc was calculated. In the standard procedure, 20 mg of
CuMoO4 NPs were added to round-bottomed flasks having 40 mL of
NaNOj3 solution (0.1 M) at various pH levels (3 to 11). On an orbital
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Scheme 1. Synthesis of CuMoO,4 NPs by thermal decomposition method.

shaker, the flasks were shaken for 24 h at a rate of 200 rpm. The pH
value was then measured after the flasks had been well agitated. Finally,
by plotting the ApH against the original pH, the pHzpc value was
calculated.

2.5. Antibacterial activity

2.5.1. Extract preparation

After solubilization, the samples underwent a 10-min sonication.
Then, a stock of 5 mg/mL was prepared and stored for further usage. In
this study, the bacteria Streptococcus mutans and Salmonella typhi were
used.

2.5.2. Preparation of inoculums

From the stock solution, the bacteria were transported to LB agar and
cultured at 37 °C for a night. LB broth was used to grow one colony from
the plate, which was then incubated at 37 °C for 24 h. The McFarland
0.5 turbid standard (1.5 108 CFU/mL) was used as the standard for the
spectrophotometric adjustment of the turbidity of the bacterial solution.

2.5.3. Antibacterial activity by well diffusion method

Using the well-diffusion technique, it was determined that 0.3 M
CuMoO4 had any antibacterial effects on gram-positive (Salmonella
typhi) and gram-negative (Streptococcus mutans) bacterial strains. To
create test plates with a diameter of approximately 10 cm, 20 mL of LB
agar was used. 100 pL of a 24-h bacterial culture (1.5108 CFU/mL) was
placed once the medium had solidified, and it was distributed evenly
across the plates using an L-shaped loop. Next, add 50 pL of each sample,
at a concentration of 5 mg/mL, to a well with a diameter of about 6 mm.
A 30 pg/40 pL commercial standard of streptomycin was employed, and
blank wells were then filled with a sterile medium. After loading, plates
were maintained sterile until all test chemicals had been absorbed.
Plates were incubated in an appropriate gaseous phase for 24 h at 37 °C.
Following the incubation period, measurements and records were made
of the wells around zones of microbial growth inhibition. The shortest
distance (in mm) between both the sample’s outside boundary and the
starting of microbial growth was used to define the inhibitory zone.

2.6. Materials characterization

The structure and crystalline nature of the CuMoO4 powders were
examined by an X-ray diffractometer (XRD) (BRUKER: D8 advance) by

CuK, radiation (A = 0.154 nm), by measurements of 260 values ranging
from 20° to 80° at a speed of 5°/min. The Carl-Zeiss AG-ULTRA 55
microscope and a Talos F200S G2 were utilized as SEM and TEM for the
morphological size distribution of the sample’s characterization. The IR
spectra of KBr pellets were recorded using a Perkin Elmer spectra RX-1
type spectrophotometer. The UV-Vis spectroscopy was carried out by a
UV-visible spectrophotometer, model SB 4000, made by Ocean Optics,
U.S.A. The photoluminescence investigation was performed using a
spectrofluorimeter FP8200 from Jasco in Japan. The valence states of
several elements have been investigated using an XPS analyzer by Mg-K,
radiation, model: Kratos, Axis DLD.

3. Results and discussion
3.1. Morphological analysis

By using Field Emission Scanning Electron Microscope (FE-SEM)
analysis, the CuMoO4 NP’s structure and morphology were character-
ized (Fig. la-c). The FE-SEM images showed that all 0.1 and 0.2 M
CuMoO4 exhibit an agglomerated irregular morphology and 0.3 M
CuMoOy4 also shows agglomerated irregular morphology with square-
like shapes in a size range of 1 ym [16]. The elemental composition
and purity of 0.3 M CuMoO4 NPs have been investigated using EDX
analysis. EDX examination (Fig. 1d-f) verified that Cu, O, and Mo were
present in the 0.3 M CuMoO4 NPs.

Figs. 1g and 1h display TEM images and selected-area electron
diffraction (SAED) pattern of 0.3 M CuMoO4 NPs. The CuMoO4 pow-
ders’ nanostructure and interface characteristics were further examined.
The morphology of CuMoO4 exhibits an agglomerated irregular sphere-
like morphology as depicted in Fig. 1g, and the aforementioned findings
are in agreement with those from the SEM analysis of CuMoO4 NPs. The
ring formation in the SAED pattern is shown in Fig. 1, which can help to
confirm that the material CuMoO4 was polydisperse and crystalline in
nature [14].

3.2. Structural analysis (XRD)

Phase purity and crystallinity of the produced samples were inves-
tigated using XRD. The XRD patterns of 0.1 M CuMoO4, 0.2 M CuMoOy4,
and 0.3 M CuMoO4 are shown in Fig. 2a. CuMoQO4 XRD patterns show
that all diffraction peaks match the standard value very well
(PDF#73-0488), confirming that the materials were successfully
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Fig. 1. FE-SEM images of (a) 0.1 M, (b) 0.2 M, and (c¢) 0.3 M CuMoO4 NPs, EDX of (d) 0.1 M, (e) 0.2 M, and (f) 0.3 M CuMoO4 NPs, (g and h) HR-TEM images, and (i)

SAED pattern of 0.3 M CuMoO4 NPs.

prepared [14]. The reflections of the CuMoO4 planes (—101), (101),
(201), (—202), and (021), respectively, are represented by the charac-
teristic 20 positions of 11.98, 15.68, 23.79, 26.42, and 32.85. Fig. 2a
also demonstrates that as the copper concentration increases from 0.1 M
to 0.3 M in CuMoO,, also rises the intensity of the peaks. Cu was
effectively incorporated into MoO4 to form CuMoOQy, as evidenced by the
increase in peak intensity. There are no more impurity peaks to be seen.
The Full-Width Half Maxima (FWHM) of the XRD peaks was used for
determining the average crystalline size, which was determined to be
41.28 nm, 44.25 nm, and 49.78 nm, respectively [14,17]. When the
concentration of copper in a crystalline material increases, it also in-
creases the crystalline size. This happens due to the incorporation of
copper atoms which damage the normal lattice structure. As the con-
centration of copper increases, it causes the lattice strain and defect,
leading the crystal to grow in size accommodate more atoms, and attain
stability. This results in bigger crystalline domains and an increase in
overall crystalline size [18].

The Scherrer formula stated in Eq. (2) was employed to find out the
crystalline size of the synthesized samples.

092
" peost

(D) )

Where D is the NP’s crystalline size, 4 is the radiation’s wavelength,  is
FWHM in radians, and 6 is the Bragg’s diffraction angle.

3.3. FTIR

FT-IR spectra were used to examine the functional groups and
bonding vibrations in CuMoO4 NPs. Fig. 2b demonstrates that the syn-
thesized CuMoQO4 absorption bands were mainly localized within a
1000 cm range. The absorption peaks at 965, 940, 901, 821, 718, and
524 cm ! are comparable with previously reported data [19]. The ab-
sorption peaks can be seen in the CuMoOy4 spectrum at 3156 cm™?,
which represents the O-H stretching vibration and Mo = O peak at
965 cm ™!, Mo-O-Mo stretching vibration peak at 821 cm™?, and Cu-O
bond absorption peak at 524 cm ™! [16].

3.4. Optical analysis

3.4.1. UV-vis spectral analysis

The Impact of Cu content on CuMoO4’ optical properties was studied
via UV-Vis DRS analysis. The absorption spectra of varied Cu concen-
trations in CuMoO4 NPs are shown in Fig. 2c. The results show that the
transition of electrons from VB to CB is the major cause of the absorption
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Fig. 2. (a) XRD pattern, (b) FTIR spectra, (c) UV-visible absorbance spectra, (d) Tauc plot (band gap), and (e) Photoluminescence spectra of 0.1 M, 0.2 M, and 0.3 M

CuMoOg4 NPs.

at 445 nm in CuMoO4 NPs. The charge-transfer transitions between the
Cu ion’s d electrons in the CuMoOj4 conduction or valence band may be
responsible for a shift in the absorption edge. CuMoO4 NPs show an
absorbance shift towards higher wavelengths when the concentration of
Cu in the material increases. This indicates the introduction of Cu into
MoOg4, which may cause an impurity state or defects between the VB and
CB of the material. Cu may introduce substitutional and interstitial de-
fects in the crystal lattice of CuMoOy to alter its electronic properties.

A drop in absorption band at 600 nm in UV-visible spectra of
nanocomposite has also been observed, this might be related to a phe-
nomenon known as "plasmon resonance." At this wavelength, nano-
particles may display an oscillation of conduction electrons, reducing
their capacity to absorb light and providing a decrease in the absorption
spectrum [20].

The synthesized samples exhibit an absorbance shift towards higher

wavelengths in the following order: 0.1 M > 0.2 M > 0.3 M. The charge-
transfer transitions between the Cu ion’s d electrons in the CuMoOg4
conduction or valence band may be responsible for a shift in the ab-
sorption edge. The produced samples’ optical bandgap energies were
calculated using the Tauc equation, Eq.3, and the plots are displayed in
Fig. 2d [21].

(ahv) " = A (hv — Eg) ©)]

Fig. 2d illustrates a graph between (ahv)? and E, that can be utilized
to compute the band gap of synthesized NPs. The band gaps of 0.1 M
CuMoOQy4, 0.2 M CuMo0Oy, and 0.3 M CuMoO4 NPs were estimated to be
1.97 eV, 1.86 eV, and 1.44 eV, respectively. The reduction in the optical
band gap seen with increasing Cu incorporation might be attributed to
structural deformation in the MoO4 NPs caused by replacing with either
substitutional or interstitial molybdenum ions in the MoOy4 lattice by Cu
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ions [22]. The results show that the absorption of CuMoOy is in the
visible area, hence all irradiation studies were performed with a sunlight
source [23,24].

3.4.2. Photoluminescence (PL) spectra analysis

The Photoluminescence (PL) spectra analysis was used to study the
optical characteristics of CuMoO4 NPs. On the other hand, PL spec-
troscopy is a technique for investigating both the charge carrier transfer
process on the surface of photocatalysts and the recombination rate
associated with the photoexcited electrons and holes [14]. In the
[MoOy4] ion complex, the O 2p and Mo 4d orbitals in the CuMoO4
emission spectrum typically show charge-transfer transitions. Fig. 2e
depicts the PL spectra of 0.1 M CuMoOy4, 0.2 M CuMoOy, and 0.3 M

Journal of Alloys and Compounds 977 (2024) 173400

CuMoO4 NPs with an excitation wavelength of 578 nm and a sharp peak
was observed at 592 nm [25]. The PL spectra intensity for 0.3 M
CuMoO4 was much lower than for 0.1 CuMoOy, and 0.2 M CuMoOg.
Recombination of electron-hole pairs in CuMoO4 is inhibited by
increasing Cu concentration. This is because Cu provides more charge
carriers, either holes or electrons, which lowers the chance of carriers
recombining and increases carrier density, thereby decreasing
electron-hole pair recombination [26]. This showed that the progress of
photocatalytic processes was enhanced by 0.3 M CuMoO4 because it had
a lower recombining rate of photoexcited electron-hole pairs [27].

Fig. 3. XPS spectra showing (a) survey spectrum, (b) Cu-2p, (c) Mo-3d, (d) O-1 s of 0.3 M CuMoO4 NPs and (e) Overlay of the cyclic voltammetric response of bare
CPE, modified 0.1 M CuMoO,/CPE, 0.2 M CuMoO,4/CPE, and 0.3 M CuMoO,4/CPE NPs in the presence of 0.1 M KCl containing 5 mM [Fe(CN)6]3'/ 4 jons.
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3.5. XPS analysis

We employed the XPS technique to investigate the chemical
composition and bonding configuration in CuMoO4 to understand more
about the interfacial electronic structures. Fig. 3a displays the survey
XPS spectra of CuMoQOj4. The C, Cu, Mo, and O elements are also seen in
the survey XPS spectra of CuMoOj. The peak at 284.0 eV in the survey
XPS spectra was attributed to the adventitious carbon in CuMo0Oy4, and
the adventitious carbon was found to be standard carbon (Fig. 3a). A
significant peak at 934.0 €V in the fitted Cu 2p in CuMoQO4 peaks was
attributed to the 2ps/» core level of cu*t (Fig. 3b). In CuMoOg4, Mo 3d
has a binding energy of 229.8 or 232.7 eV (Fig. 3¢) The asymmetric peak
at 528.8 eV in the O 1 s spectra of CuMoO4 was attributed to the binding
energy of Oy species representative of oxide materials. CuMoO4’s
surface-adsorbed oxygen species may be responsible for the shoulder
peak that was seen at 529.8 eV (Fig. 3d) [14].

3.6. Charge transfer behaviour of modified electrodes

Cyclic Voltammetry curves of 0.1 M CuMoOy4, 0.2 M CuMoOy4, and
0.3 M CuMoO4 were analyzed in 0.2 M phosphate buffer (pH-7) with
5 mM K3[Fe(CN)g] and K4[Fe(CN)g] as an electrolyte to confirm the
improved conductivity of CuMoO4 NPs. Fig. 3e represents the charge
transfer behavior of electrodes made of bare Carbon Paste Electrode
(CPE), 0.1 M CuMo004/CPE, 0.2 M CuMoO4/CPE, and 0.3 M CuMoO,/
CPE. When 0.1 M CuMoO,4/CPE was increased to 0.3 M CuMoO4/CPE,
the redox peak currents enhanced significantly and the redox peak po-
tential moved more positively, signifying that 0.3 M CuMoQO4/CPE has
electrocatalytic activity. These high peak current intensities were
observed for the [Fe(CN)6]3'/ [Fe(CN)6]4' system at a scan rate of
50 mV s~!. Additionally, it was found that 0.3 M CuMoO,4/CPE has an
electrical conductivity that is greater magnitude than CPE, 0.1 M
CuMoOy4/CPE, and 0.2 M CuMoO4/CPE. This is due to the modified
CPE’s ability to function as a conductor and enable quick charge transfer
in solution. [28].

3.7. Evaluation of the photocatalytic activity with different concentrations
of CuMoOy4 NPs

To test the influence of Cu concentration (0.1, 0.2, and 0.3 M) in
CuMoOg4 NPs, the degradation of MB was studied. The results revealed
that increasing the Cu content in the crystalline lattice of CuMoO4 NPs
from 0.1 M to 0.3 M enhanced the photocatalytic degradation efficiency
in 180 min of reaction time. Fig. 4a shows the MB dye degrading effi-
ciency of various catalysts at 30-minute time intervals of up to 180 min.
Fig. 4a shows that the mineralization of the MB dye is 80.61%, 85.03%,
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and 92.43% for 0.1 M CuMoOQy4, 0.2 M CuMoQy, and 0.3 M CuMoO4 NPs,
respectively [29]. The concentration of MB dye decreased as the irra-
diation period increased (Fig. 4b). Fig. 4c depicts the absorption spec-
trum results for the best 0.3 M CuMoO4 NPs sample for MB degradation.
According to the results presented in Fig. 4a-c, raising Cu concentrations
in the crystalline structure of the CuMoO4 NPs improved their photo-
catalytic activity. The PL results revealed that 0.3 M CuMoO4 NP has
lowered PL intensity compared to 0.1 CuMoOy4, and 0.2 M CuMoO4
(Fig. 2e). The PL spectra may be used to explain that the 0.3 M CuMoO4
NPs have higher photocatalytic activity. The observation indicates that
introducing more Cu ions to the crystalline lattice of CuMoO4 NPs de-
creases the electron-hole pairs recombination rate, hence increasing the
MB mineralization.

3.7.1. Effect of dose

One of the key factors influencing the degrading performance is the
catalyst dose. The photocatalytic degradation experiment was con-
ducted using different catalyst doses of 0.3 M CuMoO4 such as 5, 10, 15,
and 20 mg, with 10 ppm MB dye concentration while maintaining the
dye solution at natural pH. Fig. 5a shows that for 5, 10, 15, and 20 mg of
0.3 M CuMoOyu, the photocatalytic degradation percentages are 92.43%,
93.96%, 97.95% and 99.47%, respectively, and 20 mg is the optimized
catalyst dose. As the irradiation time increased, the MB dye concentra-
tion declined (Fig. 5b). The results demonstrated that as the catalyst
dosage was raised, the photocatalytic efficiency rose linearly. The
degradation efficiency was enhanced when the catalyst load was raised
from 5 to 20 mg. Fewer photons are absorbed by CuMoOj4 for the pho-
tocatalytic process when the catalyst amount is low, resulting in
decreased photocatalytic activity. With higher catalyst loading, there
are more photon absorption and activity centres on the CuMoO4 surface,
which in turn raises the catalyst’s activity. However, the quantity of
photons tends to become saturated as the loading of catalysts rises [30].

The kinetics of MB degradation were investigated further by
comparing the photocatalytic activity of CuMoO4 employing the
Langmuir-Hinshelwood rate equation. As shown in Eq. 4, the MB
degradation followed pseudo-first-order (PFO) kinetics [31].

-In (C,/C) = kt (C))

where Cp and C; are the starting and final concentrations, at a
particular irradiation period, respectively, and k is the PFO rate
constant.

Fig. 5c¢ displays the kinetic fits for the MB dye degradation using
various catalyst doses of 0.3 M CuMoO4 such as 5, 10, 15, and 20 mg. As
aresult of fitting In (Cy/C) vs. irradiation time with a linear function, the
values of k and R? were determined and listed in Table S1. The rate

Fig. 4. (a) MB dye degrading efficiency of various catalysts at 30-minute time intervals up to 180 min, (b) plot of C/C, vs. irradiation time for the photocatalytic
degradation of MB dye using various catalysts, (¢) UV-vis absorption spectra of 10 ppm MB dye degradation employing 5 mg of the 0.3 M CuMoO, NPs at natural pH.
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Fig. 5. (a) Degrading efficiency of various catalyst doses, (b) plot of C/C, vs. irradiation time, (c) plots of In (C,/C) vs. reaction time for photocatalytic degradation of
MB dye using various catalyst doses, (d) UV-vis absorption spectra of 10 ppm MB dye degradation using 20 mg of the 0.3 M CuMoO4 NPs at natural pH.

constants for various catalyst doses of 0.3 M CuMoO4 as well as the
related correlation coefficients. In comparison to 5, 10, and 15 mg, the
calculated rate constant value of 20 mg was determined to be higher,
while among all catalyst doses, the 20 mg displayed the large value of k
within 180 min of irradiation time. Fig. 5d displays the absorption
spectra for the optimal 20 mg catalyst dosage of 0.3 M CuMoO4 NPs for
photocatalytic degradation MB dye. The results showed as the catalyst
dose increases, the rate of MB degradation increases. The 0.3 M CuMoQO4
catalyst loading is 20 mg, which is the optimal catalyst dose with
10 ppm dye solution at natural experimental conditions for the
following study.

3.7.2. Effect of MB concentration

The photocatalytic deterioration of organic dyes is dependent on the
organic dye adsorption onto the photocatalyst surface, hence only the
quantity of dye adsorbed onto the surface of the photocatalyst will take
part. By studying the photocatalytic degradation at various organic dye
concentrations, such as 10, 20, 30, and 40 ppm, it was possible to
determine the influence of organic dye concentrations on the photo-
catalytic activity of 0.3 M CuMoOj4. The experiment is conducted using
20 mg (fixed) of 0.3 M CuMoO4 catalyst to the different starting dye
concentrations, such as 10, 20, 30, and 40 ppm while maintaining the
dye solution at natural pH (Fig. 6a-d). Fig. 6a depicts degradation per-
centages of the MB dye solution at 10, 20, 30, and 40 ppm, with 99.47%,
93.76%, 88.06%, and 80.37%, respectively. The MB dye concentration
decreased as the irradiation period increased (Fig. 6b). The maximum
degradations were achieved at 10 ppm, as displayed in Fig. 6¢’s plot of
the In (Cy/C) vs. irradiation time for various starting dye degradation.
Table S2 shows values of k and R? for different MB dye concentrations

using 20 mg of 0.3 M CuMoOy4 at natural pH. The absorption spectra for
the optimum 10 ppm MB dye solution using a 20 mg catalyst dose of
0.3 M CuMoOy4 NPs at natural pH are shown in Fig. 6d. The rate of dye
photodegradation is influenced by the possibility of *OH radical gener-
ation on the surface of the CuMoO4 and the reaction rate of MB mole-
cules with the °OH radical. Increases in dye concentration from
20-40 ppm reduce the catalyst’s activity. This may be because more MB
adsorbed on the surface of CuMoO4 NPs at high dye concentrations,
inhibiting the reaction among the dye molecules and *OH radicals and
decreasing the amount of *OH radicals formed [32]. The findings
revealed that the 10 ppm MB dye solution and 20 mg catalyst dosage at
natural pH were fixed for further experiments.

3.7.3. Effect of pH and pHzpc

The solution pH is a crucial parameter for analyzing dye minerali-
zation as it gives an idea about the surface charge on CuMoO4. The MB
mineralization at various pH levels of 3, 5, 7, 9, and 11 was examined
while keeping the 20 mg 0.3 M CuMoOy4 catalyst dose and a 10 ppm MB
solution. The MB mineralization at pH levels of 3, 5, 7, 9, and 11 is
shown in Fig. 7a, with values of 97.42%, 97.95%, 99.47%, 98.84%, and
97.79%, respectively. Fig. 7b displays the C/C, plot of the photo-
degradation activity of the CuMoO4 sample against MB mineralization at
pH-3,5,7,9, and 11, as the irradiation time increased, the concentration
of MB dye decreased. Fig. 7c displays the plot of the In (Cy/C) vs. irra-
diation time, and kinetic fits for MB degradation using different pH of
10 ppm MB dye solution utilizing 20 mg of 0.3 M CuMoQO4 NPs. The rate
constants and correlation coefficients (Rz) for various pH solutions of
MB dye using 20 mg of 0.3 M CuMoOy4 are shown in Table S3. Fig. 7d
displays absorption spectra for an optimal 10 ppm MB dye solution with
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Fig. 6. (a) Degrading efficiency of various concentrations of MB dye, (b) plot of C/C, vs. irradiation time, (c) plots of In (C,/C) vs. reaction time for photocatalytic
degradation of MB dye using various concentrations of MB dye, (d) UV-vis absorption spectra of 10 ppm MB dye degradation using 20 mg of the 0.3 M CuMoO4 NPs

at natural pH.

a catalyst dosage of 20 mg of 0.3 M CuMo0O4 NPs at pH 7. From pH 3 to
pH 7, the degradation efficiency increases. The removal efficiency de-
creases at acidic pH owing to 0.3 M CuMoOy dissolution at pH 3. At pH
7.05, 0.3 M CuMoOy4 has a pHzpc (Fig. 8a). Above pHzpc, the surface of
0.3 M CuMoOy4 is more negatively charged, while MB has a positive
charge in an aqueous solution. The highest efficiency for MB dye is seen
at pH 7, which may be due to the dye molecules having significant
interaction with the catalyst surface at this pH level. MB dye degrades
most effectively at pH-7, degrading up to 99.47% of the dye after
180 min of irradiation [32]. Hence 10 ppm MB dye solution and 20 mg
catalyst dosage at pH 7 were fixed for further study..

3.7.4. Scavenger study

It is widely known from the literature that when semiconductors are
exposed to radiation, they produce 0%, *OH, e, and h™. These species
may then interact with organic contaminants to break them down into
CO, and water. Trapping tests were performed to find out the species
involved in the degradation of MB to prove the reaction mechanisms of
the 0.3 M CuMoO4 NPs in detail. In this regard, an aqueous suspension
of MB was exposed to radiation in the presence of 0.3 M CuMoO4 NPs
containing various quenchers (0%, h', e, and *OH), including benzo-
quinone (BQ), disodium ethylenediaminetetraacetate (EDTA-2Na), sil-
ver nitrate (AgNOs3), and isopropyl alcohol (IPA). The samples were
obtained and spectrophotometrically monitored as usual. Fig. 8b depicts
the percentage of MB degradation concerning the irradiation period in
the absence and presence of various quenchers. The reaction rates for
AgNO3 (e), Nag-EDTA (h"), P-BQ ("0, ), and IPA (*OH) are 89.86%,
77.88%, 25.31%, and 45.22%, respectively. The reaction efficiency of
the synthesized 0.3 M CuMoO4 NPs was inhibited more by the addition

of P-BQ and IPA to the photocatalytic process as an *Oo “and *OH species
hunter, indicating that photogenerated superoxide and hydroxyl radi-
cals play an important role in the photodegradation process. AgNO3 and
EDTA had little effect on the degradation, proving that the electron and
hole are not the primary reactive species responsible for the oxidation of
the organic contaminants. In contrast, BQ and IPA can suppress the re-
action, showing that O3 and *OH play a role in dye mineralization [31].
These radicals formation confirms indirect photocatalysis, similar re-
sults have been reported in the literature [39,40].

3.7.5. Mechanism of MB degradation

Based on the findings from the scavenger experiment and the band
gap of 0.3 M CuMoOy4 NPs as shown in Scheme 2, (see the valence band
and conduction band calculation in the S file) the proposed degradation
mechanism for the separation of charges and photocatalytic reactions of
MB dye employing 0.3 M CuMoO4 NPs under sunlight irradiation can
thus be proposed:

CuMoOy4 + hv — ¢ + h* 5)
e +0,-0% (6)
(H05H" 4+ OH) + h* - H" + *OH %)
MB + 05/°0OH/h" — intermediates—degradation products 8

In the first stage, photogenerated holes (h") and electrons (e)
formed on the surface of CuMoO4 particles (Eq. 5). Many published
studies show that two oxidative agents O3 and *OH radicals are mostly
concerned when exposed to sunlight. Photogenerated electrons and
holes then interacted with water and DO to produce O3 radicals as well
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Fig. 7. (a) Degrading efficiency of various pH levels of MB dye, (b) plot of C/C, vs. irradiation time, (c) plots of In (C,/C) vs. reaction time for photocatalytic
degradation of MB dye using various pH levels, (d) UV-vis absorption spectra of 10 ppm MB dye degradation using 20 mg of the 0.3 M CuMoO4 NPs at pH 7. Table 1

shows the results of a comparative study of our work.

as *OH radicals (Egs. 6 and 7). O3 was the most active radical in the
photocatalytic reaction. The solution’s free radicals then interacted with
MB forming intermediate compounds, which were then degraded into
smaller molecules (Eq. 8) [14].

3.7.6. Degradation pathway of MB dye

The photocatalytic breakdown of MB in aqueous media under sun-
light irradiation was studied. There are several intermediates that
possibly led to the degradation of MB, from more complex to simpler
ones and environmentally friendly in nature. LCMS has identified the
following intermediate compounds, which are displayed in Fig. 9. The
relevant compounds and their structural formulae were identified from
the mass spectra based on the ratios of mass to charge (m/z). Scheme 3
proposes the photocatalytic degradation path of MB dye (m/z = 320).
The following reactions may occur during the degradation process: (1)
cleavage of the -N-double bond, (2) cleavage of the benzene ring, (3)
cleavage of the C-N and C-C bonds of the chromophoric group, and (4)
cleavage of the C-S link between the aromatic ring and the sulfonate
groups [41].

3.7.7. Stability

A catalyst’s stability can be greatly influenced by its capacity to be
recycled. The stability of CuMoO4 was assessed by utilizing the most
active photocatalysts (0.3 M CuMoOy) for four consecutive cycles for
degradation of MB under the same conditions as in the photocatalytic
experiment. Fig. 8c shows the photocatalyst’s performance loss after
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four successive cycle runs, showing the catalyst’s strong stability
throughout the photocatalytic reaction when exposed to sunlight [42].
After the photocatalytic study, the physical and chemical stabilities of
the photocatalyst were also examined. The nanocrystals’ chemical
structure (shown by the XRD patterns in Fig. 8d) has a similar, though
small, crystallinity loss to that of freshly synthesized NPs. The catalyst’s
decreased crystallinity after the 4th photocatalytic dye degradation
cycle might be due to structural damage, surface contamination, or
catalyst degradation caused by extended exposure to the reactive envi-
ronment. The MB of the 0.3 M CuMoO4 photocatalyst used as evidence
supports this. This exhibits the structural stability and durability of the
prepared photocatalyst, which are vital to practical application.

3.8. Antibacterial activity of 0.3 M CuMoOy4 against Streptococcus
mutans and Salmonella typhi

The zone of inhibitions was determined to assess the test sample’s
efficiency as an antibacterial agent against Salmonella typhi and Strep-
tococcus mutans. The test samples were examined for antibacterial ac-
tivity using 0.3 M CuMoO4 NPs. 0.3 M CuMoO4 NPs showed modest
effectiveness with a 1.2 mm zone of inhibition against Streptococcus
mutans and also exhibited modest activity with an inhibitory zone of
0.8 mm against Salmonella typhi. Both bacterial strains were inhibited by
standard streptomycin with a 2.2 mm zone of inhibition. Based on the
antimicrobial activity studies, 0.3 M CuMoO4 NPs are a moderately
effective antimicrobial agent against Salmonella typhi and Streptococcus
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Fig. 8. (a) Point of Zero Charge (PZC) of 0.3 M CuMoO4 NPs (b) effects of scavengers on the photocatalytic degradation performance of MB dye using 0.3 M CuMoO4
NPs under sunlight irradiation. (c) Stability after four consecutive cycles, and (d) the XRD pattern, of fresh and recycled 0.3 M CuMoO4 NPs.

Table 1
Comparison of photocatalytic performance of CuMoO,4 with reported literature.
Catalyst Dye Dose (%) Reaction Refs.
Degradation Time (min)
CuSnSe MB 20 mg/ 88.68 360 [33]
20 mL
Sm-doped GO/ MB 1.5 mg/ 83.35 180 [34]
KSrPO4 mL
Na™ co-doped MB 2 mg/mL 96.62 300 [35]
CaTiOs:Eu®*
NiO/Cr;03 MB 50 mg/ 93.63 180 [36]
50 mL
Ag,0/TiO, MB 50 mg/ 95.4 180 [37]
100 mL
BaTiO3 @ZIF-8 MB 60 g/ 93 180 [38]
100 mL
CuMoOy4 MB 20 mg/ 99.47 180 This
100 mL work

mutans (Fig. 10). Table 2 shows the antibacterial activity results.
4. Conclusion

In summary, the novel synthetic process was used to synthesize
CuMoO4 with various concentrations of Cu. The band gaps of 0.1
CuMoOy4, 0.2 CuMo00y4, and 0.3 M CuMoO4 were determined as 1.97 eV,
1.86 eV, and 1.44 eV, respectively. When compared to 0.1 CuMoO4 and
0.2M CuMoOy4, 0.3 M CuMoO4 NPs showed red-shift to absorption

11

edges and greater intensities in the visible light range. PL study showed
that the recombination rate in 0.3 CuMoQy is lower than that of 0.1
CuMoO4 and 0.2 M CuMoO4 NPs. The XPS findings for CuMoO4 showed
that Cu, Mo, and O have chemical valence values of + 2, + 6, and 2,
respectively. The degradation of MB with various Cu concentrations
(0.1, 0.2 and 0.3 M) in CuMoOy4 as catalysts was studied. The 0.3 M
CuMoOy is effectively employed as evidence suggesting to determine
photocatalytic properties due to its strong conductivity, high electron
transfer rate, and high electrochemical activity. 0.3 M CuMoO4 dis-
played better photocatalytic activity than 0.1 CuMoO4 and 0.2 M
CuMoOy4, Because of the decreased rate of electron-hole recombination.
UV-visible spectra revealed that photocatalytic degradation of MB dye
was 99.47% in 180 min for 0.3 M CuMoO4 NPs, respectively. An initial
dye concentration of 10 mg/L, catalyst dosage of 20 mg/0.1 L, and
natural pH of 7 are the optimal conditions for the photodegradation of
the MB dye. The scavenger results suggested that O3 and OH® played a
key part in the photocatalytic degradation of MB dye and presented a
photocatalytic degradation mechanism. The excellent extent of reus-
ability of CuMoO4 was shown by the cycling photocatalytic degradation
of MB. 0.3 M CuMoO4 was shown to be a moderately effective anti-
bacterial agent against the gram-negative Streptococcus mutans, and
gram-positive Salmonella typhi. Based on the findings, 0.3 M CuMoO4
NPs have been found as a promising option that is stable, reusable, and,
most importantly, can be employed for photocatalytic degradation of
organic contaminants.
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Scheme 2. Reaction mechanism of MB dye using CuMoO,4 NPs under sunlight irradiation.

Fig. 9. Mass spectra of MB dye (a) before and (b) after degradation.
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