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A simple strategy for synthesizing copper tungstate nanoparticles
with enhanced chemocatalytic degradation

1. INTRODUCTION

ABSTRACT

The ever-increasing demand for efficient and sustainable catalytic systems has promoted a surge
in the exploration of transition metal nanoparticles as catalysts for various chemical reactions.
CuWOs4 nanoparticles were formed by co-precipitating copper chloride and sodium tungstate in a
1:1 molar ratio. The nanoparticles were characterized extensively by using various techniques
including, X-ray diffraction (XRD), Raman Spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, Ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS), Brunauer-Emmett-
Teller (BET), X-ray photoelectron spectroscopy (XPS), Energy Dispersive Spectroscopy (EDS)
and Photoluminescence (PL) measurements. The XRD and RAMAN studies revealed the
presence of water molecules in the lattice of the as-synthesized and sample heat treated at 300
°C, indicating that the material is copper tungstate dihydrate (CuwO,-2H,0) with a monoclinic
structure. In contrast, the samples heat-treated at 400 °C, 500 °C and 600 °C exhibited an
anorthic (triclinic) structure of CuWO4.XRD data was used to calculate the average grain size and
lattice parameters. The FT-IR analysis confirms the formation CuWO4 nanoparticles. The Diffuse
reflectance ultraviolet-visible spectroscopy, the obtained band gaps of nanopatrticles ranging from
2.9 to 2.2 eV, measured using the Kubelka and Munk method. The Brunauer-Emmett-Teller (BET)
specific surface area analysis provided insights in to availability of active surface sites in CuWOa
nanostructures. Elemental analysis and chemical composition of CuWO4 were determined using
X-ray photoelectron spectroscopy (XPS) and Energy Dispersive Spectroscopy (EDS), which
confirms the presence of peaks corresponding to W, O, and Cu only. Photoluminescence (PL)
studywith an excitation wavelength of 290 nm reveals that for all the samples the emissions
appeared at wavelengths between 400 and 500 nm. The catalytic activity of CuWO4 nanoparticles
was assessed by measuring the breakdown of the methylene blue dye. This study reports a novel
synthesis of CuWO4 as an efficient chemocatalyst, achieving a catalytic degradation of
approximately 98.3%, which can have potential applications in wastewater management.
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This effluent typically contains electrolytes,
surfactants, heavy metals, and dyes, with dyes

and environmental pollution have r . :
being the most persistent pollutants due to their

escalated alongside changing lifestyles, rapid
urbanization, industrialization, and advancements
in agricultural practices. Primary sources of
contamination include municipal, agricultural, and
industrial waste, often resulting in large-scale
effluent discharges [1-3]. The textile industry is a
major contributor to pollution, frequently releasing
untreated effluent into rivers or soil without
adhering to proper treatment protocols.
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chemical stability and resistance to biodegradation.
Their presence damages human health as well as
underwater habitats [4-9]. The unique properties
and extensive applications of nanomaterials arise
from their size, surface structure, and interparticle
interactions. Nanostructured tungstate materials
have garnered attention for their potential
applications, luminescent properties, and distinctive
structural  characteristics.  Transition metal
tungstates, represented as AWOs (where A
commonly includes Cu, Mn, Mg, Zn, Cd, Fe, Co, or
Ni), are ternary oxide semiconductors recognized
for their  exceptional photoelectrochemical,
electrocatalytic, luminescent, and photocatalytic
properties [10,11]. These materials have been
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effectively used in a wide range of technological
applications, such as solid-state lasers, optical
fibers, fluorescent lighting, humidity sensors, and
optoelectronic devices. Furthermore, a number of
metal tungstates have unique conductivity and
electrical properties [12]. Metallic cations with radii
smaller than 0.077 nm are more likely to create
wolframite-type tungstates, whereas those with
radii greater than 0.099 nm are more likely to form
scheelite-type tungstates [13]. [AOe)/[WOs] the
transition metal (A) and tungsten (W) atoms join
with six oxygen atoms to form groups in wolframite-
type monoclinic  structures. The  scheelite
structures, however, involve the creation of
[AOg)/[WO4] groups, in which the W atom forms a
link with four oxygen atoms and the transition metal
(A) forms a binding with eight [14-16]. With an
indirect bandgap energy ranging from 2.2 to 2.45
eV [17-19], CuWOs, or copper tungstate, is an n-
type semiconductor that is nontoxic, chemically
stable, and capable of efficiently utilizing sunlight.
WOs and CuOs octahedra shape and coupling
have a major impact on the bandgap [20, 21].
CuWOy4's photoelectrochemical water splitting and
photoelectrocatalytic activity are made possible by
these properties [22-24].

Research on copper tungstate has garnered
significant notice because to its many potential
technological [25] and scientific applications
including photoanodes [17], scintillation detectors,
gas and humidity sensors [26,27], supercapacitors
[28—30], electrochromic devices [28,31],
photoelectrolysis electrodes for lithium-ion batteries
[32-34], and photoelectrodes [35]. Various
morphologies of copper tungstate have on created
by utilizing a range of physical and chemical
techniques, including the electrochemical approach
[36], spray pyrolysis [37], solid-state reactions [38],
pulsed laser deposition [39], and precipitation
routes [40, 41]. For many years, organic pollutants
have been mineralized using compounds from the
tungstate family under UV [42] and sunlight [43].

Ruiz-Fuertes et al. [21] studied the growth and
characterization of CuWOas under high pressure.
Using the microemulsion technique, Maryam
Mohammadikish and associates [44] examined the
optical characteristics of copper tungstate
nanoparticles.  Hierarchical flower-like = WOs
nanoparticles were created by Ghedeir M.
Alshammari et al. [45] for efficient metal ion
detection and organic dye catalysis.To boost MIL-
125-NH2's  photocatalytic ~ activity in  dye
degradation, Hossam E. Emam et al. [46]
investigated doping it with silver tungstate and
silver vanadate nanoparticles. Utilizing copper-
supported WOs nanosheets for chemoselective,
photocatalytic, and electrocatalytic applications

were investigated by Farha Naaz and associates
[47]. A simple co-precipitation technique was
employed in this investigation to synthesize
CuWOs4. The materials' structural features were
provided by X-ray diffraction (XRD) and Raman
Spectroscopy, while their composition was
analyzed using Fourier transform infrared
spectroscopy (FT-IR). The optical bandgap
energies were estimated using UV-Vis
spectroscopy and X-ray photoelectron
spectroscopy (XPS) was employed to ascertain the
binding energies at 284.8 eV with respect to C (1s).
The Brunauer-Emmett-Teller (BET) analyses were
used to determine the specific surface area.The
elemental analysis was determined using Energy
Dispersive Spectroscopy (EDS). The
Photoluminescence Studies were also employed.
Additionally, the chemocatalytic ability of the
nanostructured CuWOs in breaking down organic
contaminants was assessed.

Highlights

e CuWO4 nanoparticles with enhanced catalytic
degradation were synthesized using the co-
precipitation method.

e The as-synthesized sample and the sample
heat-treated at 300°C exhibit CuWOs4
nanoparticles with a monoclinic phase and a
large surface area, which are essential for
catalytic degradation.

e They demonstrate a catalytic degradation of
nearly 98.3% for Methylene blue, indicating
potential applications in wastewater
management.

2. EXPERIMENTAL

Analytical-grade cupric chloride (CuCl2.Hz20),
sodium tungstate (Na2WO4.H20, 99%), methylene
blue (C1sH18CIN3S, Nice) and acetone (99%) were
directly employed without any extra purification. We
utilized the deionized water as the solvent across
the experiment, and all glassware was thoroughly
rinsed.

2.1. Preparation techniques

Employing the simple  co-precipitation
technique, an aqueous solution of copper tungstate
was reacted to create nanosized powder
CuCl2.2H20 (8.5 g) and Na2WO4-2H20 (16.49 g) at
ambient temperature with continuous stirring.
Thereby produced blue precipitate was centrifuged
to remove excess NaCl that had formed as a by-
product, and it was then repeatedly filtered and
cleaned with distilled water before being dried for
two hours at 100°C in an air oven. The end product
is calcinated at 300°C, 400°C, 500°C and 600°C
for 2h each. The as-synthesised sample is coded
as CW and the samples calcinated at 300°C,
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400°C, 500°C, and 600°C were coded as CW1,
CW2, CW3, and CW4 respectively.

2.2. Catalytic studies

The catalytic efficiency of the generated
CuWO, nanostructure was assessed by tracking
the color decay of the organic contaminant
methylene blue (MB). 20 ml of 3.12 x 10~ M dye
solutions were mixed with 2 ml of 0.012 M powder
catalyst to create the catalytic mixture. The reaction
combination,Iml of 0.079 M NaBH4 solution was
introduced to make sure the reduction process. By
monitoring the drop in absorbance at the
wavelength that corresponds to the maximum
absorption for MB dye in the UV-visible region as a
function of time, in accordance with Beer's law, the
break down reaction was tracked using a UV-
visible spectrometer. The slow decline in
absorbance over time illustrates the dye's decay
deterioration rate was calculated by plotting
measured absorbance against time. To determine
the percentage of dye decline, the following
formula was used:

Co

£ % 100% (1)
Co

Decolorization % =

Where Co is the initial MB level after adsorption and
the desorption equilibrium is attained before
radiation. C  represents the contaminant
concentration at different points in time after the
catalytic reaction.

3. RESULTS AND DISCUSSIONS

3.1. X-ray diffraction analysis

The XRD patterns of the samples heat-treated
at various temperatures, along with the as-
synthesised samples, are displayed in (Fig.1). The
XRD patterns of the CW and CW1 samples (Fig.1.
a) show a low degree of crystallinity. Broad peaks
with low intensities were obtained around 20 values
at 11.8°, 22.3°, 29.6°, 35.7°, 40.4°, 53.2°, and
63.7°. The number and position of peaks in the
XRD pattern of these samples were reported in the
literature [48, 49] present a similar broad pattern
assigned to CuWO4.2H20 monoclinic structure, in
reference to ICDD card No. 33-0503 [50]. Both the
impacts of order-disorder transitions and the
existence of water molecules bound in this
crystalline structure may be liable for this
broadening [51], i.e., these particles do not
possess an extensive long-term  structural
arrangement. When the process of heat treatment
was performed at temperatures 400 °C, 500 °C and
600 °C for 2 hours, water molecules in the
CuWO4-:2H20 were completely eliminated and the
diffraction peaks appeared in XRD patterns
attributed to CuWOsu triclinic structure, in keeping
with the ICDD card No. 01-072-0616 [52] with
space group (P1) [49].

a) 20-35.7

20-22.3 l
20-296 ||

cwi I 20-53.2

20-63.7

Intensity (a.u)

N

T T T T T T T T T 1
25 30 35 40 45 50 55 60 65 70
20 (degree)

100

Intensity (a.u)
[3]
3

10 1I5 210 2I5 3'0 3'5 4'0 4l5 5I0 5I5 610 6'5 70
20 (dearee)
Figure 1. a) XRD pattern of the as-synthesised
sample and the sample annealed at 300 °C b) the
samples annealed at 400, 500 and 600°C.

From (Fig.1.b) the samples CW2, CW3, and
CW4 show well defined peaks at 26 values (lattice
reflection planes)15.2° (010) 19° (100), 22.9° (110),
23.6° (011), 24.1° (011), 26.9° (101), 28.7° (111),
30.1° (111), 30.8° (020), 31.6° (111), 32.1° (111),
34.3° (120), 35.6° (021), 36.4° (021), 36.8° (002),
38.6° (120), 39.8° (121), 41.0° (102), 42.9° (121),
43.5° (210), 44.9° (112), 45.2° (112), 45.9° (112),
46.8° (220), 48.1° (022), 48.7° (130), 49.4° (022),
49.7° (030), 51.5° (221), 52.4° (122), 53.2° (201),
53.5° (130), 55.5° (202), 56.5° (003), 57.1° (221),
58° (230), 59.2° (212), 60.6° (113), 61.2° (132),
61.9° (032), 62.8° (113), 63.8° (311), 64.2° (040),
65.1° (023), 66.6° (023), 67.0° (132), 67.9° (041),
69.0° (203), 69.7° (213). The XRD spectra showed
no discernible peaks indicating impurities like
copper oxide or tungsten oxide, and all of the
peaks exactly matched the pure CuWOs phase,
indicating that the triclinic phase of CuwWO4 was
produced.

The following formula is used to get the mean
size of the crystallite (Dna) across the various
samples: Debye-Scherrer equation [53]
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thl = KA /ﬂhklcosﬁhkl (2)

where 1 is the wavelength of the X-ray, K is the
shape factor (0.90), 6w is the Bragg diffraction
angle, and f is the FWHM in radians of the main
peak in the XRD pattern. The acquired results of
crystalline size for CW, CW1, CW2, CW3& CW4
are approximately 5nm, 6nm, 57 nm, 60 nm, and
82 nm accordingly. The finer particles of CW and
CWL1 were converted to larger particles of CW2,
CW3, and CW4 samples by increasing the

calcination temperature. With the increase in
temperature, water molecules from CuWO4.2H20
were eliminated and the samples CW2, CW3, and
CW4 attained reduced specific surface area,
greater crystallinity, and increased crystallite size
compared to CuWOa4.2H20 nanoparticles [54]. With
increasing temperature, the intensity is found to
increase, and the FWHM decreases. We have
determined the mean values of each lattice
parameter using the equation,

1
=y [b2c?sin®ah? + a?c?sin?Bk? + a?b3sinyl? + 2abc?(cos a cos B —
hkl
cos y)hk + 2a? be(cos B cosy — cos a)kl + 2ab?c(cos a cos y — cos B)hl] 3)

where a, b and c are the lattice parameters (hkl) are Miller indices, ‘dn«’ is interplanar distance and V is the

volume, V = abc\/l — cos?a — cos?f — cos?y + 2 cos a cos B cosy [55]. Table 1 shows the values that have
been determined which are consistent with the values provided in the ICDD CARD [52].

Table 1. Samples lattice parameter and mean
crystallite size

Sample ggjtgihr:s Lattice parameter
CwW 5 -
Cwl1 6 -
CW2 57 a=4.878, b=5.839, c=4.703
CW3 60 a=4.878, b=5.839, c= 4.703
Cw4 82 a=4.878, b=5.839, c= 4.703

3.2. Raman analysis

Raman spectroscopy is a popular non-
destructive method for examining material
characteristics, taking into account the chemical
composition of the surface and the importance of
oxygen vacancies in catalysis. As-synthesised and
annealed samples' Raman spectra were shown in
(Fig. 2). 18 Raman-active vibrational modes are
found in tungstates with triclinic structure, space
group (P1), and point group symmetry (Ci),
according to group theory calculations. External
and internal modes are the two categories into
which vibrational modes found in tungstate Raman
spectra are categorised, per the literature [48,81].
The Raman spectra of CuWO4 can be interpreted
in terms of internal and external modes of the WOs
octahedra. The motion of rigid units and distorted
octahedral [CuOs] clusters (On symmetry) is
associated with lattice phonons, which are related
to the vibrational external modes. Assuming that
the centre of mass is stationary, vibrational internal
modes are attributed to vibrations of deformed
octahedral [WOe] clusters in the lattice. Point group
symmetry (Ci) is present in distorted octahedral
[WOg] clusters, where internal modes (Ag) make up
the vibrations while external modes (Ag) make up

the remaining vibrations. The notch filter used to
suppress the laser line and associated Rayleigh
scattering may shut off the remaining modes,
making it impossible to see the remaining sixteen
modes. The observed modes are located at 96,
128, 180, 192, 223, 283, 293, 315, 355, 405, 479,
550, 733, 779, and 906 cm™'. The stretching modes
of CuwO. are those at 405, 550, 676, 733, 779,
and 906 cm™ [21]. 180, 192, 223, 283, 293, 315
and 355 cm are attributed to the bending modes
of CuWO4. The Raman results show that the
published Raman-active vibrational modes and our
experimental ones agree well. Variations in the
degree of structural order-disorder on both
octahedral [CuQOs] and [WOeg] clusters can be linked
to the slight displacements in the positions of these
vibrational modes. This is because each synthesis
condition  (temperature, time) has unigue
characteristics. As observed from the figures there
are Raman-active modes for CuWO4.2H.0 and
CuWO4. The samples which have vibrational
modes arising from water molecules in
CuWO04.2H20 (the deconcovoluted (fig (b) and
(c)), i.e, broad band at 90 and 130 cm for CW and
90 cm? for CW1 indicate that they are not so
crystalline.

The band corresponding to water molecule is
absent in all other samples and got sharp Raman
peaks for CW2, CW3 and CW4 meant that the
CuWOs4 nanoparticles were well crystalline on
increasing the annealing temperature in particular,
the most prominent band at 906 cm is thought to
be the CuWOa4 phase's fingerprint. It's also crucial
to keep in mind that the heat treatment produced
stronger and more distinct Raman-active bands for
CuWOs4. In this instance, the changes in
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temperature also cause this oxide's short-range
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Figure 2. Raman spectra of as- synthesized and annealed CuWO. samples

3.3. FT- IR analysis

FT-IR spectroscopy was used to examine the
formation of CuWO4 and the detection of functional
groups in the synthesised samples. The FT-IR
spectra of both as-synthesised and annealed
samples are displayed in (Fig. 3). The literature
asserts that the nanostructured CuWO4 has 18 IR-
active vibrational modes and a triclinic structure
[48]. As illustrated in (Fig. 2), We only found 12 IR-
active vibrational bands [Au modes] in our infrared
spectra. The explanation for this tendency is the
complicated phonon pattern interrelated with every
mode, which typically involves the entire unit cell,

and the low symmetry of the CuWOs lattice.
However, the primary atomic shifts provide give
information about atomic dynamics related to the
highest energy modes [56]. The FTIR spectra of
CW and CW1 samples showed a wide infrared
absorption band between 3300 and 3500 cm,
which is indicative of stretching vibrations of
hydroxyl (OH) groups. This confirmed the presence
of water molecules and a significant OH group in
these materials [57]. Adsorbed water's -OH
stretching and H-O-H bending vibrations are
responsible for the band at 1631 cm in these
samples [58]. The 900-400 cm range contained
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the distinctive stretching absorption peaks of
CuWO4 compounds [59]. Five absorption bands are
observed below 900 cm-twhich are linked to the
vibrational and stretching bands of the CuWO4[60].
These peaks are consistent with previous
observations that identified the 450-1000 cm
range of Wolframite-type structure AWOu4's
principal absorption bands, where A = Fe, Ni, Mn,
Cd, Mg, Zn, and Cu [61]. But the vibrational bands
of the CuOs polyhedra are what cause the
absorptions seen below 500 cm?l. Cu-O band
stretching is the cause of the absorption band that
can be seen in the spectra at 601-800 cm.
Potential explanations for the absorption bands
seen below 601 cm? include the deformation
modes of W—O bonds in WO4 tetrahedra or the
deformation modes of W—O-W bridges [60, 61]. It
was determined that the peak originated from the
(-O-W-0-W-0-) symmetric stretching vibration
among [WOs]-[WOe] clusters in the FT-IR spectra
located around 562 cm [59,62]. As expected from
Table 2, The IR-active vibrational modes observed
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Figure 3. FTIR spectra of as-synthesised and
annealed CuwWO, samples in the range (400—-4000

in this study are consistent with previous research cm)
findings. CuWOsu is thus formed as the outcome of
the precipitation reaction, as demonstrated by the
data in (Fig. 3).
Table 2. FTIR of as-synthesised and annealed samples
Sample CWwW Cw1l CW2 CW3 Cw4 Assignment Ref.
3406 3406 O-H, Stretching vibration. [57]
H-O-H
1631 1631 Bending vibrations [58]
W-0
903 903 903 Stretching mode [60]
Cu-O
83 83 Stretching [61]
@ Cu-O
feo)
g 716 716 716 Stretching vibration [63]
25 Cu-0
% 2 601 601 601 Stretching mode [60]
= (-O-W—O-W-0-) Stretching
561 561 Vibration between [WOg]-[WOg] clusters [59]
539 W-0
539 539 Bonds deformation mode [60]
W-0-W
467 467 467 Deformation bridging mode [61]
(-0-W-0-)
420. 420 420 420 420 Symmetric bending vibrations in [WQg] clusters [48]

3.4. UV diffuse reflectance studies

A straightforward and practical method for
figuring out the band gap value is diffuse
reflectance spectroscopy (Eg) (Fig. 4a).displays the
UV-Vis diffuse reflectance spectra of the
samples.All of the nanostructured CuWOs spectra
exhibit reflectance in the 350-800 nm wavelength
range, as can be seen in this figure. However, the

curves for the samples annealed at 400 °C, 500 °C,
and 600 °C exhibit a broad band in the wavelength
range of 400 nm to 800 nm, whereas the as-
synthesised sample and the sample annealed at
300 °C show a Amax reflectance at 555 nm and 570
nm, respectively. From the reflectivity data, the
optical band gap energy (Eg) for the nanostructured
CuWOs is computed using the Kubelka and Munk
(KM) method [48, 64]. This method converts diffuse
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reflectance measurements to provide a highly

accurate estimation of semiconductor E4 values.
80
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Figure 4. a) UV-Vis diffuse reflectance spectra of as-synthesized and annealed CuwO, samples, b) Band
gap overlay spectrum of CuWO4 samples (Kubelka- Munk plot).

One can use the KM function to determine the
optical absorption edge energy for the diffused
reflectance spectra, and the relation gives the
equivalent absorption coefficient F(R) [64]:

FR) =K/ (4)
FR) =955 ©)

where K is the molar absorption coefficient, K =
(1 —R)?, S is the scattering factor, S=2R, where R
is the reflectance of the sample. The optical band
gap of CuwO, can be determined using the
indirect transition equation and F(R) as follows:

F(R)hv = A(hv — Eg)" (6)

where hvis the photon energy, A is a constant, Eg,
is the band gap, F(R)represents the Kubelka-Munk
function, and n is a constant related to the type of
electronic transition (n = 0.5, 2, 1.5, and 3 for direct
allowed, indirect allowed, direct forbidden, and
indirect forbidden transitions, respectively).

Based on the literature [66] and [67], Through
the process of electronic absorption, the electrons
in the maximum-energy states in VB indirectly
return to the minimum-energy levels in CB
(different locations within the Brillouin zone). The
electrons in the maximum-energy states in VB
indirectly return to the minimum-energy states in
CB (various places in the Brillouin zone) via the
electronic absorption process. [68]. This data was
used to compute the Egvalues of CuWO4 using n =
2 in Eq. (6).KM equation can be obtained, as
indicated by

(F(R)h)Y? = A(hv —Ey) (7

The linear portion of the figure of(F(R)hv)/?
versus photon energy hu on the x-axis was
extrapolated to determine the optical band Eg. As

illustrated in Fig. 4b, the Egy values of samples
exhibited a downward trend from 2.9 to 2.2 eV with
the rise in heat treatment temperature. For the as-
synthesised sample and the heat-treated sample
heated to 300 °C, this trend was ascribed to the
removal of water molecules (dehydration process)
from the lattice, which caused a phase transition
from CuWO4-2H20 to CuWOa4. Low symmetry and
distortions in both the octahedral [CuOs] and [WOs]
clusters in the lattice can account for the drop in Eg
values for samples heated to 400 °C, 500 °C, and
600 °C, which corresponds to the CuWOsg triclinic
phase [48,64].
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Figure 5. Variation of band gap and crystallite size
with temperature.

Table 3. Variation of band gap and crystallite size
with temperature.

Band GAP energy Crystallite size
Sample (Eq) eV (nm)
CW 2.9 5
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Ccwi1 2.7 6 The samples' quantum confinement effect may
W2 >4 57 be the cause of this behavior. The band gap and

- absorption edge of nanostructured materials
Cws3 2.3 60 change due to quantum size effects (QSE) [69].
Cw4 2.2 82

It has been noted that when temperature rises,  3.5. BET surface area analysis

the band gap reduces (Table 3),
in band gap energies of the samp
variation in crystallite size (Fig.5).

and the variation The surface area of the samples was
les aligns with the  ggcertained by N2 physisorption, and the N2
adsorption/desorption isotherms are shown in (Fig.
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Figure 6. Nitrogen adsorption—desorption isotherm of the CuWO,4 samples
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The BET surface areas, pore volumes, and
pore sizes of the synthesized samples are
summarized in Table 4. Surface areas of 26.28,
16.24, 4.64, 5.06, and 2.03 m2/g were measured
for CW, CW1, CW2, CW3, and CW4 respectively.
This pattern fits in nicely with variations in the
average crystallite sizes determined by XRD. The
samples CW and CWL1 exhibit large surface areas
compared to other samples, which prompted
further investigation into their catalytic activity. The
smaller surface areas obtained for CW2, CW3, and
CW4 samples are possibly due to grain growth
during heat treatment at higher temperatures. This
characteristicis expected to pose challenges in the
catalytic evaluation of these samples. The IUPAC
categorization states that N2 adsorption/desorption
isotherms are type IV with an H3 hysteresis loop
[54]. The hysteresis loopof CW is larger compared
to the other samples. As the sintering temperature
rises, average pore size of the samples grows
while their surface area falls.

Table 4. BET surface area, pore volume, and pore
size of the CuwWO,4 samples.

Sample Surfacze area | Pore vglume Pore size
(m?/g) (cm®g) (NMm)
cw 26.28 0.039 5.87
Cw1 16.24 0.027 6.72
CwW2 4.64 0.008 7.18
CW3 5.06 0.013 8.62
Cw4 2.03 0.060 11.35

Table 5. Binding energies of the CuWO,4 samples.

3.6. X-ray photoelectron spectroscopy

The elemental and surface content of samples
made using the co-precipitation method were
examined using X-ray photoelectron spectroscopy
(XPS) studies, as illustrated in (Fig. 7). Fig. 7a
displays the complete survey spectrum, which
shows the presence of Cu2p, Ols, and WA4f states
confirming the presence these elements in CuWOa4
samples [70].To calibrate the binding energy scale,
the adventitious carbon C 1s peak, which is located
at 284.8 eV, was utilized [71]. Carbon adsorbed on
the surface of the AWO4 samples is responsible for
this peak,likely resulting from incomplete removal
of polymeric precursors during thermal treatment
[72]. (Fig. 7b) exhibits peaks at binding energy
values 955.5-954.4 eV (Cu2pi2) and 935.5- 934.4
eV (Cu2psr) corresponding to the oxidation state
Cu?* in the lattice sites of CuWQa4 [71]. In (Fig.7c).
the samples CW and CW1 exhibit peaks at energy
values 39/39.2 eV (W5pzr), 37.6/35.5 eV (W4fs)2),
and 35.5/35.4 eV (W4fz2) corresponding to the
standard values of WS* oxidation state [71]
whereas for samples CW2, CW3, and CW4, the
peaks were obtained at energy values 40.8/39.1/
39.8/40.6 eV (W5pasr), 37.7/37.3/36.5 eV (WA4fsy),
and 35.9/34.6/35.5/34.5 eV (W4fz2). All of the
samples in Fig. 7d show peaks at 530.5-530.1 eV,
which correspond to the Cu-O-Cu bond's lattice
oxygen, 532.2-531.4 eV corresponding to metal
oxide Cu-O bond and 529.7 eV attributed to O-W-O
bond [70].

Binding w4f Cu2p
energy(eV) O1s Satellite peak
Samples W45, W4t W5p32 Cu(2p12) | Cu(2psr2)
cw 5305,531.4 | 376 355 39 955.4 9355 96391‘1:2924'7'
cwi 5305,531.6 | 37.4 35.4 39.2 955.4 9355 96298429‘3‘4'5'
cw2 530592'9531'6’ 377 | 359,346 | 408 954.5 9346 | 962.2,944, 9417
5305, 531.6, 963.1, 944 8,
cw3 o> 373 355 | 391,398 | 9554 9355 e
cw4 530.1,531.6 | 365 345 406 954.4 9345 | 962, 9437, 9415
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Figure 7. XPS (@) survey spectra, (b) Cu 2p, (c) W 4f, and (d) O1s peaks for the CuWO,

3.7. EDS analysis

The elemental measurements

recorded by

energy-dispersive spectroscopy EDS analysis is
shown in (Fig. 8) confirmed the presence of Cu, W,

and O elements,

10

indicating the synthesis of

CuWO.. It is clear from the table 6, Oxygen content
decreases with increase in annealing temperature.
This decrease in atomic weight percentage of
oxygen can be due to the transformation of
CuWO04.2H20 to CuWOa. Increase in W content

ZASTITA MATERIJALA 67 (2026) broj



V. V. Krishnakumari et al.

A simple strategy for synthesizing copper tungstate nanoparticles ...

can de due to the crystallization of CuWOa. For
samples CW and CW1, CuWOa..2H20 is present
and for the samples CW2, CW3 and CW4, CuWO4
phase is present. This is in well agreement with the
results of XRD and Raman analysis.

5000 - w
o
4000 - Cu cwa
3 f J\
© 3000 { { cws
= el \
= 1
@ ‘
g 2000 --J cw2
— f A
1000 4 A f\ cw1
| o
0 ¥l T T T ?
0 2 4 6 8 10

Energy (keV)

8. EDS spectra of as-synthesized and
annealed CuWQO,4 samples

Table 6. Elemental measurements of the samples

Samples Atomic Wt % Total
w (e} Cu

CwW 9.83 68.87 21.29 100

cwi 10.57 67.40 22.03 100

Cw2 11.49 66.75 21.76 100

Cw3 11.51 66.45 22.04 100

Cw4 12.27 61.05 26.68 100

3.8. Photoluminescence studies

Photoluminescence (PL) spectra of as-
synthesised and heat-treated samples at different
temperatures with an excitation wavelength of
290nm are shown in (Fig. 9). The emissions
appeared at wavelengths between 400 and 500 nm
for all the samples. In our work, the deformed
octahedral [WOe] clusters are assumed to have a
significant role in the electronic transitions involving
the energy levels between the VB and CB. The
existence of interconnections between octahedral
[WOs] and [CuQes] clusters in the triclinic lattice
indicates that any distortion caused on [WOs]
clusters also promotes a slight deformation on O—
Cu-O bonds [CuOe] clusters. O-Cu-O bonds
exhibit a significant degree of distortion because
they are covalent rather than ionic. The emergence
of intermediate levels within the band gap can
result from this Jahn-Teller effect along the z-axis,
which can cause a symmetry break in the lattice
[48]. From the figure, the intensity of PL for as-
synthesised and heat-treated samples at 300 °C is
correlated to the progressive elimination of water
molecules from CuWO4.2H20 samples. As in the
literature [48] we also found a quenching or

significant reduction in the PL intensity for CuWOa
samples, i.e., for samples heat treated at 400 °C,
500 °C and 600 °C respectively. Also, it was noted
a change in the color of the powders from light
green to dark. According to black body theory, a
hypothetical material (black) absorbs all the
electromagnetic radiation. Therefore, the laser
employed in the excitation process was more
absorbed and not reflected in PL measurements of
CuWOg4samples [48].

1.5%10°

S 1.0x10°
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1
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Figure 9. PL spectra of as-synthesized and
annealed CuWQO,4 samples

3.9. Catalytic study

There are significant worries about the
detrimental effects on the environment of liquid or
gaseous effluents produced by factories, labs, and
other industries. Textile and industrial dyes, which
are frequently lost during the coloring process, are
among the most important categories of organic
pollutants [73, 74]. The color contaminants cannot
be effectively removed by typical methods such
adsorption, ion exchange on synthetic adsorbent
resins, chemical agent coagulation, reverse
osmosis, and ultrafiltration due to their temperature
constancy. Nevertheless, because of their
advantageous band gap energy and electrical
structure, semiconductor nanoparticles have been
shown to function as catalysts in photo-induced
processes [75, 76]. The hazardous organic
pollutant MB was reduced using NaBHs as the
reducing agent in all conditions to evaluate the
chemocatalytic effectiveness of CuWO4
nanostructures. UV-vis spectrophotometer was
used to track the reduction reaction. Because of its
toxicity, MB, a common heterocyclic aromatic dye
in the textile industry, presents serious
environmental problems. When MB is in its
oxidized state, it has two distinct absorption bands
in the visible spectrum. Around 612 nm, the
shoulder band is linked to the formation of dimer
(MB)Z2 in an aqueous solution, while the main band
at about 665 nm is caused by n-1* transitions [77].
Reduction of MB with NaBH4 produces colourless
leucomethylene blue [78].
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Figure 10. a-e) UV—Visible absorbance spectrum of a methylene blue, f) percentage of dye degradation,
g) Time profiles of In (C/Co) h) UV-Vis absorbance spectrum of NaBHa.
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The linear plot of In[C/Co] against reaction time
(t), where Co is the initial MB concentration after
adsorption and C is the concentration of pollutants
at different times (Fig.10g), was used to determine
the pseudo-first-order reaction rate constant (k) for
the pseudo-first-order reduction reaction. The slope
of the linear plot corresponds to k as revealed from
the equation,

In[C/Cy] = —kt 8

The k value, percentage degradation and the
regression coefficient (R2) for each linear fit are
given in Table 7. The (eq.l) is used to determine
the reactions' percentage degradation (%D) [63].

In the absence of a catalyst, a study with the
reducing agent NaBH4 was carried out to evaluate
the catalyst's contribution to the degrading process.
As shown in Fig.10h, the degradation is minimal
without CuWOs despite of the thermodynamic
favourability of the reaction. However, upon the
addition of CuWOa4 as a catalyst, the dye's color
progressively faded and the adsorption intensity
gradually dropped, indicating significant reduction
of MB. The degradation times for samples CW,
Cwi, Cw2, CW3, and CW4 were 5, 10, 32, 18,
and 20 minutes, as depicted in (Fig.10a-10e). The
samples CW and CW1 exhibited superior catalytic
performance consistent with their smaller crystallite
size as revealed by the XRD analysis. The larger
surface-active  sites, as shown by BET
measurements, and the smaller crystallite size of
the produced CuWOa4 NPs are responsible for the
increased catalytic activity. Plots of the %
degradation against the reaction time are displayed
in (Fig. 10f) to compare the catalytic performance
of the samples across several degradation
reactions. The MB breakdown and leucomethylene
blue generation are confirmed by the absorption
band's weakening and broadening. The
suppression of the absorption band indicates a
considerable acceleration of the reduction process
upon the addition of CuWOs4 nanocatalyst.
Furthermore, when the ratio of absorbance is
plotted against time (Fig.10a-10e), according to the
findings, the dye removal procedure is unaffected

by the NaBH4 concentration based on the
calculated degradation rates and dye
concentration.

Hang et al. [59] under dark condition observed
that the absorption efficiency of CuWOas for the
antibiotic tetracycline has 36.7 % for the annealed
samples at 300 °C and it gradually decreases with
increase in annealing temperature. We have
obtained a maximum catalytic degradation for the
dye (MB) for the sample CW. It gradually
decreases with increasing annealing temperature.
Hang et al. have obtained optimum photocatalytic
efficiency for CuWOa4 when it is calcined at 500 °C.
In the case of photocatalysis the photon incident on

the CuWO4 materials induces electron — hole pairs.
This electron — hole pair accelerates the
degradation process of dye. In the case of
chemocatalysis the role of photon is done by
NaBHa. The degradation of dye in the presence of
catalyst can be enhanced by decreasing the kinetic
barrier and by increasing the encounter probability.

One explanation for the decline in CuWO4 NPs'
presence is the redox potential of the donor and
acceptor systems in the aqueous solutions. The
redox reaction between the borohydrate ion (BH*)
and the corresponding dyes plays a crucial role
during the degradation process. Specifically, the
nucleophilic BH*" ion contributes an electron, while
the electrophilic dye or dye precursor accepts it.
Since the donor and acceptor have a high kinetic
barrier, spontaneous reaction is uncommon and
the reaction proceeds very slowly in the absence of
a catalyst. The CuWO4 catalyst efficiently gets past
this obstacle by promoting and quickening the
donor-acceptor atom reaction, which is connected
to the intermediate redox potential. This catalytic
activity is further enhanced by the electron relay
effect, where CuWOs nanoparticles mediate the
electron transfer bringing the reaction time down to
a few minutes from several days. Electrostatic
force causes reactant molecules to be adsorbed
onto the CuWOa4 nanoparticle surface enhancing
the degradation process [79,80].

Table 7. The time, R? value of the linear fit of the
kinetic plots for degradation for the dyes,
rate constants (k), and the percentage of
dye degradation (%D).

Rate
Pollutant | Sample ;I'r:?ne) R? CE: f(t)e}gt %D
(min™")

cw 5 |0401| 0462 |983
Cwl | 10 |0565| 0.190 | 94.8
Meg}ﬂ':”e cw2 | 32 0909 | 0044 |884
cw3 | 18 |[0.765| 0.103 | 91.6

cwa | 20 |0752| 0093 | 92

4. CONCLUSION

The CuWOasnanoparticles were synthesised via
simple co-precipitation method then by heat
treatment at various temperatures. All of the
samples were characterized by XRD, RAMAN, FT-
IR, UV-DRS, XPS, BET, EDS and PL analysis in
order to better understand their structural, optical
and surface properties. The catalytical activity of
as-synthesised and annealed samples were
studied using optical absorption studies. The XRD
and RAMAN analysis revealed the presence of
monoclinic CuWOas. 2H20 in the as-synthesised
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(CW) and heated up sample at 300 °C (CW1)
whereas all other samples heat-treated at higher
temperatures (CW2, CW3, and CW4) exhibit
triclinic CuWOs structures with space group (P1).
FT-IR spectroscopy identified the corresponding
functional groups, detecting the twelve IR-active
vibrational modes in the CuWOa4 particles. UV-DRS
analysis revealed that the particles exhibited
absorbance in the visible region with band gap
energies (Egap) ranging from 2.9 to 2.2 eV. As the
temperature rose, the Egap values decreased, which
was explained by the decrease in intermediate
energy levels between the conduction band (CB)
and valence band (VB). XPS analysis identified the
electronic configurations and peak positions
corresponding to W, O, and Cu. The BET surface
analysis shows large surface areas in the samples
CW and CW1 whereas smaller surface areas for
samples CW2, CW3 and CW4. The EDS study
confirmed the presence of Cu, W, and O elements
in the samples. Photoluminescence (PL) study of
as-synthesised and heat-treated samples at
different  temperatures with an  excitation
wavelength of 290 nm reveals that for all the
samples the emissions appeared at wavelengths
between 400 and 500 nm. The sample heat treated
at 300 °C exhibited the highest PL emission at
room temperature. The chemocatalytic efficiency of
CuWO4 nanostructures was assessed by reducing
methylene blue (MB) using NaBH4 as the reducing
agent. The degradation is minimal without CuWO4
while the adsorption intensity gradually decreased,
and the dye’s colour gradually faded with the
addition of CuWOa4 nanoparticles. A significant
reduction of MB is obtained for samples CW and
CW1 compared to other samples showing their
best suitability for catalytic reduction applications.
This synthesis of CuWOa4 nanocatalysts, exhibiting
excellent catalytic performance for MB degradation

offers a promising solution for wastewater
management applications.
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1ZVOD

JEDNOSTAVNA STRATEGIJA ZA SINTEZIZACIJU NANOCESTICA BAKAR-
VOLFRAMATA SA POBOLJSANOM HEMOKATALITICKOM RAZGRADNJOM

Sve veca potraZznja za efikasnim i odrZivim katalitickim sistemima podstakla je nagli porast
istrazivanja nanoCestica prelaznih metala kao katalizatora za razlicite hemijske reakcije.
Nanocestice CuWO4 su formirane koprecipitacijom bakar-hlorida i natrijum-volframata u
molarnom odnosu 1:1. Nanocestice su opSirno okarakterisane koris¢enjem razlicitin tehnika,
uklju¢ujuci rendgensku difrakciju (XRD), Ramanovu spektroskopiju, Furijeovu transformacionu
infracrvenu (FTIR) spektroskopiju, ultraljubi¢asto-vidljivu difuznu refleksivnu spektroskopiju (UV-
DRS), Brunauer-Emet-Telerovu (BET), rendgensku fotoelektronsku spektroskopiju (XPS),
energetski disperzivnu spektroskopiju (EDS) i merenja fotoluminiscencije (PL). XRD i RAMAN
studije su otkrile prisustvo molekula vode u reSetki sintetisanog i termicki obradenog uzorka na
300 °C, Sto ukazuje da je materijal bakar-volframat dihidrat (CuwO,+2H,0) sa monoklinskom
strukturom. Nasuprot tome, uzorci termi¢ki obradeni na 400 °C, 500 °C i 600 °C pokazali su
anorticnu (trikliniénu) strukturu CuWO,. XRD podaci su koris¢eni za izracunavanje prosecne
velicine zrna i parametara reSetke.FT-IR analiza potvrduje formiranje CuWQO, nanocestica.
Difuznom refleksivnom ultraljubi¢asto-vidljivom spektroskopijom dobijene su energetske
zabranjene zone nanocestica u rasponu od 2,9 do 2,2 eV, merene metodom Kubelka i Munk.
Brunauer-Emet-Telerova (BET) analiza specificne povrsine pruZila je uvid u dostupnost aktivnih
povrsinskih mesta u CuWO, nanostrukturama. Elementarna analiza i hemijski sastav CuwO4
odredeni su koris¢enjem rendgenske fotoelektronske spektroskopije (XPS) i energetski
disperzivne spektroskopije (EDS), §to potvrduje prisustvo vrhova koji odgovaraju samo W, O i Cu.
Studija fotoluminiscencije (PL) sa talasnom duzinom pobudivanja od 290 nm otkriva da su se za
Sve uzorke emisije pojavile na talasnim duZinama izmedu 400 i 500 nm. Kataliticka aktivnost
CuWO4 nanocestica procenjena je merenjem razgradnje metilen plave boje. Ova studija izvestava
o novoj sintezi CuWO4 kao efikasnog hemokatalizatora, postizuéi kataliticku razgradnju od
priblizno 98,3%, sto moZe imati potencijalne primene u upravljanju otpadnim vodama.
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