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Abstract: Doped materials have received substantial atten-
tion due to their increased usefulness in photocatalytic
applications. Within this context, the present study was
dedicated to investigating the potential of the precipitation
technique for producing La-doped tungsten oxide (WO3).
To comprehensively characterize the synthesized La-doped
WO0s, scanning electron microscopy and X-ray diffraction
were judiciously employed. The focal point of the investi-
gation encompassed an examination of the impact of
varying La concentrations on multiple fronts: the photoca-
talytic activities (PCAs), as well as any associated structural
and morphological modifications. This holistic approach
aimed to uncover the intricate relationship between La
incorporation and the resulting properties of the WO;
matrix. Through the degradation of Malachite green dye
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within an aqueous medium, PCA of the La-doped WO,
samples was quantitatively evaluated. Remarkably, over
180 min under irradiation of visible light irradiation, the
achieved levels of dye degradation were remarkable,
amounting to 81.165, 83.11, and 83.85% for the respective
samples. These findings firmly underscore the potential of
La-doped WOj3 as a proficient photocatalyst, particularly
in color removal from wastewater. This study paves the
way for enhanced wastewater treatment approaches by
utilizing doped WO materials.

Keywords: tungsten oxide nanoparticles, lanthanum, mala-
chite green, photocatalysis

1 Introduction

The contamination of pristine drinking water due to the
improper disposal of industrial waste into waterways,
wells, and lakes — sources primarily designated for human
consumption. This contamination poses a significant threat
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to individuals and aquatic ecosystems, leading to detrimental
consequences from consuming impure water. Pesticides,
industrial chemicals, heavy metals, and other chemical con-
taminants can all be harmful to aquatic life. These contami-
nants can build up in living things’ tissues, which can cause
bioaccumulation and biomagnification in the food chain. In
aquatic animals, they can cause genetic alterations, interfere
with reproduction, compromise immune systems, and dis-
turb physiological functions [1,2]. The endocrine system of
aquatic species can be disrupted by specific chemical pollu-
tants referred to as endocrine-disrupting chemicals (EDCs).
EDCs cause disruptions to normal physiological processes
such as growth, development, metabolism, and reproduction
by mimicking or interfering with hormones. For instance,
medications like birth control pills and estrogenic chemicals
such as bisphenol A can feminize male fish and interfere
with reproductive cycles of aquatic animals [3].

Many conventional methods, such as physical, che-
mical, and biological treatments, are effective in the
removal of a diversified range of pollutants from waste-
water. However, their efficiency depends on the type and
concentration of contaminants. These methods are unique
and can target various pollutants, including suspended
solids, organic matter, nutrients, heavy metals, and patho-
gens. However, these methods are versatile; photocatalysis,
particularly using advanced oxidation processes, has shown
high efficiency in degrading organic pollutants, pathogens,
and certain inorganic contaminants. This method is suitable
for treating certain types of wastewater, particularly those
containing organic pollutants susceptible to photocatalytic
degradation. It may be more applicable in small applications
or as a supplementary treatment step in combination with
conventional methods [4,5]. It mineralizes all the organic
compounds under suitable conditions. In this context, nano-
technology emerges as a revolutionary solution that holds
the potential to address water-related challenges by sur-
mounting technological barriers associated with the removal
of contaminants from water sources. These contaminants
encompass harmful metallic elements, dyes employed in
the textile industry, chemical pesticides, and so on [6].
Numerous experts contend that nanotechnologies present
more cost-effective, efficient, and robust pathways for
crafting specific nanoparticles tailored for water treat-
ment. This advancement could enable manufacturers to
produce nanoparticles with reduced toxicity utilizing conven-
tional methodologies. Notably, metal oxide (MO)-based semi-
conductor materials have assumed a pivotal role in a dynamic
global market owing to their multifaceted characteristics
and applications. Due to their intricate electron interac-
tions, uncomplicated composition, and diverse stoichio-
metry, these materials serve as pivotal model compounds
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for unraveling the impacts of solid correlation in both
physical and chemical phenomena. Furthermore, they
have found wide-ranging utility across various applica-
tions, prominently in photocatalysis [7].

Photocatalysis is an advanced oxidation technique
designed to tackle pressing environmental concerns,
including air pollution and wastewater treatment from
textile manufacturing. This innovative process hinges on
the disintegration of organic compounds through the syner-
gistic action of ultraviolet (UV) light and catalysts. The appli-
cation of heterogeneous semiconductors as photocatalysts to
disintegrate organic pollutants in water has recently gar-
nered significant attention. Under the influence of light
with energy greater than the semiconductor’s band gap,
an electron moves from the valence band (VB) to the con-
duction band (CB), resulting in positive holes within the VB.
The formed positive holes instigate the production of hydroxyl
radicals, renowned for their potent oxidation capabilities.
These holes engage with dye molecules through a series of
interactions, extracting electrons and thus initiating the break-
down process [8].

Furthermore, many semiconductors have found appli-
cations as photocatalysts in water remediation. MO nano-
particles, particularly TiO,, ZnO, tungsten oxide (WOs),
CuO, and Cu,0, have shown potential in water treatment
due to their non-toxicity, stability, and cost-effectiveness
[9,10]. Magnetic iron oxide/clay nanocomposites with high
stability and adsorption capacities are also useful in water
treatment applications [11]. Furthermore, the use of MO
polymer nanocomposites has been investigated, with visible
light response polymer/MO nanocomposites showing superior
photodegradation activity against pollutants [12]. The suc-
cessful immobilization of ultra-small cobalt oxide nano-
particles in MIL-101 and the role of MIL-101 in improving
photocatalytic performance was investigated, and the prac-
tical approach of immobilizing catalyst nanoparticles on a
suitable substrate using visible light-driven water oxidation
reactions [13]. Nonetheless, their wide bandgap significantly
curtails their efficacy when exposed to visible light [14].
Photocatalysis, a highly effective method for wastewater
treatment, not only offers environmental safeguarding but
also entails straightforward operation, an elevated minera-
lization rate, and potent oxidation potential, collectively
facilitating the efficient elimination of low concentrations
of organic contaminants from water sources [15]. WOs
emerges as the best MO in the photocatalyst arena due to
its comparatively small energy gap, elevated oxidation
potential within the VB, and its adeptness in driving reac-
tions under visible light illumination [16]. Beyond its role
in photodegradation, WO5 has exhibited various applica-
tions in antimicrobial actions and water splitting [17].
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Nevertheless, a drawback inherent to WOs lies in its
relatively lower CB, impeding its capacity to provide an
appropriate potential for engaging with electron acceptors,
consequently inciting electron-hole pair recombination
[18]. To this end, the strategic modification of WO3 through
various techniques becomes imperative. Approaches such
as meticulous morphological control, the construction of
heterostructures, doping, and co-deposition with noble
metals stand out as viable avenues to substantially enhance
its photocatalytic prowess [19].

By surveying many reports related to this area, it came
to our attention that, despite numerous studies focusing on
the diverse applications of WOs, there is either an absence
or a minimal presence of articles concerning the co-preci-
pitation synthesis of La-doped WO; nanoparticles for
applications in optoelectronics and photocatalysis. This dis-
covery left a remarkable impression on us, leading us to
create La-doped WO nanoparticles as a potent photocata-
lyst aimed at degrading hazardous Malachite green (MG)
dye, and only a few articles reported the photocatalytic
degradation of MG dye [20-22]. For instance, CuO nanopar-
ticles were synthesized and tested for the photocatalytic
degradation of MG dye using UV-Vis radiation [23]. Simi-
larly, TiO, nanoparticles were synthesized by the micro-
wave radiation method, and the absorption ability of
MG dye was investigated [24]. Our study’s core revolved
around utilizing a straightforward co-precipitation method
to synthesize WOz nanoparticles with La incorporation as a
dopant. To comprehensively understand the impact of

o

WO;3 nanoparticles =—— 3

varying La concentrations, we meticulously investigated
their influence on the crystal phase, particle size, mor-
phology, and optical properties of the resultant WO; struc-
tures. A crucial phase of our research involved subjecting
the synthesized nanomaterials to visible light irradiation,
allowing us to assess their efficacy in the realm of photo-
catalysis through the degradation of MG dye. The insights
gleaned from our research hold profound significance, par-
ticularly within the domain of water purification applica-
tions. By addressing the existing gap in knowledge and
providing novel findings, our study contributes to the
advancement of sustainable solutions for environmental
concerns.

2 Experimental section

A diagrammatic representation for the synthesis of La-
doped WOj3 nanoparticles is given in Scheme 1.

2.1 Source materials

Sodium tungstate dihydrate (Na,W0,2H,0) and lanthanum
(m) nitrate hexahydrate (La(NO3)3-6H,0), AR grade, were
purchased from Sigma Aldrich. Hydrochloric acid (HCl)
was bought from Nice Chemicals and used without further
purification.

» HCl

@
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magnetic 2
stirrer v
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La (NOy),"6H,0
o
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centrifuged and dried
overnight at 80°C

Scheme 1: Representation of synthesis of La-doped WO3 nanoparticles.
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2.2 Synthesis of La-doped WO; nanoparticles

For the synthesis of La-doped WO3; nanoparticles, a simple
co-precipitation method was adopted. About 7mM of
Na,WO0,2H,0 and different La(NO5);-6H,0 were added to
50 mL of distilled water and stirred vigorously. The afore-
mentioned solution was treated ultrasonically for 30 min.
The pH of the solution was adjusted to one by adding 1M
HCl solution in drops. The supernatant was centrifuged and
dried overnight at 80°C. Then, the grained powder was kept
in a muffle furnace and calcinated at 450°C for 2 h.

2.3 Photocatalytic degradation of MG dye
using La-doped WO3 nanoparticles

La-doped WO; nanoparticles were used as a photocatalyst
for the degradation of MG dye under UV-Vis irradiation. A 25
ppm MG dye was prepared, and 0.0001g of La-doped WO3;
nanoparticles was added separately to 20 mL of the dye solution
in 50 mL beakers. To reach the equilibrium, the solutions were
kept in the dark for 30 min. Subsequently, the mixtures were
exposed to UV-Vis light and stirred continuously for different
durations of irradiation time. After irradiation, the photocata-
lyst nanoparticles were separated from the dye solution using a
filtration process and centrifugation. Using a UV-visible spectro-
photometer, the degradation of MG dye was monitored.

2.4 Characterization of La-doped WO;
nanoparticles

X-ray diffraction (XRD) studies were carried out using
XEPRT-PRO at A = 1.5 A with CuKa radiation. The Raman
spectra were analyzed using a Jobin-Yvon T64000 spectro-
graph at room temperature. Morphological images were
investigated using field emission-scanning electron micro-
scopy (FE-SEM). UV-Vis spectroscopy (JASCO V-770 PC) was
used to examine the optical absorption. A FluoroMax-4
fluorescence spectrophotometer was used to obtain the
produced catalysts’ photoluminous (PL) spectra.

3 Results and discussion

3.1 Structural features
3.1.1 XRD analysis

Figure 1 shows the crystalline configuration of the pure
WO; and La-doped WOs, encompassing a diverse series
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Figure 1: XRD pattern of pure WO3 and La-doped WO3 nanoparticles.

of molar ratios. Following the data extracted from the
JCPDS No. 75-2187 reference, the diffraction peaks located
at 22.9°, 23.5°, 24.2°, and 26.5° are unambiguously attributed
to the (002), (020), (200), and (120) monoclinic phases of
WOj3 [25]. The diffraction peaks stemming from the pure
WO; align commendably with the hexagonal wurtzite
structure as detailed in the JCPDS No. 75-2187 phase for
WO;, notably devoid of any traces of impurity peaks.
Interestingly, the XRD spectra corresponding to the 3-5%
La-doped WO3; compounds mirror those of pure WO, dis-
playing no discernible diffraction peaks. This outcome can
be ascribed to the relatively low concentration of La intro-
duced into the system and the consequent near-complete
incorporation of La atoms within the crystalline frame-
work of WO3 [26]. This phenomenon underscores the
subtle influence of the limited La doping on the overall
crystallographic configuration of the W05 lattice.

3.2 Raman spectrum analysis

The Raman profiles of pure WO; and La-doped WO; sam-
ples in the 100-1,000 cm ™ range are shown in Figure 2. The
highest strong band in Raman spectra was recorded at
807 cm™* for all the studied samples. The band at 269 cm™
is associated with v(O-W-0) deformation vibrational bands,
while the bands at 711 and 807cm™ are associated with
(0-W-0) bending vibration modes of the molecule [27].
The obtained Raman peak profiles of WOz samples closely
correspond to those already reported in the literature [28].
Also, there are no impurity-related bands observed, which
encompasses the effective incorporation of the La ion into
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Figure 2: Raman pattern of pure W05 and La-doped WO5 nanoparticles.

the WO; structure. The intensities of the peak decreases as
the La concentration increases, indicating a decreased
combination rate of light-induced charge carriers and
an increase in oxygen vacancies [29].

3.3 Morphological features
3.3.1 FE-SEM analysis

The morphology of nanostructure materials is an impor-
tant property because it usually dictates the performance
of these materials. Figure 3(a) shows FE-SEM micrographs
of pure and La-doped WO5; samples. A homogeneous and
agglomerated spherical morphology was observed [30].
The La dopant does not affect the morphology of the
pure sample, but there is less aggregation of smaller
round-shaped crystallites. The energy-dispersive X-ray
spectra of La-doped WOj3 (5%) photocatalyst confirm the
presence of La and WO; (Figure 3(b)).

3.4 Optical features
3.4.1 UV-visible absorbance analysis

UV-visible spectrophotometer is used to evaluate the
optical properties and band gap energy of pure and La-
doped WO5; nanoparticles, as shown in Figure 4. With
increasing La dopant concentration, La-doped WOs5 spectra
show a red shift in the absorption edge. The distribution of

WOz nanoparticles = 5

charge density between the conduction or VB of La and
WO; can result in a significant red shift [31]. The band gap
energy of pure and La-doped WO; (3 and 5wt%) were
observed as 2.65, 2.52, and 2.46 eV, respectively. La-doped
WO; samples showed a decreased band gap, which might
be attributed to the formation of an intermediate energy
level between the valance and conduction of pure WO;.
The decreased band gap energy of La-doped WO3; may
have potential applications in various industries [32].

The reduction in bandgap energy causes feasible elec-
tronic excitation within the materials upon UV-visible light
absorption. As a result, the addition of La-doped WO3 nano-
materials significantly improved the photocatalytic degrada-
tion of the MG dye. When La is doped with WO, the electrons
present in the WO; readily excite from the VB to the CB. This
transition occurs at very low energy, resulting in a favorable
arrangement of energy levels between La and WOs,.

3.4.2 Photoluminescence analysis

The photogenerated charge carrier mitigation, transfer,
and recombination in semiconductors were studied using
the PL spectrum. Figure 5 depicts the PL spectrum of pure
and La-doped WO3 NPs at 320 nm. The maximum emission
peak intensity of pure and La-doped WO3 NPs is 485.9 nm,
as seen in PL spectra [33]. The highest PL intensity is seen
in pure W03, which can be altered by increasing the La
concentration. The modest PL intensity of 5wt% La-doped
WO3 NRs can cause defects/photogenerated electron—hole
pair recombination. As a result, reducing the recombina-
tion rate of photogenerated charge carriers improved the
effectiveness of photocatalytic dye degradation [34].

4 Photocatalysis application

4.1 MG dye degradation

The degradation of the MG dye under visible radiation is
used to determine the photocatalytic performance of the
samples. To prepare samples for photocatalytic examina-
tion, 0.1g of MG is weighed. The photocatalytic reactor
setup uses a 50 ppm solution of MG and 0.05 g of La-doped
WOj5 catalyst. The solution is left in the dark for 60 min
before being exposed to visible light [35]. The degraded
dye sample is collected every 15min and evaluated for
dye degradation. The solution is then collected and ana-
lyzed using a UHS300 spectrophotometer to determine
absorption spectra. The deterioration efficiency is calcu-
lated using the following formula [36]:
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Figure 3: (a) FE-SEM spectra of pure WO and La-doped WO3 nanoparticles and (b) energy-dispersive X-ray spectroscopy spectrum of 5% La-doped

WOs3 nanoparticles.
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Degradation efficiency =

where A, represents the initial absorption of MG solution
and A(t) represents the absorption of different UV irradia-
tion durations. Fundamentally, when exposed to visible
light, every La-doped WO3 emits electrons when its energy
exceeds or equals the bandgap [37]. The presence of an

equal amount of electrons and holes (OH and O3) in the
conduction and VB enables free radicals. Of course, all the
samples demonstrated excellent dye molecule degradation
(Figure 6(a) and (b)). La, with a concentration of 5%,
yielded the greatest results, with an efficiency of 83.85%,
compared to pure and 3% La-doped WOs, which yielded
degradation efficiencies of 81.16 and 83.11%, respectively.
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Figure 4: (a) UV-visible absorbance spectra and (b) TAUC plot of pure WO3 and La-doped WO3 nanoparticles.

—wo,
—— 3% La-WO,
5% La-WO,
3
)
>
=
[72]
=
(]
8
£
-l
o
T T T T
450 475 500 525 550 575

Wavelength (nm)

Figure 5: PL spectra of pure and La-doped WO3 nanoparticles.
4.2 Photocatalytic mechanism

The mechanism of photocatalytic degradation generally
involves several steps, which include [38]

* Adsorption and desorption of molecules,

» Formation of electron-hole pairs,

» Combination of electron-hole pairs, and

* Chemical reactions.

To be particular, the photocatalytic mechanism takes
place in three important steps, and they are

 Adsorption of MG,

« Significant adsorption of photons, and

» Formation of oxidation and reducing species due to the
charge transfer reactions.

In general, when light energy is radiated on the photo-
catalysts, electrons present in the valence shell of the photo-
catalyst excite to its CB. Because of the excitation, positive
holes appear in the valence shell. These positive holes oxi-
dize dye molecules converting them into highly reactive
intermediates, resulting in a greater oxidation potential. If
this reaction does not take place, then the positive holes
react with water molecules to produce hydroxide radi-
cals. Thus, by this process, dye degradation occurs.

Several works have been carried out by using different
catalysts to increase the efficiency of the photocatalysis
process. Particularly, in recent years, metal-oxide nanopar-
ticles have been used as promising photocatalysts because
of their low cost, abundance of raw material, and simple
synthesizing method [39-41]. At the same time, the band
gap of MO nanoparticles affects the photocatalytic activity
(PCA). As the nanoparticles exhibit a narrow band gap,
they tend to have the highest PCA.

The photodegradation of MG dye over La-doped WO;
nanoparticles under visible radiation is displayed in Figure 7.
When light is illuminated on a typical photocatalyst, the
valence electrons acquire energy and are excited to the CB,
and at the same time, holes are generated in the VB. Holes
react with water molecules present in a dye solution to
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Figure 7: Photodegradation mechanism of MG dye under visible light irradiation.

create OH radicals [42]. On the contrary, additive La acts as
an electron acceptor to accept the exited electron and delay
the rate of photorecombination. The trapped electron reacts
with oxygen molecules in water to form ‘O, radicals [43].
Free radicals 'OH and 'O, initiate the MG dye degradation
process under visible light irradiation. The process of photo-
degradation mechanism of MG dye is illustrated as follows:

W03 + hv = W03 + (h* + e-)
h" + H,0 - 'OH

La’* + e — La**
e-+ 0, ~ '0;
MG dye + ‘'OH/0; — degradation products

Thus, it was identified that La-doped WOz nanoparti-
cles can act as the best photocatalytic degradation of MG
dye. Further, the stability and reusability of the synthe-
sized catalyst can be studied by the few reported studies
[44,45]. The adsorbed molecules can be removed by centri-
fuging at the speed of 1,200 rpm, followed by washing with
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water and drying in a vacuum for 10 h. Once the degrada-
tion efficiency is reduced the process of centrifuging can be
stopped.

5 Conclusion

The present work focused on a simple and efficient co-
precipitation method for the synthesis of La-doped WO3
nanoparticles, a heterojunction photocatalyst. Under visible
light irradiation, the MG dye was totally destroyed on 5% La-
doped WO; nanoparticles in 180 min. Furthermore, the
photocatalytic efficiency for the degradation of MG dye
using the 5% La-doped WO; nanoparticles was found to be
greater than that of both pure W03 and 3% La-doped W05
nanoparticles. The enhanced photocatalytic performance is
likely attributable to the three-dimensional hierarchical
structure and the facilitated transition and separation of
photogenerated electron-hole pairs in 5% La-doped WOs,
owing to the alignment of their respective band locations.
Consequently, the 5% La-doped WOs photocatalysts proved
to be excellent options for the degradation of organic pollu-
tants, showcasing both high efficiency and stability under
challenging conditions when exposed to visible light.
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