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ARTICLE INFO ABSTRACT

Editor: Akeem Oladipo The photocatalytic removal of organic pollutants from wastewater is recognized as an economically viable and

environmentally friendly technique. In this study, we successfully synthesized an Ag-WOs3/BiVO4 (ABVW)

Keywords: nanocomposite photocatalyst that demonstrates exceptional efficiency in the photocatalytic degradation of eosin
Pho'tocatalym yellow (EY) dye. The synthesized photocatalysts were comprehensively characterized using various techniques,
EOSI('; yellow including BT-XRD, FE-SEM, XPS, BET and UV-DRS, to confirm their structural and optical properties.

and gap

The photocatalytic degradation of EY was conducted under LED light illumination, and our findings reveal that
the ABvW nanocomposite exhibits superior photocatalytic performance, achieving nearly 94 % dye removal
within 70 min with a high Quantum yield (QY) value. This performance is significantly higher than that of pure
WOg, BiVOy4, or Ag/WO3 samples individually. The enhanced photocatalytic activity of the ABvW nanocomposite
is likely due to the effective suppression of charge recombination, increased specific surface area, and improved
redox potential of the composite material, all of which contribute to the superior photocatalytic performance of

Active species
Quantum yield

the ABvW nanocomposite.

1. Introduction

With the rapid pace of industrial development and ongoing popu-
lation growth, global resource consumption has surged, leading to a
significant depletion of non-renewable resources [1]. Among the
pressing environmental concerns, water pollution stands out as one of
the most critical, primarily driven by the expanding population and the
increasing discharge of waste from the textile and chemical industries
[2]. A major contributor to environmental contamination, particularly
in water bodies, is the presence of non-biodegradable organic pollutants
such as dyes, pesticides, phenolic derivatives, personal care products,
and pharmaceuticals [3-6]. These compounds are highly problematic
because they persist in the environment, degrade slowly and pose
serious health risks due to their carcinogenic, teratogenic, mutagenic,
and toxic properties [7,8].

Several physical and chemical methods, including ion exchange,
coagulation, electrochemical oxidation, and ultrafiltration, have been
explored to mitigate these pollutants. However, many of these ap-
proaches are constrained by the need for specialized equipment, high
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operational costs, and complex manual procedures [9,10]. In response
to these limitations, photocatalysis has recently emerged as an efficient,
eco-friendly, and cost-effective technique for degrading organic and
toxic pollutants in both air and water under solar irradiation [11-14].
Heterogeneous photocatalysis, in particular, has attracted considerable
attention because it can break down hazardous organic pollutants into
harmless end products, such as CO, and H»0, in the presence of sunlight,
making it both environmentally benign and economically viable
[15,16].

Among the photocatalysts studied, titanium dioxide (TiO2) has been
the most extensively investigated due to its commercial availability,
strong photocatalytic activity, non-toxicity, good chemical stability, and
low cost. However, TiO has a broad bandgap energy of 3.2 eV, which
limits its responsiveness to the ultraviolet portion of the solar spec-
trum—accounting for <4 % of sunlight—thereby restricting its practical
applicability [17,18]. Currently, the development of visible-light-driven
photocatalysts is a critical area of research [19].

Bismuth vanadate (BiVO4) has garnered significant interest among
these advanced photocatalysts because of its narrow band gap (2.4 eV),
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excellent visible-light responsiveness, and non-toxic nature [20]. How-
ever, the photocatalytic efficiency of pure BiVOy, is hindered by the rapid
recombination of photogenerated electron-hole pairs. To overcome this
limitation, BiVO4 has been modified through metal or metal oxide
doping or by forming composites with other metal or non-metal oxides,
which enhances the separation efficiency of electron-hole pairs, thereby
improving photocatalytic performance [21,22].

Similarly, tungsten trioxide (WQOj3), an n-type semiconductor, has
been extensively studied as a visible-light-responsive photocatalyst.
WOj3 is a chemically stable, non-toxic material with a band gap of
2.6-3.0 eV, making it highly effective in absorbing solar radiation [23].
However, the small band gap of WOj5 also leads to a high recombination
rate of photogenerated electron-hole pairs, which limits its photo-
catalytic efficiency [24]. To address this challenge, noble metals such as
silver (Ag) are loaded onto WO3 to improve electron-hole separation,
thereby enhancing photocatalytic activity [25].

In this study, a composite of Ag-WO3/BiVO,4 was synthesized using a
hydrothermal method, with the aim of modifying the surface and the
electronic properties of BiVO4 nanoparticles through the incorporation
of the Ag-WO3 matrix. The photocatalytic performance of this composite
was assessed by its ability to degrade eosin yellow (EY) under visible
light irradiation. Notably, the Ag-WOs3/BiVO4 photocatalyst exhibited
significantly enhanced photocatalytic activity compared to its individ-
ual components- BiVO4, WO3, and Ag-WOs- highlighting the synergistic
effects of the composite structure in improving photocatalytic efficiency.

2. Experimental
2.1. Materials and methods

Bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H20; SRL), ammo-
nium metavanadate (NH4VO3; Molychem), ethylene glycol (Merck),
sodium tungstate (NagWO4; SRL), hydrochloric acid (HCD), oxalic acid
(H2C204; Merck), silver nitrate (AgNOs; Merck), sodium borohydride
(NaBHy4; Merck), eosin yellow (EY) were used in this study. All chemicals
were used as received from the suppliers, without any further purifica-
tion or modification.

2.1.1. Synthesis of BiVOy

To synthesize BiVO4 (Bv), aqueous solutions of Bi(NO3)3.5H20 and
NH4VO3 were mixed in a 1:1 M ratio. A 0.5 M aqueous ethylene glycol
solution was then added to the suspension. The resulting mixture was
transferred into a 200 mL Teflon-lined stainless-steel autoclave, which
was sealed tightly. The autoclave was placed in a hot air oven at 160 °C
for 12 h. Afterwards, the sample was centrifuged and washed throughly
with distilled water and ethanol. The obtained solid material was dried
at 70 °C, and the resulting yellow powder was calcined at 500 °C for 1 h
in a muffle furnace.

2.1.2. Synthesis of WO3

An appropriate amount of NaaWO4 (0.5 M) was dissolved in 37.5 mL
of distilled water using a magnetic stirrer. Then 0.5 mL of a 2 M HCl
solution was added dropwise to the reaction mixture. Thereafter, a so-
lution of 0.413 g of HyC204 in 75 mL of distilled water was added to the
precursor solution. The mixed solution was then transferred into a hy-
drothermal synthesis reactor and heated at 90 °C for 3 h in an oven. The
obtained sample was then centrifuged, washed with water, and dried
well. The dried sample is WO3 (W).

2.1.3. Synthesis of Ag-WO3

1.16 g of the prepared WO3 was dispersed in 50 mL of distilled water
by ultrasonication for 60 min. Then, 0.058 g of AgNOs (5 % by weight of
WO3) was added to the dispersion, and the mixture was stirred vigor-
ously. An aqueous solution of NaBH4 (0.5 M% of AgNOs3) was added
dropwise to the reaction mixture, which was continuously stirred for 2
h. Afterwards, the resulting sample was centrifuged and washed with
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distilled water and ethanol. The obtained solid sample was dried in an
oven at 70 °C. The resulting powder is Ag-WO3 (AW) nanocomposite.

2.1.4. Synthesis of Ag-WO3/BiVOy

For the synthesis of the Ag-WO3/BiVO4 (ABvW) nanocomposite,
appropriate amounts of BiVO4 (Bv) and Ag-WO3 (AW) (30 % by weight
of BiVO,4) were dispersed in 50 mL of distilled water by ultrasonication
for 1 h. The sample solution was then stirred for 4 h. The resulting
mixture was centrifuged, washed, and dried in an oven at 70 °C.

2.2. Characterization

The synthesized materials were analyzed by using various charac-
terization techniques to assess their structural, morphological, and op-
tical properties. The crystallinity and phase purity of the samples were
examined by bench-top X-ray diffraction (BT-XRD; Rigaku Miniflex 600;
A = 1.54 A) equipped with Cu Ko radiation. A field-emission scanning
electron microscope (FESEM; Nova Nano SEM 450) coupled with an
energy dispersive X-ray spectrometer (EDS; Team Pegasus Integrated
EDS-EBSD with Octane Plus and Hikari Pro Dectector) was employed to
investigate the surface morphology and elemental composition. The
chemical states of the elements in the samples were determined using X-
ray photoelectron spectroscopy (XPS; K-Alpha). The specific surface area
of the samples was evaluated using the Brunaur-Emmett-Teller (BET)
method, with measurements performed on a BELSORP MAX II &
BELCAT-II surface area analyzer. To investigate the optical properties of
the powdered samples, spectra were recorded on a ultraviolet-visible
diffuse reflectance spectrophotometer (UV-Vis DRS; Shimadzu Phar-
maspecs UV-1700).

2.3. Photocatalytic efficiency

The photocatalytic performance of the prepared samples was eval-
uated by the removal of eosin yellow (EY) dye under exposure to LED
lights (2 x 14 W). The photocatalytic experiment was carried out in a
beaker, where a mixed solution of 20 ppm EY and 0.1 g/L of the catalyst
was prepared. Prior to light exposure, the mixed solution was stirred in
the dark for 60 min to achieve adsorption-desorption equilibrium. Af-
terward, the solution was irradiated with LED lights, and at every 10-
min interval, 2 mL of the solution was withdrawn from the beaker to
record the UV-Visible spectra. The decrease in the absorbance of EY (A
= 518 nm) over time determines the activity of the catalysts. The
degradation percentage of EY was calculated by using the equation:

Ay — A

0

(%)Removal =

Where Ag and A; are the absorbance of EY at time zero and after time t
[26].

In order to determine the reactive species formed during the course
of photocatalytic reaction, a trapping experiment was performed using
equi-molar concentrations (0.5 mM) of potassium iodide (KI), Isopropyl
alcohol (IPA), and p-benzoquinone (PBQ) to trap holes (h™), hydroxide
radicals (®OH), and anionic superoxide radicals %) respectively.

3. Results and discussion
3.1. Crystal structure analysis

The samples were characterized through BT-XRD to analyze their
crystallinity and phase purity. The XRD results (Fig. 1) show that the
prepared samples are crystalline in nature. The peaks of Bv and W are
well indexed, corresponding to the monoclinic crystal phase of BiVO4
(ICSD reference code number: 01-075-2480) and WO3 (ICSD reference
code number: 01-072-0677) respectively. The formation of composites
was confirmed by the appearance of the characteristic peaks of both
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Fig. 1. XRD patterns of the synthesized samples (Bv, BvW, ABvW, AW, and W).

WO3 and BiVO,4 in BvW and ABvW samples. No significant peaks cor-
responding to silver were observed in the AW and ABvW samples, likely
due to the low percentage of silver loading in these samples.
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3.2. Composition and chemical state analysis

Fig. 2 displays the XPS spectrum of the corresponding elements of
ABvVW sample. Fig. 2a presents the 4f spectra of Bi, where the two peaks
appearing at 158.83 and 164.11 eV are attributed to the 4f;/; and 4fs,,
states of Bi*3, respectively. The core level spectrum of V 2p shows a
doublet peak at binding energies of 516.56 eV and 524.10 eV, which
correspond to the V 2ps/» and V 2p;,, states of VOz°, respectively
(Fig. 2b) [27]. In Fig. 2c, the two peaks of W 4f located at 36.15 eV and
37.83 eV are assigned to the 4f;,, and 4fs, states of W', respectively.
The peaks around 529.36 eV and 530.29 eV are due to the presence of
lattice oxygen, while another peak of oxygen at 531.43 eV is attributed
to atmospheric moisture adsorbed on the surfaces of the sample (Fig. 2d)
[28-30]. A doublet peak of Ag appears at 367.6 eV and 373.6 eV, cor-
responding to the Ag 3ds,» and Ag 3ds/», respectively (Fig. 2e). The
binding energy difference of 6 eV between the 3d doublet peaks of Ag
confirms the presence of metallic silver [25,31]. The atomic percentage
of elemental silver, as calculated using CasaXPS software, was found to
be 2.77 %. The fully scanned XPS survey spectrum (Fig. 2f) confirms the
presence of all the relevant elements in the ABvW nanocomposite.

3.3. Morphological analysis

The surface morphologies of the prepared samples were analyzed
using FE-SEM, and the results are presented in Fig. 3. In Fig. 3a, the FE-
SEM image of sample Bv reveals that the BiVO4 particles exhibit an
irregular plate-like structure. Fig. 3b demonstrates that the morphology
of pure WOs is distinctly cubic. Fig. 3c and d depict a mixed morphology,
representing both BiVO4 and WO3, indicating the successful formation
of the nanocomposites. The cubic morphology offers a larger surface
area for reactions compared to the plate-like structure, which plays a
crucial role in enhancing the photocatalytic efficiency of the nano-
composites. Additionally, the elements present in the corresponding
composite samples were confirmed through EDS spectra (Fig. SI-1),
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Fig. 2. XPS spectrum of (a) Bismuth, (b) Vanadium, (c) Tungsten, (d) Oxygen, and (e) Silver, (f) XPS survey spectrum of ABVW.
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Fig. 3. FE-SEM images of (a) BV, (b) W, (c) BvW, and (d) ABVW.

verifying the formation of the desired materials. Fig. SI-2a shows the
TEM image of ABvVW, revealing small dark spot-like silver particles
dispersed over the agglomerated WO3 and BiVO4 particles. The presence
of discontinuous diffraction ring in the SAED pattern (Fig. SI-2b) reveals
the polycrystalline nature of the composite.

3.4. Optical band-gap analysis

Fig. 4 displays the optical band gap energy for the Bv, W, AW BvW,
and ABvW samples. The band gap energies were calculated from the
absorbance data obtained via UV-DRS, using the Tauc and Davis-Mott
relation [32] —

(ahw)n = (hv — Ey)

Here, the symbol “Eg” represents the optical band gap energy, “a” is
the molar absorption coefficient, “hv” is the energy of the incident
photon, and the exponent “n” in the equation represent the mode of
transition. For a direct transition, n = ', while for the indirect transition,
n = 2. The calculated band gap energies were found to be 2.46, 2.92,
2.83, 2.55, and 2.53 eV for the Bv, W, AW, BvW, and ABvW samples
respectively.

e s
— AW
—— ABYW
z
=
g
e
05 1,0 1,5 20 25 30 35 40 45 50

hv (eV)

Fig. 4. Tauc plots of Bv, W, AW, BvW, and ABvVW.
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3.5. Determination of specific surface area of the materials

The specific surface area and porosity of the samples were deter-
mined using the BET technique. Figs. 5(a-c) present the Ny adsorption-
desorption isotherms for the Bv, W, and ABvW samples, respectively.
The figures show typical type IV adsorption curves with H3-type hys-
teresis loops, indicating the presence of mesoporosity in the samples
[33]. The average pore diameter of the samples, estimated using the BJH
method, ranges from 35 to 40 nm (as shown in the insets of Fig. 5). The
measured BET surface areas of the Bv, W, and ABvW samples are 4.69
mz/g, 6.57 mz/g, and 6.46 rnz/g, respectively. The slight increase in
surface area of Bv upon introducing WOj5 into the nanocomposite offers
more active sites for photocatalytic reactions, thereby enhancing its
overall efficiency.

4. Analysis of photocatalytic activity

The photocatalytic activity of the samples was evaluated using Eosin
Yellow (EY) dye under visible light irradiation. The results of the pho-
tocatalytic experiments are shown in Fig. 6. From the data, it is evident
that the characteristic absorbance peak of EY nearly disappears in the
presence of the ABvW catalyst after 70 min of irradiation (Fig. 6a). We
selected 70 min as the standard irradiation time for testing all other
samples. Fig. 6b depicts the absorbance spectra of EY degraded by the
BvW photocatalyst. The UV-Vis absorbance spectra of EY decomposed
by other photocatalytic samples are provided in the supplementary in-
formation (refer Fig. SI-3).

Fig. 6¢ presents a comparative plot of photocatalytic degradation (%)
versus time for the EY dye using various catalysts. It can be seen that the
ABVW catalyst, under LED light, exhibited the highest efficiency,
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degrading almost 94 % of the EY dye. Under the same conditions, the Bv,
W, AW, and BvW catalysts degraded 46.81 %, 17.31 %, 42.56 %, and
67.54 % of the dye, respectively. Moreover, the adsorption of EY over
ABVW in the dark is approximately 11 %. The superior photocatalytic
performance of ABvW is likely attributed to its enhanced specific surface
area and improved charge separation, which minimizes recombination.
The kinetic analysis of the degradation process (Fig. 6d) shows that it
follows pseudo-first-order kinetics. The rate constant for EY degradation
over ABVW (2.88 x 10”2 min!) is the highest among all the samples.

The stability of a photocatalyst is crucial for its practical application
[34,35]. To assess this, we conducted recyclability tests for our most
effective sample, ABvW. Remarkably, we observed only a 6 % decrease
in the degradation efficiency of the EY dye after five cycles (Fig. SI-4).
This result demonstrates that our photocatalyst, ABvW, exhibits excel-
lent stability under visible light irradiation.

To effectively capture the photocatalytic performance we have
calculated the Quantum Yield (QY) of the photocatalyst by using Eq.
[36]:

Qv = Decomposition rate (molecule/second)
N Photon flux (photon/second)

While QY is an effective metric for assessing photocatalytic perfor-
mance, it does not account for the efficiency relative to the mass of the
photocatalyst used [37]. To address this limitation, the space time yield
(STY) is introduced:

_ Quantum yield (molecule/photon)

TY
5 Mass of photocatalyst (mg)

STY provides a more meaningful representation of photocatalytic
efficiency per unit mass of catalyst [38].
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To further enhance performance evaluation, a figure of merit (FOM)
has also been proposed. This FOM provides a unified metric that in-
tegrates key performance aspects of photocatalysts under relevant con-
ditions, offering a standardized basis for evaluating and comparing
catalytic efficacy across various applications and catalyst compositions

FOM

Product obtained (L)

~ Mass of catalyst (g) x time(h) x Energy consumption(Wh/umol)

The calculated values of the Quantum Yield (QY), Space Time Yield
(STY), and Figure of Merit (FOM) for our sample are compared with

[39]. R . . .
. . . . those from previous studies on the photocatalytic degradation of EY
P Thf 1.71gure of Merit (FOM) has been calculated by using the following (refer Table 1). It can be clearly seen from Table 1 that QY, STY, and
ormuia: FOM of our Ag-WO3/BiVO4 (ABVW) catalyst are much higher than those
reported in previous studies.

Table 1
Comparison of key parameters: Current study vs. previous research on EY degradation.

Sr. No. Photocatalysts Kinetic Rx" rate (umol g ' h™1) QY (molecules photon ') STY (molecules photon * mg~1!) FOM Ref.

(mol L h’lJ’lg’l)

1. Er-ZnO 1.17 x 10! 3.342 x 1077 6.6843 x 107° 1.019 x 10712 [40]

2. Zn0/Sn0, 1.32 x 10! 7.518 x 1077 7.5182 x 107° 1.146 x 10712 [41]

3. AgBr/ZnO 1.08 x 10! 8.378 x 1077 5.5855 x 1077 2417 x 10712 [42]

4, Co0-Zn0/g-C3Ny 9.25 x 10° 4.884 x 1077 4.8837 x 107° 5.71 x 10713 [43]

5. Zn5Sn0,4/V,0s 8.86 x 10° 9.143 x 1077 45714 x 107° 1.094 x 10712 [44]

6. Co-ZrO,/MWCNTSs 8.38 x 10° 4.426 x 1077 4.4259 x 107° 5.175 x 10713 [45]

7. TiO/Ag2S 2.32 x 10! 3.593 x 1077 1.1976 x 108 2.15 x 10712 [46]

8. NiO/WO3 9.15 x 107! 1.416 x 1077 4.7204 x 1071 1.695 x 10713 [471

9. Ag-ZnO 6.23 x 10" 3.857 x 10°° 3.8567 x 1078 1.385 x 107! [48]

10. Glass/Ag-TiO, 2.33 x 10! 1.200 x 107° 1.2004 x 1078 7.185 x 10713 [49]

11. Zn0/CuO 3.34 x 10° 8.608 x 1078 1.7216 x 107° 1.030 x 10713 [50]

12. Ag-WO3/BiVO, 2.35 x 10% 6.495 x 10°° 6.4946 x 1077 2.011 x 10°1° This work

Note: The Amax values are utilized as reported in the literature. In instances where Ay values are not specified, we have assumed a value of 430 nm for solar/visible
light (A > 400 nm) and a lamp power of 150 W.
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5. Active species analysis

The results of the trapping experiments, presented in Fig. 7, provide
compelling evidence of how different scavengers modulate the photo-
catalytic degradation of EY to varying extents. As depicted in the figure,
the ABvW photocatalyst (without any scavengers) achieves approxi-
mately 77 % degradation of EY within 50 min. However, when specific
scavengers (PBQ, KI, IPA) are added under the same conditions, the
degradation rate is significantly reduced. The extent of suppression
varies, with IPA causing the most significant reduction, while PBQ has
the least impact. These observations strongly suggest that the photo-
catalytic degradation of EY is primarily driven by ®OH and h™ species.
The relative contribution of each reactive species to the overall degra-
dation follows the order: ®OH > h*™ > 0®".

6. Photocatalytic mechanism

The enhanced photocatalytic degradation efficiency of the ABvW
heterostructure can be attributed to the proposed mechanism, which
follows a typical type-II heterojunction model, as illustrated in Fig. 8.
The positions of the valence band (VB) and conduction band (CB) edges
for WO3 and BiVO,4 were determined using eqs. (5) and (6) from our
previous work [3].

Eys = y — E° + 0.5E,

ECE :){—Ee _05Eg
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As depicted in the figure, the ABvW heterostructure adopts a type-II
band alignment. Upon irradiation with LED light, electrons in the
valence bands of both WOs and BiVOus are excited, transitioning to their
respective conduction bands, thereby leaving holes in the valence bands.
The excited electrons in the CB of BiVO. are transferred to Ag, which acts
as an electron sink, facilitating their migration to the CB of WOs.
Simultaneously, the holes (h™) in the VB of W03 are transferred to the
VB of BiVOs, driven by electrostatic forces.

As a result, electrons accumulate in the CB of WOs, while holes
populate the VB of BiVOa. This spatial separation of photo-generated
charge carriers reduces the likelihood of electron-hole recombination,
thereby enhancing photocatalytic efficiency. Furthermore, the VB edge
of BiVOa. (2.77 eV) is more positive than the oxidation potential of the
hydroxyl radical (*OH) at 2.4 eV, faciliting the generation of highly
reactive ®OH radicals at the VB of BiVO.. These ®OH radicals play a
significant role in the photocatalytic degradation of eosine yellow (EY)
dye. Fig. SI-5 presents a plausible oxidative degradation pathway for EY,
where its mineralization occurs through the structural cleavage of large
compounds, initiated by ®OH radicals [51,52].

Conversely, the CB edges of both BiVO. and WOs (0.31 eV and 0.61
eV, respectively) are less negative than the reduction potential of O2/
0:® (—0.33 eV). Consequently, the formation of superoxide radicals
(02®) is energetically unfavorable, leading to negligible 0-®" radical
generation during photocatalysis, as confirmed by the trapping experi-
ments. This selective radical generation, combined with efficient charge
separation, is responsible for the superior photocatalytic performance of
the ABVW heterostructure.
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Fig. 7. Results of trapping experiment.
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1
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Fig. 8. Proposed mechanism of photocatalytic degradation of eosin yellow (EY) dye by ABvW. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
7. Conclusion

In this study, we successfully synthesized an Ag-WO3/BiVO4 (ABvW)
heterostructure nanocomposite, along with pure BiVO4 and WO3 sam-
ples. The materials were characterized using various spectroscopic and
electron microscopic techniques. The photocatalytic performance of the
synthesized samples was evaluated by monitoring the degradation of
eosin yellow (EY) under LED light illumination. Photocatalytic results
revealed that ABvW exhibited the highest efficiency among the samples.
This superior performance is attributed to the improved specific surface
area, which provides a greater number of active sites for dye adsorption,
as well as the effective suppression of charge recombination between
photogenerated electrons and holes. The stability of the most efficient
ABVW photocatalyst was confirmed through recyclability tests, which
showed only a 6 % decrease in efficiency after four cycles, indicating
excellent long-term stability. We compared the efficiency of our ABVvW
catalysts with those from other studies, evaluating metrics such as
quantum yield (QY), space-time yield (STY), and figure of merit (FOM).
Our results indicate that our sample demonstrates the highest efficiency
among those analyzed.
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