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INTRODUCTION

Due to the increased industry and urbanization have exacer-
bated water pollution, especially in poor countries with limited
access to effective water treatment facilities. Water sources are
frequently polluted with microorganisms, organic pollutants
and heavy metals, creating major public health risks and facili-
tating the spread of many illnesses. Further endangering human
health and ecological balance is the increasing levels of organic
micropollutants, including pesticides, antibiotics and polycyclic
aromatic hydrocarbons, in natural aquatic systems and city
wastewater [ 1-4]. Significant amounts of synthetic organic dyes
are released into the effluents of industries including printing,
dyeing and textiles. Non-biodegradable colours make up around
15% of these wastewater discharges or hundreds of tons per
year, from the textile industry alone. As a result, eliminating
these contaminants from wastewater is critical for environmen-
tal preservation [5]. First-generation catalysts, such as TiO,,
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using 40 mg of catalyst on a 40 ppm dye solution within 80 min of solar exposure. Kinetic analysis revealed that the degradation followed |
a pseudo-first-order kinetic model. Moreover, the reusability of the catalyst was confirmed, showing stable performance even after five |
consecutive cycles. The findings highlight the potential of the CoO/BiVO, nanocomposite as a sustainable photocatalyst for effective dye |
degradation in wastewater treatment applications under solar light. |
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ZnO and Fe;04, have been widely studied for their photocatalytic
properties due to their high stability, non-toxicity and availa-
bility [6,7]. However, their effectiveness is limited by their large
band gaps, low activity under visible light and rapid recombi-
nation of charge carriers [8]. These factors restrict their efficiency,
especially under natural sunlight. The development of visible-
light-driven (VLD) photocatalysts for wastewater treatment has
been a major focus for researchers. Currently approximately
150 semiconductor materials available for environmental puri-
fication applications, including metal oxides, sulfides, carbides,
halides, chalcogenides, oxyhalides and hydroxides [9].
BiVO, is an n-type semiconductor with outstanding chem-
ical and photostability. Its adaptable optical and electrical
characteristics, along with a band gap of about 2.4 eV, make it an
appealing choice for effective solar energy harvesting [10,11].
BiVO, exists in three crystal structures: the tetragonal zircon
phase (t-z), monoclinic scheelite phase (m-s) and tetragonal
scheelite phase (t-s). Among these, the monoclinic scheelite

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0009-0006-7141-814X
https://orcid.org/0000-0002-1445-0622
https://orcid.org/0009-0009-6589-3253
https://orcid.org/0000-0001-8334-8288

1352 Panda et al.

Asian J. Chem.

phase (m-s) BiVO, demonstrates superior photocatalytic perfor-
mance under visible-light illumination. This is due to the lone
pair distortion of the Bi 6s orbital in the BiVO, semiconductor,
which enhances the overlap between the O 2p and Bi 6s orbitals
in the valence band. This overlap facilitates the mobility of
photogenerated charge carriers, leading to improved photo-
catalytic activity [ 12]. Thus, the bismuth-based metal oxides, incl-
uding BIVO4, BizWO3, BizMOO(,, Bi4Ti3012, BiFeO3, BizFe409,
BisFeTi;0;s, BiOX (X = Cl, Br, I) and BisO7I, have become
promising candidates among these materials due to their superior
photocatalytic efficiency as a result of their improved charge
transfer characteristics [13-17]. Moreover, the metal doping
involves the development of heterojunction structures with
other metal oxides, with vacancy manipulation and surface
modification. In this work, CoO/BiVO, nanocomposites were
synthesized via co-precipitation method followed by the struc-
ture, morphological, textural and optical properties of the as-
prepared nanocomposites characterization. The photocatalytic
experiments, employing direct sunlight have been performed
on malachite green dye.

EXPERIMENTAL

Bismuth nitrate pentahydrate [Bi(NOs);-5H,O], cobalt nitrate
hexahydrate (Co(NO;),-6H,0) and sodium hydroxide (NaOH)
were sourced from Merck Ltd. India, with 99% purity. Conc.
HNO:s of highest purity was used. Deionized double-distilled
(DI) water was utilized for solution preparation.

Synthesis of BiVO,: BiVO, was synthesized through a
co-precipitation method. First, Bi(NO;),-5H,O was dissolved
ina 1 M HNO; solution in a 1:1 M ratio. Upon the formation
of areddish-yellow colour, 1 M NaOH solution was gradually
added while stirring vigorously to raise the pH to 10. This
resulted in a light yellow solution, which was washed multiple
times with distilled water and then centrifuged. The filtrate
was dried in an oven and calcined at 500 °C in a muffle furnace
for 3 h. Finally, the resulting yellow powder was finely ground
and used for the application study.

Synthesis of BiVO,/CoO: The synthesized BiVO, and
CoO were mixed in different ratios with ethanol and distilled
water and stirred for 2 h. To separate the agglomerated particles,
the solution was centrifuged, washed with distilled water and
then dried in an oven at 60 °C for 8 h. The dried material was
then calcined at 500 °C, grind using a mortar and pestle and
the BiVO.,/CoO composite was collected in a sample tube.

Characterization: The structural and morphological struc-
ture of BiVO, NPs was analyzed by X-ray diffraction (XRD)
with CuKa radiation (PW 1830, Philips, Japan) having 20 range
from 10° to 80° to acquire the diffraction patterns. The textural
properties were analyzed by field emission scanning electron
microscope (FE-SEM) by ZEISS SUPRA 55 and a transmission
electron microscope (TEM) by JEOL/JEM2100. The elemental
composition was investigated using EDS analysis. The UV-DRS
spectra to investigate optical properties was done by a Perkin-
Elmer Lamda365 spectrophotometer. To measure the specific
surface area and pore size nitrogen adsorption/desorption
instrument (Quantachrome Instruments v11.05) was used.

Finally, to analyze the concentration of the malachite green
dye solutions before and after the photodegradation tests, a
UV-Vis spectrophometer (Systronics 2202) was used. A solar
simulator equipped with a 300 W Xenon lamp (Newport, USA)
was used as a light source.

Photocatalytic analysis: By examining the degradation
of malachite green dye under solar light irradiation, the photo-
catalytic activity of the produced photocatalysts was evaluated.
In 30 mL of 30 ppm malachite green dye solution, a predeter-
mined quantity of photocatalyst was suspended. Before exposing
the solution to visible light, it was magnetically agitated in the
dark for 90 min to achieve adsorption-desorption balance. A
Perkin-Elmer Lambda 35 UV-Vis spectrophotometer was used
to measure the quantity of malachite green dye at Awx = 616
nm during the photocatalytic degradation process. The percen-
tage of photodegradation of malachite green dye was calculated
using eqn. 1:

C,-C
° %100 (1)
CO
where C, was the initial concentration of malachite green dye
and C, was the concentration of malachite green dye at time t.

Photodegradation (%) =

RESULTS AND DISCUSSION

Structural studies: The structural and phase of the fabri-
cated catalyst were studied using XRD analysis and the result
is shown in Fig. 1. The XRD patterns of BiVO,4 shows a mono-
clinic scheelite structure with space group 12/b,a=5.193,b =
5.089, ¢ = 11.697 and 7y = 90.387°. This matches the JCPDS

Intensity (a.u.)

BiVO,/CoO (2:1)

20 30 40 50 60 70 80
26 (°)
Fig. 1. XRD patterns of BiVO,, CoO, BiVO./CoO (1:1), BiVO./CoO (2:1)
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card No. 75-1866, indicating high material purity [18]. The
found diffraction peaks at 26 values of 18.6°, 28.7°, 34.5°,
35.2°,39.5°,45.7°, 46.9°, 49.9°, 53.2°, 55.7°, 58.2° and 59.0°,
correspond to (001), (013), (004), (200), (020), (211), (015),
(123), (204), (024). All of the peaks are related to the mono-
clinic phase of BiVO,. Incase of CoO, the two crystal planes
(111), (200), observed at approximately 26 values of 36.87°,
42.39° and 49.9° correspond to the cubic phase of CoO. This
is confirmed by the JCPDS file no. 75-0393, with a lattice con-
stant of a = 0.4258 nm and a space group of Fm3m [19]. In
case of heterojunction (1:1) of both the caharacteristic plane
of BiVO, (121) and CoO (111) are present in well-defined
manner but not incase of 2:1 ratio due to increase in the amount
of bismuth vanadate. The crystallite size was calculated using
Debye-Scherrer equation were found to be 41.7 nm for BiVOs,,
34.3 nm for (1:1) and 35.7 nm (2:1) ratio heterojunction.

KA
B(cos6) @
where D is the mean size of crystallites (nm); K is a factor 0.9;
A is X-ray wavelength; B is FWHM; 0 is the Bragg angle.

In case of the heterojunction the absorbance peak shifted
towards the visible range which also supports the narrow band
gap energy of 2.5 eV which observed in Tauc plot of Fig. 4
(B).

Morphological studies: The morphological analysis of
the synthesized materials was performed using FESEM, as
shown in Fig. 2. The pristine CoO particles exhibited a cubical,
heterogeneous structure with some degree of agglomeration.
In contrast, the FESEM image of BiVO, revealed predominan-

tly uniform, monodispersed floral-shaped particles. The aggre-
gated nanoparticles displayed a substantial amount of irregular,
smaller crystals within the clusters [20]. In contrast, the hetero-
junction sample exhibits an irregular packing of particles of
varying sizes, with a mosaic-like arrangement that forms aggre-
gated block structures. This significant morphological difference
from the reference BiVO, indicates that the introduction of
cobalt plays a crucial role in modulating the morphology of
BiVO.. This effect likely arises from the preferential formation
of CoO on the BiVO, surface, which influences the growth
rates of each crystal face of BiVO,, resulting in the observed
structural variation. In EDX result, the addition of Co with O,
Bi, V confirmed the successful formation of hetrojunction.

Optical studies: The optical property of the fabricated
catalyst was studied using UV-DRS analysis and the results
shown in Fig. 3a indicated the poor visible light absorbtion capa-
city of bismuth vanadate, which is a major obstacle for using
it as a effective photocatalyst. In case of the heterojunction the
absobance peak shifted towards the visble range, which also
supports the narrow band gap energy of 2.5 eV, which observed
in Tauc plot (Fig. 3b).

Photocatalytic activity: The photocatalytic efficiency of
synthesized catalysts were tested by degradation of malachite
green dye under solar light and for indepth study for the effect
of factors on degradation different parameters like pH, concen-
tration of dye solution, catalyst dose were varied as shown in
Fig. 4. The point zero charge (pH,..), which plays a vital role
in the degradation performance. The pH,,. of bismuth vanadate
and the heterojunction (1:1) and (2:1) were found to be 4.5,
6.7, 6.2, respectively. The charge of the catalyst surface remains

(d) BiM Element Weight (%)
oK 263
VK 1.2
- BiM 434
N CoK 19.1
oK
VL VK
BIL

A N

104 11.7 13.0

0 13 26 39 52 65 7.8 91

Fig. 2. FE-SEM images (a,b,c), EDX (d) of BiVO,, CoO, BiVO4/CoO (1:1)
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Fig. 4. Effects of pH (a), photocatalyst dose, (b) ((MG] = 100 ppm), Malachite green (MG) dye concentration (c), and time (d) on photocatalytic

degradation under solar light

neutral below this value surface becomes positive charge and
above this converts the surface negative charged. The pH vs.
degradation result is shown in Fig. 4a, where the maximum
degradation result of 83% was achieved by BiVO./CoO (1:1)

at pH 7. To study the effect of dye concentration on degradation
different concentrations (20, 40, 60, 80 ppm) were taken by
keeping pH ~ 7 giving the best result. The results (Fig. 4b) show
that as the concentration increases from 20 to 40 ppm, the degra-
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dation percentage increased due to the increased interaction
between the catalyst’s active site and the dye molecule. After
reaching 40 ppm with further increase in the concentration
the degradation percentage slipped down slightly. This is because
after an optimum concentration with rising further the solar
light penentration gets disrupted due to the formation of layer
on the water surface. The maximum degradation of 84% was
achieved on 40 ppm malachite green dye solution. The effect
of catalyst dose on the degradation percentage was studied by
using 20, 40, 60, 80 mg catalyst on 50 mL of 40 ppm malachite
green dye at pH ~ 7. The maximum degradation of 84% was
achieved with 40 mg catalyst, which got reduced with increasing
the dose due the overcrowding of catalysts and bombarding
of catalysts with each other leads to deactivation of catalysts.

The kinetics of the synthesized catalyst for malachite green
dye photodegradation were analyzed using the Langmuir—
Hinshelwood model (eqn. 3):

C
kt=In C. 3)
where k is the rate constant, t is time, and C and C, are the initial
and final concentrations.

As shown in Fig. Se, the linear plots indicate pseudo-first-
order kinetics with R? values of 0.9943 for BiVO,, 0.9929 for
CoO0 and 0.9971 for BiVO4/CoO.

Mechanism: Reactive species including superoxide radical
anions (°0,), hydroxyl radicals ("OH) and photoinduced holes
(h*), play a key role in the photodegradation of pollutants. The
effectiveness of these species in degrading pollutants follows
the order: "OH > *O; > h*. The degradation rate of malachite
green (MG) dropped significantly when scavengers for these
radicals AO, BQ and BuOH were added, with the most subs-
tantial decrease observed in the presence of #-butyl alcohol
(BuOH), indicating the dominant role of *OH radicals. Super-
oxide radical anions (*Oz) also contribute to MG degradation,
as shown by a reduction in activity when BQ was added. In
contrast, the addition of AO caused only a minor reduction in
MG photodegradation efficiency, suggesting that photo-induced
holes (h*) have a limited role in the degradation process shown
in Fig. 5a [21].

Reusability studies: The reusability of the BiVO,/CoO
photocatalyst was tested over five cycles for the photodegrada-
tion of 25 ppm malachite green under visible light. The catalyst
maintained high degradation efficiency, with around 78.1%
malachite green dye removal after the third cycle. The slight
decrease in efficiency in the third cycle, compared to the first,
is likely due to the accumulation of intermediates during the
photocatalytic process [22] (Fig. 5b). To study the effect of
adsorption on this degradation the catalyst added dye solution
was kept in stirring for the same time in dark place as under sun
to achieve the adsorption-desorption equilibrium and in every
20 min interval the dye solution was taken for UV study. It is
observed that the degradation due to adsorption is minimal
which was around 14% (Fig. 5¢). To assess the photocatalytic
mineralization of malachite green dye, total organic carbon
(TOC) was measured. Fig. 5d shows the TOC removal rate for
malachite green dye using BiVO./CoO photocatalysts. The

study found that the TOC removal rate of malachite green dye
rise with irradiation time, reaching 80%, indicating full break-
down but leaving some carbon behind. The study found that
nanocomposite improves malachite green dye degradation effi-
ciency and mineralization ability. The equations governing the
degradation mechanism are provided below:

Catalyst + hv—> e (CB) + h* (VB) 3)
0,+¢ (CB)—> O3 4)

h* (VB) + H,O—> OH" + H* (5)
(MG, MB) + O3~ + OH* —> H,0 (6)

A strategy to enhance the photocatalytic performance of
BiVO4/CoO composites is proposed based on the experimental
results shown in Fig. 6. The formation of a heterojunction bet-
ween BiVO, and CoO boosts photocatalytic activity under
visible light. In this process, photo-generated holes in the valence
band (VB) of CoO transfer to BiVO,, while electrons move
from the conduction band (CB) of BiVO, to CoO. This electron
transfer helps degrade organic pollutants into H,O and CO,
through reactions where electrons interact with H,O and OH"
and holes react with O, to form O, and *OH radicals, facilitating
the degradation. The BiVO4/CoO catalysts clearly increased
the photocatalytic activity in comparison to BiVO, and not only
improved the utilization of visible light but also successfully
suppressed the combination rate of electron-hole pairs. Unlike
BiVO, alone, the BiVO4/CoO catalysts effectively reduced the
recombination rate of electron-hole pairs under visible light,
while simultaneously increasing their utilization. This improve-
ment led to a notable enhancement in the photocatalytic activity.

Comparative studies: A comparative study on the degra-
dation efficiency of different BiVO, catalysts shown in Table-1
from which CoO/BiVO, nanocomposite has shown better photo-
catalytic activity as compared to others showing result under
UV light.

TABLE-1
COMPARATIVE STUDY ON DEGRADATION
EFFICIENCY OF BiVO, BASED PHOTOCATALYSTS

Degrada- Time

Catalyst Dye ton (@) (o) Ref.

Ag/La-BiVO, XyO 93.00 180 [23]
RhB 95.00

Fe-doped BiVO, Ibuprofen 80.00 180 [24]

RGO-BiVO, Ciprofloxacin 68.20 60 [25]

m-BiVO, RhB 64.81 120 [18]
CV 96.23 210

BiVO, MB 97.20 105 [26]

Ag-doped BiVO, MR 90.80 125 [27]

BiVO,/CoO (1:1) MG 84.00 80 This work

Conclusion

In summary, BiVO4/CoO nanocomposites were success-
fully synthesized using a co-precipitation method with varying
pH levels to degrade malachite green dye under sunlight. The
nanocomposite (pH = 7) achieved nearly 84% degradation in
80 min, demon-strating excellent catalytic performance. CoO
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doping enhanced visible light utilization and prevented  which in turn affected its photocatalytic efficiency. Adjusting
electron-hole recombination. The pH of the synthesis process the pH resulted in a nanocomposite with improved stability
influenced the crystal structure and morphology of the catalyst, and photocatalytic performance.
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Fig. 6. Potential photocatalytic mechanism for BiVO./CoO catalysts for the
breakdown of malachite green dye when exposed to visible light
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