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Introduction

Indonesia is experiencing significant economic
growth in various sectors, including the textile,
industries!'l.

and food

pulp,

Abstract

This study investigated the characteristics and photocatalytic activity of
BiVO: photocatalyst synthesized using hydrothermal and coprecipitation
methods for methylene blue (MB) degradation under visible light. The
variation of synthesis parameters, including pH, calcination temperature,
and pH of MB solution, affects the crystal structure, morphology, and
photocatalytic efficiency of the material. XRD characterization results show
that the hydrothermal method produces BiVOs with pure scheelite(m-s)
monoclinic phase and high crystallinity, while the coprecipitation method
produces a combination of scheelite(m-s) monoclinic and orthorhombic
BisV2011 phases, which contributes to enhanced photocatalytic activity
through better charge separation. The average crystal size of the
hydrothermal method is 17.85 nm, larger than that of coprecipitation (11.41-
14.71 nm), which gives the coprecipitated material a surface area advantage.
SEM analysis showed rod-like morphology in hydrothermal, while
coprecipitation produced sphere-grape-like particles. UV-Vis DRS results
show that hydrothermal synthesized BiVOs has a band gap energy of 2.28
eV, smaller than BiV(4)(400) (2.46 eV) and higher than BiV(4)(550) (2.07 eV)
synthesized using coprecipitation method. This smaller band gap energy
indicates that the interaction of Bi** and VO.3- ions in the hydrothermal
material is better, thus favoring visible light absorption. The highest
photocatalytic activity was obtained from the coprecipitated material with a
degradation efficiency of 89.32% at pH 11 within 150 min, higher than the
hydrothermal material which reached 76.06% under similar conditions. This
photocatalytic activity was dominated by OH" and Oz" radicals, which play
a role in MB degradation. This study shows that designing synthesis pH
parameters (4-7), calcination temperature (400°C), and coprecipitation
method produced a material with optimum photocatalytic performance,
making BiVOs a superior candidate for colored wastewater treatment
applications.

Keywords: bismuth vanadate, hydrothermal, coprecipitation, methylene blue,
photocatalyst design, adsorption

socioeconomic impacts have resulted from this.
However, a rise in wastewater runoff to the
environment containing synthetic dyes such as
methylene blue (MB) has emerged as a negative

Positive impact. MB is a hardly biodegraded compound
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usually used in textile industries and is
dangerous when introduced to the surrounding
ecosystemsl?l. As its constituent, aromatic
benzene is carcinogenic and mutagenic, leading
to severe environmental issues for an extended
period. Therefore, water MB contamination will
cause a serious issue that requires immediate
action to minimize ecological loss and
socioeconomic costs that may result.

Indonesia is also blessed geographically. It is
situated in the equatorial region, receiving
energy from the sun year-round, which is
beneficial for photocatalyst application, a
combination of catalysis and light energy to
degrade organic pollutants®l. One of the
promising photocatalytic materials recently
being developed is Bismuth vanadate (BiVOa)4!
Bl. BiVOs is applicable under visible light
radiation, making it a low activation energy
and environmentally friendly material. BiVO4
has three crystal morphologies: tetragonal
zircon (t-z), monoclinic scheelite (m-s), and
tetragonal scheelite (t-s), with band gap
energies ranging from 2.4 to 2.9eV. The m-s
morphology is thermodynamically more stable
than the t-zl¢l. Additionally, the m-s and t-z
morphologies are prospective to p-n junction
reactions, where they can produce electron-hole
photogenerationl”l. Notably, the photocatalytic
reaction happens on the material surface,
suggesting that many factors, such as particle
size and morphology, regulate photocatalytic
activity. Amorphous nanostructure BiVOs (m-s)
and crystalline BiVOs (t-z) can form at room
temperature. According to Huo et al. (2017), an
irreversible transition from crystalline (t-z) to
crystalline  (m-s)
temperatures more than 400°CBl. Therefore, it is
essential to design the material to increase its
photocatalytic durability,  and
reusability especially using chemical methods
such as the hydrothermal process which is
environmentally friendly.

occurs at calcination

activity,

BiVO: (m-s) is usually synthesized using the
hydrothermal technique, which requires high
temperatures for a period of timell. On the
other hand, the coprecipitation technique is the
easiest of several fabrication processes and does

not require such a large amount of energy and a
long timel'. Although many have designed
BiVO. synthesis processes
hydrothermal, research

through
comparing  the
coprecipitation method with hydrothermal for
BiVO: synthesis is still limited!'th 012 [18],
Therefore, this study aims to design BiVOs
material by varying pH reaction, calcination
temperature, and parameter of the MB solution.
Material synthesized using the coprecipitation
will be compared with the hydrothermally
synthesized BiVOs to understand the effect of
particle size, morphology, and crystal structure
on the photocatalytic degradation process of
MB under visible light.

Experimental

Materials

The materials used in the study include
ammonium metavanadate (NH4VOs) p.a,
bismuth (I1I) nitrate pentahydrate
(Bi(NO3)s.5H20) p.a., nitric acid (HNOs) 2M
p.a., sodium hydroxide (NaOH) 2M p.a,
demineralized water, distilled water, MB dye,
acidifier (HCl) and base (NaOH), absolute
ethanol, benzoquinone, isopropanol,
ammonium oxalate, and filter paper.

Instruments

The tools used in the research include
glassware, stirring rod, spatula, magnetic
stirrer, analytical balance, calcining furnace,
UV-visible
spectrophotometer Shimadzu 1800, scanning
electron microscope (SEM) JEOL JSM-6520LA,
X-ray diffraction (XRD) Shimadzu XRD-7000,
UV-visible diffuse reflectance spectroscopy
(UV-Vis DRS) JASCO V-670, and a visible light
reactor.

oven, centrifuge, desiccator,

Methods

Synthesis of BiVO4 by Coprecipitation

The synthesis of BiVOs was performed based
on the methods developed by Ganeshbabu
(2020) and Guo et al. (2017)000 14, A total of
0.001 mol (0485 g) of Bi(NOs)-5H20 was
dissolved in 8 mL of 2M HNOs solution,
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forming solution A. Separately, 0.001 mol (0.117
g) of NHsVOs was dissolved in 8 mL of 2M
NaOH solution using a magnetic stirrer at room
temperature for 30 min, forming solution B.
Solution B was then slowly added (dropwise)
to solution A while stirring. Solution B was
then slowly added (dropwise) to solution A
while stirring. After mixing, the pH of the
solution was adjusted to a specific value (4, 7,
or 10) by adding acid or base as needed. The
stirring process was continued for 3 hours
under dark conditions using a closed reactor.
At the end of the process, the solution was
centrifuged to separate the precipitates. The
precipitate obtained was washed three times
with demineralized water (aqua DM) and
absolute ethanol to remove the remaining
solution. The precipitates were then dried in an
oven at 70°C for 4 hours. The dried precipitates
were then calcined at different temperatures
(not calcined (NC), 300°C, 350°C, 400°C, 450°C,
500°C, and 550°C for 2 hours in a furnace.

Hydrothermal Synthesis of BiVO4

BiVOs was synthesized using a method adapted
from the work of Mansha et al. (2023)15.. A total
of 4.3863 g Bi(NOs3)s-5H20 was dissolved in 100
mL of distilled water to form the first solution,
while 0.3509 g NH4sVOs was dissolved in 100
mL of distilled water to form the second
solution. The two solutions were then slowly
mixed with continuous stirring for 1 hour using
a magnetic stirrer. After mixing, the pH of the

Table 1. Photocatalyst Design Variation

solution was adjusted to 10 by gradually
adding 2.5 M NaOH solution while stirring
continuously for 30 minutes. The mixture was
then placed in an autoclave and heated at 180°C
for 14 hours. After the hydrothermal process,
the mixture was centrifuged to separate the
precipitates. The resulting precipitates were
filtered and washed three times with ethanol
and demineralized water to remove the
remaining
precipitates were then dried at 60°C for 24
hours. Next, the sample was calcined at 400°C

reaction solution. The clean

for 4 hours to improve the crystal quality and
stability.

Optimum pH Optimization of Coprecipitated
BiVOs Photocatalysts

A total of 0.05 g of BiVOs photocatalyst from
coprecipitation synthesis with pH variations of
3, 7, and 11 was added to a glass beaker
containing 50 mL of 10 ppm MB solution at pH
11. The solution was stirred at 600 rpm under
dark conditions at room temperature for 30 min
to achieve adsorption-desorption equilibrium.
The mixture was then irradiated under visible
light for 2.5 h. Samples of + 5 mL were taken at
each 30-minute interval, then diluted twice and
centrifuged. The absorbance of the solution was
measured using a UV-Vis spectrophotometer at
the maximum wavelength. From the results of
this measurement, the pH of the photocatalyst
with the highest percentage of degradation can
be determined.

Hydrothermal Denotation
Material Design pH Value (x) Controlled
Calcination
BiV 4 7 10 temperature BiV(x)
(400°C)
Coprecipitation —— o .
Material Design Calcination temperature (°C) (y) Controlled Denotation
BivV 300 350 400 450 500 550 pH Value (x) BiV(X)(y)
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Calcination Temperature Optimization of
Coprecipitated BiVO+ Photocatalysts

A total of 0.05 g of BiVOs photocatalyst from
coprecipitation  synthesis with  different
calcination temperatures of 300, 350, 400, 450,
500, and 550°C at the optimum pH was added
to a glass beaker containing 50 mL of 10 ppm
MB solution at pH 11. The solution was stirred
at 600 rpm in the dark at room temperature for
30 minutes to reach adsorption-desorption
equilibrium. The solution was then exposed to
visible light for 2.5 hours. Samples of +5 mL
were taken every 30 minutes, then diluted
twice and centrifuged. The absorbance of the
solution was measured using a UV-Vis
spectrophotometer at the maximum
wavelength. Based on these measurements, the
calcination temperature of the photocatalyst,
which gives the maximum percentage of
degradation, can be determined.

Determination of Optimum pH of Methylene
Blue Solution

0.1 g of the synthesized BiVOs photocatalyst
was added to 50 mL of 10 ppm MB solution at
different pH values, namely 3, 5, 7, 9, and 11.
The solution was stirred under dark conditions
and at room temperature for 30 minutes, and
then irradiated under visible light for 2.5 hours.
After 2.5 hours, + 5 mL samples were taken,
and the absorbance was measured using a UV-
visible spectrophotometer at the maximum
wavelength.

Photocatalytic Degradation Mechanism of
BiVOus

A 0.1 g of BiVOs photocatalyst in the optimum
condition with the highest dye degradation %
was added to 50 mL of 10 ppm MB solution at
pH 11. Then, 0.2 mL of 0.25 M benzoquinone
solution was added. The solution was stirred
for 30 minutes in the dark at room temperature,
then irradiated for 2.5 hours under visible light.
Samples were taken (+5) and centrifuged to
measure

absorbance. The procedure was

repeated using 4 pL isopropanol PA scavenger

ISSN (print) :1978-628X
ISSN (online) : 2476-8960

and 02 mL 025 M ammonium oxalate
scavenger.

Results and Discussion

Crystal Structure of BiVOs

The crystal structure of synthesized materials
using coprecipitation method at various pH is
provided in Figure 1. BiVOs (m-s) and
orthorhombic BisV2011 are formed at all pH
values (JCPDS No. 00-014-0688) and (JCPDS
No. 00-040-0940)0101 11}, 116], Dominant peaks at 19,
28.5, 29, 30.5, and 34.5 with their respective
crystal plane ([011], [130], [121], [040], and
[200]) characterize BiVOs (m-s). However, the
striking peak at 32.2 may explain the crystal
plane of orthorhombic BisV20u. BisV20u is a
bismuth-based material with a layered
structure that favors charge separation and
enhanced photocatalytic efficiency!'”l.

Under acidic conditions, only small BiVOs
nuclei are formed, which may result in a more
stable amorphous m-s than the t-z. Adding
NaOH facilitates the transition of crystalline
BiVOs (m-s) from crystalline BiVOs (t-z)el. This
transition is essential for enhancing the
material's structural and functional properties.
Within the pH range of 4-7, highly crystalline
composite bismuth materials are formed, which
exhibit significant potential for photocatalytic
applications due to their improved light
absorption and charge separation capabilities.
In addition, at pH 10, a more composite-like
material is associated with bismuth, vanadate,
oxynitrate, and subnitrate species. This is
possibly due to the aggregation of cationic Bi%,
which may form various polymers. The
compounds Bi2Os (JCPDS No. 01-074-1633) and
BirVOs (JCPDS No. 00-044-0322) are bismuth
vanadate species that can form under alkaline
conditions, which are suspected to reduce the
photocatalytic activity of the materiall’sl. In
addition, Figure 2 shows the crystal structure of
BiVOs synthesized with hydrothermal method.
BiVO: (m-s) can be seen from the diffraction
patterns at 28.5, 28.9, and 30.6, corresponding to
the crystal plane [130], [121], and [040]. All the
sharp diffraction patterns indicate a high
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crystal nature with an m-s structure, and the
results agree with the referencel'.
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Figure 1. The crystal structure of BiVOs synthesized with coprecipitation at pH 4, 7, and 10
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Figure 2. The crystal structure of BiVOs synthesized with hydrothermal

structure
appears
crystallinity as shown by the peak intensity.

BiVOs crystal
hydrothermal

synthesized with

to have higher

From the XRD results, the crystalline size of the
samples can be obtained using the Debye
Scherrer theorem as follows:

D= kA
" BcosB

Where D is the crystalline size (nm), 4 is the
wavelength of X-ray (1.54056A), k is a constant
of 0.94, B is the FWHM (Full Width at Half
Maximum) value, and 6 is the investigated
diffraction angle. The average crystalline sizes
of BiV(4)(400), BiV(7)(400), BiV(10)(400), and
BiV(4)(550) are 14.71, 14.51, 12.74, and 11.41 nm,

respectively. Meanwhile, the hydrothermal
method produces a larger crystal size of 17.85
The crystal
coprecipitation provides the advantage of a
larger surface area, which is important for

enhancing photocatalytic reactivity.

nm. smaller size  from

Band Gap Energy of BiVO4

UV-VIS DRS was employed to identify the
photochemical properties of BiVOs. The band
gap energy of a semiconductor material is a
crucial parameter that determines its optical
The absorption
spectra and band gap energy profiles are
provided in Figure 3. The results indicate that
the BiV(4)(400) and BiV(4)(550) samples have
bandgap energies of 2.46 eV and 2.07 eV,

and electronic properties.

24
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respectively. All the materials exhibit
photocatalytic activity in the visible light
region, with an absorption edge around 580
nm, and agree with BiVOs (m-s) characteristics.
The BiV(4)(550) shows a weaker absorption
profile before 500 nm but improved absorption
beyond 500 nm, possibly due to the formation
of a heterostructure phase (M-T) caused by the
increase in calcination temperatures, which
decreases the intensity of several redox sites
([011], [121])19. A heterostructure phase in
BiV(4)(550) causes the band gap energy to be
smaller than the BiV(4)(400). However, a
weaker absorption profile before 500 nm
indicates that redox sites in BiV(4)(550) are not
as many as in BiV(4)(400). The atomic structure
of the BiVO: becomes unstable as the
calcination temperature increases. In BiViOu
with heterostructures (m-s) and (t-z), p-n
junction activity occurs under visible light
irradiation. The interfacial interaction between
the two structures facilitates electron and hole
migration, leading to the photogeneration of
charge carriers/?l.

The hydrothermal method tends to produce
materials with more ordered crystals and more

stable  structures = compared to  the
coprecipitation method. In hydrothermal
BiVOs, the monoclinic scheelite (m-s) structure
is more dominant, and it usually has a smaller
band gap due to better interaction between Bi
and V ions in the crystal structure. This
interaction can reduce the distance between the
conduction band and the valence band,
reducing the bandgap value of the material
(2.28 eV). Overall, although the band gap of
hydrothermal BiVOu is slightly larger than that
of BiV(4)(550), the differences in morphology
and crystalline phase still result in differences
in photocatalytic performance.

Morphological Structure of BiVO4

Identifying the morphological structure of the
material aims to understand the surface
properties, size, and shape of the particles. A
rod-like shape is formed in the BiVOs sample
synthesized by hydrothermal. In contrast, a
homogeneous sphere-grape-like particle with a
smooth surface is observed in the BiVO4 sample
synthesized with coprecipitation (Figure 4).
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Figure 3 (A) Absorbance spectra and (B) Tauc plot of coprecipitated BiV(4)(400) and BiV(4)(550). The
Tauc plot of hydrothermal BiVOs is also presented in panel (C).

Figure 4. Morphology results of BiVOs synthesized with (A) hydrothermal and (B) coprecipitation
with the magnification of 25000 and 20000 times, respectively.
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Figure 5. Crystal size distribution of BiV(4)(400), manually measured using Image] software

The hydrothermal synthesis process at 180°C
followed by calcination at 400°C creates ideal
conditions for forming this morphology. High
hydrothermal temperature accelerates the
reaction kinetics and crystal growth, while
calcination increases crystallinity and removes
organic residues. During the hydrothermal
process, Bi** and VO4* ions interact effectively
and form crystal nuclei, which grow
anisotropically, creating a rod-like morphology.
Further calcination improves the crystal

structure and reduces defects. The

agglomeration of rod-like particles occurs due
to the interaction of Van der Waals and
electrostatic forces, as well as the tendency of
nanoparticles to reduce surface energy?l.

The inhibition of solvent diffusion into the
material's inner structure can cause the
formation  of granules and  porous
nanostructures. This follows previous studies,
such as those that produced SEM images of
sphere shapes with smooth surfaces through
the coprecipitation method at a calcination

26
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temperature of 400°CE# 2. From the SEM
physical particle size
measured. An average of 116.6 nm with a
distribution from 60-260 nm (n = 40) was
obtained, indicating a nanoscale size of
particles (Figure 5).

imagery, can be

Optimum pH and Calcination Temperature
for BiVOs Coprecipitation

The synthesis pH and calcination temperature
in the BiVOs coprecipitation process were
identified  to
characteristics that affect its photocatalytic
activity. These parameters play a role in
determining the crystalline structure, particle
size, and material distribution, which directly

optimize  the  material

affect the charge transfer efficiency in the
methylene blue (MB) degradation process
under visible light.

The effect of coprecipitation synthesis pH on
the photocatalytic activity of BiVOs in Figure 6
shows significant variation, with the highest
activity achieved at pH 4 (71.66%), followed by
pH 10 (48.59%) and pH 7 (31.64%). At pH 4, a
crystalline monoclinic-scheelite (m-s) phase is
formed, and the presence of BisV201, identified
through XRD data, increases the photocatalytic
efficiency by inhibiting electron-hole pair
recombination/?)l. SEM results show a more
dispersed particle morphology and smaller
particle size at this pH, thus enlarging the
active surface area and allowing more efficient
interaction between the photocatalyst and MB
molecules. In contrast, at pH 7, the

100

photocatalytic activity decreased drastically
due to mineralization by NaOH, which led to
the loss of crystal peaks and reduced redox
sites such as [011] and [121]. At pH 10, although
the activity was higher than that at pH 7,
supersaturation of the solution triggered the
formation of particle aggregation, which
decreased the
efficiency.  The

active surface area and
adsorption
semicrystalline phase at pH 10 may also limit
charge transfer compared to the crystalline

phase at pH 41241,

predominant

Calcination temperature also has a significant
effect on the characteristics of BiVOa. Figure 7
shows that at 400°C, the photocatalytic activity
reaches a peak (74.56%) due to the formation of
a thermodynamically stable monoclinic-
scheelite (m-s) phase, with dominant [010] and
[121] facets that provide more redox sites for
electron-hole transfer. UV-Vis DRS analysis
confirmed maximum absorption in the visible
light region at this temperature, thus
supporting the degradation efficiency of MB.
However, at temperatures above 400°C, there is
a decrease in activity due to sintering and
particle agglomeration, which reduces the
active surface area and oxidation-reduction
sites, although the visible light uptake remains
good®!. Overall, combining synthesis pH 4 and
calcination temperature 400°C produced BiVOa
with optimal crystalline structure, particle size,
and photocatalytic =~ properties for MB
degradation.
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Figure 6. Effect of Coprecipitation Synthesis pH Parameters on Methylene Blue Degradation
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Figure 8. Graph of % adsorption activity, photocatalytic activity and degradation of Hydrothermal (A)
and Coprecipitated (B) BiVOs against MB degradation

Identification of Optimum pH of MB interaction with anions from MB becomes very
Based on Figure 8A, the hydrothermally strongl%l. However, at pH > pHpzc, the
synthesized BiVO: material shows the highest material surface becomes negatively charged
adsorption activity at pH 3 of 62.17%, which due to deprotonation by OH- ions, which
decreases significantly as the pH value causes electrostatic repulsion and reduces
increases until it reaches 28.26% at pH 11. This adsorption  activity”l.  The photocatalytic
phenomenon is in accordance with the activity of the hydrothermal material increased
electrostatic properties of the material. At pH < with increasing basicity, reaching the highest
0 o
pHpzc (3.46), the surface of the material is Vfﬂue at pH ll. of 52.33 /‘". This is due. to the
positively charged due to protonation, so the high concentration of OH- ions at alkaline pH,
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which favors the formation of hydroxyl radicals
(*OH) through oxidation by holes (h*).

In Figure 8B, the BiVOs
coprecipitation synthesis
pattern but with higher

material from
shows a similar

adsorption and

= 74.56 [ Photocatalytic Activity
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&
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adsorption occurred at pH 3 with 81.43%, while
at pH 11, the adsorption value decreased to
20.48%.
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Figure 9. (A) Photocatalytic species of BiVOsand (B) its schematic photocatalytic mechanism

Like the hydrothermal material, the change in
the surface charge of the material due to the
pHpzc value affects the adsorption activity!?sl.
The coprecipitated material had the highest
value of 73.42% for photocatalytic activity at
pH 11. The abundant OH- concentration at
alkaline pH promotes the formation of ¢OH
radicals active in the MB degradation.

Photocatalytic Mechanism of BiVO4

The photocatalytic mechanism was tested by
observing the changes in MB degradation
values after adding scavengers. The scavengers
used included ammonium oxalate to test the
catalytic function of holes, benzoquinone for
superoxide radicals (Oz), and isopropanol for
hydroxyl radicals (OH). Figure 9 shows that the
photocatalytic degradation of MB is dominated
by eOH radicals, as seen from the most
significant decrease in degradation values with
the addition of isopropanol. Holes in the
valence band oxidize H20 or adsorbed OH- ions
to produce *OH radicals. This is reinforced by
the system conditions at basic pH (11), where
OH- ions are more easily oxidized by holes into
*OH radicals!?l.

The showed a
decrease in the photocatalytic activity value,

benzoquinone scavenger
indicating that the treatment of synthesis
parameters affected the position of the Muliken
electronegativity energy, thereby increasing the
material's ability to produce radicals, especially
O2" radicals. The addition of scavengers
decreased photocatalytic activity because the
scavengers captured the resulting radicals,
reducing the number of radicals that played a
role in MB degradationl.

It can be concluded that the photocatalytic
activity by BiVOs is dominated by the presence
of OH" and Oz" radicals (Figure 9). OH" and Oz"
radicals are the most dominant ROS radicals in
photocatalysis. This O2" radical can undergo
further reactions in acid to form OH®, OOH",
and H20: radicals with smaller photocatalytic
activitiesi®l,

Conclusions

BiVO:  photocatalysts ~ synthesized  via
hydrothermal and coprecipitation methods
showed good performance in methylene blue
degradation. The coprecipitation method
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yielded superior degradation
(89.32%) thanks to the
monoclinic scheelite and orthorhombic phases

efficiency
combination of

and smaller crystal sizes, increasing the active
surface area. In contrast, the hydrothermal
method produced material with higher
crystallinity and smaller band gap energy (2.28
eV) while maintaining visible light range
absorption, although the degradation efficiency
was lower (76.06%) due to the larger crystal
size. The photocatalytic activity of both
methods was dominated by OH® and O2*
radicals, with optimal results at pH 11 and
calcination temperature of 400°C. Thus, BiVOs
has excellent potential for colored wastewater
treatment applications through photocatalyst
technology.
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