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A B S T R A C T   

Developmental and technological activities result in uncontrollable release of synthetic dyes into water reservoirs 
posing potential threat to flora and fauna. Thus, the development of suitable process to treat these waste effluents 
is urgently needed. Herein, a facile technique was employed to synthesize bismuth vanadate (BiVO4) by incor
porating Chitosan (Cs) and Triblock pluronic 123 (P) as directing agents through the hydrothermal process and 
its efficacy as a photocatalyst was tested for Rhodamine B (RhB) photodegradation. It is noteworthy that the use 
of Cs as template during the synthesis of BiVO4 had not been previously documented. The synthesized materials 
were subject to a comprehensive array of characterization techniques, including XRD, FTIR, UV–visible diffuse 
reflection, SEM, TEM, N2 adsorption isotherm, and XPS analyses. The outcomes revealed that the synthesized 
catalysts have a monoclinic scheelite structure and displayed an irregular morphology. In addition, the particle 
size decreased remarkably with the use of Cs. The XPS revealed that the templates have a major influence on the 
surface charge of the material, as revealed by point of zero charge (pHPZC) analysis. Notably, BiVO4-Cs exhibited 
the highest specific surface area (SSA: 12.27 m2/g) among them. The synthesized photocatalysts exhibited high 
catalytic stability. Additionally, the photocatalysts showed excellent RhB photodegradation performance of 94.2 
and 64.4 % under UV-B and visible light illumination, respectively.   

1. Introduction 

In recent years, the photocatalytic process has received considerable 
attention for its capacity to efficiently transform hazardous organic 
pollutants into ecologically benign compounds at room temperature. 
This approach has been widely studied to reduce the presence of various 
toxic organic pollutants by completely mineralizing them [1–4]. The 
photocatalytic treatment of contaminated water has been achieved 
using various photocatalysts, including TiO2, Bi2O3, and ZnO [5–7]. 
Among the photocatalysts used during heterogeneous photocatalysis, 
bismuth vanadate (BiVO4) occupies a prominent position. It has 
attracted considerable interest because of its exceptional physicochem
ical properties including a narrow energy band, a marked rise in po
tential at the valence band position, a lack of toxicity, and a remarkable 
stability [8,9]. According to previous reports, BiVO4 can be found in 

three different crystal structures: the monoclinic scheelite, the tetrag
onal scheelite, and the tetragonal zircon [10,11]. BiVO4 with tetragonal 
structure, having 3.11 eV band gap absorbs ultraviolet (UV) rays, while 
BiVO4 with a monoclinic scheelite structure (with 2.34 eV band gap) 
absorbs both visible and UV radiations [12]. 

Aqueous [13–15], hydrothermal [9,16–18], sonochemical [19,20], 
and solid-state reaction [21] methodologies have been well reported to 
synthesize BiVO4 crystallites with a monoclinic structure. In recent 
years, trend has been set on using a wide range of surfactant and 
directing agents based organic templates such as cetyl
trimethylammonium bromide (CTAB) [22], sodium carboxymethylcel
lulose (SCMC) [23], and ethylenediamine tetra acetic acid (EDTA) [24] 
to synthesize crystals with specific morphologies and impeccable 
structures. Triblock Pluronic 123 (P) has found extensive application as 
a template in numerous research endeavors focused on BiVO4. Meng et 
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al [25] synthesized monoclinic BiVO4 single crystals with varying 
shapes using a surfactant-assisted hydrothermal method and success
fully tested their capability to photocatalytically degrade methylene 
blue (MB) under visible light. Jiang et al [26] synthesized monoclinic 
BiVO4 single crystals with polyhedral, spherical, or octapod-like porous 
structures using the triblock copolymer P-assisted hydrothermal method 
and evaluated its photocatalytic efficiency in removing MB and phenol 
upon exposure to visible light. In another study, BiVO4 with different 
morphologies were synthesized by surfactant-assisted microwave 
methodology and decorated with CdS through chemical-bath-deposition 
method (BiVO4-CdS). Hollow structure BiVO4-CdS (synthesized using 
EDTA as template material) displayed highest photodegradation per
formances for tetracycline hydrocholoride and ciprofloxacin[27]. As far 
as we are aware, there is no existing information regarding the utiliza
tion of the biopolymer chitosan (Cs) as a directing agent in the synthesis 
of BiVO4. 

Thus, the current research was aimed on examining, for the first 
time, the impact of Cs compared it with P as template materials on the 
optical and morphological characteristics of hydrothermally synthesized 
BiVO4. Furthermore, the photocatalytic efficiency of hydrothermally 
synthesized BiVO4 has been evaluated. The morphological, optical, 
chemical, and surface characteristics of BiVO4 were tested through XRD, 
FTIR, UV/Vis scattering reflectance spectroscopy, SEM, TEM, N2 
adsorption/desorption, and XPS analyses. Rhodamine B (RhB) 

photodegradation under UV-B and visible light irradiations were tested 
to assess the photocatalytic efficacy of synthesized materials. 

2. Materials and methods 

2.1. Chemicals and reagents 

Analytical reagent (A.R) grade chemicals were used during the 
research or as itemized. Ammonium metavanadate (NH4VO3, ≥99.5 %), 
ammonium hydroxide solution (NH4OH, ≥32 %), and bismuth nitrate 
pentahydrate (Bi(NO3)3⋅5H2O, ≥98 %) were purchased from Sigma- 
Aldrich, USA. Nitric acid (HNO3), acetic acid (CH3COOH), and ethanol 
(C2H5OH) were purchased from Sigma-Aldrich, Germany. Triblock 
Pluronic 123 (P), chitosan (Cs), isopropanol, ethylenediaminetetraacetic 
acid (EDTA), and sodium carbonate (Na2CO3) were purchased from 
Merck, Germany. The target pollutant RhB was procured from Labora
tories SOLVACHIM. 

2.2. Synthesis of BiVO4 

BiVO4 was synthesized through hydrothermal method using tem
plates. During the synthesis, 0.585 g NH4VO3, under continuous stirring 
at 70 ◦C, was solubilized in 30 mL deionized (DI) water. Simultaneously, 
2.425 g of Bi(NO3)3⋅5H2O was dissolved in 10 mL concentrated HNO3. 

Fig. 1. X-ray diffraction patterns (a), FT-IR spectra (b), UV–vis diffuse reflectance spectra (c) of the samples.  
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Both solutions were mixed under continuous stirring. Subsequently, one 
of the templates (Cs in 10 mL 1 % CH3COOH or P in 10 mL DI water) was 
gradually introduced into the mixture. The stirring continued for an 
hour, while the pH was adjusted to 9 by adding a 32 % NH4OH solution. 
The mixture was then transferred to Teflon lined autoclaved (with 100 
mL capacity) and was treated at 100 ◦C for 2 h. Finally, the synthesized 
solid product was filtered, washed (with DI water and ethanol), dried 
overnight at 120 ◦C, and calcined at 450 ◦C for 3 h in a tubular furnace. 
The synthesized materials were labeled as BiVO4 (without any tem
plate), BiVO4-P (using triblock Pluronic 123 as template), and BiVO4-Cs 
(using chitosan as template). 

2.3. Characterization of BiVO4 

The crystal structures of the BiVO4 photocatalysts were analyzed 
using a BRUKER-binary V2, model D8 diffractometer with Cu Kα radi
ation (λkα = 1.5418 Å). The samples were scanned between 2θ = 5.00◦

and 69.98◦ with a 0.02◦ step. Fourier transform infrared (FTIR) spectra 
in the range of 400–4500 cm− 1 were obtained using a Nicolet iS10 
Thermo Fisher FTIR spectrometer. Perkin-Elmer Lambda 365 UV/Vis 
spectrophotometer was used to record Diffuse reflectance UV–vis 
spectra. The morphologies and elemental compositions of synthesized 
photocatalysts were studied by high resolution scanning electron mi
croscopy coupled with energy dispersive X-ray (HRSEM-EDX), low 
vacuum SEM (LV-SEM) (S-3500 N, Hitachi) and transmission electron 
microscopy (TEM), Leo 912A 8B OMEGA EF-TEM (Carl Zeiss, Germany), 

Surface elemental and chemical states were observed by X-ray photo
electron spectroscopy (XPS) using a theta probe-based system (Thermo 
Fisher Scientific). BET surface area was measured using 3Flex (Micro
meritics, USA). 

2.4. Photocatalysis study 

The photocatalytic efficiency of BiVO4 sample was evaluated by 
studying the photocatalytic degradation of RhB under UV-B and visible 
radiations. This assessment was conducted in a reactor utilizing either 
six low-pressure lamps (TL29D16/09 N; 105 W; Philips model) emitting 
UV-B radiation or three halogen lamps (F15T8/D; 15 W) emitting 
daylight, all operated at room temperature. A beaker (100 mL) was 
selected as a reaction vessel. The distance between the lamps and the 
solution was 12 cm. The photodegradation experiments were conducted 
under ambient temperature conditions. BiVO4 sample (amount, m: 25 – 
75 mg) was suspended in 50 mL of RhB solution (initial concentration, 
Co: 5 – 15 mg/L), and pH (4, 7, and 8). Before exposure to irradiation, 
the suspension was stirred continuously for 30 min in darkness to 
establish adsorption/desorption equilibrium between BiVO4 sample and 
RhB solution. At specified intervals, one milliliter aliquot of RhB solu
tion was extracted from the suspension. The aliquot was passed through 
a 0.45 µm pore filter to ensure complete removal of photocatalyst 
sample. The absorbance was measured at the maximum absorption 
wavelength (λmax: 554 nm) using a UV–Vis spectrophotometer (V-1100 
D spectrophotometer). Photocatalytic degradation efficiency (R, %) was 

Fig. 2. Plots of (F(R)*hυ)2 versus photon energy (hυ).  

S. Essenni et al.                                                                                                                                                                                                                                  

http://TEM
http://XPS


Journal of Molecular Liquids 398 (2024) 124270

4

assessed as follows: 

R,% =
(Co − Ct)

Co
× 100 (1)  

Where Co and Ct are RhB concentrations before illumination and at t 
irradiation time, respectively. 

3. Results and discussion 

3.1. Photocatalysts samples characterization 

Fig. 1a displayed the XRD pattern of BiVO4 samples. The diffraction 
peaks observed in the photocatalyst samples were associated with a 
monoclinic scheelite structure (JCPDS No. 01–083-1699), consistent 
with previous works [17,28]. No diffraction signals from other crystal
line impurities were observed. The crystallite sizes (DXRD, nm) of BiVO4, 
BiVO4-P, and BiVO4-Cs crystals calculated by Scherrer’s equation were 
21, 15, and 13 nm, respectively. A significant decrease DXRD was 
observed with the use of template during the synthesis. In addition, the 
intensities of the distinctive peaks associated with BiVO4 showed vari
able alterations after the incorporation of directing agents. As shown in 
Fig. 1a, the relative intensity ratios calculated for facets (112) and 
(004) were 4.6 for BiVO4, 3.8 for BiVO4-P, and 3.7 for BiVO4-Cs. These 
results suggest certain influence of the two directing agents on the 
crystal structure of the oxide. 

The chemical functionalities present on synthesized photocatalysts 
surface were studied through FTIR analysis, and the spectra are shown in 
Fig. 1b. Two peaks at 556 and 608 cm− 1, ascribed to the Bi-O vibration 
were observed [29]. In addition, two peaks at 657 and 779 cm− 1 cor
responding to VO4

3- vibrations were observed [29]. A peak associated 
with the asymmetric stretching of VO4

3- was observed at 720 cm− 1 [30]. 
The V-O vibration peak appeared at 814 cm− 1 [31]. The absorption band 
at 1452 cm− 1 could be assigned to C–OH vibration [32]. Additionally, a 
faint band at 1612 cm− 1 was associated with H-O–H stretching [33]. 

The UV–vis spectrophotometer was employed to measure the optical 
absorption spectra of BiVO4 samples. In Fig. 1c, the UV–vis diffuse 
reflectance spectra are presented. The absorption edges of the synthe
sized monoclinic materials were observed at approximately 450 nm. In 
the context of a semiconductor, the optical absorption near the band 
edge is expressed as follows [34]:  

αhυ = A (hυ - Eg)n/2                                                                        (2) 

where α, ν, Eg, and A are the absorption coefficient, light frequency, 
band gap, and a constant, respectively. Notably, the parameter n is 

contingent upon the transition characteristics in a semiconductor, spe
cifically, whether it is a direct (n = 1) or indirect (n = 4) transition. In 
the case of BiVO4, the value of n is determined to be 1 [35]. 

For the powder sample, the optical band gap was calculated using 
diffuse reflectance spectroscopy (DRS) employing the Kubelka-Munk 
method. Throughout this investigation, the absorption coefficient was 
substituted with the Kubelka-Munk function F(R), expressed as: 

F(R) =
(1 − R)2

2R
(3)  

where R represents the reflectance of the material, the band gap energy 
values are ascertained through the extrapolation of the linear portion of 
the curve (F(R)*hν)2 vs hν to the energy axis. The point of intercept on 
the energy axis (hν) at which (F(R)*hν)2 = 0 serves as the indicator for 
the band gap value. The calculated optical band gaps for BiVO4, BiVO4-P 
and BiVO4-Cs were 2.61, 2.56 and 2.58 eV, respectively, illustrated in 
Fig. 2 (a – c). 

SEM images illustrates the hydrothermally fabricated BiVO4, BiVO4- 
P, and BiVO4-Cs (Fig. 3 (a – c)). It was evident that the particle sizes of 
these oxides were primarily influenced by the choice of template used. 
In terms of morphology, all samples exhibited irregularly shaped par
ticles and small agglomerations with different size, underscoring the 
influence of directing agents on the particle size. When synthesizing 
BiVO4 without any additives, the resulting particles were characterized 
by large irregular forms, measuring 32 µm in length. The use of P as a 
template (BiVO4-P) had a minimal effect on particle size, resulting in 
particles with a length of 30 µm. In contrast, the introduction of Cs had a 
substantial impact on the morphology, notably reducing particle size to 
11 µm in length. 

The photocatalytic efficacy of the synthesized materials is notably 
influenced by the structural characteristics of the particles. Generally, 
surfactants exert a significant influence on synthesizing photocatalysts 
with high specific surface area (SSA) and small particle morphology. Fan 
et al. [36] synthesized BiVO4 crystals with varying morphologies using a 
hydrothermal method, by adjusting the quantity of introduced surfac
tant. Notably, a sample with a flower-like morphology exhibited supe
rior photocatalytic activity, primarily due to its expanded SSA and 
enhanced efficiency in separating photo-induced charge carriers. Simi
larly, Zeng et al. [37] outlined the synthesis of BiVO4 microcrystals 
through a surfactant assisted hydrothermal method, while polling a 
range of parameters related to SSA, structure, morphology, and photo- 
induced charge separation efficiency (PCSE). Incorporation of surfac
tant, sodium dodecylbenzenesulfonate (SDBS) raised PCSE of BiVO4 
when exposed to solar radiations. This results a remarkable 7.5-fold rise 

Fig. 3. SEM images of BiVO4 (a), BiVO4-P (b), BiVO4-Cs (c), EDX spectrum of BiVO4 (d), BiVO4-P (e), and BiVO4-CS (f) (Inset: elemental analysis data).  
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Fig. 4. TEM images of BiVO4 (a), BiVO4-P (b), BiVO4-Cs (c), particle size distribution plots of BiVO4 (d), BiVO4-P (e), and BiVO4-Cs (f) fitted with a log normal 
distribution function. 

Fig. 5. N2 adsorption/desorption plots of BiVO4 (a), BiVO4-P (b), and BiVO4-Cs (c) samples (Inset: pore size distribution plots).  
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in RhB photocatalytic degradation. Liu et al. [38] explored the impact of 
templates on both morphology and photocatalytic activity of the syn
thesized oxides. The results revealed that the oxide prepared with SDBS 
as template exhibited an irregular flake-like morphology and high SSA, 
resulting in the highest observed photocatalytic activity. 

The EDX spectrum validates the elemental makeup of the material. 
The spectra distinctly reveal the existence of bismuth (Bi), vanadium 
(V), oxygen (O), and carbon (C), while the platinum (Pt) signal was 
derived from the sputtered Pt nanoparticles employed in the SEM 
analysis, as depicted in Fig. 3 (d – f). The most obvious interpretation 
suggests that the compound was BiVO4, given the great similarity in the 
distribution of Bi, V and O, and the C signal suggests surface carbon 
adsorption in case of BiVO4 or the presence of directing agents in the 
instances of BiVO4-P and BiVO4-Cs. 

As shown in Fig. 4 (a - c), the presence of directing agents had a 
positive effect on the particle size of the synthesized oxides. In addition, 
the images revealed that the materials obtained were in nanoparticles 
size range and exhibited an irregular morphology. 

A log-normal distribution is fitted to the particle size distribution 
histogram to estimate the average particle size for each sample [39]. 

f (D) =

(
1

̅̅̅̅̅
2π

√
σD

)

e

⎡

⎢
⎢
⎣−

ln2

(

D
D0

)

2σ2

⎤

⎥
⎥
⎦

(4)  

where D represents the average particle size, and σD denotes the stan
dard deviation. The fitting of the log-normal distribution function to the 
particle size distribution histogram for the prepared samples is exem
plified in Fig. 4 (d – f). The calculated D for BiVO4, BiVO4-P, and BiVO4- 
Cs were found to be 118, 100, and 80 nm along with σD of 17.28, 24.47 
and 18.24 nm, respectively. The observed D values were found to 

decrease with directing agent. 
The synthesized samples were subjected to the evaluation of their 

surface textural characteristics using the N2 absorption–desorption 
curves (Fig. 5 (a – c)). The adsorption/desorption isotherms of all the 
oxides exposed an H3-type loops with a type-IV hysteresis curves. This 
affirmed mesoporosity among the synthesized samples. Through this 
analysis, the Brunauer Emmett Teller (BET) method was used to calcu
late the SSA and the Barret Joyner Halender (BJH) method was used to 
determine the pores size. The SSA for BiVO4, BiVO4-P, and BiVO4-Cs 
were 9.20, 11.60, and 12.27 m2/g, respectively. In addition, the calcu
lated average pore volume as well as the pore diameter were 0.0082 
cm3/g and 3.86 nm for BiVO4, 0.0061 cm3/g and 3.29 nm for BiVO4-P, 
and 0.0089 cm3 /g and 2.93 nm for BiVO4-Cs. The largest SSA was 
observed for BiVO4-Cs, could be associated with an increase in its pho
tocatalytic activity [40–42]. 

In addition, the overall XPS analysis survey results confirmed the 
presence of C, Bi, O, and V in the samples, illustrated in Fig. 6. The 
deconvoluted XPS spectra for the samples displayed two distinct peaks 
for Bi 4f corresponding to Bi 4f7/2 and Bi 4f5/2. Similarly, the V 2p 
spectra corresponds to V 2p3/2 and V 2p1/2, indicating the existence of a 
V5+ state in BiVO4 structures. Notably, the O1s XPS spectrum for the 
oxide synthesized without any directing agent shows a single peak at 
529.92 eV. In contrast, the XPS spectra of BiVO4-P and BiVO4-Cs showed 
asymmetric oxygen state behavior, with deconvoluted peaks centered at 
around 529.82 and 531.99 eV, attributed to the lattice oxygen and 
surface hydroxyl groups of BiVO4, respectively [43–47]. 

3.2. Photocatalytic application 

3.2.1. Effect of pH on RhB photodegradation 
Impact of pH conditions on photocatalytic degradation rates is 

complex, and the effect observed generally depends on the specific type 
of pollutant and the point of zero charge (pHpzc) of the semiconductor 

Fig. 6. Overall survey and deconvoluted XPS spectra of the samples.  
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used during photodegradation [48,49]. The determination of pHpzc of 
BiVO4 was carried out following the methodology outlined by Khalaf et 
al [50] and results presented in Fig. S1 suggest that the materials syn
thesized using directing agents consistently have a negative surface 
charge. In contrast, the observed pHpzc for BiVO4 was 7.48, indicating 
that the surface assumes a negative charge for pH values exceeding the 
pHpzc and a positive charge for pH values below it. The results of this 
study indicate that the guiding agents have a perceptible impact on the 
surface charge of the synthesized samples. This phenomenon might ac
count for the modification of the surface charge induced by the presence 
of hydroxyl groups on the surface of these materials, a confirmation 
established through XPS analysis. 

To assess the impact of UV-B light on RhB degradation in the absence 
of a catalyst, a preliminary experiment involving the direct photolysis of 
RhB (blank experiment) under identical conditions was conducted. This 
experiment revealed that RhB did not undergo photolysis under UV-B 
light irradiation. Thereafter, to assess the influence of pH on RhB pho
todegradation efficiency, pH was adjusted to 4, 7 and 10, prior to re
action by adding NaOH or HCl (0.1 mol/L) to the solution under the 
following conditions (RhB Co: 5 mg/L and m: 50 mg) (Fig. 7 a – c). The 
results presented in Fig. 7b highlights the effectiveness of RhB reduction 
by BiVO4 in a neutral environment, while BiVO4-P showed slightly 
better RhB reduction in acidic and basic mediums than in neutral me
dium, illustrated in Fig. 7a and c. However, the overall RhB reduction 
performances by BiVO4, BiVO4-P, and BiVO4-Cs under neutral pH con
ditions were efficient and almost nearer. Consequently, the optimum pH 
value determined in this research was 7. 

3.2.2. Effect of catalyst dose 
The RhB photocatalytic degradation involved varying catalyst dose 

(m) within the range of 25 to 75 mg/L. A marginal yet noteworthy 
enhancement in degradation was observed with an increase in m from 
25 to 75 mg/L, depicted in Fig. 8 a - c. This phenomenon was attributed 
to the increased availability of active sites on the catalyst surface and 
improved penetration of UV-B light into the suspension, leading to an 
augmentation of total active surface sites with higher catalyst dosage. 
However, at m > 50 mg/L, a decrease in UV-B light penetration due to 
the shielding effect caused by an excess of catalyst particles in the so
lution was noted [51]. Consequently, the optimal catalyst sample 
amount for RhB photocatalytic degradation was determined to be 50 
mg/L. Nonetheless, BiVO4 and BiVO4-Cs exhibited a slight improvement 
in the photodegradation rate when the catalyst amount was increased to 
75 mg/L. 

3.2.3. Effect of dye concentration 
The RhB photocatalytic degradation was also investigated at various 

initial concentrations (Co: 5 to 15 mg/L). The initial rate of RhB pho
todegradation exhibited a declining trend with increasing concentra
tion, as illustrated in Fig. 9 a - c. This behavior can be elucidated by 
recognizing that with elevated initial concentrations, more RhB mole
cules were adsorbed onto the BiVO4 surface. This, in turn, diminishes the 
production of hydroxyl radicals, as there are fewer active sites available 
for hydroxyl ion adsorption and subsequent hydroxyl radical generation. 
Moreover, as the concentration of RhB increases, photons are inter
cepted before reaching the catalyst surface, resulting in reduced photon 

Fig. 7. Effect of pH 4 (a), pH 7 (b), and pH 10 (c) on RhB degradation rate.  
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absorption by the catalyst and consequently diminishing RhB photo
degradation rate [52]. 

The alteration of spectral properties during RhB degradation on 
BiVO4-Cs was described in Fig. S2. A hypsochromic peak shift around 
500 nm was observed, indicating the presence of an intermediate. 
Simultaneously, a reduction in absorbance intensity at the 554 nm peak 
was noted over the irradiation period with UV-B light, and no discern
ible shift towards lower wavelengths was observed. This pattern implies 
a degradation pathway characterized by chromophore cleavage, hy
droxylation, aromatic ring opening, and ultimately, a mineralization 
process. The disruption of the conjugated structure in the degradation 
intermediates may lead to the formation of compounds such as car
boxylic acids, dicarboxylic acids, amines, or other substances that 
neither absorb in the visible region nor exhibit additional absorption 
peaks in the 400–650 nm range [53]. 

3.2.4. Photocatalysts reusability 
The photocatalyst was reused under the optimum conditions deter

mined over five consecutive cycles. Catalysts were washed with DI water 
and dried at 100 ◦C at the end of each stage of the catalytic degradation 
process. The results showed (Fig. 10a) that the efficiency of the photo
catalyst decreased as the number of regeneration steps increased. BiVO4- 
Cs and BiVO4-P were comparatively more stable than BiVO4. The 
reduction in efficiency of the photocatalytic process could be due to 
damage and alteration of the catalytically active sites, reduction of the 
active surface area and pores in the catalyst structure. 

3.2.5. Scavengers effect 
Using the BiVO4-Cs catalyst, a quenching experiment to identify the 

reactive species responsible for degrading the traps when exposed to 
visible light was carried out (Fig. 10b). In line with previous research, 
we have introduced the primary reactive species into each experimental 
solution as follows: EDTA (to trap h+ holes), isopropanol (to trap .OH 

radicals) and Na2CO3 (to trap .O2– radicals). The photocatalyst was 
introduced after RhB solution was reacted with the scavengers. The ef
fect of the scavengers on BiVO4-Cs in the presence of RhB solution led to 
a reduction in removal efficiency, with Na2CO3 (74.47 %) > EDTA 
(58.09 %) > isopropanol (39.21 %). Thus, it appears that the effect of 
photocatalysis on RhB decomposition by the .O2– trap was more pro
nounced when exposed to UV-B light compared to exposure to the h+

and .OH traps. 

3.2.6. RhB photodegradation mechanism 
As commonly acknowledged, the crucial characteristic of semi

conducting materials is the value of the band gap energy. This property 
governs the route taken by charge carriers as they move, influencing the 
efficiency of photodegradation for organic pollutants. Eqs. (5) and (6) 
can be employed to ascertain the charge transport mechanism by 
analyzing the band edge positions of the sample. 

ECB = χ − Ee − 0.5*Eg (5)  

EVB = ECB + Eg (6)  

Where Eg denotes the band gap energy, EVB represents the valence band 
edge potential, and ECB signifies the conduction band edge potential. 
The standard free electron energy on the hydrogen scale is denoted by Ee 
(~4.5 eV) [54]. The electronegativity of semiconductors, denoted as χ, 
can be computed using Eq. (7) [55]: 

χ (AaBbCc)= (χ(A)a*χ(B)b*χ(C)c
)

1
a+b+c (7)  

The coefficients a, b and c signify the number of atoms present in each 
composition. The electronegativity value for BiVO4-Cs was determined 
to be  6.16 eV. The positions of the conduction band (CB) and valence 
band (VB) in this oxide were established at 0.37 and 2.95 eV, respec
tively. As a result, the catalyst can interact with O2 to produce the OH•

Fig. 8. Effect of the photocatalysts BiVO4 (a), BiVO4-P (b), and BiVO4-Cs (c) dose on RhB degradation rate.  
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Fig. 9. Effect of the initial concentration on RhB photodegradation rate by BiVO4 (a), BiVO4-P (b), and BiVO4-Cs (c).  

Fig. 10. Reusability plot for RhB photodegradation on samples (Black: BiVO4, Red: BiVO4-P, and Blue: BiVO4-Cs) (a), and Plot displayed scavenging effect on RhB 
photodegradation in presence of BiVO4-Cs for t: 240 min (b). 
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radical species through the reduction of O2 to H2O2, followed by the 
further reduction of H2O2 to OH- and the OH• species. This capability 
stems from the lower CB edge potential of BiVO4-Cs (ECB = 0.37 eV / 
NHE) compared to the standard potential of the O2/H2O2 redox couple 
(0.68 eV). Furthermore, the VB potential of BiVO4 is 2.95 eV, higher 
than the standard redox potential of •OH/H2O (2.72 eV). As a result, 
adsorbed H2O molecules can be oxidized to •OH by the photogenerated 
h+ in the VB. From Fig. 10b, it is evident that •OH and h+ have a great 
effect on the degradation of the RhB solution. 

Fig. 11 illustrates a potential mechanism for the photocatalytic 
oxidation of RhB using BiVO4 when exposed to UV-B light irradiation. 
The RhB degradation was a multi-step process, described through Eqs. 
(8) to (16). 

During the initial step (Step 1, Eq. (8), the BiVO4 catalyst absorbs 
irradiation and generates electron-hole pairs. 

BiVO4 + hν → e− (CB)+ h+(VB) (8)  

Step 2 involves the separation of charge carriers in the presence of water, 
resulting in the formation of superoxide anion radicals and hydroxyl 
radicals. 

e− (CB) + O2→ O2
•− (9)  

O2
•− + H+ → HO2

• (10)  

HO2
• + e− → HO2

− (11)  

HO2
− + H+ → H2O2 (12)  

H2O2 + e− → OH• + OH− (13)  

h+(VB)+H2O→ OH• + H+ (14)  

h+(VB)+OH− → OH• (15)  

RhB + OH• → degradation by − product (16)  

3.2.7. Kinetic study 
To further improve the understanding of RhB photocatalytic degra

dation using BiVO4, BiVO4-P and BiVO4-Cs, the analysis of their kinetic 
behavior during the process has been conducted by applying pseudo- 
first order and pseudo-second order kinetic models, as shown in the 
following Eqs. (17) and (18). 

ln(
C0

Ct
) = K1*t (17)  

1
Ct

−
1

C0
= K2*t (18)  

where C0 and Ct are the RhB concentrations at initial and at any time t, 
K1 and K2 are the observed rate coefficients for the pseudo first-order 
and second-order reactions, respectively. 

Fig. S3 displayed the plots of ln (C0/Ct) and (1/Ct − 1/C0) versus 
time (t) for the decomposition of RhB by BiVO4, BiVO4-P, and BiVO4-Cs. 
From these plots, the rate constants and the correlation coefficients were 
calculated and reported in Table 1. Following the results of the study, a 
pseudo first-order model was found to be the most suitable model for 
effectively describing photocatalytic reactions involving all catalysts 
under UV-B light. Furthermore, the findings indicated that the rate 
constant (K1) values for the BiVO4 and BiVO4-P catalysts were the 
highest, suggesting that photocatalytic reactions with these two photo
catalysts occurred at considerably faster rate. 

Fig. 11. Proposed mechanism of RhB photodegradation.  

Table 1 
RhB photocatalytic degradation rate constants of pseudo-first and pseudo- 
second order as well as their correlation coefficients.  

Catalyst UV-B light 

K1 

(1/min) 
R2

1 K2 

(L/mg-min) 
R2

2 

BiVO4  0.01782  0.9874  0.0483  0.6271 
BiVO4-P  0.01769  0.9929  0.0406  0.7355 
BiVO4-Cs  0.01238  0.9849  0.0113  0.8727  
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3.2.8. Visible light investigation 
Using the optimal conditions determined from the preceding study, 

we have tested the photocatalytic activity of the photocatalysts under 
visible light irradiation. The results presented in Fig. S4 indicate that all 
catalysts exhibited photocatalytic activity upon exposure to visible light, 
albeit to a lesser extent compared to UV-B light. The observed RhB 
degradation rates for BiVO4, BiVO4-P, and BiVO4-Cs in 270 min were 82, 
76, and 67 %, respectively. These results suggest that their photo
catalytic activity is not particularly strong, which could be attributed to 
various factors, including the synthesis method and directing agents 
used. These factors directly influenced the particle morphology and the 
photocatalytic efficiency of the catalysts[36,56]. 

3.2.9. Performance comparison 
Table 2 [36,37,54–57] presented a detailed performance comparison 

between synthesized BiVO4 catalysts, which were meticulously prepared 
using the hydrothermal method, and a range of other BiVO4 catalysts 
synthesized with various directing agents. The data clearly illustrates 
that the catalysts developed during current study exhibits highly 
promising results, demonstrating a remarkable level of efficiency in 
their performance. This suggests that reported hydrothermal synthesis 
method had yielded catalysts that outperform their counterparts syn
thesized with different directing agents. 

4. Conclusions 

In this research, BiVO4 photocatalyst was successfully synthesized 
through hydrothermal method, with the utilization of two different 
templating agents: Cs as an ecological an economical template and P as a 
surfactant. The SEM and TEM analyses revealed that the choice of 
templating agent significantly influenced the morphology and size of 
these photocatalysts. Interestingly, when templates were not used, for
mation of irregularly shaped clusters with large sizes was observed. 
However, the introduction of directing agents resulted in the creation of 
smaller irregular shapes, especially when Cs was employed. N2 
adsorption indicated an increase in the specific surface area from 9.20 to 
12.27 m2/g when employing Cs as a model. The XPS analysis demon
strated that the templates significantly influence the material’s surface 
charge, as evidenced by the examination of pHPZC. These synthesized 
samples were subsequently employed as photocatalysts to degrade RhB 
under UV-B and visible light exposure. Photocatalysts created with the 
aid of templates exhibited remarkable catalytic stability, but they 

displayed lower photocatalytic performance in removing the targeted 
pollutant, despite having the highest SSA. In addition, BiVO4 synthe
sized without the use of templates exhibited higher degradation rate 
following a pseudo first order reaction compared to the samples syn
thesized with templating agents. The application of Cs during the syn
thesis of BiVO4 seems promising, as it gives notable results in terms of 
photodegradation. Nevertheless, improvements in BiVO4-Cs synthesis 
conditions are needed to maximize its photodegradation efficiency. 
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Table 2 
Comparison of templates efficiency of some of the reported BiVO4.  

Synthesis method Experimental conditions Gap energy (eV) SSA (m2/g) Photocatalytic activity Reference 

Hydrothermal [BiVO4] = 0.2 g/L; [RhB] = 1.5 ppm; irradiation time = 180 min 2.36 53.6 100% under Visible light [57] 
Co-precipitation [BiVO4] = 1g/L; [RhB] = 5 ppm; pH=10; irradiation time = 300 min 2.27 1.5 99 % under Visible light [58] 
Hydrothermal [BiVO4] = 1g/L; [RhB] = 15 ppm; irradiation time = 200 min 2.42 – 62.38% under Visible light [59] 
Solvothermal [BiVO4] = 2g/L; [RhB] = 8.6 ppm; irradiation time = 120 min 2.31 12.08 74.8 % under Visible light [60] 
Hydrothermal [BiVO4] = 1g/L; [RhB] = 20 ppm; irradiation time = 50 min 2.42 84.23 0.97 % under 

UV light 
[61] 

Hydrothermal [BiVO4] = 1g/L; [RhB] = 10 ppm; irradiation time = 240 min (BiVO4-PVP) - 2.42 
(BiVO4-CTAB) - 2.41 
(BiVO4-SDBS) - 2.45 

1.60 
2.90 
3.90 

36.4 % 
94.9 % 
89.4 % 
under Visible 
light 

[38] 

Hydrothermal [BiVO4] = 1g/L; [RhB] = 5 ppm; pH = 7; irradiation time = 210 min (BiVO4) – 2.61 9.20 99.04 % under 
UV-B light 
82.10 % under 
Visible light 

This Work   

(BiVO4-P) – 2.56 11.59 98.61 % under 
UV-B light 
76.11 % under 
Visible light    

(BiVO4-Cs) – 2.58 12.27 94.18 % under 
UV-B light 
64.40 % under 
Visible light   
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