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Abstract 
Bismuth oxyiodide (BiOI) is a promising photocatalyst for visible-light-driven environmental 

remediation. However, its photocatalytic efficiency is highly dependent on synthesis conditions, 
particularly hydrothermal temperature, which governs its structural, optical, and electronic properties. 
In this study, BiOI was synthesized via a hydrothermal method at temperatures of 120℃, 150℃, 180℃, 
and 210℃ to investigate the effect of temperature on its photocatalytic performance systematically. 
Comprehensive characterizations, including X-ray diffraction, field emission scanning electron 
microscopy, energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy, UV-vis 
diffuse reflectance spectroscopy, photoluminescence and photocatalytic degradation studies, were 
conducted to analyze crystallinity, morphology, band structure and charge transfer properties. The 
results demonstrated that BiOI synthesized at 180℃ exhibited an optimal combination of crystallinity 
and particle dispersion, which enhanced charge separation and photocatalytic activity. It achieved a 
degradation efficiency of 94% for indigo carmine within 60 min under visible light irradiation. The 
bandgap energy and electronic structure of BiOI played a critical role in determining the dominant 
reactive species, with superoxide radicals (•O2−) being the primary contributors to indigo carmine 
degradation. The study provides new insights into the relationship between synthesis temperature, 
structural evolution, and photocatalytic efficiency, offering a scalable and effective approach for 
optimizing BiOI-based photocatalysts for environmental applications. 

1.  Introduction 
 
Water pollution is one of the most pressing global challenges, 

with industrial effluents, pharmaceuticals, and synthetic dyes contributing 
to severe environmental contamination [1-6]. Conventional wastewater 
treatment methods often fall short of completely degrading persistent 
organic pollutants [7], necessitating the development of more effective 
and sustainable alternatives. Semiconductor-based photocatalysis 
has emerged as a promising approach, offering the ability to harness 
solar energy for pollutant degradation without generating secondary 
waste [8].  

Bismuth oxyiodide (BiOI) has attracted attention as a visible-light-
active photocatalyst due to its narrow bandgap energy (1.72 eV to 
2.0 eV), enabling strong light absorption and efficient charge carrier 
generation [9-11], making it suitable for environmental remediation 
applications [12-14]. Various strategies have been explored to enhance its 
photocatalytic efficiency, including heterojunction formation, elemental 
doping, and nanostructure engineering [15-17]. Heterojunction-based 
approaches, such as coupling BiOI with BiOCl [18], BiVO4 [19], 
or Ag-based materials [20], have enhanced charge separation and 
extended carrier lifetimes [21]. While these approaches have led to 
significant efficiency improvements, they often involve complex 
synthesis processes, increased costs, and potential stability issues over 
time [22]. An alternative, more practical approach involves optimizing 

synthesis parameters rather than introducing chemical modifications. 
Recent trends in materials science emphasize the need for scalable, 
cost-effective, and stable photocatalysts [23-25]. Hydrothermal synthesis 
allows controlled crystallinity and morphology, directly influencing 
photocatalytic efficiency [26,27]. Despite its advantages, the effect of 
hydrothermal temperature on BiOI’s structural and optical properties 
remains inadequate [28]. Moreover, its recyclability, crucial for real-
world applications, has not been widely explored, as most studies 
have only examined its initial photocatalytic performance [29]. 

This study systematically investigates the impact of hydrothermal 
synthesis temperature (120°C, 150°C, 180°C, and 210°C) on the 
structural, optical, and photocatalytic properties of BiOI. Unlike 
previous studies that relied on heterojunctions or elemental doping, this 
work focuses solely on synthesis optimization to improve performance. 
By avoiding chemical modifications, this approach preserves BiOI’s 
intrinsic stability and simplifies large-scale production. Moreover, 
optimizing synthesis temperature aligns with the principles of green 
chemistry, reducing the need for additional reagents while maintaining 
strong photocatalytic activity. Beyond improving initial photocatalytic 
performance, this study also assesses the recyclability of BiOI synthesized 
under optimal conditions to evaluate its long-term applicability for 
wastewater treatment. While prior research has emphasized BiOI’s 
efficiency in single-use applications, few studies have examined its 
durability over multiple cycles. By addressing this gap, this work 
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provides valuable insights into the role of hydrothermal temperature 
in tuning BiOI’s properties. It offers a cost-effective, scalable strategy 
for developing high-performance photocatalysts for environmental 
remediation.  
 

2.  Experimental 
 
2.1 Preparation of BiOI 
 

All chemicals used in this study were of analytical grade. BiOI 
was synthesized via the hydrothermal method using bismuth (III) 
nitrate pentahydrate (Bi(NO3)3·5H2O) and potassium iodide (KI) as 
precursors. Initially, 1 mmol (2.4253 g) of Bi(NO3)3·5H2O was dissolved 
in 100 mL of 2 M nitric acid (HNO3), and 2 mmol (1.61 g) of KI was 
dissolved in 100 mL of deionized water separately. The Bi(NO3)3 and 
KI solutions were mixed, and the pH of the resulting solution was 
adjusted to 10 by adding 2 M sodium hydroxide (NaOH) solution, 
followed by continuous stirring for 1 h to ensure homogeneous mixing. 

The prepared solution was then transferred to a Teflon-lined 
stainless-steel autoclave and subjected to hydrothermal treatment at 
four different temperatures (120℃, 150℃, 180℃, and 210℃) for 5 h. 
After completion, the autoclave was allowed to cool naturally to 
room temperature. The orange-colored BiOI precipitate was filtered 
(0.1 µm filter), washed twice with deionized water, and dried at 80°C 
overnight. The synthesis process is summarized in Figure 1. 
 
2.2  Characterizations 

 
The crystalline structure of the synthesized BiOI was analyzed 

using X-ray diffraction (XRD, Malvern Panalytical, Aeris) with a 
CuKα radiation source (40 kV, 8 mA), scanning in the 20° to 80° 
diffraction range to confirm phase purity and crystallinity. The surface 
morphology and particle size were examined using field emission 
scanning electron microscopy (FE-SEM, Tescan, Mira 3). At the same 
time, the elemental composition was determined via energy-dispersive 
X-ray spectroscopy (EDX) to verify bismuth (Bi), oxygen (O), and 
iodine (I) distribution. The functional groups in BiOI were identified 

through Fourier transform infrared spectroscopy (FT-IR) (PerkinElmer, 
Frontier) using the attenuated total reflectance (ATR) technique in the 
4000 cm‒1 to 400 cm‒1 range, providing insights into surface chemical 
bonds. Finally, optical properties, including bandgap energy and 
visible light absorption, were assessed using UV-vis diffuse reflectance 
spectroscopy (DRS, Shimadzu, UV-2600i), employing Tauc’s plot 
analysis to estimate the bandgap, which is critical for photocatalytic 
applications. Photo-luminescence (PL, PerkinElmer Precisely LS 55) 
spectra were measured at room temperature using a luminescence 
spectrophotometer by using an excitation wavelength of 400 nm. 
 
2.3 Photocatalytic experiment 

 
The photocatalytic activity of the synthesized BiOI samples was 

evaluated by measuring the degradation of indigo carmine under 
visible light irradiation. A 0.050 g of BiOI was dispersed in 50 mL of 
indigo carmine solution with an initial concentration of 5.0 × 10‒5 M. 
The mixture was stirred in the dark for 30 min to achieve adsorption 
desorption equilibrium. The suspension was then exposed to visible 
light using two PHILIPS TLD 18W/865 fluorescent lamps, and aliquots 
of 3 mL to 5 mL were collected at 15 min intervals for a total reaction 
time of 60 min. The collected samples were centrifuged to remove 
any remaining BiOI particles, and the filtrate was analyzed using a 
UV-vis spectrophotometer (Thermo-Orion, AquaMate 8000) at the 
maximum absorption wavelength of 610 nm. 

The photocatalytic degradation efficiency was calculated using 
the Equation (1) [30]. 
 

Photocatalytic degradation efficiency (%)  =  C0-C
C0

 × 100%  (1) 

 
Where C0 and C  represent the initial and final concentrations of 

indigo carmine at different time intervals, respectively. The degradation 
kinetics were analyzed using the first-order reaction model [31]. 
 

ln � C
C0
�  =  ‒kt  (2) 

 
where 𝑘𝑘 is the reaction rate constant, and 𝑡𝑡 is the reaction time.  

 

Figure 1. Schematic representation of BiOI synthesis via the hydrothermal method. 
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For active species trapping experiments, 0.1 M of ethylenediamine-
tetraacetic acid (EDTA), benzoquinone (BQ), and butanal were used 
as scavengers for holes (h+), superoxide radicals (•O2‒), and hydroxyl 
radicals (•OH), respectively. Each scavenger was added to the dye 
solution after stirring in the dark for 30 min to ensure saturation before 
light irradiation. 
 
3.  Results and discussion 
 
3.1  X-ray diffraction and crystal size 

 
The XRD analysis of BiOI synthesized via the hydrothermal 

process at temperatures of 120°C, 150°C, 180°C, and 210°C is presented 
in Figure 2. All diffraction peaks observed in the XRD patterns 
correspond well with the tetragonal BiOI (JCPDS card No. 10-0445 

[27]), confirming the successful formation of the pure BiOI phase 
in all synthesized samples. Furthermore, the peak intensities increase 
as the hydrothermal temperature rises, indicating an improvement in 
crystallinity. Notably, the diffraction peaks become sharper and more 
intense at higher temperatures, especially at 210℃, suggesting better 
grain growth and reduced lattice defects. This trend indicates that 
higher synthesis temperatures enhance the degree of crystallization, 
leading to a more ordered atomic arrangement within the BiOI lattice. 
Despite the variations in peak intensity, all BiOI samples maintained 
a consistent phase composition without secondary phases or impurities, 
confirming the formation of pure BiOI. 

 

 
Figure 2. XRD patterns of BiOI synthesized at different hydrothermal 
temperatures. All observed peaks correspond to pure BiOI. Only representative 
peaks (102), (110), (200), and (212) are labeled to support a discussion of 
crystallite size and crystallinity.  

 

To evaluate the impact of temperature on crystallite size (𝐿𝐿), the 
Scherrer equation was applied. 
 

 L = Kλ
β cos θ

   (3) 

 
where K is a constant dependent on crystal shape, normally used 

as 0.9, λ is the wavelength of X-ray (1.54060 Å), β is the width of the 
peak at half the maximum height in radians, and θ is the diffraction 
angle in degree. In this study, the crystallite size of BiOI was calculated 
using the Scherrer equation based on the diffraction peak at 2θ = 29.6°, 
corresponding to the (102) plane of tetragonal BiOI. the crystallite 
sizes of BiOI synthesized at different temperatures were calculated 
using this equation and are summarized in Table 1. The results show 
a clear trend of increasing crystallite size with rising hydrothermal 
temperature, where the crystallite size grows from 31.63 nm at 120℃ 
to 47.44 nm at 210℃. Although not all diffraction peaks show a 
distinct trend, the (102) and (110) peaks exhibit increased intensity 
with rising synthesis temperature, suggesting improved crystallinity. 
These changes, along with the increase in calculated crystallite size, 
imply that higher temperatures promote better structural order in 
BiOI. This interpretation is consistent with previous studies [32], 
which report enhanced grain growth and atomic diffusion at elevated 
hydrothermal temperatures. These findings confirm that hydrothermal 
temperature significantly influences the crystallite size of BiOI, 
with higher temperatures leading to larger crystallites and improved 
structural order [26,28]. Notably, despite the increase in crystallite size, 
the XRD analysis alone does not provide information on the overall 
particle morphology or aggregation behavior. Therefore, further 
insights into the microstructural evolution of BiOI under different 
hydrothermal conditions are required, which will be analyzed using 
FE-SEM in the next section. 

 
3.2 Surface morphology and EDX analysis 
 

FE-SEM images (Figure 3) illustrate the morphological evolution 
of BiOI particles synthesized at different hydrothermal temperatures. 
At 120℃ (Figure 3(a)), the BiOI particles exhibit a plate-like morphology 
with significant aggregation, forming large particle clusters. This 
aggregation is attributed to the limited atomic mobility at lower 
temperatures, which restricts grain growth and leads to particle 
agglomeration [28]. As the temperature increases to 150°C (Figure 3(b)), 
the particles become more dispersed, and individual plate-like structures 
are more visible, suggesting improved crystallization and reduced 
agglomeration. At 180℃ (Figure 3(c)), the BiOI particles display 
a more distinct morphology with smaller and well-separated structures, 
indicating enhanced dissolution-recrystallization effects promoting  
 

Table 1. Properties of BiOI synthesized at different hydrothermal temperatures. 
 
BiOI sample Crystal size  

[nm] 
Bandgap energy 
[eV] 

EVB  
[eV] 

ECB  
[eV] 

120°C 31.63 1.91 2.398 0.488 
150°C 34.51 1.91 2.398 0.488 
180°C 37.95 1.89 2.388 0.498 
210°C 47.44 1.91 2.398 0.488 

(°)
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finer crystallite formation. Finally, at 210℃ (Figure 3(d)), the particles 
exhibit the highest degree of dispersion with smaller, well-defined 
features. This result suggests that at higher temperatures, BiOI undergoes 
increased fragmentation of its plate-like structures, which enhances 
particle dispersion rather than forming larger aggregates. This trend 
aligns with the XRD results, which indicate a progressive increase in 
crystallite size with temperature. However, FE-SEM images reveal that 
while individual crystallites grow larger at higher temperatures, the 
particle clusters become smaller and more dispersed. This phenomenon 
can be attributed to enhanced thermal energy, which promotes grain 
growth while simultaneously reducing interparticle adhesion, leading to 
the fragmentation of larger clusters into finer structures. The increased 
atomic mobility at elevated temperatures facilitates crystallization 
but also contributes to breaking apart agglomerated BiOI particles, 
resulting in improved dispersion. This observation is consistent with 
previous studies, which have shown that increased synthesis temperatures 
enhance atomic diffusion, leading to reduced particle agglomeration 

and improved structural dispersion in BiOI materials [32]. Despite 
these morphological transformations, all BiOI samples retain their 
characteristic plate-like structure, confirming that hydrothermal 
temperature is crucial in modulating particle dispersion and growth 
without altering the fundamental BiOI crystal framework. 

The elemental composition of the synthesized BiOI particles 
was further analyzed using EDX. The results, summarized in Table 2, 
confirm the presence of Bi, O, and I in all samples. Notably, the Bi/I 
atomic ratio of the sample synthesized at 180°C is close to the ideal 
1:1 stoichiometry, while other samples show deviations of more than 
10%. These variations may be attributed to surface inhomogeneity, 
incomplete precipitation, or limitations of the EDX technique, which 
provides semi-quantitative data based on localized surface analysis. 
Despite these differences, the elemental mapping confirmed uniform 
spatial distribution of the elements, suggesting overall successful 
synthesis, which aligns with previous studies on BiOI synthesized via 
hydrothermal methods [33]. 

       
 

       

Figure 3. FE-SEM images of BiOI synthesized by hydrothermal process at (a) 120°C, (b) 150°C, (c) 180°C, and (d) 210°C. 
 
Table 2. The EDX of BiOI synthesized by hydrothermal process at different temperatures. 
 
BiOI sample Bismuth atomic 

[%] 
Oxygen atomic 
[%] 

Iodine atomic 
[%] 

120°C 30.23 45.08 24.69 
150°C 28.23 36.32 35.45 
180°C 35.73 29.91 34.36 
210°C 33.27 40.41 26.31 

(a) (b) 

(c) (d) 
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3.3  FT-IR analysis  
 
FT-IR spectroscopy was performed to analyze the structural 

and functional characteristics of BiOI synthesized at hydrothermal 
temperatures of 120°C, 150°C, 180°C, and 210°C, as shown in 
Figure 4. The FT-IR spectra exhibit characteristic absorption bands 
in the 400 cm⁻1 to 700 cm⁻1 region, corresponding to the stretching 
vibrations of Bi−O, Bi−O−I, and Bi−O−Bi bonds in the BiOI lattice 
[17]. These peaks confirm the formation of the BiOI phase and provide 
insight into the chemical bonding within the material. In addition, 
broad peaks observed in the range of 3500 cm‒1  to 3000 cm‒1 
are attributed to O−H stretching vibrations, while the peak around 
1600 cm‒1 corresponds to the bending vibrations of the hydroxyl 
(−OH) groups [34,35]. These peaks indicate the presence of surface-
adsorbed water molecules and hydroxyl groups, which can act as 
active sites for photocatalytic reactions. The bands observed between 
1420 cm‒1 belong to the stretching vibrations of the tetragonal crystal 
links of BiOI [36]. Additionally, weak absorption bands around 
1720 cm‒1 suggest the presence of carbonyl (C=O) [37], which may 
originate from atmospheric CO2 adsorption or residual organic species 
from the synthesis process. Furthermore, characteristic C−H stretching 
vibrations in the aliphatic (2871 cm‒1 to 2925 cm‒1) [38] regions could 
indicate surface contamination from environmental carbon sources 
or adsorbed organic species. 

A notable trend observed in the FT-IR spectra is the gradual 
decrease in the intensity of the −OH-related peaks with increasing 
synthesis temperature. BiOI synthesized at lower temperatures, 
such as 120°C, exhibits broad and less defined peaks, which indicate 
higher impurity levels and incomplete crystallization, potentially 
hindering photocatalytic efficiency. In contrast, BiOI synthesized at 
210°C shows sharp, well-defined peaks reflecting superior crystallinity 
and structural order. This trend is consistent with the XRD results, 
where higher synthesis temperatures promote improved crystallinity 
and structural order [19,27]. The reduction in surface hydroxyl (‒OH) 
groups at elevated temperatures suggests decreased defect concentration, 
which may enhance charge separation. While surface hydroxyl groups 
can act as active sites in photocatalytic reactions, excessive hydroxylation 
may lead to charge recombination, reducing efficiency [35,39]. 
Therefore, optimizing the synthesis temperature is crucial for balancing 
crystallinity and surface chemistry to achieve maximum photocatalytic 
performance. 

 
3.4  Optical properties 

 
The optical properties of BiOI are crucial for its application in 

photocatalysis, as they determine the material's ability to absorb 
light and generate electron-hole pairs for catalytic reactions. The light 
absorption characteristics of BiOI synthesized via the hydrothermal 
process at temperatures of 120°C, 150°C, 180°C, and 210°C are 
presented in Figure 5(a). The absorption spectra indicate that all BiOI 
samples exhibit strong absorption within the visible light region, 
consistent with previous studies [19]. Among the synthesized samples, 
BiOI prepared at 150°C demonstrates the highest light absorption 
capacity, which may be attributed to the optimal balance between 
crystallinity and particle dispersion at this synthesis temperature.  

However, all samples retain the ability to absorb visible light efficiently,  
making them suitable for solar-driven photocatalytic applications. 
The bandgap energy of the BiOI samples was determined using Tauc’s 
plot method, according to the equation. 

 
(αhv)m  =  A(hv − Eg)  (4) 

 
where α  is the absorption coefficient, A is constant, hv is photon 

energy, Eg is the bandgap energy, and 𝑚𝑚 depends on the type of 
transition (with m = 2 and 1/2 for direct and indirect allowed transitions, 
respectively). Since BiOI exhibits an indirect bandgap transition 
[36,40], the value of m was set to 1/2, and the bandgap energy was 
obtained by extrapolating the linear portion of the graph to the x-axis. 
The absorption coefficient (α) was estimated from UV-Vis absorbance 
data. The constant A in Equation (4) is a proportionality factor and 
was not explicitly calculated. Instead, Eg was determined using the 
standard method of extrapolating the linear portion of the (αhν)½ 
versus hν plot. Figure 5(b) presents the Tauc’s plots for BiOI synthesized 
at various hydrothermal temperatures, showing that the calculated 
bandgap energy for all samples is shown in Table 1. This bandgap 
energy is optimal for visible light absorption, enabling BiOI to efficiently 
generate electron-hole pairs under solar illumination, which is essential 
for photocatalytic degradation processes [41]. The results indicate that 
BiOI is highly effective in degrading organic pollutants in wastewater, 
breaking harmful substances into harmless byproducts such as water 
and carbon dioxide. Furthermore, optimizing hydrothermal synthesis 
conditions plays a vital role in enhancing the structural and optical 
properties of BiOI, which improves its performance in solar-driven 
photocatalytic applications [42]. However, the bandgap energy alone 
cannot fully explain the differences in photocatalytic performance 
among the samples. Although the bandgap values of BiOI synthesized 
at 120℃, 150°C, and 210°C are quite similar, the superior activity 
observed in the 180°C sample is likely due to a combination of enhanced 
crystallinity and improved particle dispersion, which together contribute 
to better photocatalytic efficiency. The relationship between bandgap 
energy and photocatalytic performance will be further analyzed in 
the following section. 

 

 
Figure 4. FT-IR spectra of BiOI synthesized by the hydrothermal process 
at different temperatures.
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Additionally, the band edge position of BiOI is estimated by 
applying Mulliken electronegativity theory [37] as follows: 
 

EVB  =  X− Ee + 0.5Eg (5) 
 

ECB  =  EVB − Eg (6) 
 
where EVB is the valence band edge potential. ECB is the conduction 

band edge potential.  X  is absolute electronegativity and Eg is the 
bandgap energy of the semiconductor. 𝐸𝐸𝑒𝑒  stands for the energy of 
free electrons on the hydrogen scale (about 4.5 eV). Other researchers 
have already obtained the X value for BiOI, which is 5.943 eV [37]. 
The calculated band edge positions of BiOI synthesized at different 
temperatures are summarized in Table 1. These values are crucial in 
determining the photocatalyst’s ability to generate reactive oxygen 
species (ROS) during photocatalysis. Although the conduction band 
(CB) position of BiOI is more positive (+0.498 V vs. NHE) than the 

redox potential of O2/•O2‒ (‒0.33 V), the possible generation of •O2‒ 
may still be facilitated by high-energy photoexcited electrons or defect-
mediated processes [39]. Similarly, the valence band (VB) position 
influences the oxidation potential of photogenerated h+. If the VB is 
sufficiently positive, it can facilitate the formation of •OH, which are 
highly reactive and contribute significantly to pollutant degradation. 
The standard redox potentials for •OH formation are +1.99 V vs. 
NHE from OH‒ and +2.72 V vs. NHE from H2O. Therefore, the VB 
of BiOI must be sufficiently positive to drive these oxidation reactions 
effectively [42]. 

PL spectra were measured to evaluate the charge carrier 
recombination behavior of BiOI samples shown in Figure 5(c). All 
samples exhibited a broad emission band centered around 590 nm 
and 620 nm, which is characteristic of BiOI and corresponds to the 
radiative recombination of photoinduced electron–hole pairs [43]. 
The sample synthesized at 120°C showed the lowest PL intensity, 
indicating suppressed recombination and enhanced charge separation

        

 

Figure 5. (a) UV–Vis diffuse reflectance spectra of BiOI samples synthesized by the hydrothermal process at different temperatures, (b) Tauc plots used to 
estimate the bandgap energy and (c) Photoluminescence spectra of BiOI samples synthesized at different hydrothermal temperatures.
 
 
 

 
 

(a) (b) 

(c) 



Synthesis temperature-driven enhancements in BiOI photocatalysis: A hydrothermal approach 

J. Met. Mater. Miner. 35(3). 2025   

7 

3.5  Photocatalytic performance 
 
The photocatalytic activity of BiOI samples synthesized at various 

hydrothermal temperatures was assessed through the degradation of 
indigo carmine under visible light. Figure 6(a) shows that the 180°C 
sample led to a notable reduction in absorbance at 610 nm, reflecting 
efficient dye removal. Although Brunauer–Emmett–Teller (BET) 
surface area data were not collected in this work, some differences 
in early-stage dye adsorption could be observed, particularly for the 
150°C and 210°C samples (see Figure 6(c)). These differences may 
relate to surface structure as seen in the FE-SEM images. However, 
it should be emphasized that adsorption behavior alone does not 
determine the overall photocatalytic performance, which is also 
influenced by crystal quality and charge transport behavior. 

Figure 6(b) compares the degradation efficiency among all four 
temperatures. The 180°C sample reached the highest removal rate 
(94% within 60 min). Meanwhile, Figure 6(c) presents the temporal 
changes in C/C₀. The k values were determined using the pseudo-first-

order kinetic model (Equation (2)) based on ln �C0

C
� versus time plots 

(not shown). The obtained values were 0.0512 min‒1, 0.0328 min‒1, 
0.0564 min‒1, and 0.0479 min‒1 for samples synthesized at 120°C, 
150°C, 180°C, and 210°C, respectively. These values suggest that the 
180°C sample had the most favorable reaction rate, with 120°C and 
210°C following, while the 150°C sample showed the lowest value. 
This difference can be associated with a combination of factors, 
including crystallinity, particle arrangement, and interfacial interactions. 
Notably, although 150°C and 210°C showed reasonable dye uptake 
at the start, their overall efficiency remained lower, likely due to 
structural or electronic limitations.  

As shown in Table 1, BiOI synthesized at 180°C exhibits the 
lowest bandgap energy (1.89 eV), which enhances visible light 
absorption and increases the number of photogenerated electron-
hole pairs. This lower bandgap facilitates stronger photon absorption 
and promotes efficient charge excitation, thereby improving photo-
catalytic performance. Although the BiOI sample synthesized at 
210°C showed the smallest particle size according to FE-SEM analysis, 
it also exhibited the highest photoluminescence (PL) intensity, indicating 
a higher rate of electron-hole recombination. Consequently, the photo-
catalytic efficiency of the 210°C sample was lower than that of the BiOI 
synthesized at 120°C. The enhanced activity of the 120°C sample 
can be attributed to its lower recombination rate, even though it 
exhibited more aggregated particles. In contrast, the BiOI synthesized 

at 180°C demonstrated a moderate PL intensity and a well-defined 
flower-like morphology, resulting in the highest photocatalytic activity 
among all samples. These findings suggest that achieving an optimal 
balance between charge separation and surface reactivity is crucial 
for maximizing photocatalytic efficiency [43]. 

To further contextualize the photocatalytic performance of the 
synthesized BiOI, Table 3 compares its degradation efficiency with 
previously reported nanomaterial-based photocatalysts. The results 
indicate that BiOI synthesized at 180°C in this study outperforms many 
previously reported nanomaterials for indigo carmine degradation, 
achieving higher efficiency in a shorter time. While some materials, 
such as Ni–BaMo3O10, exhibit slightly higher degradation efficiencies 
[44], they require a significantly longer reaction time (180 min). This 
highlights the effectiveness of synthesis temperature optimization 
in achieving rapid and efficient photocatalysis without additional 
dopants or composite formations. The findings from this study 
demonstrate that the optimal synthesis temperature for BiOI is 180°C, 
as it provides the best balance between crystallite size, charge separation 
efficiency, and surface characteristics. This result underscores the 
importance of synthesis conditions in tailoring the photocatalytic 
properties of BiOI, making it a promising candidate for practical 
environmental remediation applications. 

 
3.6  Reusability of photocatalyst 

 
The reusability of the photocatalyst is a critical factor for its 

practical application in the photocatalytic degradation of indigo 
carmine, offering a cost-effective and sustainable solution for 
wastewater treatment. This study evaluated BiOI synthesized at 
180°C reusability over three consecutive cycles, as shown in Figure 7. 
The degradation efficiency of BiOI decreased from 94% in the fresh 
cycle to 85.7%, 77.5%, and 70.6% in the 1st, 2nd, and 3rd cycles, 
respectively. The observed decline in efficiency is primarily attributed 
to the accumulation of reaction residues on the catalyst surface and 
the partial structural degradation of BiOI, which may hinder light 
absorption and active site availability [22]. Despite the reduction in 
degradation efficiency over multiple cycles, BiOI retained significant 
photocatalytic performance under visible light irradiation, demonstrating 
its potential for practical wastewater treatment applications. The 
results indicate that BiOI synthesized via the hydrothermal method 
at an optimized temperature of 180°C can have multiple reuse cycles 
with acceptable efficiency [13]. 

 
Table 3. Comparison of the photocatalytic degradation efficiency of BiOI with previous studies. 
 
Nanomaterial  Pollutant Concentration Photodegradation 

percentage/time 
Reference 

BiOI  Indigo carmine 5 × 10‒5 M 94% within 60 min This study 
BiOI  Indigo carmine 20 mg∙L‒1 93% within 90 min [13] 
TiO2: AC  Indigo carmine 5 × 10‒5 M 71% within 90 min [45] 
BaMo3O10  Indigo carmine 20 mg∙L‒1 40% within 180 min [44] 
Ni–BaMo3O10  Indigo carmine 20 mg∙L‒1 98% within 180 min [44] 
Bi2MoO6  Indigo carmine 30 mg∙L‒1 94% within 120 min [46] 
BiOI  Rhodamine B 1 × 10‒5 M 81% within 90 min [47] 
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Figure 6. (a) Absorbance of indigo carmine solutions photocatalyzed by BiOI synthesized at 180°C, (b) Photocatalytic degradation efficiency of BiOI 
synthesized at different temperatures, and (c) Plots of C/C0 for BiOI synthesized by hydrothermal process at different temperatures. 

 

Figure 7. Cyclic runs for the degradation of indigo carmine on BiOI synthesized 
at 180°C 

 

To enhance the long-term stability and performance of BiOI 
in cyclic use, further research could explore various regeneration 
strategies, such as surface cleaning techniques, structural reinforcement 
through doping, or composite formation, which could mitigate catalyst 
deactivation and extend its usability for additional cycles [48]. The 
decrease in photocatalytic efficiency over multiple cycles highlights 
the challenges associated with catalyst fouling and structural degradation. 
Catalyst poisoning due to the adsorption of organic intermediates 
and surface passivation can contribute to the loss of active sites and 
reduced charge separation efficiency [49]. However, the ability of 
BiOI to maintain over 70% efficiency after three cycles suggests that 
it is a viable option for practical environmental applications, with 
further optimization required to enhance durability. 

 
3.7  Proposed mechanism 

 
The photocatalytic degradation of indigo carmine by BiOI is 

primarily driven by •O2‒, as indicated by the scavenger test results in  
 
 

(a) (b) 

(c) 
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Figure 8. The significant reduction in photocatalytic activity when 
•O2‒ scavengers are introduced confirms that these radicals play 
a crucial role in dye degradation. This observation initially appears 
inconsistent with the CB position of BiOI at +0.498 V (Table 1), 
which is more positive than the standard redox potential of O2/•O2‒ 
(‒0.33 V). However, the generation of •O2‒ confirmed by the scavenger 
experiment (Figure 8) may be attributed to defect-mediated charge 
transfer pathways that facilitate electron injection into molecular 
oxygen, as previously reported in BiOI systems with surface defects 
or oxygen vacancies [39]. These radicals facilitate the degradation 
of organic pollutants through oxidative pathways. Conversely, •OH 
contributes minimally to the degradation process despite its high 
oxidation potential. This is unexpected given that the VB of BiOI at 
2.398 eV is theoretically capable of oxidizing OH‒ or water molecules 
into •OH, as their redox potentials (+1.99 eV and +2.27 eV, respectively) 
fall within the accessible range. However, the minimal impact of •OH 
scavengers suggests that hydroxyl radicals are generated insufficiently 
or undergo rapid recombination before participating in dye oxidation. 
Even if some hydroxyl radicals form, their short lifetime and recombination 
with photogenerated electrons likely limit their effectiveness. One 
possible explanation is the relatively low density of surface hydroxyl 
groups, as observed in the FT-IR spectra (Figure 4), which reduces 
the availability of OH‒ ions required for •OH generation. Furthermore, 
the conduction band position of BiOI strongly favors O2 reduction, 
making electron transfer to O2 thermodynamically and kinetically more 
favorable than recombination with holes. As a result, BiOI-mediated 
photocatalysis under visible light predominantly follows an •O2‒-driven 
mechanism rather than a hydroxyl radical-driven process. This insight 
is critical for designing BiOI-based photocatalysts optimized for different 
organic pollutant degradation pathways. Although h+ possess strong 
oxidation potential, their contribution to the degradation process appears 
limited. One possible reason is that h+ may undergo recombination with 
photogenerated electrons before participating in oxidation reactions. 
Additionally, due to the relatively low density of surface hydroxyl groups, 
direct oxidation of adsorbed dye molecules by h+ may be inefficient 
compared to indirect oxidation through •O2‒. The strong preference for 
the •O2‒ pathway suggests that photogenerated h+ either recombine 
rapidly or do not interact efficiently with surface species, reinforcing 
the •O2‒-driven mechanism as the primary route for dye degradation 
in this system. 

To better illustrate the proposed charge transfer pathways in 
BiOI synthesized at 180°C under visible light irradiation, Figure 9 
presents a schematic representation of the photocatalytic mechanism. 
Based on the experimental findings, the photocatalytic degradation 
mechanism of  indigo carmine using BiOI synthesized at different 
temperatures can be summarized as follows Equation (7-9); 

 
     BiOI + hv  →  e‒  + h+ (7) 

 
   e‒  + O2  →  •O2‒ (8) 

 
 •O2‒  + indigo carmine →  Degraded products      (9) 

 
This mechanism underscores the dominant role of •O2‒ in the 

degradation process and highlights the effectiveness of BiOI in 
utilizing visible light to generate active species for photocatalytic 
reactions. 

 

Figure 8. Effect of different scavengers on the removal efficiencies of indigo 
carmine by BiOI under visible light irradiation. 

 

 

Figure 9. Proposed mechanism of charge transfer pathways in BiOI 
synthesized at 180°C under visible light irradiation. 

 
4.  Conclusions 

 
This study systematically investigated the influence of hydrothermal 

synthesis temperature on the structural, optical, and photocatalytic 
properties of BiOI. XRD analysis confirmed that increasing the 
synthesis temperature enhanced crystallinity and grain growth, as 
evidenced by the higher intensity and sharper diffraction peaks, along 
with the largest crystallite size observed at 210°C. As determined by 
UV-vis and band structure calculations, the optical properties indicated 
that BiOI synthesized at 180°C possessed the lowest bandgap energy 
(1.89 eV), allowing enhanced visible-light absorption and effective 
charge carrier generation. The photocatalytic performance evaluation 
using indigo carmine degradation demonstrated that BiOI synthesized 
at 180°C achieved the highest degradation efficiency (94% within 
60 min), attributed to its favorable microstructure and low recombination 
rate of electron and hole. Furthermore, mechanistic analysis using 
scavenger experiments identified •O2‒ as the primary reactive species 
responsible for dye degradation. Despite the sufficient oxidation 
potential of the valence band for •OH formation, their contribution to 
photocatalysis was minimal, likely due to the limited availability of  
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surface hydroxyl groups and a competitive electron transfer pathway 
favoring •O2‒ generation. These results emphasize that synthesis 
temperature is a key parameter in optimizing BiOI photocatalysts, 
as it directly influences crystallinity, morphology, charge transfer 
properties, and reactive species generation. The findings provide 
valuable insights into designing efficient BiOI-based photocatalysts 
for wastewater treatment applications. This demonstrates that precise 
control over synthesis conditions can significantly enhance photo-
catalytic activity without requiring additional modifications such as 
elemental doping or heterostructure formation. 
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