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The persistent presence of endocrine-disruptive chemicals (EDCs) in surface waters has raised serious

environmental and health concerns, necessitating the development of efficient and sustainable water

treatment strategies. Advanced oxidation using visible light-driven photoactive bismuth oxyiodide nano-

particles is an emerging technique for efficient water treatment. The effects of reaction parameters such

as pH and temperature on the formation of semiconductor BixOyIz nanoparticles remain underempha-

sized despite their critical role in tailoring size, morphology, elemental composition, specific surface area,

and photocatalytic activity. Accordingly, this study aimed to develop a modified solvo-hydrothermal

method to optimize the synthesis of BixOyIz nanoparticles under varying pH and temperature conditions,

and to establish correlations between their physicochemical properties – characterized by XRD, SEM,

EDX, TEM, FTIR, UV-vis DRS, XPS, PL, Raman, and BET – and their photocatalytic performance. The

results revealed that the sensitivity of iodine to pH and temperature significantly influenced particle

growth and specific surface area, while the overall photocatalytic activity was also determined by the

various phases of bismuth oxides and hydroxides formed during synthesis. It was demonstrated that the

particles synthesized at pH values between 1.5 and 5.5 showed the highest photocatalytic activity due to

the combined effect of larger surface area and interstitial surface defects formed due to hydroxylation.

Finally, the possible configuration mechanism of the synthesized nanoparticles and the kinetics of photo-

catalytic degradation were discussed.

1. Introduction

Pollution of surface water, which is primarily the source of
drinking water, is one of the major threats that the world is
currently facing. While the use of cosmetics and personal care
products (PCPs) is widely regarded as one of the drivers of
good quality of life,1 these products, along with pharmaceuti-
cals, pesticides, and fertilizers, are also the sources of contami-
nants of emerging concern (CECs).2–4 Endocrine-disrupting
chemicals (EDCs) like bisphenol A (BPA) are estimated to leach
into the environment at over 1000 tons yearly and are found in

more than 90% of tested humans.5,6 Although pollution-treat-
ment methods involving chlorination, ozonation, and Fenton
oxidation have been proven effective through years of appli-
cation, their efficiency in removing emerging contaminants is
relatively poor, and their use often leads to the risk of
unwanted side reactions forming hazardous by-products.7–9

Photocatalysis is emerging as an alternative technology in
the field of water purification and shows great potential for
removing various organic and inorganic pollutants.10 Many
heterogeneous semiconductor metal oxides, such as TiO2,
ZnO, CdO, Fe2O3, V2O5, etc., are gaining attention from
researchers worldwide. Among them, TiO2 and ZnO nano-
particles have been studied extensively because of their chemi-
cal inertness, non-toxicity, and low cost.9,11 However, they have
relatively high bandgap energy (∼3.2 eV), which limits their
photoactivity within the ultraviolet region of the spectrum (λ <
380 nm).12–14

Bismuth oxyhalides BiOX (X = Cl, Br, I) are V–VI–VII ternary
semiconductor materials that have attracted increasing interest
owing to their outstanding visible-light absorption and
efficient electron–hole pair separation, in addition to the pro-
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perties mentioned earlier.15,16 They are crystalline in nature
and exhibit a tetragonal matlockite structure. The crystal
lattice consists of [Bi2O2]

2+ interlayers stacked between
halogen-anion dual slabs along the z-axis, held together by van
der Waals forces. This [X–Bi–O–Bi–X] structure enables the
generation of an inner electric field between halogen and
[Bi2O2]

2+ slabs, which are accountable for the valence band
and conduction band of the BiOX semiconductor, respectively.
The distance between the two bands narrows with increasing
atomic radius of the halogen, resulting in a decrease in the
bandgap energy according to the sequence BiOF > BiOCl >
BiOBr > BiOI.17–21

Although bismuth oxyiodide exhibits the highest photo-
active potential among the BiOX materials, its activity can be
limited by its low conduction-band position and the high like-
lihood of electron–hole pair recombination. Furthermore, the
activity of semiconductor photocatalysts is largely determined
by their composition, morphology, surface area, and exposed
facets. Thus, researchers worldwide are working on strategies
for improving the photocatalytic performance of bismuth
oxyiodide.12,22 Among the many routes of BiOI synthesis, the
solvo-hydrothermal method is the most popular in the scienti-
fic community. Using this process, Bi(NO3)3·5H2O and KI are
used as precursors, while water, ethanol, ethylene glycol, poly-
ethylene glycol, glycerine, and nitric acid have been the sol-
vents chosen by various research groups. The reaction mixture
is heated in a Teflon-lined autoclave at 120 °C to 180 °C for 10
to 16 hours.23,24 Yu and Han reported that BiOI prepared
using ethylene glycol (EG) as the solvent shows photocatalytic
properties that are superior compared to those of BiOI pre-
pared by others.25 Duran-Alvarez et al. described higher-temp-
erature synthesis leading to a product with slightly increased
porosity that does not affect the photocatalytic performance,26

while Elamin et al. reported that a room-temperature sono-
chemical process produced good results.27 Xiao and Zhang
conducted the reaction in an open vessel, stating that the
sealed conditions of an autoclave are unfavourable for gas-gen-
erating reactions.12 Furthermore, Guin et al., Long et al., and
Matiur et al. calcinated their bismuth oxyhalide up to 500 °C
to obtain product with iodine-deficient phases viz. Bi4O5I2,
Bi5O7I, Bi7O9I3.

15,28,29 Pai Wu’s research group synthesized
iodine-deficient Bi7O9I3 by increasing the pH value of the reac-
tion mixture up to 12, while the research group of Gongjaun
Wu claimed iodine-deficient Bi7O9I3 could be obtained at pH
8.30,31 Ma et al. used various ratios of bismuth to iodine in the
reaction mixture and reported that oxygen-deficient Bi7O9I3
exhibits enhanced photoactivity.32 The effect of water content
on crystal growth was studied by He et al., who stated that a
weaker acidic environment promotes the growth of [0 0 1]
facets, which are more active than [1 1 0] facets. At the same
time, Pan et al. claimed that [1 1 0] facets can absorb a high
amount of oxygen to form O2

− and OH• radicals and thus are
more active than [0 0 1] facets.33,34 Overall, many researchers
have acknowledged the use of bismuth nitrate pentahydrate as
a precursor. However, the possibility of the formation of
bismuth oxides, bismuth hydroxides, and basic bismuth

nitrate (BBN) compounds along with the product has been
overlooked. Temperature-induced iodine loss has been
reported by many researches, but reports on pH-induced
iodine loss and the effects of surrounding OH− ions in the
reaction mixture (which can replace the iodine in the BiOI
crystal structure) are still underrepresented. Furthermore, the
summary of conducted research (Table S1, SI) indicates a lack
of uniformity in the synthesis procedures and the resulting
products. This inconsistency makes it challenging for new
researchers or industries seeking to synthesize a customized
product for specific applications to understand and use the
available literature effectively.

In a quest to obtain the best photoactive product, the step-
wise study on the effects of the above-mentioned parameters
on particle composition, morphology, and growth has largely
been overlooked and has created significant ambiguity.

In this work, we have developed a straightforward and
energy-efficient approach to BixOyIz synthesis by combining
solvothermal and hydrothermal procedures, resulting in a
superior product in terms of photoactivity. We also addressed
the ways of tailoring nanoparticles as per requirements by
studying the effect of pH and temperature on their synthesis
and performance. In this simple yet novel method, we syn-
thesized BixOyIz under air conditions with EG and water as sol-
vents. The stoichiometric ratio of bismuth to iodine was main-
tained at 2 : 1. The stirring speed of the reaction mixture was
kept constant at 750 rpm, and NaOH was used to change the
pH value from 1 to 8. The produced materials were character-
ized by means of several techniques such as XRD, SEM, EDX,
TEM, FTIR, UV-vis DRS, XPS, PL, Raman, and BET. The photo-
catalytic activity of the products against colourless BPA was
evaluated under the irradiation of a 50 W white LED lamp,
acknowledging its thermo-economic advantages over xenon
and halogen lamps.35,36

2. Materials and methods
2.1 Reagents

Bismuth(III) nitrate pentahydrate (Bi(NO3)3·5H2O, 98%, reagent
grade, MW 485.07 Da) was purchased from Sigma-Aldrich
GmbH and used as the bismuth source. Potassium Iodide (KI,
99+%, synthesis grade, MW 166 Da) and ethylene glycol (EG,
MW 62.07 Da) were purchased from Acros Organics and Carl
Roth GmbH and employed as the iodine source and solvent,
respectively. Analytical grade sodium hydroxide (NaOH, MW
39.99 Da) was ordered from Honeywell-Fluka and utilised for
pH variation, while bisphenol A (MW 228.29 Da) was pur-
chased from Sigma-Aldrich GmbH and served as a colourless
model pollutant. All the reagents were used as received
without further purification. Deionized (DI) water was used for
synthesis and washing purposes.

2.2 Synthesis

This study proposes a modified solvo-hydrothermal synthesis
process in which 10 mmol (4.86 g) of Bi(NO3)3·5H2O was dis-
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solved in 40 mL of ethylene glycol (EG) in a round bottom
flask at 70 °C and 750 rpm stirring speed using an oil bath
and magnetic stirrer, respectively. 5 mmol (0.83 g) of KI solu-
tion in 150 mL of DI water was then heated to 70 °C and
rapidly added to the Bi(NO3)3·5H2O solution. A bright red pre-
cipitation was immediately observed in the reaction mixture,
which was then stirred for a minute to ensure complete mixing
and subsequently placed in an ice bath to stop the reaction.
The produced slurry was then filtered, washed with DI water
and finally dried in a vacuum oven at 60 °C for 24 hours. To
study the effect of pH, different amounts of NaOH (7.5, 22.5,
and 27.5 mmol) were dissolved in 150 mL of water and KI and
rapidly added to the Bi(NO3)3·5H2O solution. The colour of the
precipitation changed from bright red (0 mmol NaOH) to pale
yellow (27.5 mmol NaOH) as the amount of added NaOH was
increased (see Table 1). To investigate the effect of temperature
on the resulting precipitation, the synthesis was conducted
without NaOH at 25 °C and 100 °C. Table 1 details all batch
variations with their respective visible product outcomes.

2.3 Characterisation

Powder X-ray diffraction (XRD) measurements were carried out
to analyse the prepared samples with regard to their impurities
and crystallinity. The measurements were performed on a
Bruker D8 Advance diffractometer (Billerica, MA, USA) with Cu
Kα radiation (λ = 0.15406 nm) and a total acquisition time of
1800 s. The powder was placed between two acetate foils,
clamped in a sample holder, and measured in transition
mode. Scattered X-ray intensities were recorded using a two-
dimensional Bruker VÅNTEC-500 detector (2048 × 2048-pixels).
The resulting 2D patterns were azimuthally integrated over a
2θ range of 5–60° with a step size of 0.02°. Scanning electron
microscopy (SEM) was performed to study particle morphology
at the nanometre scale, and elemental mapping was con-
ducted using energy-dispersive X-ray spectroscopy (EDX) at an
accelerating voltage of 10 kV. A Gemini Ultra Plus microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
equipped with a Bruker Flat Quad X-Flash 5060F detector was
used for these analyses. All samples were mounted to alu-
minium pin stubs using double-sided carbon adhesive tape
and coated with a 3 nm platinum layer to minimize electro-
static charging. X-ray photoelectron spectroscopy (XPS) was
conducted using a SPECS PHOIBOS 100 hemispherical analy-
zer with a 5-channel detector and a SPECS XR50 X-ray source

fitted with Al/Mg dual anodes. The Al anode was operated at
E-pass energies of 40 eV for survey scans and 10 eV for high-
resolution spectra. The specific surface areas of the samples
were evaluated by nitrogen sorption (Autosorb iQ MP, Anton
Paar GmbH, Ostfildern-Scharnhausen, Germany) using the
Brunauer–Emmett–Teller (BET) method. Prior to analysis, all
samples were degassed at 130 °C for 24 h under ultrahigh
vacuum (5 × 10−10 mbar) using an Autosorb iQ3 system. UV-vis
diffuse reflectance spectroscopy (DRS) was conducted using a
Cary 5000 spectrophotometer (Ulbricht Kugel) to determine the
bandgap energy of the synthesized samples. Raman spectra
were acquired using a WITEC alpha 300R confocal Raman
system with a 532 nm laser operated at 1 mW power. Fourier
transform infrared (FTIR) spectroscopy was performed using a
Tensor 27 spectrometer (Bruker, Germany). Spectra were
recorded from 4000 to 600 cm−1 with a resolution of 4 cm−1,
accumulating 100 scans per spectrum. Specimens for trans-
mission electron microscopy (TEM) were prepared by dispersing
the powder in water, depositing a drop of the dispersion on a
carbon-coated TEM grid, and allowing it to dry. TEM images
were recorded using a Libra200 instrument (Carl Zeiss
Microscopy Deutschland GmbH, Oberkochen, Germany) oper-
ated at an acceleration voltage of 200 kV. Photoluminescence
(PL) spectra were recorded on a Tecan Infinite M-Plex system
(Tecan, Switzerland) equipped with a Tecan 12 Flat Bottom
Black Cuvette holder, using an excitation wavelength of 365 nm.

2.4 Photocatalytic performance test

Determination of the photocatalytic activity of particles against
BPA is an essential step toward constructing a pathway for
their application-based synthesis and use. The photocatalytic
activity of as-synthesized BixOyIz particles was determined by
conducting photocatalytic batch experiments. These experi-
ments were performed by keeping a beaker containing a
100 mL mixture of BPA solution (105 mg L−1) and BixOyIz cata-
lyst (1 g L−1) under a black opaque plastic housing with dimen-
sions 30 × 30 × 30 cm3. This opaque cover is designed so that
no external light irradiation is allowed to enter. The only light
source for irradiation was a 50 W warm white LED lamp (TCP
= 4000 K; Ledvance Enduro® Flood) that could be placed on
top of the opaque cover (Fig. S1, SI). The LED lamp was
switched off for the initial hour of the respective experiments
to achieve adsorption equilibrium between BPA and the cata-
lyst. Samples were extracted at regular intervals using a syringe
with a hydrophobic PTFE filter cap to avoid ingression of the
nanoparticles’ into the samples. The concentration of BPA in
the samples was then determined by UV-vis spectroscopy
(Lambda 800, Perkin Elmer) at a wavelength of 276 nm. The
resulting absorption values were recalculated to convert them
to concentrations using a previously recorded calibration
curve. The concentration values were plotted against time to
assess the degradation of BPA.

Many research groups have conducted multiple runs of the
experiment to determine the longevity of their synthesized par-
ticles. However, these repetitions require these particles to be
washed and dried before the start of every new run, which can

Table 1 Overview of synthesized batches of BiOI

Sample
name

Observations

Temperature
(°C)

Conc. of
NaOH (mmol) pH Colour

BiOI1–70 70 0 1 Bright red
BiOI1.5–70 70 7.5 1.5 Reddish-orange
BiOI5.5–70 70 22.5 5.5 Orange
BiOI8–70 70 27.5 8 Pale yellow
BiOI1–25 25 0 1 Dark red
BiOI1–100 100 0 1 Orange
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be impractical for the intended continuous operation. Using
these particles without drying does not guarantee the same
initial concentration for each run, which may not lead to
reliable results. (Fig. S2, in the SI sheet demonstrates such a
test in which the initial concentration of the pollutant was nor-
malized for each cycle. Results show a marginal drop in the
photoactivity after the 4th cycle, possibly due to loss of catalyst
during sampling. The XRD diffractogram of the used catalyst
did not reveal any changes in the crystal structure.) Hence, in
this work and to the best of our knowledge for the first time, a
high initial concentration (105 mg L−1) of BPA (instead of
running 4–5 cycles of BPA of concentration 20 mg L−1) was
used to determine the photoactivity of the particles during a
single run, which we believe would properly simulate the long-
time continuous operation of the synthesized particles.

3. Results and discussion
3.1 Appearance, SEM, and EDX

During the synthesis, immediate precipitation was observed
upon addition of the aqueous KI solution to the bismuth
nitrate solution in EG, regardless of pH and temperature.
However, the color of the precipitate varied with pH and temp-
erature. The SEM images of the synthesized BixOyIz particles,
which are shown in Fig. 1 and 2, include photographs as
insets that illustrate their color distribution depending on the
different reaction parameters.

2BiðNO3Þ3 � 5H2Oþ 3HOCH2CH2OH

! BiðOCH2CH2OÞ3 þ 6HNO3 þ 10H2O
ð1Þ

A bright red-coloured powder (BiOI1–70) was obtained from
the synthesis without NaOH at 70 °C. The suspension exhibi-
ted a pH value of 1 as nitric acid was formed upon dissolution
of Bi(NO3)3·5H2O in EG (eqn (1)).12,37

4HNO3 ! 2H2Oþ 4NO " þ 3O2 " ð2Þ

8Hþ þ 2NO3
� þ 6I� ! 3I2 " þ 2NO " þ 4H2O ð3Þ

The colour of the products faded from dark orange at pH =
1.5 (BiOI1.5–70), to light orange at pH = 5.5 (BiOI5.5–70) and to
light yellow at pH = 8 (BiOI8–70) with the addition of NaOH.
This colour bleaching could be attributed to the loss of iodine
and the formation of Bi(OH)3 and basic bismuth nitrate (BBN)
derivatives,38–40 which are white in colour (Fig. S5, SI).

Furthermore, the particles synthesized at 100 °C (BiOI1–100)
also turned out to be orange in colour due to the loss of iodine
as the nitric acid decomposes at higher temperatures and acts
as a potent oxidising agent to oxidise I− to I2 (eqn (2) and
(3)).12,41,42 Purple vapours of iodine were seen evolving from the
reaction mixture at 100 °C. Once I− was consumed, Bi3+ reacted
with O2 to form Bi2O3 crystals. A similar colour pattern was also
observed between the particles produced at 70 °C and 25 °C
(BiOI1–70 & BiOI1–25), where the latter had a darker shade.

3.1.1 SEM. The morphology of the synthesized particles
was studied using SEM. As shown in Fig. 1 and 2, most of the

synthesis variations of BixOyIz exhibit a flowerball-like hier-
archical architecture constructed from numerous straight
nanosheets with thicknesses of around 16–18 nm. However,
the size and shape of these flowerball-like microspheres were
found to change with varying pH, and temperature.

Particles synthesized without NaOH (BiOI1–70) formed flow-
erball-like microspheres of non-uniform sizes with an average
diameter of 1.65 µm. These flowerballs consist of densely con-
nected thin nanosheets and are clearly separated from each
other (Fig. 1(a)). However, with an increase in pH (BiOI1.5–70),
the particles agglomerated and comprise smaller flowerballs
(Fig. 1(b)). This indicates the restricted peripheral growth of
flowerballs with decreasing iodine content in the product
(Fig. 1(a)). A further increase in pH leads to severe agglomera-
tion. The resulting aggregates are 10–100 µm in size and
contain clusters of more petite, unrecognizable flowerballs
(Fig. 1(c and d)). This formation is mainly ascribed to the pro-
duction of BBN derivatives and Bi(OH)3 upon addition of
NaOH to the reaction mixture. These compounds largely deter-
mine the shape of aggregates that form with increasing pH
(Fig. S5 SI).

Particles produced at 25 °C (BiOI1–25) also exhibit flowerball
hierarchical structures with more densely connected
nanosheets than particles produced at 70 °C (BiOI1–70) (Fig. 2
(a and b)). Meanwhile, the 100 °C synthesis (BiOI1–100) resulted
in thinner platelets (Fig. 2(c)). This phenomenon can be
explained by the lowering of iodine content with increasing
temperature. It can be observed that, contrary to the pH-
induced iodine loss, temperature-induced iodine loss restricts
the internal growth of the flowerballs.

3.1.2 EDX. The energy dispersive X-ray spectroscopy ana-
lysis of the synthesized products was conducted to evaluate
their varying iodine content as a function of pH and synthesis
temperature. It is known that the iodine in the product is
interchangeable with OH− ions.30,31 Hence, as shown in
Fig. 3(a), the iodine-to-bismuth ratio was used to demonstrate
the change in the iodine content of the product.

A steady decrease in iodine was observed with increasing
pH up to 5.5. Subsequently, the I : Bi ratio quickly dropped to a
value of 0.23 under basic conditions at pH 8 due to excess
OH− ions (Fig. 3(a)). A similar sudden drop in the iodine-to-
bismuth ratio was also observed with an increase in the reac-
tion temperature from 70 °C to 100 °C (Fig. 3(a)). This is due
to the temperature sensitivity of nitric acid, as demonstrated
by eqn (2) and (3).

Products with low iodine content as a result of higher temp-
erature (BiOI1–100) contain impurities in the form of rods, as
denoted by red circles in Fig. 3(b). This is possibly due to
Ostwald ripening, which leads to the formation of various
Bi2O3 structures.

43 The orange colour in Fig. 3(b) indicates the
presence of bismuth, while the purple colour indicates traces
of iodine. It is evident from the figure mentioned above that
no iodine traces were found in the formed rods (see red circles
in Fig. 3(b)). It is also important to note that no such struc-
tures were obtained in the iodine-depleted product synthesized
at pH 8 (BiOI8–70). This confirms that pH-induced iodine loss
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has a different mechanism compared to temperature-induced
iodine loss. Fig. 3(c) shows the EDX composite spectrum of
BiOI1–100. The EDX spectra of other products can be found in
Fig. S6 of the SI.

3.2 XRD

All synthesized BixOyIz nanoparticles were examined for their
crystalline properties using the X-ray diffraction (XRD) tech-

Fig. 1 SEM images (×5k (left) and ×50k (right) magnification) of the synthesized particles and their appearance with varying pH. BiOI1–70 (a),
BiOI1.5–70 (b), BiOI5.5–70 (c), and BiOI8–70 (d).
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nique. Fig. 4 exhibits the diffractograms and the calculated
crystallinities of the synthesized compounds. Particles syn-
thesized at pH 1 (0 mmol NaOH) exhibit sharp and intense
peaks, reflecting their crystalline nature. The diffractogram of
the powder obtained at pH 1 and 70 °C (BiOI1–70) precisely
matches the reference diffractogram of BiOI (JCPDS 01-73-
2062) with no other apparent impurities. However, many
researchers also claim identical XRD patterns for Bi7O9I3.

12,35

The decrease in peak sharpness with increasing pH observed
in Fig. 4(a) is the result of the generation of Bip(OH)q(NO3)r by
the addition of OH− ions to the reaction mixture.38,39

Thus, the semi-crystalline nature of Bip(OH)q(NO3)r (Fig. S3, SI)
dominates the diffractogram with increasing synthesis pH.
In this case, peak broadening cannot be associated

with a reduction in crystallite size. Nevertheless, the crystalli-
nity of these particles was computed by dividing the area
under the peaks by the total area after baseline correction
using Origin 2019 software. The calculated results show a
rapid reduction in crystallinity from 91% at pH 1 to 76% at pH
1.5. However, crystallinity decreased steadily to 61% at pH 8
(Fig. 4(d)). On the other hand, no significant decrease in crys-
tallinity was observed with increasing reaction temperature
(a drop of only 7% from 91% at 70 °C to 84% at 100 °C), poss-
ibly due to the formation of Bi2O3 crystals (see EDX analysis,
Fig. 3(b)).

The peak-widening phenomenon occurs with decreasing
synthesis temperature (Fig. 4(c)), which can be attributed to
the diminishing crystal size (because no OH− ions were added

Fig. 2 SEM images (×5k (left) and ×50k (right) magnification) of the synthesized particles and their appearance with varying temperature. BiOI1–25
(a), BiOI1–70 (b), and BiOI1–100 (c).
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to the reaction mixture). As shown below, Scherrer’s equation
was used to calculate the average crystal size:

L ¼ K � λ

β cos θ

where L is the crystal size (nm), K is the shape factor (= 0.9), λ
is the X-ray wavelength (= 0.15406 nm), β is the full width at
half maximum (FWHM) of the peak (radians) and θ is the
Bragg angle (radians). A linear increase in average crystal size
was observed from 6.77 nm in the case of BiOI1–25 to 10.1 nm
for BiOI1–70, and finally to 11.3 nm for BiOI1–100 with increas-
ing reaction temperature. Moreover, the gap between the [0 1
2] and [1 1 0] peaks has also widened (Fig. 4(b)) with increas-
ing pH. This can be attributed to the development of lattice
strain in the crystal structure affecting its size44 and forming
interstitial site defects with additional bismuth and oxygen
atoms in the BiOI crystal structure, which has been confirmed
by other reports focused on iodine-deficient bismuth oxy-
iodides.45 The relative peak intensities of [1 1 0] planes and
[0 0 1] planes to [0 1 2] planes of the prepared samples are

compared and their trends with increasing pH and tempera-
ture are also illustrated (Fig. S4, SI).

3.3 BET surface area

The specific surface area of the catalyst directly affects its per-
formance. Thus, it is essential to assess the impact of varying
pH and temperature of synthesis on the specific surface area
(SBET) and pore diameter (Dp) of the products. Nitrogen
adsorption–desorption isotherms were analysed using the BET
method for specific surface area measurements, and density
functional theory (DFT) was applied to evaluate the pore size
distribution of particles. Because of their flowerball hierarchi-
cal structure, as-obtained BixOyIz particles possess a large
surface area. The relationships of specific surface area (SBET)
with variations in synthesis parameters are depicted in
Fig. 5(a). A steady increase in SBET from 12 m2 g−1 to 63 m2 g−1

was observed with increasing synthesis pH. A negative trend in
SBET was observed with increasing temperature. In the case of
temperature variation, the SBET of the powder dropped quickly
from 34 m2 g−1 (25 °C) to 12 m2 g−1 (70 °C), after which no

Fig. 3 Iodine-to-bismuth ratios in synthesized compounds (a). EDX mapping of formed structures (bismuth in orange and iodine in purple; red
circles highlight the presence of bismuth and lack of iodine in the formed rods) in BiOI1–100 (b). EDX composite spectrum of BiOI1–100 (c).
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further significant decrease in SBET was observed. Every syn-
thesis procedure except the one carried out at room tempera-
ture (BiOI1–25) yielded products with macroporous or nonpor-
ous structures (Fig. 5(b) and (c)). Particles produced at 25 °C
show type IV adsorption isotherms with H3 desorption hyster-
esis loop and exhibit mesopores with sizes ranging from
4–6 nm and 8–14 nm, respectively (Fig. 5(d)). The hysteresis
profile indicates non-rigid aggregates with platelet-like struc-
tures fostering slit-shaped pores according to the IUPAC classi-
fication. The abrupt closing of the desorption isotherm at a
relative pressure of 0.45–0.5 was also observed and can be
attributed to the cavitation phenomenon. All the remaining
samples show type II adsorption isotherms (Fig. 5(b) and (c))
with unrestricted monolayer-multilayer adsorption, which
appears to increase asymptotically when relative pressure
(P/P0) approaches one. This adsorption/desorption behaviour
confirms the macroporous or nonporous nature of the
particles.46

3.4 XPS

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the surface elemental composition, and the chemi-

cal states of the elements present in the different materials
prepared in this work. Fig. 6 displays the results of XPS
measurements for the nanoparticles synthesized with varying
reaction pH (left-hand side) and varying reaction temperature
(right-hand side). The survey spectra for synthesized nano-
particles (Fig. 6(a) and (b)) indicate that the samples consist of
Bi, I, O and C indicating their high purity. The C 1s region was
fitted with the standard three components C–C, C–O and
(CvO)–C following common practice.47 The samples show
only one broad peak, and there are no known overlaps with
other detected elements. Thus, carbon can be excluded from
the analysis.

Fig. 6(c–h) show high-resolution spectra of Bi 4f, I 3d, and
O 1s, respectively. Two significant peaks in the Bi region at
binding energies of 158 eV and 163 eV are assigned to Bi 4f7/2
and Bi 4f5/2, respectively, which are characteristic of Bi3+.48,49

The binding energy of the Bi 4f7/2 core level remained between
157.9 and 158.1 eV across all samples (Fig. 6(c) and (d)). This
variation in core level binding energies is small and is much
less than what would be expected if second phases were
present. It can be explained by small changes in the bonding
environment of Bi3+ as the surface composition changes.50

Fig. 4 Diffractograms of the synthesized products (a, b, and c), and crystallinity with respect to pH and temperature (d).
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When the difference in binding energy between Bi 4f7/2 and I
3d5/2 is calculated, the values are almost constant. Here, the I
3d5/2 peak is used as a reference and fixed at 618 eV. The
spectra of both Bi 4f and I 3d have simple, single-peak shapes.
This shows that the I 3d peak represents very little change in
binding energy (Fig. 6(e) and (f)). The oxygen O 1s peak of the
samples consists of at least three components at binding ener-
gies of 529 eV, 531 eV, and 533 eV, respectively. The peak at the
binding energy of 529 eV could be linked to lattice oxygen in
BiOI. However, the source of the peaks at binding energies of
531 eV and 533 eV is not well documented.50 Previous studies
have reported their attribution to adsorbed organic contami-
nants, or other oxide/oxyhalide species (Bi5O7I, Bi7O9I3, Bi2O3

etc.), or I–O bonds,51 or Bi–OH bonds35 or defect oxygen
vacancies, or chemisorbed oxygen.32,52 Changes in the O 1s
peaks (Fig. 6(g) and (h)), especially in samples BiOI8–70 and
BiOI1–100, show that variation in reaction pH and temperature
affect the formation of these species in different ways.
The intensity of the peak at 533 eV also demonstrates
diverging trends with increasing reaction pH and temperature
(Fig. S7, SI).

Surface elemental composition of the samples shows that
the bismuth atomic percentage remained consistent with
increasing reaction pH and temperature, while an increase in
the oxygen component and decrease in the iodine component
was observed. The decreasing iodine percentages with increas-
ing reaction pH and temperature correspond with the
EDX results. Fig. S7 in the SI shows a comparison of the
iodine-to-bismuth ratio obtained from XPS and EDX
measurements. Since XPS is a surface-sensitive technique,
whereas EDX is used for bulk analysis, the higher iodine-to-
bismuth ratio in the XPS readings indicates higher iodine
content at the particle surface than in the bulk, which was
observed with increasing reaction pH. In contrast, particles
synthesized at higher reaction temperatures show a lower
iodine-to-bismuth ratio in the XPS readings compared to the
EDX readings, indicating a higher bismuth content at the
surface.

3.5 UV-vis DRS

Optical properties of the synthesized products were assessed
using UV-vis diffuse reflectance spectroscopy (DRS) and the

Fig. 5 Effect of change in pH and temperature (b) on SBET (a). Adsorption–desorption isotherms with change in temperature (b), with change in pH
(c) and pore size distribution of the particles BiOI1–25 (d).
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results are depicted in Fig. 7. All the synthesized particles
show strong absorption in the visible spectrum with absorp-
tion edges lying between 600 nm and 700 nm. Nanoparticles
prepared at lower temperature without NaOH (BiOI1–25, and
BiOI1–70) exhibit sharp and well-defined absorption edges,

whereas BiOI1–100 and particles synthesized under varying pH
conditions display broader and more gradual absorption pro-
files (Fig. 7(a) and (c)) suggesting extended absorption in the
longer wavelength region (NIR), possibly due to the formation
of defects during synthesis.53,54 Furthermore, the bandgap

Fig. 6 XPS spectra of the synthesized nanoparticles. Survey (a, b), Bi 4f (c, d), I 3d (e, f ), and O 1s (g, h).
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energy (Eg) values of the synthesized particles were determined
using the Tauc expression shown below:

αðhνÞ ¼ Aðhν� EgÞn=2

where, α, ν, Eg, and A are the absorption coefficient, light fre-
quency, bandgap energy, and a constant, respectively. The para-
meter n is determined by the type of electronic transition occur-
ring in the semiconductor. For semiconductor materials with
non-radiative transitions (e.g. BiOI), n is typically assigned a value
of 4, indicating an indirect allowed transition. The bandgap
energy (Eg) of the synthesized samples thus can be estimated
using a Tauc plot, where (αhν)1/2 was plotted against photon
energy (hν). The x intercept of the tangent drawn to the linear
section of the curve provides a good approximation of the
bandgap energy of the samples.12 From Fig. 7(b) and (d) it is
evident that the bandgap energies of all the samples are approxi-
mately 1.5 eV with particles BiOI1.5–70 and BiOI5.5–70 exhibiting
the lowest bandgap energies of 1.42 eV and 1.33 eV, respectively.

3.6 Photocatalytic activity against BPA

Fig. 8 depicts the results of the photocatalytic batch experi-
ment conducted to establish the photoactive performance of
the various synthesized particles against BPA. All the syn-

thesized particles except for BiOI1–100 and BiOI8–70 showed
adsorption up to 7–8% of the initial concentration of BPA in
the first hour of stirring in the dark. BiOI8–70 displayed a
slightly higher adsorption value of 10%, while BiOI1–100
adsorbed only 3% of the initial concentration of BPA. This can
be attributed to their respective specific surface areas. Particles
synthesized at pH 1 and 70 °C (BiOI1–70) showed around 60%
degradation in the next 150 minutes under 50 W white LED
irradiation. Increasing synthesis pH to 1.5 and 5.5 improved
particle performance significantly, degrading 85% and 91% of
BPA after 150 min under irradiation, respectively. However, a
further increase in synthesis pH has produced particles
(BiOI8–70) with diminished photoactivity, resulting in 73% of
BPA degradation (Fig. 8(a)).

Particles produced at 25 °C (BiOI1–25) performed in a
similar way to BiOI1–70 for the first 30 minutes of irradiation.
From that point onward, however, their degradation curves
diverged, and BiOI1–25 finally reached a BPA degradation rate
of 45% after 210 minutes. BiOI1–100 continued to perform
poorly throughout the entire irradiation period, exhibiting a
steady degradation curve with only 17% BPA degradation at
the end of the experiment (210 min) (Fig. 8(c)).

Table 2 compares the results of photocatalytic activities of
synthesized BixOyIz nanoparticles and their modified versions

Fig. 7 Absorbance spectra and bandgap energy (Eg) of the samples synthesized with changing pH (a, b), and with changing temperature (c, d).
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in various studies with BiOI1.5–70 and BiOI5.5–70. This compari-
son is focused on photocatalytic activity during the first
30 minutes of irradiation as we require a fast-acting product
for our intended application in future work.

The photocatalytic performance of the synthesized nano-
particles primarily depends on the initial concentration of the
model pollutant, the catalyst loading, and the source of
irradiation used in the experiment. Employing BPA as a model
pollutant, these nanoparticles are more effective when the
ratio of initial BPA concentration to catalyst loading is lower
(Fig. S8, SI). Furthermore, higher luminosity, achieved either
through reflection (mirrored reactor) or the use of a
higher power lamp, improves the results because a greater
number of photons are available for photocatalysis (Fig. 12(b)
and Fig. S9, SI).

Although the goal of this study was not to develop an
optimal product, the BiOI nanoparticles synthesized here are,
to the best of our knowledge, the most effective against BPA.
Compared to other time-consuming and complex methods
involving various heavy metal oxide heterojunction schemes,
the simple and straightforward BiOI synthesis approach
demonstrated in this work is not only significantly more
efficient but also time-saving and environmentally friendly.

The reaction kinetics of heterogeneous catalysis, such as
photocatalytic reactions in suspension-type systems, is often

Fig. 8 Photocatalytic activity of particles against BPA and respective reaction rates according to pH (a, b), and temperature (c, d).

Table 2 Comparison of photocatalytic activities of BixOyIz nano-
particles against BPA

Product
C0/C
(mg g−1)

Irradiation
source

1 − (C/C0)
(%)@t30 Ref.

BiOI1.5–70 30 50 W LED lamp 79 This work
BiOI5.5–70 30 50 W LED lamp 73 This work
Bi7O9I3 40 500 W I-W lamp 20 30
BiOI 10 500 W Xe lamp 20 55
BiOI + Bi nanodots 10 500 W Xe lamp 30 55
BiOI-001 facet 10 500 W Xe lamp 15 34
BiOI-110 facet 10 500 W Xe lamp 40 34
BiOI 8 24 W LED lamp 25 56
BiOI–Bi2MoO6 8 24 W LED lamp 35 56
BiOI 40 350 W Xe lamp 35 57
AgI–BiOI (1–8) 40 350 W Xe lamp 85 57
BiOI 33.33 35 W LED lamp 30 58
17.5% β-Bi2O3@BiOI 33.33 35 W LED lamp 65 58
BiOI 50 300 W Xe lamp 25 59
0.15 BiOI/ZnO
nanorods

50 300 W Xe lamp 60 59

BiOI 20 500 W Xe lamp 50 60
GO@BiOI/Bi2WO6 20 500 W Xe lamp 40 60
BiOI 20 1000 W Xe lamp 50 61
Bi7O9I3 10 50 W LED lamp 76 35
Bi7O9I3 10 300 W Xe lamp 68 62
0.2 C3N4–BiO1.2I0.6 15 500 W Xe lamp 45 63

C0/Ct is the initial amount of BPA per gram, per litre of catalyst
loading. t30 is the percentage of the initial concentration of BPA
degraded during the first 30 minutes of irradiation.
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described as following the Langmuir–Hinshelwood (L–H)
mechanism35,64 described by,

rs ¼ �dc
dt

¼ ksθs ¼ ks
kdc

1þ kdc

where rs is the reaction rate, ks is the reaction rate constant, θ
is the surface coverage, kd is the adsorption constant in the
dark, and c is the reactant concentration.

In this work, the concentration of a reactant (BPA,
105 mg L−1) is minimal compared to the amount of catalyst
used (1 g L−1). So, the value of product kdc is negligible with
respect to unity. Hence, the above relationship can be described
as pseudo-first-order kinetics and can be expressed as,

� ln
c0
c
¼ kappt

where c0 is the initial concentration (mg L−1), kapp is the rate
constant (min−1), and t is the reaction time (min)

However, from Fig. 8((a), and (c)), it is observed that the
degradation curves can be segregated into three types.
Particles fabricated at different pH values (BiOI1.5–70,
BiOI5.5–70, BiOI8–70) show steady degradation curves, and can
be fitted well in the above-mentioned pseudo-first-order reac-
tion kinetics model with regression coefficients (R2) > 0.99,
while the remaining products, except for BiOI1–100, exhibit
diminishing photoactivity as the reaction progresses and can
be fitted well with the second-order kinetics equation.
BiOI1–100 manifests a linear degradation curve indicating zero-
order kinetics (Fig. S10, SI).

Reaction kinetics in such cases can be a function of many
parameters, including the adsorption behaviour of BPA on the
surface of catalytic particles, formation of intermediate pro-
ducts during the reaction, the generation and recombination
rate of electron–hole pairs, and deterioration of the photo-
catalytic ability of the particles with time.65,66 The results
obtained so far indicate that, in addition to the surface area
(SBET) and bandgap energy (Eg), many other factors signifi-
cantly influence the photocatalytic activity of the particles
(Fig. 5–8). The measured total organic carbon content (TOC) in
the reaction mixture also follows the degradation pathway of
BPA with little quantitative difference, suggesting the absence
of persistent by-products (Fig. S11, SI). All the product particles
(except for BiOI1–100) reveal a reaction order of greater than
one, indicating that the reaction rate is influenced by more
than one parameter despite using 10 times more catalyst than
pollutant. There is also a possibility of multiple reaction
orders during the various phases of reaction time. Hence, it is
a challenging task to determine the degradation mechanism
and a separate study is required to understand and model the
reaction kinetics. However, for simple understanding, the cal-
culated rate constants of the degradation reactions according
to their fitting order are depicted in Fig. 8((b), and (d)).
BiOI5.5–70 demonstrated the best degradation rate with pseudo-
first-order kinetics (k = 0.0154 min−1), while BiOI1–100 dis-
played the least activity with zero-order kinetics (k = 0.0009 M
min−1).

Based on the results above, it is evident that the product
synthesized at lower temperature without the addition of
NaOH (BiOI1–25) exhibits minimal photocatalytic activity and
does not show significant iodine loss. Therefore, further
characterization studies are to be focused on comparing the
mechanisms of iodine loss induced by pH and temperature, as
well as their impact on photocatalytic performance.

3.7 FTIR spectroscopy

The presence of various functional groups and chemical
bonds formed during the synthesis of BixOyIz nanoparticles
was investigated by Fourier transform infrared (FTIR) spec-
troscopy. Fig. 9 shows the FTIR spectra of the synthesized
particles.

All the particles show strong peaks around 1200 cm−1 to
1500 cm−1, which is characteristic of the NO3

− group.67 This
confirms the presence of unreacted bismuth nitrate or basic
bismuth nitrate compounds in the synthesized nanoparticles.
The broad peak around 3400 cm−1 and a sharp peak around
1620 cm−1 were attributed to the bending (δ(O–H)) and stretch-
ing (ν(O–H)) frequencies for the hydroxyl group.68 Although all
samples show a peak at around 3400 cm−1, particles syn-
thesized with varying pH display peaks of higher intensities.
BiOI5.5–70, which exhibits the highest photoactivity against
BPA, also demonstrates the strongest peak intensity for the
presence of the hydroxyl group. The presence of the hydroxyl
group plays a vital role in defining the photocatalytic activity of
the material as it can serve as an anchor to the contaminant
molecules.69,70 BiOI1–70 shows a strong peak at around
1620 cm−1 (Fig. 9(b)), which can be associated with adsorbed
water molecules on the surface. The vibration modes observed
between 500 cm−1 and 1200 cm−1 originate from various
phases of Bi–OH and Bi–O–Bi compounds.67 These character-
istic bands confirm the presence of hydroxyl and bismuth
oxygen bonding environments suggesting their surface attach-
ment or incorporation in the BiOI crystal structure. This leads
to the formation defects that ultimately influence the photo-
catalytic and electronic properties of synthesized
nanoparticles.

3.8 Raman and PL spectroscopy

To gather structural information concerning crystallinity and
surface defects, Raman spectra of the samples were recorded
at three different positions on each sample, and the analysis
was completed using averaged spectra. Fig. 10(a) shows Raman
spectra of the synthesized samples. BiOI1–100 reveals character-
istic vibrational peaks at 86 cm−1 and 149 cm−1 that are attrib-
uted to A1g and Eg phonon stretching modes of Bi–I moieties,
while substantial shifts of peak positions observed for the
other samples suggested crystal lattice distortions.30,71 The
most intense peak signal at 96 cm−1 and shoulder peaks
extending up to 150 cm−1 are most likely attributed to surface
and interfacial defects caused by disruption of the lattice
periodicity and the crystal structure.45,72

Photoactive products BiOI5.5–70 and BiOI1.5–70 exhibit an
intense Raman peak at 96 cm−1 along with multiple shoulder
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peaks up to 150 cm−1. In contrast, although BiOI8–70 featured
a broader range of shoulder peaks extending up to 250 cm−1,
the relatively weak intensity of peaks within the 100 cm−1 to
150 cm−1 range suggested a lower concentration of the specific
defect types present in BiOI5.5–70 and BiOI1.5–70. Notably,
BiOI1–100 lacks any apparent defect-related features in this
spectral region, which correlates with its poor photocatalytic
activity. While BiOI1–70 exhibits a Raman profile similar to that
of the more photoactive samples, its reduced photocatalytic
performance may therefore be attributed to its lower specific
surface area and the absence of surface hydroxyl (OH−) groups,
which play a crucial role in anchoring contaminant molecules.

In order to verify the efficiency of carrier separation in the
particles formed via synthesis under varying pH and tempera-
ture conditions, photoluminescence (PL) spectra of BiOI1–70,
BiOI5.5–70, BiOI1–100, and white powder (Bip(OH)q(NO3)r) were
recorded. Lower PL intensity indicates more efficient inter-

facial charge migration and lower recombination of photo-
generated electron–hole pairs.73,74 As illustrated in Fig. 10(b), a
strong PL peak can be found for particles prepared at the
higher reaction temperature (BiOI1–100), while the peak inten-
sity is lowest for BiOI5.5–70, revealing better separation of
photogenerated carriers. Thus, the PL results agree with the
results of the photoactivity shown by the respective particles.
Notably, the peak intensity of the white powder was found to
be higher than that of both BiOI1–70 and BiOI5.5–70, indicating
its poor charge separation efficiency compared with the photo-
active powders.

3.9 TEM analysis

Transmission electron microscopy (TEM) was employed to
further analyse the crystal microstructure and embedded
impurities in the synthesized samples. Fig. 11 shows the TEM
images of the synthesized nanoparticles. BiOI1–70 reveals a ten-

Fig. 9 FTIR spectra of nanoparticles synthesized with change in pH (a). Nanoparticles with highest and lowest photoactivity compared with
BiOI1–100 (b).

Fig. 10 Raman spectra (a) and photoluminescence (PL) spectra (b) of synthesized BixOyIz, samples.
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tacle-like structure (Fig. 11(b) top). As the pH increases, these
tentacles become thicker, while the particle size decreases and
the structure becomes increasingly hollow (Fig. 11(c and d)
top). The sintering of crystal granules at high reaction temp-
eratures may contribute to the collapse of these tentacles and
the formation of a more homogeneous structure in BiOI1–100
(Fig. 11(a) top). Although, bismuth oxide compounds have
been formed in all cases, BiOI1–100 shows few signs of impuri-
ties being present in its polycrystalline form (Fig. 11(a)
bottom). In contrast, samples synthesized at higher pH values
display a mixture of crystalline orientations with varying lattice
fringe spacings (Fig. 11(c and d) bottom), indicating increased
structural disorder and formation of crystal defects. To further
analyse the performance of the product (BiOI5.5–70) exhibiting
the best observed photocatalytic activity against BPA, the fol-
lowing experiments were conducted.

3.10 Molybdenum triiodide test

The spectrophotometric molybdenum triiodide method was
employed to investigate the effect of catalyst loading and
irradiation intensity on the formation of reactive oxygen
species (ROS) during the first 30 minutes of irradiation.75,76 To
facilitate the test, 15 mL of 0.1 M potassium biphthalate
aqueous solution was added to 15 mL of a mixture containing
0.4 M KI, 0.06 M NaOH and 0.0002 M sodium molybdate, and
20 mL of DI water. Various amounts of BiOI5.5–70 powder were
added to this 50 mL mixture and irradiated for 30 minutes to
observe the following reaction (eqn (4)):

3I� þH2O2 þ 2Hþ ! I3� þ 2H2O ð4Þ
Photocatalytic water splitting occurred, leading to the for-

mation of hydrogen peroxide, which eventually turned iodide
ions into triiodide. The reaction mixture turned from colour-

less to yellow and an absorbance peak was observed at a wave-
length of 350 nm. The results (Fig. 12(a)) indicate that increas-
ing the catalyst loading leads to higher levels of ROS gene-
ration. However, the rate at which ROS increases with respect
to catalyst loading is relatively low, which could eventually
limit the effectiveness of further catalyst additions. Conversely,
the rate of ROS formation increases more significantly with
greater irradiation intensity, suggesting that greater light
intensity could enhance pollutant degradation (Fig. 12(b)).

The photocatalytic activity of BiOI5.5–70 against tetracycline
(a model pharmaceutical) and rose bengal (a model dye) is pre-
sented in Fig. 12(c) and (d), respectively. Tetracycline exhibited
∼35% adsorption on the photocatalyst within the first
15 minutes in the dark, while rose bengal showed significantly
higher adsorption (∼88%) under the same conditions. Minimal
additional adsorption during the following 15 minutes indicates
a rapid initial adsorption process. Upon light irradiation, further
concentration decreases were observed, resulting in concen-
tration reduction of up to 85% for tetracycline in 150 minutes
and 99% for rose bengal in 60 minutes. These results demon-
strate the high photocatalytic efficiency and broad applicability of
BiOI5.5–70 for the removal of diverse water pollutants.

3.11 Formation mechanism of the particles and its effects on
particle photoactivity

It can be deduced from the overall results that the iodine
atoms in the BiOI structure are very loosely bound and can be
easily replaced by OH− ions with increasing pH and tempera-
ture. Increasing the pH during particle synthesis (samples
BiOI1.5–70, BiOI5.5–70, BiOI8–70) results in particles with lower
iodine content. Simultaneously, the photocatalytic activity of
these particles increases compared to the sample produced at
pH 1.

Fig. 11 TEM images (a–d) of synthesized BixOyIz, nanoparticles.
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However, the reduced iodine content did not culminate in
improved performance for BiOI1–100. The absence of OH− ions
that induce defect formation and yield particles with low
specific surface area (SBET) could be a possible reason deter-
mining the limited photoactivity of BiOI1–100. A comparison of
the zeta potentials of BiOI1–25, BiOI1–70, BiOI1–100, and
BiOI5.5–70 at around pH 6 did not reveal significant differences
(Fig. S12, SI) and thus cannot be considered a determining
factor defining the photoactivity of the synthesized nano-
particles. The bandgap energy, a critical parameter governing
semiconductor performance, was consistently estimated to be
around 1.5 eV across all the synthesized nanoparticles. Despite
this similarity, significant variations in photocatalytic activity
were observed, suggesting that the recombination of photo-
generated electron–hole pairs plays a dominant role in deter-
mining photocatalytic efficiency. Notably, the formation of
hydroxyl (OH−)-induced defects when increasing the synthesis
pH affects the internal electric field (IEF) of the BiOI crystal by
changing its electron effect.77 This eventually leads to an
improvement in IEF and promoting the effective separation of
photogenerated charges.78 The defect-mediated suppression of
recombination contributes to the enhanced photocatalytic
activity observed for BiOI1.5–70 and BiOI5.5–70.

The authors believe that the difference between the par-
ticles produced with and without increasing pH (by using
NaOH) arises mainly due to the formation of bismuth hydrox-
ide (Bi(OH)3) first until pH 7 and bismuth oxide (Bi2O3) after-
wards, along with bismuth oxyiodide.38,79 It is a well-known
fact that bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) can be
converted to bismuth oxide (Bi2O3) with increasing pH
through the formation of bismuth hydroxide (Bi(OH)3) as an
intermediate, which is stable up to pH 7. The possible for-
mation mechanism, as shown in Fig. 13(a), is a very simplified
approach, where nitrate (NO3

−) groups are also present in the
reaction mixture, competing for Bi3+ cations along with OH−

and I−.80 The iodine-to-bismuth ratios of the particles syn-
thesized in this work fall in the range between 0.5 and 1, thus
strengthening the mechanism described above. Furthermore,
the presence of nitric acid also hinders the attachment of
iodide to the bismuth cation, leading to a drop in the I : Bi
ratio (see eqn (2) and (3)).

Particles synthesized under similar reaction conditions as
BiOI5.5–70 but without the addition of KI, yielded a white
powder whose SEM images and XRD diffractograms resembled
those of BiOI5.5–70 and BiOI8–70 (Fig. S5, SI). These results
prove the dominance of these by-products at higher pH values.

Fig. 12 Results of the molybdenum triiodide test with varying catalyst loading (a), and with varying irradiation intensity (b). Photocatalytic activity
against tetracycline (c), and against rose bengal (d).
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However, this powder exhibited a very small surface area of
2 m2 g−1 (Fig. S5, SI) and a nonporous or macroporous struc-
ture. Therefore, it can be stated that the introduction of iodide
(KI) into the reaction mixture leads to the formation of a hier-
archical structure, resulting in particles with larger surface
areas. UV-vis DRS spectra of the white powder showed strong
absorption below 400 nm, indicative of its activity in the UV
light region. The bandgap energy was determined as 2.81 eV
(Fig. S13(a and b), SI). The white powder exhibited no photoac-
tivity under the same reaction conditions, and its physical
mixture with pure BiOI1–70 did not show any significant
improvement in performance (Fig. S13(c), SI). Therefore, the
enhanced performance of BiOI1.5–70 and BiOI5.5–70 can be
attributed to the synergistic heterojunction effect between the
two components rather than to a simple additive contribution
of their individual photocatalytic activities. The Fourier trans-
form infrared (FTIR) spectrum of this powder reveals at
1300 cm−1 and at 3400 cm−1 the presence respectively of
nitrate (NO3

−) and hydroxy (OH−) groups in its structure
(Fig. S13(d), SI). Fig. 13(b) shows the possible formation of a
p–n heterojunction between p-type BiOI and n-type white
powder (Bip(OH)q(NO3)r), which could be responsible for inter-
facial band bending and the development of an internal elec-
tric field (IEF) that effectively suppresses charge
recombination.81,82 The heterojunction interface also reduces
the resultant bandgap by allowing inter-material optical tran-
sitions, thereby broadening the spectral response into lower
energy regions. This collectively results in the improvement of

photocatalytic activity observed in the composite system of
BiOI and Bip(OH)q(NO3)r.

4. Conclusions and outlook

The novel solvo-hydrothermal method employed in this
research not only yields a superior product but also offers a
simplified approach for iodine reduction and defect gene-
ration to improve the oxidising ability of the synthesized par-
ticles and reduce the recombination of photoinduced charges,
respectively. This innovative method streamlines the synthesis,
making it more efficient and easily scalable, as it does not
require the use of autoclaves, long reaction times, high temp-
eratures, and addition of any metals or heavy metal oxides. It
was illustrated that the structural formation and the direction
of growth of BixOyIz flowerballs are notably influenced by criti-
cal factors such as pH and temperature. The ‘pH induced’
deficiency of iodide ions (I−) restricts peripheral growth, while
the ‘temperature induced’ deficiency hinders the inner growth
of the flowerballs. In addition, it was demonstrated that
synthesizing particles with a desirable surface area is feasible
by targeted variations of pH and temperature. Moreover,
optimal nanoparticle characteristics, along with enhanced
overall quality and performance of the final product, were
achieved through controlled optimization of the key variables
in the synthesis procedure. All the synthesized products show
some photoactivity towards BPA, but particles produced from
the reaction mixtures under higher pH conditions exhibit
superior performance. Defects formed due to the accumu-
lation of OH− in the crystal structure obstruct the recombina-
tion of charged carriers and thus improve the photocatalytic
activity of the products. Photocatalytic experiments demon-
strated that 0.1 g of BiOI5.5–70 was able to degrade 9.6 mg of
BPA during 150 minutes of irradiation. Accordingly, 1 g of
BiOI5.5–70 NPs have the capability to treat approximately
670 m3 of water with an average BPA concentration of around
0.143 µg L−1,83 further highlighting the efficiency of this tech-
nique. However, the kinetics of the reaction plays an important
role in determining the viability of the intended scale-up and
requires a separate study owing to its complexity. Furthermore,
the solvent density and water content in the reaction mixture
can also be crucial factors shaping the particle formation and,
thus, need to be studied in detail. All in all, their low synthesis
cost, narrow bandgap energy, which enables activity under
low-cost visible light, and intensive photocatalytic properties,
make BixOyIz NPs promising candidates for use in water treat-
ment facilities as modifiers of membranes, adsorbents, and
fillers, thereby contributing to the further development of sus-
tainable water treatment technologies.
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