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Abstract

The increasing global demand for environmental remediation strategies has led to significant interest in the develop-
ment of efficient photocatalysts. Semiconductor photocatalysts, such as titanium dioxide (TiO, P25), have been exten-
sively studied for addressing challenges such as water purification and air decontamination. However, TiO, P25's wide
band gap restricts its efficacy under visible light, which limits its practical use in real-life applications. Bismuth oxyi-
odides have emerged as highly promising alternatives due to their narrow band gaps and visible-light responsiveness.
In this study, BiOl, Bi;O,l, and BiOI/Bi;O,! have been synthesized by pH-dependent co-precipitation and hydrothermal
methods and evaluated their photocatalytic performance for phenol degradation and nitrogen oxides (NO,) oxida-
tion. Under visible light irradiation, BiOl-co pH 10 and BiOI/Bi;O,l-co pH 12 demonstrated promising phenol degrada-
tion rates (=51%) compared to the TiO, P25 benchmark (= 11%). In terms of mineralization efficiency, as measured

by the total organic carbon (TOC)/phenol ratio (0.6-0.7), BisO,I-UV, BiOl/BisO,I-VIS, and TiO, P25-UV showed similar
capabilities. Only under UV light irradiation did TiO, P25 (phenol removal=100%; NO removal=86%) surpass the bis-
muth oxyiodides. Despite showing minimal production of aromatic by-products (e.g., hydroquinone, benzoquinone,
and catechol) during phenol degradation, the bismuth oxyiodides exhibited higher NO, production compared

to TiO, P25 during NO, oxidation. One possible explanation for this phenomenon may be attributed to different
ROS-mediated mechanisms present in TiO, P25 and bismuth oxyiodide compounds. However, the possibility of sig-
nificant adsorption of intermediates in solution onto bismuth oxyiodide materials cannot be neglected. Quencher
experiments, electron paramagnetic resonance (EPR), and terephthalic acid-fluorescence probe method revealed
that hydroxyl radicals (HO-) are not the major oxidant specie in in bismuth oxyiodide-mediated photocatalysis. Using
evidence from EPR spectroscopy, a photodegradation pathway, involving singlet oxygen ('0,), was proposed. These
findings provide valuable insights into the photocatalytic behavior of bismuth oxyiodides and highlights the impor-
tance of understanding the mechanisms to optimize their use for environmental applications.
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Introduction

The interest in semiconductor photocatalysts has grown
due to its wide range of potential applications in solar
energy conversion (Yang et al. 2018; Kaleem Ahmad and
Ahuja 2020) and environmental remediation (Yang et al.
2018; Kaleem Ahmad and Ahuja 2020; Michael et al.
1995; J.a.Y. Zhao, X.D. 2003; J.n.B. Sixto Malato, Alfonso
Vidal, Christoph Richter 2002; Herrmann et al. 1993).
Titanium dioxide (TiO,) nanoparticles are the most
widely used semiconductor photocatalyst (Fujishima
et al. 2000; Schneider et al. 2014). However, its efficiency
under solar irradiation for real-life applications is lim-
ited by its wide band gap (3.0-3.2 eV) (Alcaraz et al
2020; Jimenez-Relinque et al. 2017). This means that only
3—5% of solar light throughout the whole year at lati-
tudes below 35° (tropical and subtropical region) can be
utilized by the conventional TiO,-based photocatalyts.
As latitude increases, this value may drop lower than
3 —5% (Folli et al. 2014). Furthermore, TiO, nanoparticles
could cause adverse health effects if inhaled (cell damage,
genotoxicity, inflammation, and immune response) as
well as environmental contamination (Skocaj et al. 2011;
Nevshupa et al. 2020; Jimenez-Relinque et al. 2020). As a
result, the development of novel micro-sized solar-light-
driven photocatalysts and the investigation of their pho-
tocatalysis activities are essential.

Bismuth oxyiodide, BiOl, is among the most promising
photocatalysts due to its narrow band gap (%1.7-1.9 eV)
making it a possible visible light-responding photocata-
lyst. The morphology of BiOI structures is drastically
influenced by the synthesis method. Various morpholo-
gies of BiOl, including nanosheets (Hu et al. 2014; Ye
et al. 2016), hierarchical nanostructures (Long et al. 2016;
Shi et al. 2012), and microspheres (Xiao and Zhang 2010;
Mera et al. 2017; Nava-Nuidez et al. 2020), have been suc-
cessfully obtained. It has also been observed that mor-
phology influences photocatalytic efficacy. For instance,
Hao et al. reported that the photocatalytic activity of BiOI
microspheres was more than double than that obtained
for nanosheets in the degradation of tetracycline hydro-
chloride under visible light irradiation (Hao et al. 2012).
Martinez-Topete et al. observed similar trend for NO,
oxidation (Martinez-Topete et al. 2025). Xiao et al. and
Hu et al. reported similar results for phenol degradation
and As(III) oxidation, respectively (Hu et al. 2014; Xiao
and Zhang 2010). However, at the same time, the insuffi-
cient redox ability of BiOI can be dissatisfactory because
of the narrow band gap and unmatched energy band
position (Dai and Zhao 2016; Cai et al. 2019; Ahmad
et al. 2022; Zuarez-Chamba et al. 2023; Geng et al. 2024).

Recently, Bi-rich bismuth oxyiodides, Bi,O 1, (Bi;Oql;,
Bi,O;l,, and Bi;O,I) have been proposed as potential
alternative photocatalysts. These materials can effectively
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be prepared by adjusting synthesis parameters such
as solvent, temperature, or pH (Martinez-Topete et al.
2025; Geng et al. 2024; Yu et al. 2015; Jimenez-Relinque
et al. 2024; Wei et al. 2019; Wu et al. 2018; Di et al. 2017;
Xiao et al. 2014). Increasing the amount of Bi in oxyi-
odides leads to a more cathodic conduction band (CB)
edge, a more anodic valence (VB) edge, or both, com-
pared to BiOI. This can improve the thermodynamics
of the reduction and oxidation reactions driven by the
light-irradiated bismuth oxyiodides following electron—
hole pairs formation (Xiong et al. 2020; Jin et al. 2017).
For instance, Bi,O:l, possesses a wider band gap than
BiOI (~2.2-2.7 eV) and showed superior photocatalytic
(almost twice) and mineralization efficiencies compared
with BiOI under visible-light irradiation (Zuarez-Chamba
et al. 2023; Xiao et al. 2014; Zhang et al. 2022). Bi,O,l,
has been reported as a solar-light-driven photocatalyst
(Eg~2.2-2.9 eV) capable of degrading organic pollutants
(Xiao et al. 2012; Ma et al. 2022; Matiur et al. 2021; Tuba-
Guaman et al. 2022; Liu et al. 2023). Bi;O,I has a wide
band gap of 2.75 eV with a remarkable photocatalytic
nitrogen fixation performance (Lan et al. 2020). Although
in literature it is generally assumed that increasing the Bi-
to-I ratio is an innovative strategy to enhance photocata-
lytic efficiency (Xiong et al. 2020), this modulation can
produce an implicit reduction in visible light absorption
(Geng et al. 2024; Lan et al. 2020), non-favorable band
potentials for the target reactions (Jimenez-Relinque
et al. 2024), increase in e -h* recombination (Arumugam
and Choi 2020), or even the generation of unwanted by-
products (Wang et al. 2021; Kynadi and Suchithra 2017).
Since reactive oxygen species (ROS) are primary inter-
mediates of photocatalytic reactions, their identification
is important in terms of understanding the photodeg-
radation mechanisms. Four major ROS are recognized,
comprising superoxide anion radical (O,-7), hydrogen
peroxide (H,0,), singlet oxygen ('O,), and hydroxyl radi-
cal (HO-) (Nosaka and Nosaka 2017). For bismuth oxyio-
dides photocatalysts, divergent conclusions are remarked
for the major oxidants involved in the photocatalytic deg-
radation reactions. Liu et al. reported that O,-~ and h*
species are primarily involved in the photodegradation of
organic pollutants in solution by Bi,Ogl; (Liu et al. 2023).
In contrast, Wei et al. state that the oxidation of organics
by Bi,Oyl; system is preferentially through a non-radical
pathway mediated by the iodine vacancies, verifying no
!0, generation (Wei et al. 2019). For Bi,O.l,, it was seen
that h*, O,-~, and e~ were the species involved (Xiao et al.
2014; Zhang et al. 2022). Formation of HO- and O,-~ was
detected for bare rod-like Bi;O,I and flower-like Bi;O,I
and BiOI (Wang et al. 2017a; Chen et al. 2018). Since
there is a wide variety of results regarding the ROS gen-
erated by bismuth oxyiodides, further studies should
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be carried out to fully understand the mechanism and
involved active species. Also, it should be kept in mind
that slight differences in synthesis routes can lead to cata-
lysts with significantly different photocatalytic proper-
ties, even if they have the same crystalline phase.

In this work, BiOI, Bi;O,I, and their combinations
with different morphologies were synthesized using a
sustainable, room temperature, and pH-dependent co-
precipitation method. Their photocatalytic performance
under both UV and visible light was assessed for aque-
ous phenol degradation and nitrogen oxides (NO,) oxi-
dation, providing a comprehensive understanding of the
photocatalytic behavior under various environmental
conditions. The study also highlights the importance of
analyzing reaction intermediates and byproducts, which
are often overlooked in the literature but are critical for
evaluating the environmental impact of photocatalytic
processes. The results were compared to those obtained
using TiO, P25 as a benchmark, in terms of both pho-
tocatalytic efficiency and the formation of potentially
harmful intermediates. Additionally, we provide evidence
that hydroxyl radicals (HO-) may not be the primary
reactive species in bismuth oxyiodide photocatalytic sys-
tems, even for the Bi;O,I crystal structure, whose valence
band potential theoretically supports HO- formation
from water oxidation. Instead, a plausible mechanism
involving singlet oxygen (*O,) as the key reactive oxygen
species is proposed — this mechanism, to the best of our
knowledge, has not been previously reported for these
materials. These findings not only underscore the poten-
tial of bismuth oxyiodides as efficient photocatalysts but
also emphasize the need to carefully consider reaction
intermediates, mechanisms, and reaction conditions to
optimize their practical applications for environmental
remediation.

Experimental procedure

Synthesis of bismuth oxyiodides

Bismuth oxyiodides were synthesized via coprecipitation
and hydrothermal procedures using bismuth (III) nitrate
pentahydrate (Bi(NO;);-5H,0,>98%, Sigma-Aldrich)
and potassium iodide (KI, Scharlau) as starting materials.
The co-precipitation synthetic processes of BiOI, BiOI/
Bi;O,I, and Bi;O,l crystals were prepared with a stoi-
chiometric Bi/I molar ratio of 1:1, employing different pH
conditions (1, 10, 12, and 13). The sample Bi;O,I was also
synthesized via the hydrothermal method at same pH
condition (13) to confirm that there were no significant
differences in structure or photocatalytic performance
compared to the sustainable co-precipitation method
proposed. Each synthesis was performed at least in trip-
licate to verify the reproducibility of the preparation
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procedure. This has been confirmed through X-ray dif-
fraction (XRD) (Fig. S1).

In the co-precipitation synthesis procedure, KI
(0.02 mol) was dissolved in 150 mL of deionized H,O.
Bi(NOs);-5H,0 (0.02 mol) was slowly added to the above
solution. The pH of the mixture was adjusted to 10, 12,
and 13 using a NaOH 2 M solution, and the mixture was
vigorously stirred for 24 h at room temperature. In the
hydrothermal synthesis, equal amount of moles of both
starting materials was dissolved in 50 mL of NaOH 1 M
and stirred for 20 min. The resulting suspension was
transferred to a 100 mL Teflon-lined stainless steel auto-
clave and heated for 24 h at 160 °C. At last, the resulting
solid products were collected by filtration, washed sev-
eral times with deionized water (1.5 L), and dried in an
air oven at 65 °C for 24 h.

The synthesized materials were systematically labeled
as follows: X—y, where X denotes the crystal phase of the
product and y represents the synthesis method, either
coprecipitation (co) or hydrothermal (hy). The pH condi-
tions were also specified.

Characterization

The phase composition and structure of the as-prepared
powders were examined by X-ray diffraction (XRD)
spectroscopy using a Bruker D8 Advance diffractometer
with Cu-Ka radiation (40 kV, 30 mA). The morphologies
were determined using a field emission scanning electron
microscope (FESEM) equipped with an energy-disper-
sive X-ray spectroscope (SEM-EDS; Hitachi S-4800). The
aforementioned FESEM is provided with a Bruker Nano
XFlash Detector 5030 for energy-dispersive X-ray (EDX)
analysis. Transmission electron microscopy (TEM) anal-
yses were performed on a JEOL JEM-2100 operating at
200 kV. Fourier transform infrared spectroscopy (FTIR)
spectra were obtained using a Thermo Scientific Nico-
let 6700 spectrometer. Nitrogen adsorption isotherms
were recorded with an automated system (Micromerit-
ics ASAP 2010) for later determination of Brunauer—
Emmett-—Teller (BET) specific surface areas (Sgpr). The
particle size distribution has been analyzed with a Mas-
tersizer 3000 (MAL1203757). A UV-2600 Shimadzu
spectrometer was used to record diffuse reflectance (DR)
ultraviolet—visible (UV-Vis) spectra in the 200-900-nm
wavelength range at room temperature. Mott-Schottky
plot measurements were performed using an AutoLab
potentiostat at 1000 Hz. The setup consisted on a three-
electrode cell with a thin film of the photocatalyst over
FTO as working electrode, a Pt wire as counter electrode,
and an Ag/AgCl 3 M KCl as reference electrode. 0.2 M
Na,SO, (pH 7.5) was used as electrolyte. The photolumi-
nescence (PL) spectra were measured by a Perkin-Elmer
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LS-55 fluorescence spectrometer with an excitation
wavelength of 315 nm.

Photocatalytic performance and identification

of intermediate products

The photocatalytic performances of as-synthesized sam-
ples were evaluated by nitrogen oxide (NO,=NO +NO,)
air purification and phenol degradation in aqueous solu-
tion under UV and visible light irradiation.

NO, oxidation measurements were performed in a
continuous flow reactor based on the requirements of
ISO standard 22,197-1:2007. For this test, thin films (6.5
cm?) containing 10+2 mg of sample were prepared. The
performance of each sample was tested under UV
(Philips BLB 15W) and visible light (Philips Master TL-D
15W, with filter up to 425 nm). The spectra of the lamps
used are depicted in Fig. S2. The irradiance was meas-
ured with a DeltaOHM HD 2102.1 photo/radiometer,
obtaining 10+ 1 and 15+1 W/m?, respectively. As inlet
gas, NO diluted in air with a concentration of
500+ 50 ppb and flow rate controlled at 1 L/min was
used. After reaching the adsorption—desorption equilib-
rium, the sample was irradiated for 30 min. The NO,
concentration in the gas was monitored using a AC32M
Environmental S.A. chemiluminescence analyzer. Effi-
ciencies for NO and NO, removal, NO, formed, and
nitrate selectivity (% - 100) (Bloh et al. 2014) were
determined. The results were extrapolated to ISO stand-
ard 22,197-1:2007 nominal area (49.25 cm?) and irradi-
ance (10 W/m?) requirements.

Phenol degradation in water solution tests were per-
formed in a 100 mL glass photoreactor, using a 0.2 mM
phenol aqueous solution with a photocatalyst concen-
tration of 1 g/L. The experimental procedure was as fol-
lows: 30 mg of catalyst powder was dispersed into 30 mL
of the contaminant solution, which was then stirred
for 30 min in the dark to ensure the establishment of
adsorption—desorption equilibrium. Following that, the
contaminant solution containing photocatalyst was irra-
diated for 180 min. The performance of each sample was
tested under UV (Philips PLL UV-A 18W) centered at
370 nm and visible light (white LED) (Fig. S2), with pho-
ton fluxes measured with CCD AvaSpec-2048 of 253+ 1
and 3372 + 10 photons/s/m?, respectively, and irradiances
measured with a DeltaOHM HD 2102.1 photo/radiom-
eter of 20+2 and 800+80 W/m? respectively. During
this period, approximately 0.5 mL of the suspension was
taken out every 30 min. HPLC analyses were performed
using a Shimadzu SPD-M40 system with a diode array
detector to follow the total conversion of phenol and the
yield of possibly formed aromatic intermediates such as
benzoquinones, hydroquinone, and catechol (Turki et al.
2015). A 15 cm X 4.6 mm X 2.7-um Ascentis® Express 90
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AQ-C18 reverse-phase column (Supelco® Merck) was
used. Mobile phase consisted in 95% of acidified water
(with 0.1% w/w of formic acid) and 5% of methanol.

Total organic carbon (TOC) analyses of the samples
with the best performance were done using a TOC-L Shi-
madzu to assess the degree of mineralization achieved
after 180 min of irradiation. A total of 20 mg of catalyst
were added to 20 mL of the contaminant solution (phe-
nol 0.2 mM) and irradiated with UV (Philips Actinic BL
15 W; I=20+2 W/m?) or visible (Philips Master TL-D
15W; I=76+2 W/m?) light.

"H NMR tests were also used to validate intermediate
formation during phenol photodecomposition. A total of
25 mg of catalyst were added to 5 mL of a phenol 1-mM
solution in D,0, stirred for 30 min in the dark, and then
exposed to UV (Philips Actinic BL 15W; /=20+2 W/m?)
and visible (Philips Master TL-D 15W; I=76+2 W/m?)
light for 180 min. '"H NMR (D,0) spectra of the samples
were recorded with a Bruker AV 600 MHz spectrometer
equipped with a cryoprobe for sensibility gaining. Phenol
degradation was monitored via UV-Vis absorption spec-
tra (UV-2600 Shimadzu spectrometer).

Reusability tests

Reusability tests to analyze the catalysts stability were
carried out with the samples that exhibited the best phe-
nol degradation rates. For it, 20 mg of catalyst was added
to 20 mL of the contaminant solution (phenol 0.2 mM).
The suspension was stirred for 30 min in dark and then
exposed to UV (Philips Actinic BL 15 W; I=20+2 W/
m?) or visible (Philips Master TL-D 15W; I=76+2 W/
m?) light for 180 min. The catalyst was removed through
centrifugation and washed with water. The assay was
repeated three times. The phenol degradation was moni-
tored via UV-Vis absorption spectra at a maximum A,
of 369 nm (UV-2600 Shimadzu spectrometer).

Reactive species experiments

To evaluate the generation of HO-, isopropyl alcohol
(IPA) phenol scavenger (Liu et al. 2019; Ge et al. 2022;
Bairamis and Konstantinou 2021) and terephthalic acid
(TA) fluorescence (Jimenez-Relinque and Castellote
2018) experiments were carried out. The method of IPA
quencher was similar to the previously reported phe-
nol photocatalytic activity test. A scavenger-phenol 25:1
ratio was used. A total of 20 mg of catalyst were added
to 20 mL of a 0.2 M phenol solution in the presence of
IPA (5 mM), and the suspension was stirred for 30 min in
the dark and then exposed to UV light (Philips Actinic BL
15 W; I=20+2 W/m?) for 180 min. During this period,
approximately 4 mL of the suspension was taken out
every 45 min, and the phenol degradation was monitored
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via UV-Vis absorption spectra (UV-2600 Shimadzu
spectrometer).

For the terephthalic acid (TA) fluorescence assays,
20 mg of catalyst was added to 100 mL of a 2 mM TA
aqueous solution containing 2-mM NaOH, and the
suspension was stirred and irradiated under UV light
(Philips BLB 15 W; I=10+1 W/m?). Approximately,
4.5 mL of the suspension was taken out at the follow-
ing time intervals: 2.5, 5, 10, 15, and 20 min, and centri-
fuged to remove the photocatalysts, and the FL intensity
of the supernatant solution was measured at 425 nm
(Aexc =315 nm) using a Perkin-Elmer LS-55 fluorescence
spectrometer to confirm the formation of fluorescent
2-hydroxyterephthalic acid (TAOH).

For identifying the photogenerated reactive species
in the photocatalytic reaction 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), spin-trap electron paramagnetic reso-
nance experiments were done. For that, a water suspen-
sion of the catalyst with DMPO (30 mM) was stirred
and irradiated under UV light for 5 min. EPR spectra
were recorded at room temperature using a Bruker EMX
micro spectrometer equipped with a Bruker ER-4123d
dielectric resonator operating at X-band frequency. Spec-
tra were recorded at 100 kHz magnetic induction modu-
lation frequency, 0.1 mT magnetic induction modulation
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amplitude, 5.12 ms time constant, 10.24 ms conversion
time, 10* receiver gain, and 2 mW microwave power.
Each spectrum was recorded using 10 accumulation
scans.

Results and discussion

Composition and morphology

Figure 1 shows the diffraction patterns of the bismuth
oxyiodides samples synthesized at different pH via co-
precipitation and hydrothermal procedures, along with
the reference peaks for bismuth oxyiodides BiOI (COD
9011784) and Bi;O,I (COD 8104133). As expected, a
clear pH-crystal phase dependence is observed. Through
coprecipitation, pure BiOI was synthesized at pH 1
and 10; however, as the pH increases, peak broadening
occurs, indicating a decrease in crystallite size. BiOI/
Bi;O,I is combined at pH 12. Peak intensities indicate a
higher proportion of BiOI in the mixture, and Bi;O,I is
less crystalline than that achieved by itself. Single Bi;O,I
is readily identified at pH 13 co-precipitation and hydro-
thermal synthesis. This pH-induced change in crystal
phase is attributed to the gradual substitution of iodine
atoms in BiOI by O atoms, which are originated from
OH" ions in the solution (Xiong et al. 2020). Crystal-
lite sizes were estimated through Scherrer’s equation
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Fig. 1 XRD diffraction of the synthesized samples. Reference peaks for bismuth BiOl and BislO, with their corresponding Miller indices (h k I) are
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(Table 1). Observing comparable crystallite sizes for
BiOI-co pH 1 and Bi;O,I (-co and —hy pH 13), with a
decreased particle size for BiOI-co pH 10 and BiOI/
Bi;O,I-co pH 12 as expected from the broaden XRD
peaks. Peak asymmetries of BiOI-co pH 10 might be due
to scattering or the geometry of the samples, and left/
right asymmetry of BiOIs has been previously observed
in literature (Jian and Hejing 2003; Reyna-Cavazos and
A.M.-d. la Cruz, EE. Longoria Rodriguez, E. Lépez-Cuel-
lar 2020).

To identify the elemental compositions of the bismuth
oxyiodide samples, EDX results are given in Fig. S3. The
Bi:O:I ratios for samples BiOI-co pH 1, BiOI-co pH 10,
Bi;O,I-co pH 13, and Bi;O,I-hy pH 13 are congruent
to the calculated elemental compositions (Fig. S3 inset
data). In the case of BiOI/Bi;O,I-co pH 12, a Bi-O-I ratio
of 2:2:1 is obtained, confirming the coexistence of BiOI
and Bi;O,I species and indicating a higher proportion of
BiOI in the mixture.

FTIR was performed to investigate the chemical com-
position and chemical bonding of the materials. As
shown in Fig. S4, all of the synthesized bismuth oxyi-
odides have absorption peaks at 3400 and 1600 cm™,
which may be due to the O-H bending vibration from
adsorption of H,O in the air by the material. Peaks at
~1500 and 1384 cm ™! could be attributed to the vibra-
tions of the Bi—O bond. The absorptions located around
400-700 cm ™! might correspond to the stretching vibra-
tions of Bi-O, Bi—-O-I, and Bi—O-Bi in bismuth oxyio-
dides (Wang et al. 2012; Lu et al. 2022; Lee et al. 2015; Xia
et al. 2018). These peaks are best defined in the spectra of
Bi;O,I (co and hy).

SEM micrographs in Fig. 2 display the varied mor-
phologies of the synthesized bismuth oxyiodides. Sample
BiOI-pH 1 in Fig. 2a display a stacked microsheets like
structure, with single sheets of an estimated diameter of
2-3 um, likely as secondary particle sizes. In contrast,
BiOI-pH 10 is composed of microspheres with an esti-
mated diameter of 2-5 um with thin and bent nanosheets

Table 1 Characterization data
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as elementary units (Fig. 2b). The size of the single sheets
was significantly reduced. The BiOI compound exhibits
distinct morphologies at pH values of 1 and 10, allowing
for easy comparisons of performance without needing to
consider other factors. Bi;O,l is composed of micronee-
dles of 3-10 pm in length, observing a greater thickness
when synthesized via hydrothermal procedure (Fig. 2d,
e). BiOI/Bi;O,I-co pH 12 (Fig. 2c) shows the coexistence
of both structural types, in accordance with the observed
XRD patterns (Fig. 1). BiOI has previously been reported
to have nanosheets and microspheres morphology (Hu
et al. 2014), whereas Bi;O,I has microneedle structures
(Cao et al. 2012).

In addition to the SEM analyses, TEM and HRTEM
were performed to study the type of combination that
occurred between BiOI and Bi;O,lI in the BiOl/ Bi;O,I-co
pH 12 sample (Fig. 3). As observed in the images, BiOI-
co pH 10 has a microsphere structure (Fig. 3a), and
Bi;O,I-co pH 13 shows long, highly crystalline micronee-
dles (Fig. 3c). In the case of the sample with the coexist-
ence of both structures (Fig. 3b), we notice that Bi;O,I
microneedles are smaller and less crystalline, in accord-
ance with XRD peaks. Moreover, HRTEM images of
the sample reveal that these two microstructures are
intricately entangled in a way that cannot be achieved
through simple physical mixing, indicating that an het-
erojunction was achieved (Liao et al. 2021; Yu et al. 2024).

A considerable increase in the Sppp (Table 1) is
observed from BiOI-co pH 1 (2+1 m?%/g) to BiOl-co pH
10 (26 + 1 m?/g), in accordance with the diminished parti-
cle size apparent in the SEM images. BiOl/Bi;O,I-co pH
12 also presents 26+ 1 m?/g, while Bi;O.I display mark-
edly reduced Sypr values through both co-precipitation
and hydrothermal synthesis procedures. When com-
pared to the benchmark TiO, P25, all of the bismuth
oxyiodides samples exhibit significantly lower specific
surface area (TiO, P25; Sppr =43+ 1 m?/g). N, adsorption
isotherms are depicted in Fig. S5. The isotherms are type
IV according to the IUPAC classification, which were

Sample Eg Ecs Eyg Sger (M?/g) Pore diameter PSD,,,, (um) Crystallite

(eV) (V vs SHE) (V vs SHE) (nm) size

(nm)
TiO, P25 3.1 -02 29 43+1 13 0.025 (Lépez Zavala 17
etal.2017)

BiOl-copH 1 1.8 -0.1 1.7 2+1 8 14 53
BiOl-pH 10 1.9 -0.1 1.7 26£1 20 8/237 7
BiOI/BisO,l-co pH 12 1.9 26+1 22 6/110 16
BisO;l-co pH 13 3.1 -03 2.8 2+1 14 8 41
BisO,l-hy pH 13 3.1 =03 2.8 1+1 9 10 39
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Fig.3 TEM and HRTEM images of the synthesized a BiOl-co pH 10, b BiOl/BisO,l-co pH 12, and ¢ Bi;O,I-co pH 13

characteristics of the mesoporous materials. BiOI-co
pH 10 and BiOI/Bi;O,I-co pH 12 present H3 hysteresis
loop, whereas the rest of the catalysts show a rather small
and almost no hysteresis loops. The pore size distribu-
tions (Fig. S5) of BiOI-co pH 1, BiOI-co pH 10, and BiOI/
Bi;O,I-co pH 12 displayed high amount of mesopores, in
the range of 2-20 nm, and showed two peaks of small and
large pores that can be attributed to the inter-nanosheet
spaces, intrinsic porosity of the nanoparticles, and inter-
particles spaces, respectively. In the case of Bi;O;I-co pH
13, along with its significantly lower Sppr, there is also
a rapid decrease in its pore diameter. Bi;O,I-hy pH 13’
pore size distribution curve is turned into a line indicat-
ing pores disappearance. This could be related with its
microneedle structure and might have a negative impact
on the photocatalytic performance of the photocatalyst
(Hao et al. 2012; Gao et al. 2015; Ngo et al. 2024).

The particle size distribution profiles obtained from
the bismuth oxyiodides confirmed the micro-size of the
synthesized materials (Fig. 4). Maximum peak values
(PSD,,,,,) of particle size are recorded in Table 1. BiOI-
co pH 1, Bi;O,I-co pH 13, and Bi;O,I-hy pH 13 present
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BiOl-co pH 10 }10 nm

BiOl-co pH 10

\ Bi:0/l-co pH 13

a size distribution profile ranged from 0.5 to 200 pm,
with PSD,,, of 14, 8 and 10 pm, respectively. The slight
differences in the PSD,,, values of Bi;O,I (-co and -hy)
are comparable to the microneedles thickness varia-
tion observed in SEM images. BiOI-co pH 10 and BiOlI/
Bi;O,I-co pH 12 exhibit a double-peak profile.

Optical properties

Figure 5a shows the DR UV-Vis spectra of the bismuth
oxyiodides samples with photographs of the colored pow-
ders reported as insets. TiO, P25 was also included for
comparison. The light absorption edges are red-shifted
with the color of the sample powders changing from
white (TiO, and Bi;O,I), to orange (BiOI-co pH 10 and
BiOI/BizO,I-co pH 12) and brown (BiOI-co pH 1). Both
BiOI samples show absorption in the UV as well as vis-
ible portion of the electromagnetic spectrum; however,
BiOI-pH 10 exhibits a much larger absorbance capabil-
ity. Interestingly, BizO,1, synthesized through either pro-
cedure (coprecipitation or hydrothermal), shows only UV
absorption. The lack of visible light absorption can be the
consequence of a cathodic shift and/or anodic shift of the
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Fig. 4 Laser particle size distribution graphs from the synthesized bismuth oxyiodides

CB and VB edges respectively, when compared to BiOI,
resulting in a larger band gap. This further demonstrates
the possibility of tuning CB and VB edge redox poten-
tials, as well as the band gap of the resulting material, by
varying the Bi:l ratio during synthesis. Finally, the mix-
ture BiOI/Bi;O-I showed an absorption profile, which, as
expected, is (within experimental errors) equivalent to
the one of BiOI-pH 10.

of the linear part of the 1/C% vs potential curve dem-
onstrates that bismuth oxyiodides are n-type semicon-
ductors. The obtained Vg, (V vs Ag/AgCl 3 M KCl) was
converted to the standard hydrogen electrode (SHE)
scale and assigned to the Fermi level (Ey) of the semicon-
ductors (Eq. 1). Eg is considered as an approximation to
Ecp, and Eyy is estimated using the value of the optical
band gap (Table 1).

Vi (V vs SHE) = Vp, (V vs Ag/AgCl 3M KCl) + 0205 (V) = E¢ (V vs SHE) (1)

Tauc plot analysis (Makuta et al. 2018) reported in
Fig. 5b was used to derive an estimation of the energies
associated with indirect optical transitions between VB
and CB. For this, the Kubelka—Munk function (F(R_))
determined from the diffuse reflectance spectra was
used, (F(R,,)-hv)"? vs. hv were plotted, and the band gap
energy (E,) was obtained from the x-axis intersection.
The extrapolated values are reported in Table 1. The val-
ues obtained here for the optical band gaps of BiOI and
Bi;O,I matched what was previously reported for these
materials (Yang et al. 2018; Martinez-Topete et al. 2025;
Hassan et al. 2022).

Mott-Schottky plots (vs Ag/AgCl, 3-M KCI) for bis-
muth oxyiodides are given in Fig. 5c. The positive slope

Thus, the corresponding E-5 (V vs SHE) of samples BiOI-
co pH 1, BiOI-co pH 10, Bi;O,1, and TiO, P25 were calcu-
lated to be—0.14,—0.13,—0.28, and —0.24 V, respectively.
These values are similar to those obtained in prior publica-
tions (Liu and Wang 2016; Lin et al. 2019; Li and Wu 2015).

As shown in Fig. 5¢, the VB of BiOI-co pH 1 and BiOI-
co pH 10 exhibit similar positions (1.7 V), indicating
that the differences in sample structures do not impact
in the band position. The VB position of Bi:O,1 (2.8 V),
obtained through either synthetic method (coprecipita-
tion or hydrothermal), is positively shifted compared
with that of BiOl. This result suggests that the Bi-enrich-
ment leads to a stronger oxidation ability of Bi;O,I, com-
parable to TiO, P25 (2.9 V).
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Fig. 5 a UV-Vis DRS spectra, b Kubelka-Munk plots of the bismuth oxyiodide samples, ¢ Mott-Schottky plots, and d schematic electronic band

structure diagram. The inset of a shows photographs of samples

PL spectra (Fig. 6) of the photocatalysts were
recorded to study photogenerated charge -carrier
recombination. It is known that the higher the PL
intensity, the greater the probability of charge recom-
bination (Jimenez-Relinque et al. 2024; Pallotti et al.
2017). When comparing BiOI-co at pH 1 and pH 10,
the recombination probability decreases considerably
as the pH of the synthesis is increased, which high-
lights the role of the sample’s structure in terms of
the charge carrier separation. BizO,I exhibits a high
recombination probability, while BiOI-co pH 10 and
BiOI/Bi;O,I’s are significantly lower than the rest.
It is surprising that Bi;O,I, which has a similar band
structure as TiO, P25, exhibits a substantially stronger
recombination signal. BiOI/Bi;O,I material has the
lowest recombination, which could indicate that this
combined structure enhances light harvest and more
effectively separates photogenerated e -h* pairs.

Photocatalytic performance and intermediate product
formation

Photocatalytic degradation of NO,

Figure 7 illustrates the efficiency of NO/NO, removal,
NO, formation, and NO;~ selectivity (SNO3™) for the
synthesized bismuth oxyiodides under both UV (Philips
BLB 15 W; 10+ 1 W/m?) and visible (Philips Master TL-D
15W with filter up to 425 nm; 15+ 1 W/m?) light irradia-
tion (spectra of the lamps are given in Fig. S2). Under
UV irradiation, TiO, P25 demonstrates the best NO
degradation efficiency, followed by BiOI/Bi;O,I-co pH
12~Bi;O,I-co pH 13, Bi;O,I-hy pH 13, and BiOI-co pH
10. BiOI-co pH 1 shows the lowest NO conversion effi-
ciency. Bismuth-based oxyiodides have in general lower
selectivity (higher NO, generation) than TiO, P25. The
lower-than expected performances might be attributed
to high recombination rates (BiOI-co pH 1 and Bi;O,I)
(Fig. 6) and the overall low BET surface areas (Table 1).
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Fig. 6 Photoluminescence spectra (.. =315 nm) of bismuth oxyiodides samples. TiO, P25 was also included for comparison

Different ROS generation between TiO, P25 and the
synthesized catalyst cannot be discarded. Under vis-
ible light, BiOI-co pH 10 and BiOIl/Bi;O,I-co pH 12 are
nearly twice as efficient at purifying NO air as the bench-
mark TiO, P25. Attributed to the lowered E, (~1.9 eV)
and therefore an enhanced visible light absorption. In
the case of BiOI (pH 1 vs pH> 10), a clear performance
improvement is seen for the microsphere morphology
(Fig. 2). However, as it exhibits a high NO, formation rate
(low nitrate selectivity), the resulting NO, degradation
rates are comparable.

Photocatalytic decomposition of phenol
Figure 8a illustrates the phenol degradation efficiency as
a function of reaction time under UV (Philips PLL UV-A
18W; 1=20+2 W/m? and 253 + 1 photons/s/m?) and vis-
ible light (white LED; I=800+80 W/m?* and 3372+ 10
photons/s/m?) (spectra of the lamps are given in Fig. S2).
The removal efficiency is notably improved in the pres-
ence of TiO, solely under UV light. Conversely, under
visible light irradiation, BiOI-co pH 10 and BiOI/Bi;O,I-
co pH 12 exhibit a promising photocatalytic activity, five
times greater than that of the TiO, P25 benchmark.

TiO, P25 achieved complete conversion after 180 min
under UV light. Bi;O,I-hy and Bi;O,I-co pH 13 showed
a degradation of almost 60%, while the other synthesized

bismuth oxyiodides degraded less than 50%. On the other
hand, when exposed to visible light, BiOI-co at pH 10 and
BiOI/BizO,I-co pH 12 exhibit a promising 51% phenol
degradation after 180 min, whereas the remaining bis-
muth oxyiodides (BiOI-co pH 10, Bi;O,I-co and -hy pH
13) and TiO, P25 catalysts show degradation of less than
30%.

To further understand the reaction kinetics of phe-
nol degradation, the apparent pseudo-first-order model
In(Cy/C)=Kt is applied to the experiments (Guillard
etal. 1999).

The first-order linear fit data is shown in Fig. 8b,
including the coefficient of determination (R?). The R?
values obtained for the different bismuth oxides ana-
lyzed (R*>0.87) suggest a reasonably good linear fit for
In(Cy/C) vs time, obtaining representative kinetic con-
stant (K) values. TiO, under UV light presents the high-
est rate constant value (0.024 min~?), followed by both
Bi;O,I crystal structures (co and hy), which are much
higher than those of the other bismuth oxyiodides. Under
visible light, both BiOI-co at pH 10 and BiOI/Bi;O,I-co
pH 12 reach maximum degradation rates of 0.004 min™",
which are four times higher than the other materials.

To get some insight about the reaction mechanism
scheme for phenol degradation using bismuth oxyi-
odides, the evolution of the total conversion of phenol
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Fig.7 NO,NO,, and NO, efficiency under a UV and b visible irradiation and nitrate selectivity (SNO5™) under ¢ UV and d visible light

(TTG) and yield (TTI) (Eqs. 2-3) of possibly formed
intermediates (hydroquinone, benzoquinone, and cat-
echol) were calculated and compared to TiO, P25.

[Phlo — [Phl,

TTGO) = — o

-100 @)

[Int],
[Phlo

TTI(%) = - 100 (3)

In Eq. 2, [Ph], (uM) and [Ph], (uM) represent the con-
centrations of organic pollutant after the surface of the
photocatalysts had reached adsorption—desorption
equilibrium and after light irradiation, respectively. In
Eq. 3, [Int], (uM) corresponds to the concentration of

an intermediate compound at time ¢ and [Ph/, (uM) to
the initial concentration of phenol (Turki et al. 2015).

The evolution of the total conversion of phenol and
yield of hydroquinone generation of all active samples
is shown in Fig. 9. Benzoquinone and catechol signals
are not detected. In comparison with TiO, P25, only
traces of hydroquinone are formed in the presence of
bismuth oxyiodides.

Additional tests using 'H NMR spectroscopy were
recorded to confirm that all of the intermediate organic
reaction products during phenol degradation were
identified (Fig. 10b). The type of irradiation used during
testing was selected by whether the catalysts were UV
or visible light responsive. In these experiments, the
irradiation sources were UV (Philips Actinic BL 15 W;
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Fig. 10 Aromatic region of the."H NMR (600 MHz, D,0) spectra of a phenol, b photodegradation of phenol over different BiOl/Bi;O;I-co pH 12,
BiOl-co pH 10, and BisO,l-co pH 13 photocatalysts after 180 min of UV (Philips Actinic BL 15 W) or visible (Philips Master TL-D 15W) irradiation, and ¢
photodegradation of phenol as a function of UV irradiation time over TiO, P25

I=20+2 W/m?) or visible (Philips Master TL-D 15W;
I=76+2 W/m?). Phenol spectrum data is depicted as
reference (Fig. 10a). To obtain proton spectra at simi-
lar phenol degradation percentages for both TiO, and
bismuth oxyiodides, TiO, from low irradiation times of
30 min to 180 min (Fig. 10c).

In order to detect a higher amount of intermedi-
ates, these experiments were carried out with irradia-
tion sources of lower light intensity than those used in
previous tests, with irradiances of 20+2 and 76 +2 W/
m?, for UV and visible light respectively. Therefore, as
expected, catalyst performance under these irradia-
tion conditions is lower. The phenol degradation values
obtained are depicted in Fig. 10. In all cases, the spec-
tral appearance of new peaks confirms the formation
of intermediates (Fig. 10b, c). All catalysts, bismuth
oxyiodides and TiO, P25 (except TiO, P25 at higher
irradiation time, 180 min), show a new singlet peak at
6=6.79 ppm (blue), which could belong to 1,4-benzo-
quinone traces (Turki et al. 2015; Hirakawa et al. 2002).
The non-detection of 1,4-benzoquinone by HPLC may
be attributed to the concentration being below the
detection limit. TiO, P25 exhibits an additional sin-
glet peak at §=6.72 ppm (pink), possibly attributed to
hydroquinone (Liu and Wang 2016). The most active

bismuth oxyiodide sample, Bi;O,I-co pH 13, is the
only one that exhibits this tiny peak. This is in accord-
ance with the previously reported hydroquinone traces
detected by HPLC.

The identification of intermediate compounds using
HPLC and 'H NMR may suggest that bismuth oxyi-
odides, regardless their composition and morphology,
have a distinct mechanism of phenol degradation than
TiO, P25 (Turki et al. 2015). However, the possibility of
significant adsorption of hydroquinone onto bismuth
oxyiodide materials cannot be neglected.

The photocatalytic degradation of organic pollutants
usually leads to the decomposition of structure and even-
tually mineralization to CO, and H,O, which can be vis-
ualized by the decrease of TOC. To assess the extent of
mineralization during photocatalytic degradation of phe-
nol, TOC values of the best-performing samples (under
both irradiation conditions) have been obtained after
180-min irradiation using the same irradiation sources
(Fig. 11). Following UV light irradiation, the TOC reduc-
tion was 57%, 42%, and 31% for TiO, P25, Bi;O,I-co pH
13 and BizO,I-hy, respectively. Conversely, under visible
light exposure, BiOI-co pH 10 and BiOI/Bi;O;I-co pH
12 exhibited reductions of approximately 6% and 9%,
respectively.
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Fig. 11 TOC removal rates for the selected samples with best performance. Calculated ratios TOC/P are included. UV (Philips Actinic BL 15 W)

or visible (Philips Master TL-D 15W) irradiation

To favor the comparability of the results, ratios between
TOC removal rate (,umolL_l) and phenol degradation
rate (umolL‘l) were calculated (TOC/P) (Eq. 4). TOC/P
ratios of 0.6 were obtained for TiO, P25, Bi;O,I-co pH
13, and Bi;O,I-hy under UV exposure. Excited by vis-
ible light, BiOI-co pH 10 and BiOIl/BizO,I-co pH 12
ratios of 0.4 and 0.6 were found, respectively. These ratio
results indicate that BizO,I-UV, BiOIl/BizO,I-VIS, and
TiO, P25-UV systems have comparable mineralization
capabilities.

TOC dissapeared (umolL™")
Phenol degraded (jumolL=1)

TOC/P = (4)

Reusability tests

The stability of the best-performing samples under both
irradiation conditions was further evaluated by cycle
tests (Fig. 12). The phenol photocatalytic degradation was
reproducible in three consecutive 180 min irradiation
experiments, thus demonstrating the stability of these
catalysts. For more clarity in the results, the degradation
of the first cycle was normalized to 100% for all samples.

Factors affecting photocatalytic activity of bismuth
oxyiodides samples and elucidation of reactive oxygen
species (ROS) photocatalytic degradation pathways

To facilitate the discussion of photocatalytic activity
results, Fig. 13 compares the photocatalytic performance
for NO, and phenol (%) for all samples under both UV
and visible irradiation conditions. Overall, NO and phe-
nol photodegradation rates show a similar trend, and
slight deviation of results can be attributable to compa-
rability of different classes of environmental remediation
applications on different media (aqueous solution and
air). For example, the lack of activity for NO, removal
under visible light for the BiOI-co pH 1, Bi;O,I-co pH
13, and Bi;O,I-hy pH 13 samples could be attributed to
the distinct nature of the reaction media (Baldzs et al.
2011). In the case of phenol, which is in aqueous phase,
its higher solubility and ability to adsorb onto the photo-
catalyst surface facilitate the interaction with the catalyst.
This allows the photocatalyst to generate the necessary
reactive species for efficient degradation. On the other
hand, the removal of NO, in the gas phase presents addi-
tional challenges. Gaseous contaminants, like NO,, tend
to have lower adsorption efficiencies on the photocata-
lyst surface compared to aqueous compounds. Addition-
ally, NO oxidation requires specific conditions, such as
an appropriate band positions or reactive oxygen species
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that might be different than those required for phenol
degradation, and may be less effective under visible light
for the studied photocatalysts. Indeed, a similar trend
was observed in a previous work, where BiOX samples
exhibit different photocatalytic efficiencies for phenol
degradation and NO, oxidation (Jimenez-Relinque et al.
2024).

In this work, two BiOI samples (BiOI-co pH 1 and
BiOI-co pH 10) were prepared. These two materials have
similar band structures (Fig. 5d, Table 1), with narrow
band gap energy (1.8-1.9 eV) and band potentials (E.z=
—0.1 V and Eyz=1.7 V). However, the lower photocata-
lytic performance (NO and phenol removal) of BiOI-co
pH 1 under both irradiation conditions can be attributed
to its smallest BET surface area (2+1 m?/g). This is asso-
ciated with its micro-sheet stacked structure. In contrast,
BiOlI-co pH 10 sample had a larger Sy area (26 + 1 m?/g)
related to an open nanosheet-composed microspheres
structure, which resulted in an increased photocata-
lytic performance. Furthermore, BiOI-co pH 10 reveals
high light absorbance capability (Fig. 5a) and low e -h™*
recombination rate (Fig. 6), which further contributes to
this sample high reactivity in comparison with BiOI-co
pH 1.

The formation of BiOl/Bi;O,I remains to match with
visible light absorption (Fig. 5a). High BET surface area
and low recombination rate are maintained (Fig. 6,
Table 1). The enhanced photodegradation of NO and
phenol (more perceptible under UV light) can be attrib-
uted to the presence of UV light-responsive Bi;O,I pho-
tocatalyst. Whereas the activity under visible light may
be due to the presence of BiOl, considering the micro-
sphere morphology, it is reasonable to obtain activities
comparable to those of BiOI-co pH 10. Previous reports
have highlighted potential enhancement of photocata-
lytic performance attributed to the formation of a hetero-
junction photocatalysts (Geng et al. 2024; Yu et al. 2015).

The as-prepared Bi;O,l materials via co-precipitation
and hydrothermal procedures are UV-responsive pho-
tocatalysts with band gap of 3.1 eV. Generally, higher Bi
content results in a wider band gap in oxyiodide com-
pounds (Xiong et al. 2020; Jin et al. 2017). In regard to the
band edge position, Bi;O,I exhibits a more cathodic con-
duction band (E.z= —0.3 V) and a more anodic valence
band (E\5=2.8 V), in comparison to BiOI. Interestingly,
both prepared Bi;O,I shows a good VB position that pro-
vide a promising oxidation ability comparable to TiO,
P25 (Fig. 5d). However, the photocatalytic performance is
lower than expected. This limitation may be attributed to
its low BET surface area (2+1 m?/g) and high recombi-
nation rate (Fig. 6). However, a different ROS-mediated
mechanism of TiO, and bismuth oxyiodides compounds
cannot be neglected.
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Upon comparing the photocatalytic activities obtained
for the different bismuth oxyiodides synthesized with
those reported in the literature, a diverse range of results
emerged. In Table 2, the results obtained in various stud-
ies from the literature are compiled, mentioning the mor-
phology of the materials, the synthesis procedure, and the
conditions of the photocatalytic activity tests to facilitate
intercomparison. Just studies of catalysts with the same
morphologies have been included. According to our
knowledge, comparable BiOI/Bi;O,l as-prepared sam-
ples have not been used in any previous work, thus are
not included. In addition, most of the results found in the
literature correspond to experiments conducted solely
under visible light irradiation. Despite differing synthe-
sis methods, Jiménez-Relinque et al. (Jimenez-Relinque
et al. 2024) and this study found similar both phenol and
NO, degradation results under UV (phenol=20-22%;
NO=5-9%) and visible light (phenol=24-25%;
NO=0-1%) for BiOI-microsheet structure samples.
Discrepancies arise between the bibliographic results
for BiOI with a microsphere structure under visible
light. While Dong et al. (Dong et al. 2015) and Zhu et al.
(Zhu et al. 2019) report superior NO degradation (60%
and 33-45%, respectively), Wu et al. (Wu et al. 2017)
record lower phenol activities (7% after 180 min), and
Wang et al. (Wang et al. 2017b) yield comparable results
to this study (53% after 180 min). Similarly, for Bi;O/I,
phenol degradation results under visible light obtained
by Wu et al. (Wu et al. 2017) and Gao et al. (Gao et al.
2020) align with this study (~#10-20%). However, the cor-
rect comparison of the absolute efficiencies obtained in
the different works is difficult, due to the use of differ-
ent lamps with emission peaks at different wavelengths
and with different irradiance and/or photon flux values,
which in the majority of the cases are not specified.

Regarding the formation of undesired by-products
during the photocatalytic reactions, bismuth oxyiodide
samples formed traces of detected typical intermediates
during phenol decomposition and high NO, generation
during NO, removal in comparison with TiO, P25. The
discrepancies of intermediate formation trend between
tests may be due to unfavorable BV and CV potentials
for the target reactions or phenol by-products being
absorbed onto the catalyst surface that might affect the
reaction selectivity. However, it is crucial not to overlook
the possibility of a different ROS-mediated mechanism
for TiO, and bismuth oxyiodide compounds.

Since ROS are primary intermediates of photocata-
lytic reactions, as previously stated, their identification
is important in terms of understanding the photodegra-
dation mechanisms. The HO-, which is produced at the
metal oxide surface by the photocatalytic oxidation of
H,O with the VB holes (h"), is often assumed to be the
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Table 2 Comparison aspects of as-synthetized BiOl and BisO,l and photocatalytic performance with other previously reported studies

Sample Morphology Pollutant Synthesis Experimental procedure Degradation rate Refs.
BiOI Microsheets ~ NO, Method: co-precipitation 500+50 ppb NO and flow ~ UV: NO 9% and This work
(rt, 24 h) rate of 1 L/min NO, 6%
Solvent: H,0 Vis: NO 0% and
pH: 1 NO, 0%
Method: grinding (rt,, 1000450 ppb NO and flow  UV: NO 5% and (Jimenez-Relinque et al.
10 min) rate of 0.5 L/min NO, 4% 2024)
Solvent: - Vis: NO 1% and
pH: - NO, 0%
Phenol Method: co-precipitation 0.2-mM phenol, 1 g/L cata- UV: 22% This work
(rt, 24 h) lyst, 180-min irradiation Vis: 24%
Solvent: H,0
pH: 1
Method: grinding 0.2-mM phenol, 1 g/L cata-  UV: 20% (Jimenez-Relinque et al.
Solvent: - lyst, 180-min irradiation Vis: 25% 2024)
pH: -
BiOl Microspheres  NO, Method: co-precipitation 500450 ppb NO and flow ~ UV: NO 19% and This work
(rt, 24 h) rate of 1 L/min NO, 7%
Solvent: H,0 Vis: NO 12% and
pH: 10 (NaOH) NO, 3%
Method: hydrothermal 600-ppb NO and flow rate  Vis: NO 60% (Dong et al. 2015)
(160°C, 12 h) of 1 L/min
Solvent: ethylene glycol
Method: hydrothermal 430-ppb NO and flow rate  Vis: NO 33-45% (Zhu et al. 2019)
(160-200°C, 18 h) of 4 L/min
Solvent: ethylene glycol
Phenol Method: co-precipitation 0.2-mM phenol, 1 g/L cata- UV: 30% This work
(rt, 24 h) lyst, 180-min irradiation Vis: 51%
Solvent: H,0
pH: 10 (NaOH)
Method: co-precipitation ~ 0.2-mM phenol, 1 g/L cata- Vis: 7% after 180 min (Wuetal. 2017)
(70°C, 5 min) lyst, 240-min irradiation and 12% after 240 min
Solvent: H,0+HNO;
Additive: PEG 6 K
Method: hydrothermal 0.5-mM phenol, Vis: 53% after 180 min (Wang et al. 2017b)
(160°C, 12 h) 1 g/L catalyst, 6-h irradia- and 94% after 6 h
Solvent: methanol and eth-  tion
ylene glycol (1:1)
BisO;l Microneedles  NO, Method: co-precipitation ~ 500+50 ppb and flow rate  UV: NO 34% and This work
Solvent: H,0 controlled at 1 L/min NO, 6%
pH: 13 (NaOH) Vis: NO 0% and NO, 0%
Method: hydrothermal 500+ 50 ppb and flow rate  UV: NO 23% and This work
(160 °C, 24 h) controlled at 1 L/min NO, 8%
Solvent: H,0 Vis: NO 0% and NO, 0%
pH: =13 (NaOH)
Phenol Method: co-precipitation 0.2-mM phenol, T g/L cata-  UV:58% This work
Solvent: H,0 lyst, 180-min irradiation Vis: 23%
pH: 13 (NaOH)
Method: hydrothermal 0.2-mM phenol, 1 g/L cata-  UV:55% This work
(160 °C, 24 h) lyst, 180-min irradiation Vis: 15%
Solvent: H,0
pH: =13 (NaOH)
Method: thermal treatment  0.07-mM phenol, Vis: 10% (Gao et al. 2020)

of BiOl
(520 °C with 3 °C/min
for 4 h)

Method: co-precipitation
(70°C, 5 min)

Solvent: H,0+HNO;
Additive: PEG 6 K

pH: basic (NaOH)

1 g/L catalyst, 150-min
irradiation

0.2-mM phenol, 1 g/L cata-
lyst, 240-min irradiation

Vis: 20% after 180 min
and 33% after 240 min

(Wu et al. 2017)




Martinez-Topete et al. J Mater. Sci: Mater Eng. (2025) 20:39

major species responsible for the photocatalytic oxidative
reaction.

To evaluate the role of this active specie during the
photocatalytic reaction, isopropyl alcohol (IPA) as HO-
quencher was introduced in the phenol degradation
experiment carried out with Bi;O,I photocatalysts. This
crystal structure was selected because the VB oxidation
position is comparable to that of TiO, P25 (Fig. 5) and
evaluation of Gibbs energy change (AG), calculated from
E°(HO-/H,0)=2.31V (Dang et al. 2016) and E,;, showed
that HO- generation is thermodynamically favored
(AG<0). Figure 14 shows that adding IPA reduces phenol
degradation by TiO, P25 when compared with that of no
quencher whereas leaving Bi;O,I-co pH 13 and Bi;O,I-hy
unaffected. This finding suggests that HO- are involved in
the degradation mechanism of phenol by TiO, P25, but
not over Bi;O,l, even though the holes on the VB of this
compound are theoretically capable of oxidizing H,O to
produce HO-.

TA fluorescence probe experiments to measure HO-
were also performed.

Jimenez-Relinque et al. 2017; Martinez-Topete et al.
2025; Jimenez-Relinque and Castellote 2018; Nosaka
et al. 2003; Ishibashi et al. 2000). The reaction of gen-
erated HO- with TA forms TAOH, which presents a
fluorescence peak at 425 nm (Fig. 15a). As observed in
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Fig. 13b, the FL intensity (A =425 nm) of TiO, increases
with the UV irradiation time. Thus, HO- was produced
through TiO,. The loss of linearity in the increase of
fluorescence intensity of TiO, may be attributed to the
absence of enough available free TA probe to react. No
TAOH was generated by Bi;O,I-co pH 13 nor Bi:O,I-hy
pH 13 samples. This is solid evidence to confirm that HO-
are invariably not the major oxidants produced in Bi;O,I
photocatalysis.

To further ascertain the generation of HO- by TiO,
P25 but not by Bi;O-l, spin-trap EPR experiments were
conducted. We confirmed the generation of HO-/HOO-
in UV-irradiated TiO, P25 (Fig. 16a) in the presence
of DMPO. Figure 15a shows a 1:2:2:1 quartet of reso-
nances typical of a DMPO-OH radical adduct where the
unpaired electron of the aminoxyl moiety couples to the
1N and the IHB nuclei with identical isotropic hyperfine
coupling constants (hces) and equal to a, (**N)=ay,
(IHB)= 1.49 mT. This spectrum is indicative of the trap-
ping of HO- and, due to the photoreaction being con-
ducted outside of the EPR resonator, potential direct
trapping of O,-"/HOO: (DMPO-OOH in water persists
only for a few minutes before undergoing ring opening
to a diamagnetic 4-methyl-4-nitroso-pentanal, releasing
HO- that in the presence of excess DMPO forms DMPO-
OH) (Finkelstein et al. 1982). In the case of Bi;O,I
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i 0.6 \ ~
@) N
O SN
0.4 1 S
—e—TiO, P25
{ —® TiO, P25 + IPA
Bi;O,l-co pH 13
0.2 Bi;O,l-co pH 13 + IPA
| —v—Bi;0,l-hy pH 13
—w BisO,l-hy pH 13 + IPA
0.0 T T : T v T : T

-30 0 30

I
60 120

t (min)
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Fig. 14 Phenol degradation under UV light in the presence of IPA (HO- quencher)
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Fig. 15 aFL spectra (A.,.=315 nm) of TAOH over samples after 20 min of UV irradiation and b FL intensity linear fit of TAOH (A=425 nm) at different
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Fig. 16 X-band continuous wave (CW) EPR experimental spectra (black traces) and simulations (red traces) of a TiO, P25, b Bi;O,I-hy pH 13, and ¢
BisO,I-co pH 13 in water suspension irradiated under UV light for 5 min with 30 mM DMPO

however (Fig. 16b, c), no hydroxyl or hydroperoxyl finger-  arising from the coupling of the unpaired electron to
print was observed. On the contrary, spin trapping EPR  the *N nucleus of the aminoxyl moiety, a;,, (**N)=0.73
revealed the presence of a nine-resonance line spectrum  mT, and two identical 1HY nuclei, 2 X a;, (IHY)=0.41 mT.
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This spectrum is indicative of DMPOX oxidation prod-
uct of the initial DMPO spin trapping reagent. DMPOX
formation can occur when DMPO is oxidized by high-
valent metals, by a sudden generation of a large amount
of HO- or by 'O, (Kim et al. 2020; Zhu et al. 2020; Huang
et al. 2022, 2018). A sudden generation of a large amount
of HO- were previously excluded (Fig. 15). Otherwise,
Bi;O,I photocatalysts would exhibit a greater UV photo-
catalytic efficiency than TiO, P25, which we showed it is
not the case. Therefore, the formation of DMPOX must
arise from either a higher metal oxidation state (Bi(V)) or
singlet oxygen formation under UV irradiation. In both
cases though, these species are less oxidative and reac-
tive than HO-, which would partially explain the much
lower photocatalytic efficiencies and selectivity of Bi;O,1
when used to degrade phenol or NO,. Additionally, in the
case of phenol degradation, previous works have shown
that singlet oxygen reacts with phenol exhibiting extreme
selectivity toward the para position, leading to the for-
mation of 1,4-benzoquinone as by-product, consistent
with the previous results observed in the 'H NMR spec-
tra (Fig. 9) (J. Al-Nu’airat, B.Z. Dlugogorski, X. Gao, N.
Zeinali, J. Skut, PR. Westmoreland, I. Oluwoye, M. Alta-
rawneh 2019), leading us to believe in the possibility of
this potential degradation pathway.

Although all these experiments for ROS detection have
been conducted in Bi;O,I, the absence of HO- formation
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can be extrapolated to the other BiOI samples. Evaluation
of Gibbs energy change (AG), calculated from E°(HO"/
H,0)=2.31 V (Koppenol et al. 2010) and E,;, showed
that HO® generation is not thermodynamically favored in
the case of BiOI (AG>0). Based on the aforementioned
experimental results, a pathway of 'O, oxidation photo-
catalytic pollutant degradation is proposed in Fig. 17a.
Detailed mechanisms for photocatalytic phenol
and NO, removal by pure TiO, have previously been
reported (Turki et al. 2015; Dalton et al. 2002; Dang et al.
2016). For phenol degradation, the contaminant is first
hydroxylated forming hydroquinone and/or catechol.
Parallel formation of benzoquinone and carboxylic acids
(e.g., propionic acid, formic acid, maleic acid...) has been
previously observed (Turki et al. 2015; Dang et al. 2016).
Intermediates could be further oxidized into to short-
chain organic compounds, and due to the weak energy of
C-H, H-0, and C-O bonds, these can be easily mineral-
ized to carbon dioxide and water (Turki et al. 2015; Dang
et al. 2016; Pankaj et al. 2017; Trinh et al. 2016). For the
mechanism of NO, removal is commonly assumed that
NO is adsorbed onto the catalysts’ surface and converts
to HNO, and NO,. The HNO, formed is totally con-
sumed and converted into NO,, as its reaction is very
fast, while NO, either converts to HNO; or desorbs (Bloh
et al. 2014; Dalton et al. 2002; Angelo et al. 2013). As an
initial approximation, our findings indicated that these

0)

10, — Pollutants

Fig. 17 a 'O, proposed photocatalytic mechanism of synthesized bismuth oxyiodides and b proposed charge transfer mechanism of BiOl/

Bi;O,l-co pH 12
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degradation pathways and their associated intermediates
might be extrapolated to this work using bismuth oxyi-
odides materials, but further research is required.

Besides this, it is generally accepted that for pure
TiO, system, HO- is the main oxidation specie responsi-
ble for NO, (Rhimi et al. 2022) and phenol degradation
(Chiou et al. 2008; Trillas et al. 1992). These pollutants
can be oxidized by either photogenerated h* (Jimenez-
Relinque and Castellote 2015) or other active species
(HO- and O,-7) (Nava-Nuiiez et al. 2020; Wysocka et al.
2018). Thus, up to date, the photocatalytic action of TiO,
appeared to be the sum of these oxidative processes
(Jimenez-Relinque et al. 2024). However, the ROS-photo-
catalytic oxidation mechanism of bismuth oxide remains
unclear in literature and may differ from one to another.
For example, recent research by Li et. al. (Li and Meng
2020) revealed that h™ may be the main oxidant for phe-
nol degradation in a range of bismuth-based photocata-
lytic systems (Bi,WO, Bi,MoQOq, BiOBr, BiOCl, BiOI,
BiPO,, and Bi,O,CO;), where HO- and O,-~ are pro-
duced insignificantly. In contrast, according to Wu et al.
(Wu et al. 2017) BI;O,I phenol degradation is mainly
mediated by O,-"., and in the case of BiOI microspheres,
Wang et al. (Wang et al. 2017b) report the involvement
of both HO- and O,-". Discrepancies in results have also
been observed in NO, oxidation studies. Nava-Nufez
et al. (Nava-Nuiiez et al. 2020) and Ganggiang Zhu et al.
(Zhu et al. 2019) proposed no HO- generation in BiOI
but instead reported the involvement of O,-~. In con-
trast, Dong et al. (Dong et al. 2015) demonstrated even
changes during the photocatalytic oxidation process of
BiOI materials. They propose that initially the HO- gov-
erns the oxidation of NO, but the accumulation of NO;~
on catalyst surface may inhibit their generation, changing
the process to selective oxidation by h*. Based on our
analysis supported by different ROS-detection methods
(quencher experiments, EPR, and TA-FL probe method),
this study opens a new via of photocatalytic conver-
sion processes of bismuth oxyiodides involving 'O, and
absence of HO- participation. Hence, a comprehensive
grasp of the ROS photocatalytic degradation pathways
is still essential for understanding the photocatalytic effi-
cacy in the range of bismuth oxyiodide systems. Thus,
in-depth mechanistic studies to understand the underly-
ing processes involved would be very interesting to pro-
pose comprehensive mechanisms. These lines of inquiry
can open new perspectives for designing and optimiz-
ing efficient photocatalysts in environmental pollutant
degradation.

Moreover, for BiOI/Bi;O,I-co pH 12, a charge trans-
fer mechanism has been proposed in Fig. 17b. After
heterojunction formation, electrons transfer from the
CB of BiOI to the CB of Bi;O,l, and holes transfer
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from the VB of Bi;:O,I to the VB of BiOI, which make
the Fermi level of BiOI/BizO,I-co pH 12 reach a new
equilibrium state. The E; of BiOI/Bi;O,I-co pH 12 has
been estimated to be—0.23 V vs SHE, through Mott
Schottky plot (Fig. S7) and unit conversion using Eq. 1.
Given that it is closer to the Fermi level estimated for
the Bi;O,I sample alone (-co pH 13; E;= —0.28 V vs
SHE), it can be concluded that the most likely mecha-
nism is the transfer of electrons to this phase. This is
in accordance with mechanisms proposed previously in
the literature for BiOI/Bi;O,l (Liao et al. 2021; Yu et al.
2024).

Conclusions

Bismuth oxyiodides (BiOl, BiOI/Bi;O,I, and Bi;O,I)
were effectively synthesized through co-precipitation
and hydrothermal procedures. Photocatalytic activity
was evaluated for phenol decomposition in water solu-
tion and NO, air purification. While TiO, under UV
light substantially enhanced removal efficiency in both
tests, BiOI-co pH 10 and BiOI/Bi;O,I-co pH 12 dem-
onstrated promising efficiencies under visible light. The
enhanced efficiency of this is a combination of suitable
optical properties (E, and e -h"™ recombination) and
microstructure parameters (higher Sppr). However, pho-
tocatalytic activities for bismuth oxyiodides under visible
light were lower than TiO, under UV light. This suggests
that in order to hasten the practical application and com-
mercialization of these innovative materials, strategies
for improving the photocatalytic activity of bismuth oxyi-
odides under visible/solar light are necessary.

Bi;O,I-UV, BiOI/Bi;O,I-VIS, and TiO, P25-UV sys-
tems displayed equivalent mineralization capabilities in
terms of TOC/phenol ratios. Bismuth-based oxyiodides
only produce traces of hydroquinone intermediate during
the phenol conversion process but produced more inter-
mediate NO, during NO oxidation than the benchmark
TiO, P25. This suggest that phenol degradation by-prod-
ucts might adsorb onto the bismuth oxyiodides surface.
However, a different mediated mechanism cannot be
neglected. Various ROS detection methods revealed that
HO- is not the major oxidant specie in the photocatalytic
degradation of bismuth oxyiodides, even in the case of
Bi;O,1, where the formation of HO- was thermodynami-
cally favored due to the position of its valence band. An
alternative pathway is suggested, focusing on 'O,, a less
oxidative ROS. This might partially explain the lower
photocatalytic efficiencies and selectivity of Bi;O,1. How-
ever, the influence of the structural properties (rod-like
morphology and low Sgpp) as limiting factor cannot be
neglected.
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