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Photocatalysis is a green and cost-effective approach to environmental remediation. While TiO; is
considered one of the benchmark photocatalysts, alternative materials such as Bi,Oz have recently
attracted increasing scientific attention as prospective visible light photocatalysts. This study aimed to
develop a strategy for Bi,Osz thin film deposition via ultrasonic spray pyrolysis and systematically study
process variables for the deposition of B-Bi,Os thin films for photocatalytic applications. To achieve the

aim, the precursor solution concentration as well as deposition and annealing temperature were
optimised. The structural, optical, morphological, chemical and wettability properties of the obtained
Bi,Os3 thin films were investigated with respect to the effect on the photocatalytic oxidation of 10 ppm
methyl orange (MO). The highest photocatalytic activity (48% in 5 h) under UV-A was recorded for the B-
Bi,Os3 film deposited using 0.1 M precursor solution at 300 °C and heat-treated for 1 h in air at 350 °C.
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Deposition at 300 °C resulted in an amorphous film structure, whereas annealing at 350 °C led to the

formation of the B-Bi,Os phase with the dominant facet orientation (220). These results show the
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1 Introduction

The global photocatalyst market is rapidly growing owing to its
wide range of applications, e.g., self-cleaning, antibacterial,
water and air remediation. In 2021, the market of photocatalysts
accounted for $3.1 billion, and it is expected to reach $5.1
billion in 2026.* Although nearly 190 compounds were reported
in the literature as photocatalysts,” about 62% of the market is
based on titanium dioxide (TiO,).> TiO, as a benchmark pho-
tocatalyst has shown good efficiency and stability in the oxida-
tion of a variety of organic pollutants. The practical applications
of TiO,, however, possess some challenges. The major limita-
tion of TiO, is its wide band gap, which requires irradiation with
ultraviolet light. Thus, the development of and research on
alternatives to TiO, photocatalysts, especially solar light-driven
photocatalysts, will be critical to make them a viable proposi-
tion for the future sustainable photocatalyst market.
Currently, the most well-known visible light photocatalysts
are CdS, CusS, CeO,, and BivO,.* However, the photocorrosion
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suitability of spray pyrolysis for the deposition of Bi,Oz thin films with promising results for MO dye
degradation, expanding the range of suitable photocatalytic materials.

and fast recombination rate of electron-hole pairs limit their
performance. Bismuth trioxide (Bi,O3) is also one of the
promising green candidates for visible-light active photo-
catalysts. Bi,O; plays an important role in semiconductor
technology; however, due to its complex polymorphism, it is not
a well-studied material.> Depending on the preparation tech-
nology, Bi,0; exists in several crystal forms, i.e. monoclinic (o),
tetragonal (B), body-centred cubic (y), face-centred cubic (3),
orthorhombic (g), triclinic (w), and hexagonal assemblies.®
However, only the a- and d-phases are stable; the o-phase is
stable at room temperature and the d-phase is stable at high
temperatures (730-825 °C).” The optical band gap values of
different phases vary from 2.0 to 3.9 eV and depend sensitively
on preparation conditions.?

Studies showed that a-, B- and d-phases can photocatalyti-
cally oxidize organic pollutants such as methyl orange (MO),*™**
methylene blue'” and rhodamine B (RhB)*** under UV and Vis
light. The a-phase is the most studied one due to its thermal
stability,'® while the B-phase was reported as more photo-
catalytically active”'”'®* However, the mechanism of -Bi,O; film
formation and stability at high temperatures (450-667 °C) is
still unclear and needs in-depth study.”®

The application of the photocatalyst in the form of a thin
film, rather than using nanopowders, provides several advan-
tages to the photocatalytic process. Due to the excellent adhe-
sion of the film, there is no need to separate nanoparticles from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the liquid medium after treatment. Thus, they can be reused
multiple times without losing their activity. Thin films can be
easily scaled up to large areas, making them a viable option for
industrial applications. Moreover, thin films can be used as
multi-functional surfaces (e.g., self-cleaning, anti-fogging
etc.).'?° The first important step in the production of efficient
photocatalytic thin films is the selection of the deposition
method. Bi,O; thin films were prepared using a variety of
methods such as sol-gel, spray pyrolysis and sputtering, which
are summarized in the ESI Table S1.f However, still, some
critical things about the preparation and post-treatment
temperature optimisation of the pB-phase have not been
shown. In this work, ultrasonic spray pyrolysis (USP) was used
for Bi,O; film deposition. This method has been proven as
a cost-effective and easily scalable method for the production of
uniform TiO, thin films on large areas,>** while in the
production of Bi,O; films, it was used only by Hofmann et al.*

The second major step in the fabrication of thin films is the
choice of the precursor. Bismuth(m) nitrate pentahydrate
(Bi(NO3);-5H,0) was mainly used as a precursor for Bi,O; film
deposition by chemical methods (Table S1f), while applying
a metal-organic precursor can be more beneficial for the
production of photocatalytic films. For example, metal acetates
dissolved in organic solvents can be promising to produce
photocatalytic coatings by spray pyrolysis. At room tempera-
tures, acetate ligands with metal ions are retained in the
complex, which leads to the stable precursor solution.”® At the
temperature of 200 °C, acetate complexes start to decompose
into metal oxides and completely decompose at the temperature
of 400 °C.** To the best of our knowledge, bismuth(m) acetate
water solution for photocatalytic Bi,O; film preparation was
used only in one study,® while organic solvents for bismuth (i)
acetate solution preparation have not been reported yet. More-
over, the effect of annealing on the material and photocatalytic
properties of the Bi,O; films from bismuth(m) acetate precursor
prepared by USP has not been studied yet. However, it is well-
known that annealing of thin films has an impact on their
photocatalytic activity through surface modification and defects
engineering. The application of annealing helps create point
defects on the surface of the photocatalyst, which act as active
sites and enhance charge separation and transfer.”® For
example, Dundar et al. showed an enhancement in photo-
catalytic efficiency of TiO, thin films deposited at 350 °C and
annealed at 500 °C due to the transformation from amorphous
to crystalline TiO, and the creation of higher amount of oxygen
vacancies on the catalyst surface.”®

It is important to note that photocatalytic materials must be
designed carefully to avoid secondary pollution after their
application in environmental remediation. Thus, the deposi-
tion of the photocatalyst in the form of well-adhered thin films
is the best option. However, low quantum yield and high elec-
tron-hole pair recombination rate were reported as the main
limitations for potential industrial photocatalytic application of
Bi,O; films.”” Modification of Bi,O; via doping or making
composite materials can help to overcome these limitations.
For example, the heterostructures of a- and B-Bi,O; were
applied for Rh B**?**° photocatalytic oxidation and showed up
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to 3.5 times higher degradation rate compared to the a-phase.
Moreover, Bi,O; and TiO, can form a p-n heterojunction with
enhanced charge separation under visible light.’**** However,
prior to the preparation of complex compounds and hetero-
structures, an understanding of the properties of the constit-
uent materials is needed. Thus, the novelty and key point of this
paper lie in the development of the methodology for Bi,O; thin
film preparation by USP, the systematic study of material and
photocatalytic properties of obtained films, and the subsequent
study of the annealing effect.

The aim of this study was to understand and identify process
variables and operative conditions for the deposition of pho-
tocatalytically active B-Bi,O; thin films by ultrasonic spray
pyrolysis using bismuth(i)acetate metal-organic compound as
a precursor. To reach the aim, the influence of precursor
concentration (0.025-0.1 M), film growth temperature (250-500
°C) and annealing temperature (300-550 °C in air) was inves-
tigated. Finally, the photocatalytic activity was measured by
degradation of MO and compared with TiO, thin films taken as
a model photocatalytic material for these studies.

2 Experimental

2.1. Sample preparation

Bismuth(m) acetate (Bi(CH;COO);, 99%, Alfa Aesar) was used as
a precursor. The molar concentration of bismuth(m) acetate
varied from 0.025 to 0.1 M. The precursor was dissolved under
stirring at 50 °C in acetic acid (CH;COOH, Honeywell, =99.8%)
and methanol (CH;OH, Honeywell, =99.9%) in the volume
ratio 1:4. A clear, transparent solution was obtained after
20 min stirring.

Borosilicate glass (40 x 9 mm) was used as a substrate. Films
were deposited by ultrasonic spray pyrolysis (USP). Compressed
air with a flow rate of 5 L min~' was used to transport the
precursor droplets from the nebulizer to the preheated glass
substrate. The deposition time was set to 13 min, which gives
the solution spray rate of 2.3 mL min '. The deposition
temperatures were between 250 °C and 500 °C at the intervals of
50 °C. Some of the as-deposed samples were annealed at
temperatures of 300-550 °C for 1 h in air.

The TiO, thin film for the comparison experiment was
deposited using the same USP setup. For precursor preparation,
3 mL of titanium(v) isopropoxide, 8 mL of acetylacetone and
39 mL of ethanol were mixed. TiO, film was deposited using the
same spray rate at a temperature of 350 °C and annealed for 1 h
at 500 °C. The material and photocatalytic properties of the
obtained film were studied in detail in previous papers.**>?*

2.2. Characterization

Structural properties were investigated using X-ray diffraction
(XRD). Rigaku Ultima IV diffractometer with Cu Ka radiation of
A = 1.5406 A, 40 kv, 40 mA and silicon strip detector was
operated with a scan range of 10-70°, scanning speed rate of
5° min~' and a step of 0.02°. The total transmittance of the
samples was measured with a Jasco V-670 UV-Vis-NIR spectro-
photometer equipped with an integrating sphere in the spectral
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range 250-1500 nm. The optical direct band gap was deter-
mined using a Tauc plot. The surface morphology of the
prepared samples was studied using a scanning electron
microscope (SEM) (HR-SEM Zeiss Merlin). The thickness was
determined from SEM cross-section images. X-ray photoelec-
tron spectroscopy (XPS) analyses were carried out using a Ther-
moFisher ESCALAB Xi" instrument using a monochromatic Al
Ko X-ray source. The binding energy values were calibrated
based on the C 1s core level peak at 285.0 eV. All samples were
pre-treated with a UV-A lamp for 30 min before XPS measure-
ments to clean the surface from adsorbed H,O species. The
wettability of the films was studied with water contact angle
(CA) measurements by DSA 25 (KRUSS Instrument) at room
temperature, using the sessile drop fitting method.

The photocatalytic activity was measured by the oxidation of
a commonly used model pollutant methyl orange (MO) dye in
an aqueous solution under UV-A. Based on the band gap
calculations, some experiments were conducted under Vis light.
The initial concentration of MO was 10 ppm, and the volume
was 3 mL. The concentration of MO was measured every 30 min
for 300 min by measuring the highest absorbance intensity of
MO at 464 nm with a UV-Vis-NIR spectrophotometer. MO
degradation efficiency was calculated from eqn (1). All experi-
ments were repeated at least twice, and the average efficiency
was calculated with a standard deviation of <5%.

n=(Cy — C)ICy x 100% 1)

n is the degradation efficiency (%), C, is the initial concentra-
tion of MO (ppm), and C is the concentration of MO at irradi-
ation time ¢.

UV-A Philips Actinic BL 15 W with irradiance 3.5 mW cm >
with reflector (integrated in the range of 180-400 nm, with max
emission at 365 nm, UV-B/UV-A ratio <0.2%) and VIS Philips TL-
D 15 W with irradiance 3.3 mW cm ™2 with reflector (integrated
in the range of 180-700 nm, UV/UV-Vis ratio <5%) lamps were
used as light sources. Reference experiments were conducted to
check the photolysis and adsorption, and detailed information
is presented in the ESI section.f No photocatalysis or adsorp-
tion were detected (Fig. S17).

Three different scavengers were added to the MO solution to
identify the role of reactive species in MO oxidation. Iso-
propanol, ammonium oxalate and p-quinone were used as
hydroxyl radical, hole and superoxide radical scavengers,
respectively. The concentration of scavengers in the MO solu-
tion was 1 mmol L.

3 Results and discussion

At first, a series of different concentrations was performed to
determine the molar concentration of the precursor for the
spray solution (detailed information is presented in the ESI
sectiont). Bi,O;z films were deposited from 0.025-0.1 M bis-
muth(in) acetate solutions at a deposition temperature of 350 °C
without annealing and characterized by XRD and UV-Vis
(Fig. S21). Polycrystalline BiOz; film, which oxidized ca
2.7 ppm of MO in 5 h under UV-A, was obtained at
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a concentration of 0.1 M (Fig. S31). Based on the results, the
concentration of 0.1 M was fixed for further experiments.

3.1. The effect of deposition and annealing temperature

Next, to identify a suitable deposition temperature for Bi,O3
film fabrication by ultrasonic spray pyrolysis, the deposition
temperatures between 250 °C and 500 °C with intervals of 50 °C
were screened. XRD patterns of the obtained films are given in
Fig. 1a.

It is not surprising that films deposited at temperatures
300 °C and below are amorphous since the decomposition of
acetates finishes at temperatures around 400 °C.** The films
deposited at temperatures of 350-450 °C indicate diffraction
peaks at 26 of 27.9, 32.7, 57.0 and 57.8° characteristic for
B-Bi,O; phase. Deposition at 500 °C resulted in the presence of
one peak at 26 of 31.0° (orange rhombus in Fig. 1a), which could
belong to another bismuth oxide phase, and for further iden-
tification of this peak, annealing of the samples was applied.
The phase composition of the obtained films is summarized in
Table 1.

It is well established that bismuth(m) acetate precursor
decomposes to bismuth oxide and acetic acid on heating. It was
reported in the literature that the decomposition of bismuth(ur)
acetate begins gradually at around 50 °C and ends with Bi,O; at
320 °C.** XRD results of the current study are in a good corre-
lation with a thermal analysis study®* as crystalline Bi,O; phase
was obtained starting from the deposition temperature 350 °C.

The relative intensity of reflections on XRD patterns (Fig. 1a)
attributed to B-Bi,O; in the samples was similar to the ratio in
the JCPDS 01-077-5341 powder reference file. This confirms that
crystallites in the as-deposited samples have no preferred
orientation.

The formation of the B-Bi,O; phase was reported for films
prepared from Bi(NO3);-5H,0 by spin-coating and annealed at
400-450 °C,**?*¢ films prepared by spray pyrolysis from [Bisg-
0,45(0Mc),4(DMSO),]-2DMSO-7H,0 and annealed at 370 °C in
an argon atmosphere* or deposited at 450 °C from bismuth(ur)
acetate without post-treatment.® Hence, applied in the current
study, deposition temperatures of 350-450 °C for B-Bi,O3
preparation are in good agreement with that reported in the
literature.

The total transmittance spectra of the as-deposited samples
in Fig. S47 demonstrate that all films were optically transparent
in the visible spectral range. The band gap values were deter-
mined using the Tauc plot (Fig. 1b) and are presented in Table
1. It should be noted that the band gap values decreased from
3.5 to 2.9 eV (Fig. 1b) with deposition temperature increasing
from 300 °C to 450 °C. This observation correlates with the
transformation from amorphous to crystalline B-Bi,O; phase
owing to the complete decomposition of bismuth(m) acetate at
higher temperatures.

To investigate the effect of annealing and clarify the forma-
tion of another bismuth oxide phase at intensified temperature,
amorphous Bi,O; films deposited at 250 °C and 300 °C were
further annealed for 1 h in air at temperatures 300-550 °C. The
XRD patterns of the obtained films are presented in Fig. 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction (XRD) patterns (a) and Tauc plots (b) of as-deposited bismuth oxide thin films prepared at different deposition

temperatures.

Table 1 The effect of deposition and annealing temperature on
bismuth oxide thin film phase composition, band gap and methyl
orange (MO) degradation

MO degradation,

Taeps (°C) Phase Eq (eV) UV-A, 5 h, (%)
250 Amorphous — 0

300 Amorphous 3.5 21

350 B-Bi, 05 3.2 27

400 B-Bi, O3 3.1 25

450 B-Bi, O 2.9 20

500 B-Bi,O; and Bi,O- 2.9 Not measured

MO degradation,

Taeps (°C)/Tannel, (°C)  Phase Eg (eV) UV-A, 5 h, (%)
250/300 B-Bi, O, — 7

250/350 B-Bi, 0, 3.2 5

250/400 B-Bi, 0, 2.7 7

250/450 B-Bi,O; and Bi,O, 3.5 0

250/500 Bi,O5 41 0

300/350 B-Bi, 0, 3.4 48

300/400 B-Bi, 0, 3.0 25

300/450 B-Bi,O; and Bi,0, 3.5 1

300/500 Bi,O, 4.0 0

300/550 Bi,O, 4.0 0

XRD patterns demonstrate that deposition at 250 °C with
annealing at 300 °C resulted in 2 peaks of B-Bi,O; in the XRD
pattern (red line in Fig. 2a), while the as-deposited (AD) film at
300 °C was amorphous (red line in Fig. 2b). Films deposited at
300 °C after annealing at 450 °C showed XRD peaks at 26 of 23.4,
30.5 and 35.6°, which belong to the Bi,O, phase (JCPDS card
number 01-072-4663), where bismuth ions are in the mixed
valence state 3'/5".3” The presence of mixed B-Bi,O; and Bi O,
was also observed for films deposited at 250 °C and 300 °C after
annealing at 500 °C and for the films as-grown at 500 °C
(Fig. 1a). As mentioned earlier, in as-deposited B-Bi,O; films
grown at temperatures 350-450 °C, the crystallites had no

© 2024 The Author(s). Published by the Royal Society of Chemistry

preferential orientation (Fig. 1a). However, the ratio of peak
intensities I,0/I0; Of the B-Bi,O; films grown at 250 °C and
300 °C with further annealing at temperatures of 300-450 °C is
higher compared to the JCPDS 01-077-5341 powder reference
file. Hence, crystals in annealed Bi,O; had preferential orien-
tation along the (220) plane (Fig. 2a and b). Thus, annealing of
the amorphous thin films helps to control the growth of the
material. It was reported that exposure of high-energy (220)
facets increased the number of structural defects, such as
oxygen or bismuth vacancies and interstitials, compared to
(201) facets in B-Bi,O; films, which could enhance photo-
catalytic activity.®®

3.2. Surface morphology

Scanning electron microscopy (SEM) images of the surface of
Bi,O; films deposited at different temperatures with and
without annealing are given in Fig. 3. A distinct change in the
morphology of the films grown at different temperatures and
after annealing was observed. Fig. 3a shows that the surfaces of
the films deposited at 300 °C had flake-like microstructures
with irregular shapes and non-uniform morphology. Deposition
at 350 °C resulted in a mixture of flakes and grains (Fig. 3d). At
deposition temperatures of 400 °C and 450 °C (Fig. 3e and f),
grains were distributed more homogeneously, and grain size
increased with increased temperature. The film deposited at
300 °C and annealed at 350 °C shows a flake-like structure
(Fig. 3b), while annealing at 500 °C led to agglomerated parti-
cles (Fig. 3c). SEM study confirms that surface morphology
strongly depends on the deposition and annealing tempera-
tures and annealing leads to the agglomeration. The thickness
of the samples was determined from the SEM cross-sectional
images and was ca 70 nm for all the samples.

3.3. Chemical composition and wettability

The surface chemical composition of Bi,O; films deposited at
300 °C with annealing at different temperatures and deposited
at 350 °C without annealing was studied by XPS. The changes on

RSC Adv, 2024, 14, 19648-19657 | 19651
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Fig.2 XRD patterns of as-deposited (AD) at 250 °C bismuth oxide thin films and after annealing at temperatures 300-500 °C (a). XRD patterns of
AD at 300 °C bismuth oxide thin films and after annealing at temperatures 350-550 °C (b).

Fig. 3 Scanning electron microscopy (SEM) surface images of Bi,Os films. The surface of Bi,Os films grown at a temperature of 300 °C without
annealing (a) and annealed at temperatures 350 °C (b) and 500 °C (c); Bi,Os films grown at temperatures 350 °C (d), 400 °C (e) and 450°(f) without

annealing.

the surface, content of hydroxyl groups, and surface-active sites
were studied. Before the measurements, the samples were pre-
treated with UV-A irradiation for 30 min. The XPS spectra of Bi
4f,,, and O 1s core levels are presented in Fig. 4.

The spectra of Bi 4f;, core level (Fig. 4a) of all films showed
two overlapping peaks. The main peak at the binding energy
(BE) of 159.0 + 0.2 eV corresponds to Bi**, and the peak at the
higher BE of 159.6 + 0.3 eV corresponds to Bi**.?* The [Bi*>"]/
[Bi**] ratio in the films deposited at 300 °C with annealing at
350 °C and deposited at 350 °C without annealing was almost
similar (0.59 and 0.49, respectively). However, in the films
annealed at 400 °C and 450 °C, the [Bi**]/[Bi*] ratio decreased
(0.24 and 0.06, respectively). XPS results showed that all films
contained bismuth in valence states 3" and 5", while XRD
showed that crystalline Bi,O, was formed at temperatures
=450 °C. The presence of Bi*", according to XPS, could mean
that the surfaces of all the films contain amorphous regions
consisting of Bi®'. Moreover, it is quite possible that these

19652 | RSC Adv, 2024, 14, 19648-19657

amorphous regions are also present in the bulk. During
annealing at higher temperatures, both Bi,O; and Bi O, crys-
talline phases form from Bi®>*, which leads to the reduction of
the [Bi**]/[Bi’*"] ratio.

The O 1s core level consisted of four peaks (Fig. 4b); the peak
at BE 529.7 £ 0.3 eV corresponding to the lattice oxygen (Bi-O),
peak at BE 530.3 £ 0.3 eV to oxygen vacancies (Vy), peak at BE
531.4 + 0.2 eV to chemisorbed water or hydroxyl groups (-OH)
and peak at BE 532.8 &+ 0.3 eV is associated with the C-O and
C=0."""' The ratio of the components [Ov]/[Bi-O], [FOH]/[Bi-O]
and [C-O]/[Bi-O] are summarized in Table 2.

Table 2 demonstrates that the film deposited at 300 °C and
annealed at 450 °C had the lowest ratio of oxygen vacancies,
hydroxyl groups and carbon-containing species. Conversely, the
film deposited at 300 °C and annealed at 350 °C had the highest
ratio of hydroxyl groups and carbon-containing species.
According to the literature, a higher number of surface-active
sites and hydroxyl groups could promote the separation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray photoelectron spectroscopy (XPS) spectra of Bi 4f,, (a) and O 1s (b) core levels for Bi,Os thin films deposited and annealed at

different temperatures.

Table 2 XPS analysis data of Bi,Osz thin films obtained from the O 1s
core level

[ov]/[Bi-O], [-OH]/[Bi-O], [Cc-0]/[Bi-O],

Sample (%/%) (%/%) (%/%)
350 0.16 0.70 0.14
300/350 0.16 1.63 0.45
300/400 0.19 1.24 0.30
300/450 0.06 0.79 0.06

charge carriers,* which is the key point for photocatalytic effi-
ciency enhancement.

For a deeper understanding of surface changes on Bi,0;
films under irradiation, the wettability of the surface of the film
was studied by water contact angle (CA) measurements for
freshly synthesized and stored in the dark samples with and
without UV-A treatment (Table 3).

Hydroxyl groups on the surface of the films are responsible
for hydrogen bonding with water molecules. Thus, the smaller
the water CA, the stronger the hydrogen bonding, which means
that there is a higher number of -OH groups on the surface.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

Wettability measurements of Bi,O; films showed that all
samples are hydrophilic (Table 3). However, the film deposited
at 300 °C with annealing at 350 °C had the lowest CA when it
was kept in the dark. It means that the surface of this film
contains the highest number of -OH groups, which is in
agreement with the result obtained by XPS studies (Table 2). All
samples became superhydrophilic (CA = 10°) after UV-A treat-
ment. Keeping in the dark for 1 day resulted in water CA
increasing to 17-27°, while after keeping for three days in the
dark, water CA continued to increase (up to 55° for the sample
300/450). Treating the samples with UV-A after three-day storage
in the dark gives water CA = 10°. Table 3 demonstrates that
Bi,O; films have reversed photoinduced hydrophilic properties
as was reported for TiO, and ZnO.* This observation could
mean that the mechanism of reactions, which take place on the
surface of Bi,O; under irradiation, is similar to TiO, and ZnO.
Namely, electron-hole pairs are generated under illumination
in semiconductors. Next, created charges can recombine or
move to the surface to react with adsorbed species, which is
fundamental to photocatalysis. However, some holes can react
with lattice oxygen and some electrons with lattice metal ions.
These reactions create photogenerated surface defective sites,

RSC Adv, 2024, 14, 19648-19657 | 19653
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Table 3 Water contact angle values for Bi,Os films after UV-A treatment and after storage in the dark

Water contact angle, (°)

Synthesized films + One day storage

Three days storage Three days of storage in

Sample 10 min UV-A treatment in dark in dark the dark + UV-A treatment
300 8 27 33 9
350 5 23 45 6
400 8 20 25 10
300/350 6 17 27 5
300/450 10 23 55 9

which lead to the reversed hydrophilic properties.*>** The
analogous behaviour of Bi,O; films with TiO, and ZnO showed
that the same reactions take place on all film surfaces when
irradiated with UV light.

3.4. Photocatalytic oxidation of methyl orange

The photocatalytic activity of the as-deposited and annealed
Bi,O; was estimated by the oxidation of MO (Fig. 5a and b).
Fig. 5a shows that the film deposited at 250 °C exhibited no
photocatalytic activity, which is not surprising since the total
transmittance of this film was ca 99% (Fig. S4t) and no XRD
peaks were detected (Fig. 1a), which shows that bismuth(m)
acetate did not decompose to Bi,Os. These results confirm that
250 °C is too low a temperature for the formation of Bi,0O; films.
The films deposited at 350 °C and 400 °C oxidized 27% and
25%, respectively, from 10 ppm of MO in 5 h under UV-A
(Fig. 5a). However, the film deposited at 450 °C oxidized 20%.
These results demonstrated that photocatalytic activity
decreases with a further increase in deposition temperature. A
similar effect on MO oxidation with increasing deposition
temperature was observed by Chen et al* for NiO films
prepared by spray pyrolysis from nickel(n) acetate tetrahydrate.
They found that the deposition of the films at lower tempera-
tures resulted in an increase in the amount of hydroxyl groups
on the surface of the film, which led to higher photocatalytic
activity.*

Fig. 5b shows that B-Bi,O; films deposited at 300 °C and
annealed at temperatures 350-400 °C had a promising

photocatalytic activity. However, the mixed phase of B-Bi,O; and
Bi,O, formed at annealing temperatures 450-550 °C did not
show any photocatalytic activity (Fig. 5b). The highest photo-
catalytic efficiency (48% in 5 h) for 10 ppm MO oxidation is
shown for the film deposited at 300 °C and annealed at 350 °C.
The photocatalytic efficiency of this film was two times higher
compared to the films deposited at 300 °C and 350 °C (Fig. 5a).
Thus, the deposition of amorphous film and crystallization
during annealing enhances the photocatalytic efficiency of the
B-Bi,O; film. One of the possible reasons can be changes in
preferential orientation along the (220) plane after annealing
(Fig. 2a and b). Zhang et al. reported two times higher photo-
catalytic efficiency for 2-chlorophenol oxidation on B-Bi,O; with
(220) dominant facets compared to (201) owing to the increased
number of structural defects.?® Besides, the XPS studies showed
that films deposited at 300 °C and annealed at 350 °C had the
highest number of surface-active sites and hydroxyl groups
(Table 2), which enhance charge separation and production of
reactive oxygen species. The enhancement in photocatalytic
activity for annealed thin films has been reported by other
authors. For example, Dundar et al.>® observed that the depo-
sition of amorphous TiO, films at 350 °C and annealing at 500 °©
C resulted in a higher amount of oxygen vacancies and hydroxyl
groups on the film surface compared to films deposited at
450 °C and annealed at 500 °C. The degradation of methyl tert-
butyl ether on the TiO, film deposited at 350 °C was 25% higher
compared to the film deposited at 450 °C.>® The photocatalytic
efficiency of the prepared B-Bi,O; to oxidize MO achieved in the
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Fig. 5 Degradation curves of MO oxidation under UV-A irradiation on Bi,Os films prepared at different deposition temperatures (a) and

deposited at 300 °C (AD) and annealed at temperatures 350-550 °C (b)
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current study is comparable to other studies on Bi,O; films. For
example, Barrera-Mota et al.,” for 0.3 ppm MO oxidation, ach-
ieved 80% degradation efficiency under UV in 3 h (reaction rate
0.08 ppm h™%) on B-Bi,03.°

In the current study, Bi,O; film deposited at 350 °C oxidized
ca 2.7 ppm in 5 h under UV-A (reaction rate 0.54 ppm h™') and
film deposited at 300 °C with annealing at 350 °C oxidized
4.8 ppm in 5 h under UV-A (reaction rate 0.96 ppm h™ ).

The properties and photocatalytic activity of Bi,O; films syn-
thesised at different deposition and annealing temperatures are
summarized in Table 1 in Section 3.1. Since the band gap of the
films grown and annealed at temperatures 400-450 °C is <3.2 eV
(Table 1), the MO oxidation was also studied under Vis light. The
Bi,O; film photocatalytic activity under Vis light reached
a maximum degradation efficiency of 10% in 5 h (ESI, Fig. S57).

Hofmann et al. reached ca 80% oxidation of RhB with an
initial concentration of 4.8 ppm in 5 h under Vis light for sprayed
B-Bi,O; coatings with a thickness of 5-16 um," which is four
times higher compared to MO oxidation on the films with
thickness ca 70 nm prepared in the current study. These results
demonstrate that further modification of the material, such as
thickness increase, band gap engineering or exploring different
types of co-catalysts or dopants to reduce charge recombination,
are needed to enhance photocatalytic efficiency towards Vis light.

As mentioned in Section 3.3, the mechanism of reactions,
which take place on the surface of Bi,O; under UV irradiation, is
similar to TiO,. A model photocatalyst — TiO, polycrystalline
thin film was used for comparison. TiO, film was grown by the
same USP setup at a deposition temperature of 350 °C and
annealed at 500 °C. The details of film preparation and char-
acterization are published elsewhere.”* This TiO, film showed
enhanced photocatalytic activity for stearic acid** and volatile
organic compound oxidation.*®

For a better comparison of the photocatalytic activity, the
photodegradation rate constants (k) were calculated (Fig. 6a).
Calculations were based on the Langmuir-Hinshelwood model
assuming the first-order kinetics (eqn (2)).*°

—In(Cy/C) = k x ¢ 2)

© 2024 The Author(s). Published by the Royal Society of Chemistry

The graph In(Cy/C) vs. t results in a collection of straight lines
of slope k (Fig. 6a).

The oxidation of 10 ppm MO on the Bi,O; thin film depos-
ited at 300 °C and annealed at 350 °C was comparable with
TiO,, reaching 48% and 54% degradation efficiency, respec-
tively, in 5 h under UV-A. It resulted in k 0.00215 and
0.00262 min " for Bi,O; and TiO,, respectively (Fig. 6a).

The mechanism of MO oxidation is complicated and follows
the formation of different intermediates.*® To disclose the role
of 'OH, 'O,  and h + active species in the photocatalytic
oxidation of MO on Bi,O; and TiO,, the degradation efficiency
in the presence of scavengers was measured (Fig. 6b). tert-
Butanol (+-BuOH) was used as an ‘OH scavenger, p-benzoqui-
none (p-BQ) as an "0, scavenger and ammonium oxalate (AO)
as an h” scavenger. The concentration of scavengers in the MO
solution was 1 mM. Fig. 6b demonstrates that degradation
efficiency decreased in the presence of all scavengers on both
Bi,O; and TiO, films. It indicates that all reactive species
participate in MO oxidation reactions. However, using ¢-BuOH
as a trapping agent decreased degradation efficiency less than
applying p-BQ and AO, which significantly decelerated the
reaction. This observation shows that "0, and h* play a key role
in MO degradation on Bi,O; and TiO, films. Ma et al. also re-
ported the dominant role of 'O,~ and h' for the photo-
degradation of RhB on Ag;PO,/Bi,WOs heterostructures.”
These results confirm that under UV-A, both electrons and holes
are efficiently separated to the surface and contribute to the MO
degradation.

4 Conclusions

In this study, it was demonstrated that the deposition and
annealing temperatures had a strong effect on Bi,O; film
growth and crystallization by ultrasonic spray pyrolysis from
bismuth(m) acetate metal-organic precursor. At the deposition
temperature of 300 °C and below, films were amorphous due to
the incomplete decomposition of bismuth(u) acetate. The
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deposition temperatures of 350-450 °C resulted in B-Bi,Os; the
band gap values decreased from 3.2 to 2.9 eV with increasing
temperature. An increase in the deposition temperature to 500 ©
C led to the appearance of the Bi,O; crystalline phase. Deposi-
tion at 250 °C and 300 °C with annealing at temperatures
=450 °C also resulted in the presence of a mixture of -Bi,O;
and Bi,O; phases. The films deposited at 250 °C and 300 °C and
annealed below 450 °C resulted in B-Bi,O; with preferred
orientation along the (220) facet, while crystallites in as-
deposited films had no preferential orientation.

Moreover, according to the XPS results, the film deposited at
300 °C and annealed at 350 °C resulted in the highest amount of
hydroxyl groups and carbon species on the surface, which
correlates with the highest photocatalytic activity of the film
studied for the oxidation of MO under UV-A (48% in 5 h). The
photocatalytic activity of the films deposited at 300 °C and
annealed at 350 °C was two times higher compared to the films
deposited at 300 °C or 350 °C.

According to the scavengers test, it was shown that the
photocatalytic mechanism of MO oxidation is similar for both
TiO, and Bi,O; sprayed films. This study confirmed that 3-Bi,O;
films with a band gap of 2.9 eV deposited by ultrasonic spray
pyrolysis can be considered prospective visible light
photocatalysts.
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