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• Range of Bi/BiOBr/P25 TiO2 composites 
synthesised using solvothermal and co- 
precipitation methods.

• Photocatalytic conversion of NOx gas 
examined in accordance with ISO pro
tocol (22197–1:2016).

• The most active composite removed 
32.8% of NO and 15.1% of NO2 under 
visible light.

• The highest NO removal activity of 
87.2% seen at low humidity and flow 
rate, and high light intensity and NOx 
concentration.

• The composite was a staggered type II 
heterojunction, with charge transfer 
seen between BiOBr and P25 TiO2 sites.
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A B S T R A C T

Fossil fuel combustion generates nitrogen oxides (NO + NO2 = NOx), which pose threats to the environment and 
human health. Although commercial products containing titanium dioxide (TiO2) can remedy NOx pollution by 
photocatalysis, they only function in the ultraviolet (UV). On the other hand, bismuth oxybromide (BiOBr) is 
active in the visible. BiOBr is stable, affordable, and non-toxic, making it an appealing alternative. In addition, 
nanoparticulate Bi metal can further enhance visible light absorption through its surface plasmon properties and 
charge carrier lifetime by spatially separating charge. In this study, to enhance the visible-light activity of TiO2- 
based photocatalysts for NOx pollution, a composite of Bi-decorated BiOBr/TiO2 was synthesised using a sol
vothermal method across varying the Ti/Bi atomic ratio (0.2, 2.2, 4.4, and 6.6), and synthesis duration (6h, 12h, 
and 18h). The photocatalytic performance of the synthesised composites for NO gas removal was investigated 
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using an adapted ISO method (22197–1:2016). Analysis showed that the preferential growth of the (010) crystal 
facet in BiOBr and the presence of Bi metal both play an important role in the superior photocatalytic activity 
seen in our Bi-decorated BiOBr/TiO2 composite. The composites were characterised using X-ray diffraction 
(XRD), attenuated total reflectance - Fourier transform infrared spectroscopy (ATR-FTIR), high-resolution 
scanning electron microscopy (HR-SEM), UV–Vis diffuse reflectance (DRS) spectroscopy, transmission electron 
microscopy (TEM), scanning transmission electron microscopy (STEM), scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, 
Brunauer-Emmett-Teller (BET) analysis, thermogravimetric analysis (TGA), and diffuse reflectance transient 
absorption spectroscopy (DR-TAS). Our research shows that the Bi/BiOBr–TiO2 composite synthesised through a 
12h solvothermal method with a Ti/Bi atomic ratio of 4.4 exhibits the highest photocatalytic performance to
wards both NO and NO2 oxidation; with 32.8% and 54.9% NO removal and 15.1% and 29.5% NO2 under visible 
and UV lamps, respectively.

1. Introduction

Nitrogen oxides (NOx) are formed when fossil fuels are combusted in 
air from the reaction of nitrogen (N2) and oxygen (O2). NOx causes acid 
rain, which can negatively impact ecosystems and vegetation, poten
tially leading to problems such as fish mortality. Additionally, NOx 
contributes to the formation of smog and ground-level ozone and is 
responsible for millions of deaths worldwide (Zhou et al., 2015). NOx 
emissions have generally risen with increased fossil fuel use, particularly 
in city environments where roadside traffic is common.

The majority of NOx pollution is released in the form of NO (Spicer 
et al., 1993), which can undergo conversion to NO2 through reactions 
with ozone (O3) (Yagi and Tanaka, 1979). Moreover, the photolysis of 
O3 produces peroxyl radicals (ROO•) that can facilitate the conversion of 
NO to NO2 (O. World Health Organization and T. Environmental Health, 
2006). Therefore, NO participates in O3 depletion while generating 
more highly toxic NO2 (Equation (1)). 

NO+O3 → NO2 + O2 Equation 1 

The recommended exposure limit (REL) for NO2 over a short-term 
period is just ~100 ppb, and at 13 ppm the IDLH, immediately 
dangerous to life or health, is reached resulting in potentially lethal 
respiratory and cardiovascular conditions (Organization, 2006). The 
annual mean concentration of NO2 has been regulated by the World 
Health Organization (WHO) with limits recently revised to ~5 ppb 
(Organization, 2006; UNION, 2008).

Due to the harmful impact of NOx on health and the environment, 
reducing its air levels is essential. Methods to convert ambient NOx 
include biofiltration, wet scrubbing, selective catalytic reduction, and 
photocatalysis (Ângelo et al., 2013). Among these methods, photo
catalysis is a green method that harvests and utilises solar energy with 
no extra required energy input and has attracted increasing attention.

Titanium dioxide (TiO2) is the most popularly studied and applied 
photocatalyst because of its stability, low cost, and versatility in being 
able to drive a wide range of reactions (Ao et al., 2003). To generate 
electron-hole pairs in the anatase and rutile phases of TiO2, which 
possess bandgaps of 3.2 eV and 3.0 eV, ultraviolet (UV) photons with 
wavelengths 387 nm and 413 nm are necessary, respectively. The pro
portion of sunlight that can be absorbed by the anatase and rutile phases 
in power terms is 7.32% and 10.76%, and in flux terms is just 1.53% and 
2.72%, respectively (Fthenakis and Lynn, 2010). While studies into the 
photocatalytic activity of TiO2 have shown that the anatase phase 
generally exhibits higher activity than its other phases (Mills and Le 
Hunte, 1997), the cost-effective commercial TiO2 photocatalyst (P25) 
with a composition of roughly 80% anatase and 20% rutile tends to 
exhibit higher activities than anatase alone (Nargiello and Herz, 1993). 
Averaging its components, P25 has a bandgap of ~3.05 eV with a 
valence band (oxidation) potential of +2.90 V vs NHE, and the reduction 
potential of the conduction band (reduction) potential of − 0.13 V vs 
NHE (Qin et al., 2020). Photo-oxidation of NO is possible over TiO2 
because the oxidation potentials of NO (+2) to HONO (+3) to NO2 (+4), 
to HNO3 (+5) are − 1.04, − 1.06 and − 0.86 V vs NHE, respectively 

(Milazzo et al., 1978; Kato, 2020). Up to now, a plethora of strategies 
have been explored to improve the performance of TiO2, including the 
use of surface co-catalysts (Zhang and Wang, 2013), heterojunctions (Li 
et al., 2016), metal nanoparticles (Zhong et al., 2009; Ku et al., 2008), 
heterogeneous composites (Zhang and Wang, 2013), carbonaceous 
materials (Leary and Westwood, 2011), and surface absorbates and 
dopants (Zhao et al., 2008; Horikoshi et al., 2011; Li et al., 2008). 
Among these modifications, combining TiO2 with another semi
conductor to form a heterojunction is considered one of the most 
promising strategies (Xu et al., 2020; Xia et al., 2022; Zhang et al., 
2021).

Bismuth Oxyhalides, denoted as BiOX (where X represents Cl, Br, or 
I), are innovative layered materials known for their exceptional optical 
and electrical properties, making them suitable for a range of applica
tions, including photocatalysis. These BiOX compounds belong to the 
V–VI–VII ternary semiconductors and exhibit a matlockite structure. 
This structure features layers of [X–Bi–O–Bi–X] held together by van der 
Waals forces through halogen atoms, while the atoms within each layer 
are covalently bonded. This unique arrangement imparts excellent 
electrical, optical, and mechanical properties to the material. In each 
[X–Bi–O–Bi–X] layer, a bismuth atom is surrounded by four oxygen and 
four halogen atoms, resulting in an asymmetric decahedral symmetry 
(Gondal et al., 2017). The open crystalline structure of BiOX, which is 
composed of layers of [Bi2O2]2+ interspersed with a double layer of X−

ions, exhibits internal static electric fields, which are postulated to 
improve charge carrier separation (Wu et al., 2017). The BiOBr form has 
a narrower bandgap (~2.8 eV) than TiO2, with valence and conduction 
bands at +2.71eV and − 0.24 eV vs NHE, respectively (Wu et al., 2017). 
Fig. S1 shows the solar spectrum between 300 and 1000 nm at sea level 
and illustrates the improved light harvesting of BiOBr compared to that 
of TiO2, with BiOBr being able to absorb 13.86% of the solar spectrum in 
power terms and 4.27% in terms of flux. These characteristics make 
BiOBr a strong contender for photocatalytic applications for NOx 
remediation (Wu et al., 2017; Montoya-Zamora et al., 2020; Xin et al., 
2023; Li et al., 2023), and a promising candidate to form heterojunctions 
with TiO2 (Li et al., 2022; Meng et al., 2021; Wei et al., 2013; Tan et al., 
2016; Wang et al., 2021; Juntrapirom et al., 2021; Hermawan et al., 
2021; Hailili et al., 2024).

Bi metal exhibits surface plasmon resonance (SPR), which increases 
the visible light absorption range, increasing solar energy harvesting 
efficiency (Kang et al., 2015). It can also act as an electron trapping site, 
improving charge separation and lifetime (Singh and Karmakar, 
2010/02). Bi possesses distinctive electronic characteristics, such as a 
large mean free path, an extended Fermi wavelength, high carrier mo
bilities, a low charge carrier density, and a small effective electron mass, 
enabling it to demonstrate stable plasmonic photocatalytic activity 
(Zhang et al., 2021/09). Elemental Bi has also been utilised in photo
catalysis due to its photosensitization properties and narrow bandgap 
(Ma et al., 2012/10). It was also recently shown that Bi metal alone can 
drive photocatalytic NOx removal under UV–visible light (Zhang et al., 
2021/09; Dong et al., 2014).

In this study, composites made of i) Bi metal, ii) BiOBr, and iii) TiO2 
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were synthesised using a simple one-step solvothermal method. Several 
composites were synthesised with varying atomic ratios of Ti/Bi. Our 
results show that such composites perform significantly better than the 
individual parent materials in their ability to drive photocatalytic NOx 
removal under UV and visible light (300–800 nm). The mechanism for 
the improved photocatalytic performance was studied by investigating 
the band structure and charge carrier lifetime.

2. Experimental

2.1. Chemicals and materials

In this study, Potassium bromide (99%), Bismuth (III) nitrate (98%) 
(98%), acetic acid (99%), ethylenediaminetetraacetic acid disodium 
(EDTA, 99%), and ethylene glycol (99%) were obtained from Sigma- 
Aldrich. TiO2 (P25) was acquired from Thermo Scientific. NO and NO2 
gases (100 ppm concentration diluted in N2) were purchased from BOC. 
Ethanol absolute (99.5%) and cetyltrimethylammonium bromide 
(CTAB) (98%) were purchased from VWR and Tokyo Chemical Industry 
(TCI), respectively.

2.1.1. Bi/bismuth oxybromide synthesis using a solvothermal method
BiOBr-2h, Bi–BiOBr-4h, Bi–BiOBr-6h, Bi–BiOBr-8h, Bi–BiOBr-10h, 

and Bi–BiOBr (12 h) were synthesised using a reported method (Wang 
et al., 2020). The synthesis method can be found in the SI (S1.1).

2.1.2. Bismuth oxybromide synthesis using a co-precipitation method
BiOBr-CP was synthesised using a reported co-precipitation method 

(Montoya-Zamora et al., 2020). The synthesis method can be found in 
the SI (S1.2).

2.1.3. Bi/bismuth oxybromide/P25 composite synthesis using a 
solvothermal method

Initially, Bi(NO3)3⋅5H2O was added to 17 mL of ethylene glycol and 
subjected to bath sonication until complete dissolution. Subsequently, 
CTAB was added to 18 mL of ethylene glycol and sonicated using an 
ultrasonic bath until it dissolved. In another breaker, P25 was dispersed 
in 35 mL of water magnetically. Then, the P25 mixture was added to 
bismuth solution dropwise (~1 drop per second), followed by the 
addition of CTAB solution dropwise to the former solution (~1 drop per 
second). Then, the mixture was sonicated using a horn sonication probe 
(SONICS-Vibra Cell) for 5 min (amplitude 30%, 3 s on 3 s off). The 
mixture was transferred to a 200 mL Teflon-lined autoclave and un
derwent solvothermal treatment at 180 ◦C for 12 h. The resulting pre
cipitate was separated using filter paper, washed with water and 
ethanol, and then dried at 60 ◦C overnight. The final product obtained 
was a Bi/BiOBr/P25 composite. A series of composite Bi/BiOBr/P25 
composites were synthesised with different atomic ratios of Ti/Bi (0.2, 
2.2, 4.4, and 6.6). The amount of chemicals which used to prepare the 
composites is presented in Table 1. The composites denoted Bi–BiOBr–P 
0.2, Bi–BiOB–P 2.2, Bi–BiOBr–P 4.4, and Bi–BiOBr–P 6.6, contained 0.2, 
2.2, 4.4, and 6.6 of Ti/Bi in atomic ratio. Two additional Bi–BiOBr–P 4.4 
composites were synthesised with the same method but various sol
vothermal durations (6 and 18 h) to explore the effect of reaction time 
on the structure and the performance (Wang et al., 2020). These com
posites were denoted as Bi–BiOBr–P 4.4–6h and Bi–BiOB–P 4.4–18h.

2.1.4. Bismuth oxybromide/P25 composite synthesis using a co- 
precipitation method

BiOBr–P 4.4-CP composite was synthesised using a reported co- 
precipitation method (Montoya-Zamora et al., 2020). The synthesis 
method can be found in the SI (S1.3).

2.1.5. Summary of all samples produced herein
All of the samples synthesised in this study are shown in Table 2.

2.2. Physical characterisation

To characterise the produced photocatalyst, various techniques were 
employed. X-ray diffraction (XRD) patterns were measured with a 
Bruker D2 Phaser diffractometer with parallel beam optics equipped 
with a Lynx-Eye detector. Using a Cu source (V = 30 KV, I = 10 mA) with 
Cu Kα1 radiation (λ = 1.54056 Å) and Cu Ka2 radiation (λ = 1.54439 Å) 
X-ray were generated and emitted with an intensity ratio of 2:1. Patterns 
were collected between 5◦ ≤ 2ϴ ≤ 80◦ for samples with a step size of 
0.02◦. The patterns were compared to standards from the Inorganic 
Crystal Structure Database (ICSD). Using the Debye-Scherrer equation, 
the primary mean crystallite size of samples was determined (Patterson, 
1939) High-resolution scanning electron microscopy (HR-SEM) along 
with Energy Dispersive X-ray spectroscopy (EDS/EDX) to measure the 
elemental analysis were both conducted using a Zeiss Sigma 300 FEG 
SEM system. Conductive carbon adhesive tape was used for SEM images 
to fix the samples on SEM mountings. Raman spectroscopy was carried 
out at room temperature using the Bruker Senterra II Raman microscope 
with a 532 nm laser excitation wavelength, within 50–1000 cm− 1 (res
olution: 1.5 cm− 1), UV–Vis diffuse reflectance (DRS) measurements 
from 200 to 800 nm (resolution: 1 nm) were measured using a Shimadzu 
UV-2600 spectrophotometer with an integrations sphere, employing a 
barium sulfate powder-pressed disc as a diffuse reflectance standard. 
Thermogravimetric analyses (TGA) were performed using a 
DISCOVERY-TGA550 under air (BOC, CP grade) from 25 ◦C up to 900 ◦C 
(resolution: 5 ◦C per minute). Attenuated total reflection Fourier trans
form infrared (ATR-FTIR) was measured using an Agilent Cary 630 
analyser from 400 to 4000 cm− 1 (resolution: 0.2 cm− 1). Transmission 
electron microscopy (TEM) and scanning transmission electron micro
scopy were conducted using a JOEL JEM-2100Plus electron microscope 

Table 1 
The amounts of chemicals used to prepare Bi–BiOBr–P-0.05, Bi–BiOBr–P-0.5, Bi–BiOBr–P-1, and Bi–BiOBr–P-1.5 composites.

Sample

Bi–BiOBr–P 0.2 Bi–BiOBr–P 2.2 Bi–BiOBr–P 4.4 Bi–BiOBr–P 6.6

Chemical Bi(NO3)3⋅5H2O 6.42 mmol (3.110 g) 4.14 mmol (2.000 g) 3 mmol (1.455 g) 2.41 mmol (1.169 g)
CTAB 6.42 mmol (2.340 g) 4.14 mmol (1.500 g) 3 mmol (1.090 g) 2.41 mmol (0.879 g)
P25 1.42 mmol (0.113 g) 9.2 mmol (0.735 g) 13.31 mmol (1.063 g) 15.8 mmol (1.260 g)

Table 2 
The naming of all samples synthesised in this study.

Sample Synthesis 
method

Synthesis 
duration

Atomic ratio Ti/ 
Bi

BiOBr-CP Co-precipitation 24h –
BiOBr-2h Solvothermal 2h –
Bi–BiOBr-4h Solvothermal 4h –
Bi–BiOBr-6h Solvothermal 6h –
Bi–BiOBr-8h Solvothermal 8h –
Bi–BiOBr-10h Solvothermal 10h –
Bi–BiOBr Solvothermal 12h –
Bi–BiOBr–P0.2 Solvothermal 12h 0.2
Bi–BiOBr–P2.2 Solvothermal 12h 2.2
Bi–BiOBr–P4.4 Solvothermal 12h 4.4
Bi–BiOBr–P6.6 Solvothermal 12h 6.6
BiOBr–P4.4-CP Co-precipitation 24h 4.4
Bi–BiOBr–P4.4–6h Solvothermal 6h 4.4
Bi–BiOBr–P4.4–18h Solvothermal 18h 4.4
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and a high-resolution JOEL JEM-2100F field emission electron micro
scope at 200 KV. A fast Fourier transform (FFT) was employed to obtain 
digital-selected-area electron diffraction patterns (SAEDP) from the 
high-resolution TEM adopting ImageJ software. X-ray photoelectron 
spectroscopy (XPS) measurements were conducted on a Thermo Scien
tific K-Alpha+ surface analysis X-ray photoelectron spectrophotometer 
with a MXR3 Al Kα monochromatic X-ray source. N2 sorption isotherms 
were obtained at 77 K using a Micrometrics 3Flex volumetric sorption 
analyser. Before the measurements, the samples were degassed ex-situ 
using a Micrometrics VacPrep Degasser at 120 ◦C overnight at 2 ×
10− 5 bar, followed by in-situ degas using the 3Flex sorption analyser at 
110 ◦C for 4 h down to 7 × 10− 5 bar. The specific surface areas of the 
samples were determined using the Brunauer-Emmett-Teller (BET) 
method (Brunauer et al., 1938). The total pore volume (Vtot) was esti
mated from the amount of adsorbed N2 at P/P0 = 0.99. The micropore 
volume (Vmicro) was calculated using the Dubinin-Radushkevich method 
(Dubinin, 1947), and the mesopore volume (Vmeso) was obtained by 
subtracting Vmicro from Vtotal.

2.3. Photocatalytic activity measurement

The photocatalytic NO removal experiments on the synthesised 
samples were conducted using a continuous flow reactor in an air 
pollution simulation chamber, built by the ISO (22197–1:2016). The 
details of photocatalytic measurements were reported in the SI (S2.1).

2.4. Transient absorption spectroscopy (TAS)

Transient absorption spectroscopy was conducted from the micro
second to second timescale in diffuse reflection mode using a Nd:YAG 
laser (OPOTEK Opolette 355 II, ~6 ns pulse width) as the excitation 
source, emitting UV light at 355 nm from the third harmonic (~220 μJ 
cm− 2 per pulse, repetition rate of 0.67 Hz).

A 100 W Bentham IL1 quartz halogen lamp served as the source for 
generating probe light. To minimize short-wavelength irradiation from 
the probe lamp, long-pass filters from Comar Instruments were placed 
between the lamp and the sample. Transient changes in diffuse reflec
tance from the sample were collected with a 2″ diameter, 2” focal length 
lens, and directed to a monochromator (Oriel Cornerstone 130). Mea
surements were taken at wavelengths between 600 and 1100 nm, in 100 
nm intervals.

Time-resolved changes in diffuse reflectance were detected using a Si 
photodiode (Hamamatsu S3071). Data for times faster than 3.6 ms were 
recorded with an oscilloscope (Tektronics DPO3012) via an amplifier 
box (Costronics), while data for times slower than 3.6 ms were recorded 
using a National Instrument DAQ card (NI USB-6251). Each kinetic trace 
was averaged over at least 100 laser pulses and measurements.

Experiments were triggered by a photodiode (Thorlabs DET10A) that 
responded to scattered laser light. Data acquisition and processing were 
managed with custom-built LabVIEW software. For each experiment, a 
few milligrams of the sample were pressed between two microscope 
slides secured with masking tape, and measurements were conducted in 
air. In the TAS study, prepared Bi–BiOBr–P composite samples with 
different Ti/Bi atomic ratios, along with Bi–BiOBr and P25 as parent 
materials were tested.

3. Results and discussion

3.1. Overview of the samples studied

In this study, BiOBr and Bi–BiOBr composites were synthesised over 
a range of time periods using a solvothermal method to investigate the 
impact of solvothermal time on the crystalline structure and morphology 
of the product. Interaction between ethylene glycol, which was used as a 
solvent, and Bi3+ cations are proposed to form Bi(OCH2CH2OH)2+ alk
oxides, where additionally, ethylene glycol can act as a reducing agent 

and drive the formation of metallic Bi (Prabhu et al., 2020). Cetrimo
nium bromide was employed as both a Br source and a quaternary 
ammonium surfactant, which can direct the formation of lamellar 
structures, where herein, BiOBr sheets were formed (Huo et al., 2012).

Bi–BiOBr–P composites were synthesised by employing various 
atomic ratios of Ti/Bi (0.2, 2.2, 4.4, and 6.6) to find the optimal ratio for 
high photocatalytic performance. Bi–BiOBr–P 4.4 demonstrated supe
rior photocatalytic performance to NO photo-oxidation compared to 
Bi–BiOBr–P 0.2, Bi–BiOBr–P 2.2, and Bi–BiOBr–P 6.6. Subsequently, to 
compare the solvothermal method with a coprecipitation method that 
did not produce metallic Bi, and therefore, investigate the role of Bi on 
the photocatalytic activity, BiOBr–P with an atomic ratio of Ti/Bi of 4.4 
was synthesised, and labelled Bi–BiOBr–P 4.4-CP.

In our employed solvothermal procedure, Bi metal nanoparticles 
were formed in the composite, which showed broad absorption across 
the visible range due to its localised surface plasmon resonance (LSPR). 
It was found that the presence of Bi metal both increased charge carrier 
lifetime and mitigated the production of NO2 during the photocatalytic 
removal of NO gas (Sun et al., 2015).

3.2. Scanning electron microscopy (SEM)

The SEM images of the synthesised BiOBr-2h, Bi–BiOBr-4h, 
Bi–BiOBr-6h, Bi–BiOBr-8h, and Bi–BiOBr are shown in Fig. S2 (a, b, c, d, 
e, and f, respectively). The images show that BiOBr-2h, Bi–BiOBr-4h, 
Bi–BiOBr-6h, and Bi–BiOBr-8h are porous hierarchical microspheres 
composed of flakes, wherein the porosity seems to decrease as the sol
vothermal reaction duration increases. In Fig. S2 (e) and (f) the Bi–BiOBr 
(12h) flakes, forming the microspheres, adopt a more tightly packed 
structure, resulting in a significant reduction in porosity. In addition to 
spherical shapes, Bi–BiOBr particles also include cubic particles, 
showing a wide size distribution ranging from approximately 300 nm to 
5 μm.

Fig. 1 (a) and (b) illustrate the SEM images of the Bi/BiOBr/P25 
composite sample Bi–BiOBr–P 4.4, with microspheres of Bi–BiOBr were 
covered by P25 particles. Moreover, embedding the P25 particles among 
the BiOBr flakes increased the porosity of the microspheres compared to 
pristine Bi–BiOBr. In Fig. 1 (b), Bi–BiOBr flakes are seen to be decorated 
by P25 nanoparticles, with the thickness of the flakes ~10 nm. A side-on 
SEM image of the composite after being spray coated onto glass showed 
a thickness of ~9.5 μm at its thickest point (Fig. S3).

3.3. Energy dispersive X-ray spectroscopy (EDS)

Elemental analysis of Bi–BiOBr and Bi–BiOBr–P 4.4 was conducted 
using EDS. The results confirmed the presence of the expected elements, 
reported in Table 3. Theoretically, Bi–BiOBr should contain a similar 
level of at. % of Bi, O, and Br, respectively, however, the EDS results 
revealed a decrease in the at. % of O compared to Bi and Br, indicating 
the presence of O vacancies in the structure. The Bi–BiOBr–P 4.4 com
posite, based on the stoichiometric formulation, should contain 26.27, 
60.54, 6.13, and 6.13 at.% of Ti, O, Bi, and Br, respectively. As depicted 
in Table 3, a decrease in the at.% of O alongside an increase in the at.% 
of the other elements was seen. The EDS spectra of Bi–BiOBr (12h) and 
Bi–BiOBr–P 4.4 can be observed in Fig. S4, suggesting the empirical 
formulae of Bi1⋅46OBr1.66 and Bi1⋅12O7. 4BrTi4.96 for BiOBr and 
Bi–BiOBr–P 4.4, respectively. The expected empirical formula for the 
Bi–BiOBr–P 4.4 composite is BiO9.8BrTi4.4.

3.4. Transmission electron microscopy (TEM)

In Fig. S5a, the Bi–BiOBr microsphere is shown, lacking apparent 
surface porosity. Some flakes of Bi–BiOBr are also observable, as 
depicted in Fig. S5b. Within Figs. S5a and b the wide flakes exhibit 
partial amorphousness, likely due to the presence of oxygen vacancies, 
and a high concentration of Bi metal particles formed on the surface, 
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leading to crystalline disorder. Additionally, holes can be observed in 
the structure of the flakes, likely caused by the demolition of the 
damaged and disordered crystal under high pressure in the solvothermal 
reactor. The holes increase the surface area and porosity of the material. 
Fig. S5c highlights darker dots attributed to bismuth metal detached 
from the crystal. Digital diffraction using a fast Fourier transform (FFT) 
was conducted on the entire image, encompassing all grains within the 
frame, as depicted in the top right of Fig. S5d. The d-spacing in this 
image measures 0.187 nm and 0.15 nm, corresponding to the BiOBr 
(104) lattice plane and Bi metal (107) lattice plane, respectively, based 
on XRD patterns using BiOBr-ICSD-61225 and Bi-ICSD-64703 for 
studying d-spacing.

Fig. 2 depicts TEM images of the Bi–BiOBr–P 4.4 composite. In 

Fig. 2a a wide size distribution for Bi–BiOBr flakes can be observed along 
with P25 nanoparticles. Fig. 2b is a focused region of Fig. 2a that shows 
the holes that are present in the flake structure of Bi–BiOBr. By oxygen 
vacancies and bismuth migration, a significant number of holes can be 
observed in the wide Bi–BiOBr flake in Fig. 2a and b, perhaps caused by 
escaping Bi atoms from the structure, resulting in the decomposition of 
[Bi2O2]2+ slabs. In Fig. 2c, dark dots with a sharp size-distribution range 
of less than 10 nm approximately, spreading all over the composite, 
represent Bi metal which migrated after oxygen vacancies in the crystal 
structure (causing crystal disorder). The highlighted part of Fig. 2c was 
focused and studied to obtain the d-spacing of lattice planes.

The FFT was conducted on the entire image, as represented in the top 
right of Fig. 2d. The d-spacing in this image was measured 0.124 nm, 
0.36 nm, and 0.186 nm, corresponding to the Bi (1 2 5), anatase (1 0 1), 
and BiOBr (1 0 4) lattice planes respectively, using Bi-ICSD-64703, 
anatase-ICSD-142922, and BiOBr-ICSD-61225. These results revealed 
that the darker particles in the image were sites where more dense 
bismuth metal.

3.5. X-ray diffraction (XRD)

The crystal structures of the BiOBr-2h, Bi–BiOBr-4h, Bi–BiOBr-6h, 
Bi–BiOBr-8h, Bi–BiOBr-10h, Bi–BiOBr (12h), and BiOBr-CP were 
measured using XRD, and their diffraction patterns are depicted in 

Fig. 1. SEM images of Bi–BiOBr–P 4.4, a Bi/BiOBr/P25 composite produced from a solvothermal reaction for 12 h with a Ti/Bi ratio of 4.4 at (a) 43k magnification 
and (b) 200k magnification.

Table 3 
Energy dispersive X-ray spectroscopy (EDS) test results and empirical formula of 
Bi–BiOBr and Bi–BiOBr–P 4.4.

Sample

Bi–BiOBr BiOBr–P 4.4

Element (at. %) Bi 35.5 7.8
O 24.3 51.1
Br 40.2 6.9
Ti – 34.2

Fig. 2. High resolution TEM images of Bi–BiOBr–P 4.4, a Bi/BiOBr/P25 composite produced from a solvothermal reaction for 12 h with a Ti/Bi ratio of 4.4 at 
increasing magnification from (a) to (d). In (d) an insert is shown of the Fourier transform of the lattice spacing to generate an electron diffraction pattern from which 
d-spacings were determined, with the (104), (125) and (101) planes of the BiOBr, Bi and anatase TiO2 phases seen, respectively.
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Fig. S6. The samples conform to the anticipated tetragonal structure 
(BiOBr-ICSD-61225-4). The XRD patterns of Bi–BiOBr-4h, Bi–BiOBr-6h, 
Bi–BiOBr-8h, Bi–BiOBr-10h, and Bi–BiOBr depict an extra peak at 
27.19◦ which corresponds to the (012) crystal plane of Bi metal (Bi- 
ICSD-64703). This peak confirms that Bi metal has been formed through 
the reduction of BiOBr during the solvothermal processes. All XRD 
patterns show that the most prevalent peak was the (110) reflection 
followed by the (102) reflection in the BiOBr phase, with a near anal
ogous (110)/(102) peak ratio seen across all samples, indicating that the 
particles were dominated by the (001) crystal plane (Mi et al., 2018). 
BiOBr-CP also adopted the expected tetragonal structure of BiOBr, with 
the particles of this sample dominated by the (001) crystal plane, similar 
to the aforementioned samples. However, the ratio of the (110)/(102) 
peak was significantly larger compared to samples made by a sol
vothermal process.

The average crystal size can be determined using the Scherrer 
equation, shown below: 

D=
Kλ

β.cos (θ)
Equation 11 

where D is the average crystallite size, K is a shape constant (0.9), λ is the 
X-ray wavelength (0.154056 nm), β is the full width at half maximum 
(FWHM) and ϴ is the Bragg angle. The crystallite sizes of BiOBr-2h, 
Bi–BiOBr-4h, Bi–BiOBr-6h, Bi–BiOBr-8h, Bi–BiOBr-10h, and Bi–BiOBr 
are reported in Table S1, and show that crystallite sizes range between 
15 and 18 nm. The length of the solvothermal process length didn’t 
appear to alter the average crystal size of particles significantly. How
ever, the size of BiOBr-CP (11.0 nm) is slightly smaller than those 
formed by the solvothermal method, which was attributed to this being a 
room-temperature synthesis.

The series of Bi/BiOBr/P25 composites, with Ti/Bi ranging from 0.2 
to 6.6 were also examined by XRD, with their XRD patterns shown in 
Fig. 3. The XRD patterns of the P25 and Bi–BiOBr parent materials are 
also placed in Fig. 3 for reference. The results show that Bi–BiOBr–P 0.2, 
Bi–BiOBr–P 2.2, Bi–BiOBr–P 4.4, and Bi–BiOBr–P 6.6 adopt the expected 
tetragonal structure of BiOBr (BiOBr-ICSD-61225), along with peaks 
corresponding to the anatase (anatase-ICSD-142922) and rutile (rutile- 

ICSD-167954) phases of TiO2 from P25. Additionally, the Bi metal (012) 
crystal plane can be observed in all patterns (Bi-ICSD-64703). The 
anatase (101) crystal plane overlaps with the BiOBr (011) crystal plane. 
Also, the rutile (110) crystal plane is very close to the Bi (012) crystal 
plane. The peak at ~25.3◦ belongs to the anatase (101) crystal plane, 
and the peak at ~27.5◦ corresponds to both the Bi (012) and rutile (110) 
crystal planes. By increasing the ratio of Ti/Bi in the Bi–BiOBr–P com
posites, the BiOBr (001) crystal plane increases in intensity, indicating 
that the presence of P25 particles during the solvothermal reaction 
promotes growth in this plane. Additionally, unlike the BiOBr series of 
samples, in Bi–BiOBr–P, the most prevalent peak was the (102) reflec
tion followed by the (110) reflection, with a near analogous (102)/(110) 
peak ratio seen in all composite samples, indicating that the BiOBr 
particles in these samples are dominated by the (010) crystal plane (Mi 
et al., 2018).

In Fig. 3 the XRD pattern of the BiOBr–P 4.4-CP sample is also 
illustrated. The XRD pattern shows that BiOBr particles in BiOBr–P 4.4- 
CP are dominated by growth in the (001) crystal plane (Mi et al., 2018). 
This differed from the composites made by the solvothermal route, 
indicating the preferred orientation of crystal growth differs in samples 
made by the co-precipitation method. Xuelian et al., studied the effect of 
(001) and (010) crystal planes on the photocatalytic activity of BiOBr 
and saw that BiOBr containing predominantly (010) crystal planes 
exhibited enhanced photo-oxidative activity compared to BiOBr con
taining predominantly (001) crystal plane (Wu et al., 2017). Therefore, 
the Bi–BiOBr in the Bi–BiOBr–P composite is expected to have superior 
photo-oxidation performance compared to pure Bi–BiOBr with pre
dominant growth in the (001) crystal planes.

The XRD patterns of Bi–BiOBr–P4.4–6h, Bi–BiOBr–P4.4 (12h), and 
Bi–BiOBr–P4.4–18h are shown in Fig. S7, revealing that the sol
vothermal synthesis duration increases the crystallinity of the samples 
and promotes the growth of (001) crystal plane of BiOBr in the 
composite.

3.6. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

ATR-FTIR was used to study the IR active vibrational species in the 

Fig. 3. XRD pattern of P25, Bi–BiOBr, Bi–BiOBr–P 0.2, Bi–BiOBr–P 2.2, Bi–BiOBr–P 4.4, and Bi–BiOBr–P 6.6 compared to Bi-ICSD-64703, BiOBr-ICSD-61225-4, 
anatase-ICSD-142922, rutile-ICSD-167954 standards.

P. Alimard et al.                                                                                                                                                                                                                                Chemosphere 368 (2024) 143728 

6 



structure of Bi–BiOBr (12h), P25, BiOBr-P-CP, and Bi–BiOBr–P 4.4, and 
the transmittance can be seen in Fig. S8. The Bi–BiOBr sample has a peak 
at 505 cm− 1, relating to the A2u-type symmetrical vibrations of the Bi–O 
bond (Wang et al., 2011). The FT-IR spectrum of P25 shows a significant 
peak at 1645 cm− 1 attributed to the bending vibration of Ti–OH, 
revealing the presence of hydroxyl functional groups on the surface of 
TiO2. The peaks around 400 to 700 cm− 1, represent Ti–O stretching 
modes and Ti–O–Ti bridging stretching modes (Wang et al., 2012; Haque 
et al., 2017; Lopez et al., 1992). BiOBr-P-CP composite shows a series of 
peaks starting from 400 to 700 cm− 1 assigned to Bi–O and Ti–O at 480 
cm− 1 Ti–O bending modes, with the 500 cm− 1 stretch belonging to Bi–O 
bond vibrations, and Ti–O–Ti bridging stretching mode at 585 cm− 1 

(Wang et al., 2012; Zheng et al., 2020). Also, Bi–BiOBr–P 4.4 composite 
shows some peaks from 400 to 700 cm− 1 but the peaks are not very 
clear. A significant peak at 1621 cm− 1 can be assigned to the deforma
tive vibration of Ti–OH stretching mode, and can be observed for 
Bi–BiOBr–P 4.4 and BiOBr-P-CP composites (Wang et al., 2011).

3.7. Raman spectroscopy

Fig. 4 presents the Raman spectra of P25, Bi–BiOBr, Bi–BiOBr–P 4.4, 
and BiOBr-P-CP from 50 to 1000 cm− 1. The Raman spectrum of P25 
displays prominent peaks at 147 cm− 1, 399 cm− 1, 515 cm− 1, and 635 
cm− 1, which can be attributed to the Eg, B1g, A1g + B1g, and Eg modes of 
the anatase phase, respectively (Choi et al., 2005; Villabona-Leal et al., 
2020). The spectrum of Bi–BiOBr shows peaks at 67 cm− 1, 110 cm− 1 

(corresponding to the A1g internal Bi–Br stretching mode) and 142 cm− 1 

(corresponding to the E1g internal Bi–Br stretching mode) and 370 cm− 1 

(corresponding to the B1g phonon modes of oxygen atoms) (Davies, 
1973; Zhang et al., 2013; Wang et al., 2014). The Raman spectrum of 
Bi–BiOBr–P 4.4 and BiOBr-P-CP depicts some peaks at 112 cm− 1, 150 
cm− 1, 395 cm− 1, 514 cm− 1, and 633 cm− 1 assigned to A1g of BiOBr 
(internal Bi–Br stretching mode), and Eg, B1g, A1g + B1g, and Eg modes of 
the anatase phase. Both Bi–BiOBr–P 4.4 and BiOBr-P-CP exhibit a 
redshift of the BiOBr bands compared to the parent materials. This red 
shift can be due to slight structural changes and variations in the lattice 
symmetry compared to the parent material (Wang et al., 2016).

3.8. Thermogravimetric analysis (TGA)

Fig. S9 illustrates the decomposition profiles of P25, Bi–BiOBr, and 
Bi–BiOBr–P 4.4, as analysed in air through thermogravimetric analysis. 
The mass losses for P25, Bi–BiOBr, and Bi–BiOBr–P 4.4 between 30 ◦C 
and 230 ◦C are 1.7%, 0.52%, and 0.5%, respectively. These losses are 

attributed to the evaporation of surface-adsorbed solvents from the 
synthesis process (e.g., water or ethylene glycol), as well as ambient- 
absorbed water. Bi–BiOBr is thermally stable below 230 ◦C; however, 
a 3.3% mass loss is observed between 230 ◦C and 450 ◦C due to the 
combustion of organic compounds. A further 17% mass loss occurs be
tween 450 ◦C and 650 ◦C, corresponding to the formation of BiO and Br2. 
The final 11% mass loss is seen from 650 ◦C to 900 ◦C, attributed to the 
decomposition of BiO and the formation of Bi2O3 (Mera et al., 2017; 
Chong et al., 2010; Song et al., 2010). Bi–BiOBr undergoes three distinct 
mass loss steps: 1.2% from 230 ◦C to 450 ◦C due to organic combustion, 
2.3% from 450 ◦C to 550 ◦C due to the formation of BiO and Br2, and 
2.3% from 550 ◦C to 650 ◦C due to the formation of Bi2O3. It can be 
concluded that the Bi–BiOBr–P 4.4 composite exhibits enhanced thermal 
stability above 650 ◦C compared to Bi–BiOBr. This improved stability is 
likely due to the presence of P25 in the Bi–BiOBr–P 4.4 structure. P25 
remains stable throughout the entire temperature range, with an overall 
mass loss of less than 3 wt%.

3.9. UV–visible diffuse reflectance spectroscopy (DRS)

UV–visible diffuse reflectance spectroscopy (DRS) measurements 
were conducted in the wavelength range of 200–800 nm (Fig. 5). The 
diffuse reflectance data was transformed into the Kubelka-Munk func
tion (F(R)), which is a unit proportional to absorbance according to the 
Kubelka-Munk relation (Equation (12)). 

F(R)=
K
S
=

(1 − R)2

2R
Equation 12 

where R is the diffuse reflectance, and K and S denote the absorption and 
scattering coefficients, respectively. By employing the Tauc plot method 
(Equation (13)), we derived the indirect bandgap energy values. F(R) 
serves as a proxy for the absorption coefficient, denoted by α. 

(F(R).hv)
1
2 Equation 13 

where h represents Planck’s constant and v signifies the frequency of 
light. These variables were plotted against energy, and by extrapolating 
to the energy axis, the bandgap was determined.

As shown in Fig. 5a, with an increase in reaction time for the series of 
BiOBr samples, an increase in enhanced visible light absorption is seen 
(with the exception of the 10h sample, which is an outlier to this trend). 
The increase in visible light absorption is attributed to an increased 
formation of Bi metal, as confirmed by XRD results, which can show 
broad plasmonic absorption across the visible light (Li et al., 2017). 
According to the calculation reported by Fang et al., the first absorption 
band of 10 nm-sized Bi nanoparticles should appear at around 270− 280 
nm (Fang et al., 2001/06; Wang et al., 2005), which can be seen in all 
Bi–BiOBr and BiOBr samples. The BiOBr-CP sample does not exhibit 
broad visible absorption, revealing the absence of Bi metal in its struc
ture, and was in agreement with XRD results.

Based on Fig. 5a, the highest absorption in the visible region is seen 
in the Bi–BiOBr sample, which was solvothermally treated for the 
longest period of time. This indicates that a prolonged solvothermal 
treatment results in increased Bi metal formation, and therefore, 
increased plasmonic absorption in the visible region. As shown in Fig. 5b 
increasing the P25 loading mass in the series of Bi–BiOBr–P samples has 
made their optical behaviour more closely resemble that of P25. In 
Fig. 5c, the light absorption of Bi–BiOBr–P-4.4 and BiOBr–P 4.4-CP was 
compared.

Based on the literature, the absorption thresholds of pristine BiOBr 
and P25 are ~440 nm and ~410 nm, respectively (Yu et al., 2019; Zhang 
et al., 2008; Zhou et al., 2007), which are in broad agreement with the 
absorption spectra of the synthesised samples herein. Fig. 5 (d), (e) and 
(f) depict Tauc plots, showing the indirect allowed band gap transitions 
(Wang et al., 2012, 2013; Makuła et al., 2018). Although the Tauc plot of 

Fig. 4. Raman spectra of P25, Bi–BiOBr, Bi–BiOBr–P 4.4, and BiOBr-P-CP 
samples measured using a 532 nm laser from 50 to 1000 cm− 1.
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the Bi–BiOBr–P composites does not exhibit a specific difference in band 
gaps within this series of composites, the band gap of the composites is 
slightly wider than the band gap of the Bi–BiOBr (12h), as expected for 
composites diluted with a wider bandgap material.

3.10. X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted on Bi–BiOBr (12 h), P25, and 
Bi–BiOBr–P 4.4 composite to analyse their chemical composition and 
oxidation states, with Table 4 showing the atomic percentage of each 
element and Table S2 providing a summary of the binding energies of 
the key environments.

In Fig. S10, XPS scans of Bi–BiOBr (12h) display Br, Bi, O, and C. The 
Br 3d measurement shows two peaks corresponding to Br− 3d7/2 (68.2 
eV) and Br− 3d5/2(69.2 eV) environments. The O 1s scan depicts two 
peaks, indicating the presence of Bi–O bonds (530.05 eV), and surface 
hydroxyl groups and/or organic C–O bonds (531.53 eV). The presence of 
C–O is likely from adventitious surface carbon species. The C 1s scan 
illustrates peaks corresponding to C–C (284.8 eV), C–O (286.37 eV), and 
C––O (288.46 eV) bonds that were attributed to adventitious carbon 

impurities adsorbed to the Bi–BiOBr surface. The Bi 4f scan shows four 
peaks indicating the presence of Bi3+ 4f7/2 (159.16 eV), Bi3+ 4f5/2 
(164.48 eV), Bi0 4f7/2 (157.17 eV) and Bi0 4f5/2 (162.59 eV) (Yu et al., 
2017). The main oxidation state of Bi is +3, however, metallic Bi0 states 
are also observed, as a result of employing an ethylene glycol solvent 
that can act as a reducing agent in the solvothermal reaction at 180 ◦C, 
supported by our XRD and TEM results.

Fig. S11 shows the XPS scans of P25, showing C 1s, O 1s, and Ti 2p 
environments. The O 1s region of P25 depicts two peaks indicating the 
presence of Ti–O bond (530.17 eV), and surface adsorbed oxygen groups 
or organic C–O (531.18 eV). The C 1s scan shows peaks at 284.8 eV, 
286.1 eV, and 289.23 eV, corresponding to C–C, C–O, and C––O bonds, 
respectively, that were assigned to adventitious carbon adsorbed to the 
P25 surface. In the Ti 2p region, Ti4+ 2p3/2 (458.93 eV) and Ti4+ 2p1/2 
(464.77 eV) environments were observed, with no additional environ
ments present. Previous literature has shown that these represent the 
expected binding energies for TiO2 (Erdem et al., 2001). Fig. S12 shows 
the XPS scans of the Bi–BiOBr–P 4.4 composite, with Br 3d, Bi 4f, O 1s, C 
1s, and Ti 2p environments. The Br 3d scan shows two peaks corre
sponding to Br− 3d7/2 (68.13 eV) and Br− 3d5/2 (69.13 eV). The Bi 4f 
scan contains 4 peaks at 159.07, 164.39, 156.98, and 162.3 eV corre
sponding to Bi3+ 4f7/2, Bi3+ 4f5/2, Bi0 4f7/2, and Bi0 4f5/2, respectively, 
similar to the B–BiOBr parent material. The C 1s scan shows peak 
binding energies of 284.8, 286.19, and 288.48 corresponding to C–C, 
C–O, and C––O, respectively (Al-Gaashani et al., 2019; Moeini et al., 
2022). The C–O and C––O peaks are slightly shifted compared to P25, 
likely due to the presence of ethylene glycol residues in the composite. 
The O 1s of Bi–BiOBr–P 4.4 scan depicts 3 peaks indicating the presence 
of a metal–O bond (529.78 eV), O–C bond (530.98 eV), and surface O––C 
bond (531.97 eV). The metal–O bond shows a shift of ~0.5 eV in 
Bi–BiOBr–P 4.4 compared to the P25 and Bi–BiOBr parent samples, 

Fig. 5. Optical properties of Bi–BiOBr samples for a range of synthesis times and methods and Bi–BiOBr–P composite samples for a range of Ti/Bi atomic ratios. 
UV–visible absorption spectra of (a) Bi–BiOBr samples,(b) Bi–BiOBr–P samples, and (c) Bi–BiOBr–P 4.4 and BiOBr–P 4.4-CP samplesobtained by converting the 
measured values of diffuse reflectance to relative absorbance using the Kubelka-Munk relation. Tauc plots of (d) Bi–BiOBr samples, (e) Bi–BiOBr–P composite 
samples, and (f) Bi–BiOBr–P 4.4 and BiOBr–P 4.4-CP samples with the bandgap energy stated next to each sample name.

Table 4 
The atomic percentage of the present elements in P25, Bi–BiOBr, and 
Bi–BiOBr–P 4.4 measured using XPS.

Abundance (%)

Bi–BiOBr P25 Bi–BiOBr–P 4.4

Bi3þ 88.05 – 4.51
Bi0 0.46 – 0.96
O 5.44 52.57 62.24
Br 6.06 – 1.19
Ti – 47.43 31.09
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indicating the O2− sites in the metal–O bonds are likely more electron 
rich and therefore less strongly bound (Watts and Wolstenholme, 2019). 
In the Ti 2p scan of BiBiOBr–P 4.4, peaks corresponding to Ti4+ 2p3/2 
(458.53 eV) and Ti4+ Ti 2p1/2 (464.24 eV) were observed.

In Fig. S13 we compare the Bi 4f, Ti 2p, C 1s, O 1s, and Br 3d scans of 
the Bi–BiOBr–P4.4 composite with Bi–BiOBr and P25. The Ti 2p scan of 
the composite showed a blue shift to higher binding energies compared 
to P25, indicating a reducing in electron density at Ti4+ sites, similar to 
results by Xn et al. (Tan et al., 2016). Based on the O and Ti core-level 
data, these shifts may be due to the formation of Ti–O–Bi bonds in the 
Bi–BiOBr–P 4.4 composite, due to chemical bonding interactions at the 
heterojunction between the BiOBr and TiO2 phases (Tan et al., 2016). 
Based on the atomic abundances in Table 4, Bi–BiOBr exhibits a higher 
concentration of Bi3+ ions than anticipated, along with significantly 
lower atomic percentages of O and Br. This elevated Bi content may stem 
from the presence of oxygen vacancies, as confirmed by EDS analysis. 
Also, P25 shows a higher Ti4+ concentration than anticipated, likely 
resulting from oxygen vacancy formation during XPS analysis due to 
high vacuum and X-ray exposure. The Bi–BiOBr–P 4.4 composite shows 
a significantly lower Br level than expected which we postulate may be 
due to the less of Br upon forming Bi–O–Ti bonds. The empirical formula 
of the composite, based on the XPS quantitative analysis, is Bi4.59 
O52⋅3BrTi26.12.

Low binding energy XPS analysis was conducted to determine the 
valence band maximum (EVBM) energy levels of Bi–BiOBr, P25, and 
Bi–BiOBr–P 4.4 with respect to the Fermi level (EF) of each material 
(Fig. S14), which were determined to be 2.16 eV, 2.43 eV, and 2.13 eV, 
respectively. The EVBM could be adjusted to the NHE scale using EF vs 
NHE from previous studies. The EF potential of BiOBr with dominant 
(010) planes, similar to the composites formed by solvothermal syn
thesis in this work, was reported to be 0.6 V vs NHE (pH = 0) by Wu et al. 
(Wu et al., 2017; Li et al., 2024). And the EF of P25 was reported to be 
− 0.11 V vs NHE (pH = 0) (Cai et al., 2018; Li et al., 2021). Using the 
band gap values (Eg) obtained from Tauc plots, the conduction band 
minimum (ECBM) energy was also obtained using Equation (9), as shown 
in Table 5. The low binding energy XPS results of Bi–BiOBr–P 4.4 was 
reported with respect to the EF of the composite. Based on the measured 
EVBM, ECBM, and Eg, Bi–BiOBr is a n-type semiconductor, like P25. 

ECBM = EVBM – Eg                                                             Equation 14

3.11. N2 sorption isotherms

N2 sorption isotherms were measured at 77 K to determine the sur
face area and porosity of our samples (Fig. S15). In general, all samples 
show similar isotherm types, and therefore similar types of porosity. 
Specifically, all samples show Type II/III isotherms, typical of nonporous 
materials, with minor Type H3/H4 hysteresis loops, associated with 
narrow slit-shaped pores. As shown in Table 6, the P25 sample is the 
most porous, with a BET surface area of 54 m2/g, and a total pore 

volume of 0.166 cm3/g, likely due to its distinct nanoparticulate size- 
distribution. The least porous sample is Bi–BiOBr with a BET surface 
are of 18 m2/g and a total pore volume of 0.043 cm3/g. The Bi–BiOBr–P 
4.4 composite has an intermediate surface area (37 m2/g) and total pore 
volume (0.149 cm3/g) between that of P25 and Bi–BiOBr. Therefore, we 
suggest that incorporating P25 to Bi–BiOBr helps enhance the porosity 
by embedding the P25 particles among Bi–BiOBr flakes. This is in 
accordance with our SEM analyses, which indicate the porosity of the 
Bi–BiOBr–P 4.4 appeares increased compared to Bi–BiOBr.

3.12. TAS

Transient absorption spectroscopy was conducted under atmo
spheric conditions on P25, Bi–BiOBr, and Bi–BiOBr–P 4.4 samples. These 
samples were excited using a 355 nm laser, and their dynamics of charge 
carriers were examined within the wavelength range of 600–1100 nm 
from 10 μs to 1 s (Fig. S16 and Fig. S17).

The decays were characterized by a power law function: 

f(t)=At− α (Equation 15) 

where f(t) represents the concentration of charge carriers at time t, and A 
and α are fitting constants. This form of power law emerges when ideal 
bimolecular recombination (observed when α = 1) is disrupted by a 
multiple-trapping process. In this process, a carrier must undergo 
repeated thermal excitations to the band-edge to facilitate movement 
and, eventually, recombination (Yu et al., 2023; Wang et al., 2018).

The model was used to analyse the transient absorption decays 
observed at the 800 nm probe wavelength, yielding α values of 0.114 (r2 

= 0.952), 0.185 (r2 = 0.997), and 0.217 (r2 = 0.978) for P25, Bi– BiOBr 
(12h), and Bi–BiOBr–P 4.4, respectively. The α values showed that the 
charge carrier motion and trapping behaviour of Bi–BiOBr–P 4.4 were 
more similar to Bi–BiOBr compared to P25. Additionally, the α value of 
Bi–BiOBr–P 4.4 was more similar to Bi–BiOBr than that of P25. This was 
supported by the similar lifetime of charge carriers seen in Fig. 6 for 
Bi–BiOBr and Bi–BiOBr–P 4.4, shown by t50% (i.e. the time taken for the 
transient absorption to decay to 50% of its original value seen at 10 μs 
after the laser pulse) of ~160 μs and 200 μs, and complete decay by ~1 s 
after the laser pulse, respectively. The photogenerated charge carriers 
are significantly longer lived in P25, with a t50% of 3800 μs seen. 
Nevertheless, a higher initial degree of transient absorption was seen in 
Bi–BiOBr–P 4.4 composite compared with P25, which was indicative of 
a higher initial charge carrier population. This indicates that on the pre- 
μs timescale, charge carrier separation was improved in the Bi–BiOBr–P 
4.4 composite as compared with P25. Based on these studies using 355 
nm excitation, our results indicate that charge transfer occurs from P25 
to BiOBr, most likely due to electron transfer from the CBM of P25 to the 
CBM of BiOBr (Fig. 9). This is because the composite behaves more 
similarly to the Bi–BiOBr parent material, despite the majority of the 
material being composed of P25 (Ti/Bi ratio = 4.4).

For the Bi–BiOBr sample at 10 μs, 100 μs, 1 ms, and 10 ms, a broad 
transient absorption was seen across the visible, with stronger absorp
tion in the green and weaker absorption in the near-infrared (NIR) 
(Fig. S17). However, for P25 and Bi–BiOBr–P 4.4, a maximum absorp
tion was seen at ~700 and 800 nm, with weaker absorption seen in the 
green and NIR at 10 μs compared to Bi–BiOBr. Previous transient 

Table 5 
Band potentials of Bi–BiOBr, P25 and Bi– BiOBr–P 4.4, including the band gaps 
(Eg), valence band maximum (EVBM), conduction band minimum (ECBM) and 
Fermi level (EF) potentials vs NHE (at pH = X).

Sample

Bi–BiOBr P25 Bi–BiOBr–P4.4

Eg (V) 2.96 vs EF (NHE) 3.20 vs EF (NHE) 3.06 vs EF

EVBM 

(V)
2.76 vs EF (NHE) 2.32 vs EF (NHE) 2.13 vs EF

ECBM 

(V)
− 0.2 vs EF (NHE) − 0.89 vs EF (NHE) − 0.93 vs EF

EF (V) +0.60 (NHE) (Wu et al., 2017; 
Li et al., 2024)

− 0.11 (NHE) (Li 
et al., 2021)

–

Table 6 
Textural properties of Bi–BiOBr, P25, and Bi–BiOBr–P 4.4, as derived from N2 
sorption isotherms (77 K), including BET surface area (SBET), total pore volume 
(Vtot), micropore volume (Vmicro) and ratio of micropore volume to total pore 
volume (Vmicro/tot).

Sample SBET (m2/g) Vtot (cm3/g) Vmicro (cm3/g) Vmicro/tot (%)

Bi–BiOBr 18 0.043 0.018 42
P25 54 0.166 0.041 25
Bi–BiOBr–P 4.4 37 0.149 0.027 18
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absorption studies of BiOBr have been conducted on the ultrafast 
timescale (i.e., fs – ns), revealing that oxygen vacancy in BiOBr crys
talline structure can trap electrons during the relaxation process after 
excitation (Wang et al., 2018). A slower timescale study on a BiOI 
semiconductor shows a similar transient absorption spectrum to BiOBr 
with a significantly faster decay rate (t50%–45 μs) (Quan et al., 2023).

3.13. Photocatalytic activity

The photocatalytic activity of all samples produced herein, listed in 
Table 2, was evaluated against NO gas in accordance with ISO, 
22197–1:2016, standard protocol. The best-performing sample, which 
was a composite composed of Bi/BiOBr/P25 (sample Bi–BiOBr–P 4.4) 
was also evaluated against NO2 gas along its parent materials.

Bi–BiOBr samples produced by a 12 h solvothermal treatment 
showed the highest photocatalytic activity towards NO gas (Fig. S18), 
and was therefore taken forward for making a series of composites with 
P25 (with the atomic ration of Ti/Bi ranging from 0.2 to 6.6). A BiOBr 
counterpart made using a co-precipitation method was also evaluated 
for comparison with samples made by our solvothermal method.

The results for experiments conducted under visible light are sum
marised in Fig. 7a. Although the photocatalytic activity of the sample 
made by the co-precipitation method (BiOBr-CP) showed higher NO 
reduction (11.2%) and NOx removal (5.6%) than its counterpart made 
by the solvothermal method (Bi–BiOBr), it generated significantly more 
NO2 (5.5%). Under visible light, P25 showed higher photocatalytic ac
tivity than both BiOBr-CP and Bi–BiOBr samples, which was attributed 
to the light source containing some emission in the UVA. Upon forming a 
composite between Bi–BiOBr and P25, the activity was seen to increase 
with the Ti/Bi atomic ratio, where an optimum value was seen at 4.4 in 
sample Bi–BiOBr–P 4.4. This sample showed an NO removal of 32.8%, 
which was higher than the sum of its parent materials Bi–BiOBr (6.7%) 
and P25 (21.2%), indicating a synergetic interaction between these two 
materials in the composite. This favourable interaction was not seen in 
the composite made using BiOBr from our co-precipitation method, 
where a lower NO removal of 12.8% was seen compared with P25 alone 
(21.2%).

The results for UVA light are summarised in Fig. 7b. The activity of 
samples, in general, is significantly higher under UVA irradiation 
compared to visible light irradiation. The best performing composite 
under visible light, Bi–BiOBr–P 4.4 (55.3%), shows similar NO removal 

activity to P25 (52.7%). Therefore, no synergetic enhancement is seen 
under UVA irradiation.

Nevertheless, the best-performing composite, which matches the 
activity of P25 under UVA light and surpasses the activity of P25 under 
visible light, is Bi–BiOBr–P 4.4. The photocatalytic activity of this 
composite and its parent materials were tested against NO2 gas under 
visible and UVA light (Fig. 8). The Bi–BiOBr–P 4.4 composite showes 
higher than the summative performance of its parent materials under 
both light conditions, displaying a NOx removal of 15.1% and 29.5% 
under visible and UV light, respectively. This indicates that a synergetic 
enhancement happens in reactions with NO2 gas under both visible and 
UV light conditions for the Bi–BiOBr–P 4.4 composite with respect to its 
parent materials. Unlike its parent materials, the Bi–BiOBr–P 4.4 com
posite does not generate any NO gas during the conversion of NO2, 
indicating that the NO2 gas is completely converted to nitrate. The 
surface copmosition of the Bi–BiOBr–P 4.4 composite after the NO and 

Fig. 6. Transient absorption decay kinetics for Bi–BiOBr (12h), P25, and 
Bi–BiOBr–P 4.4 samples measured from 10 μs to 1 s after excitation with a laser 
(355 nm, 6ns width, ~220 μJ cm− 2 per pulse) and measured at a probe 
wavelength of 800 nm.

Fig. 7. Photocatalytic NO removal tests for the series of Bi/BiOBr/P25 com
posites produced herein and their parent materials summarising their NO 
removal (%), NOx removal (%), NO2 generation (%) and NO2 selectivity (%), 
examined under (a) visible light (300–800 nm), and (b) UVA light.
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NO2 tests was investigated by ATR-FTIR (Fig. S19). After tests with NO 
gas, peaks at 1290 cm− 1 and 1420 cm− 1 appeared, revealing that 
monodentate nitrate was present on the surface, as well as a small peak 
for bidentate nitrate formation at 1621 cm− 1 (Mihaylov et al., 2021). 
Additionally, after tests with NO2 gas, similar peaks where observed to 
the tests with NO, but with a reduced level of monodentate nitrate and 
increased level of bidentate nitrate seen (Mihaylov et al., 2021).

To study the versatility of the best performing Bi–BiOBr–P 4.4 
composite, the photocatalytic activity towards NO gas was examined at 
a range of additional conditions, as shown in Fig. S20. Four variables 
were considered: relative humidity percentage (RH%: 7%, 50%, or 
100%), UV light intensity (1 mW cm− 2 or 2.36 mW cm− 2, 1 ppm NO 
concentration with a 3 L min− 1 flowrate or 3 ppm NO concentration 
with a 1 L min− 1 flowrate). The highest NO removal (87.2%) perfor
mance was achieved under 7% relative humidity, 2.36 mW cm− 2 UV 
light intensity, 3 ppm NO initial concentration, and a 1 L min− 1 flow 
rate. A similar relative humidity and light level can be found in 
extremely dry and hot cities like Yazd (Iran), Las Vegas (USA), and 
Riyadh (Saudi Arabia) condition Under ISO conditions, the performance 
over five cycles of testing was also studied, as illustrated in Fig. S21. 
After each consecutive run, the NO2 generation incrementally increased 
and NO removal incrementally decreased. This showed the active sites 
of the composite were blocked with the successive buildup of nitric acid 
on its surface, which can drive a back reaction and formation of NO and 
NO2 (Mills and Elouali, 2015). After five cycles, the sample was placed in 
a container filled with DI water for 30 min, followed by drying at 60 ◦C 
in an oven for 2h. The washed sample was tested again, and the activity 
was seen to be restored to near its original level.

The figure of merit (FOM) was also determined from the NO gas 
removal tests for P25, BiOBr-CP, Bi–BiOBr (12h), Bi–BiOBr–P 0.2, 
Bi–BiOBr–P 2.2, Bi–BiOBr–P 4.4 and Bi–BiOBr–P 6.6 samples (Fig. S22). 
The FOM was calculated using Equation (8), which considers the 
negative effect of NO2 generation three times more than its ability to 
remove NO. Since the measured FOMs are negative, the highest FOM 
under UV light belongs to the Bi–BiOBr sample, and the highest FOM 
under visible light belongs to the BiOBr-CP sample. The FOM of 
Bi–BiOBr, P25, and Bi–BiOBr–P 4.4 was also determined for tests using 
NO2 gas, shown in Fig. S23. Under both UV and visible light, the highest 
FOM belonged to Bi–BiOBr–P 4.4 (FOM (NO2)UV ~1.3; FOM (NO2)visible 
~0.2), which was synergistically higher than its parent materials 
Bi–BiOBr and P25, especially for tests conducted using UV light.

The NO deposition velocity (Vd) was determined for the P25, BiOBr- 
CP, Bi–BiOBr (12h), Bi–BiOBr–P 0.2, Bi–BiOBr–P 2.2, Bi–BiOBr–P 4.4, 
Bi–BiOBr–P 6.6, and BiOBr–P 4.4-CP samples, using Equation (10), and 
shown in Fig. S24. The deposition velocity (Vd) is an important measure 
for comparing NO removal outcomes across different NOx gas concen
trations, flow rates, or sample areas. It represents the rate at which NO 
accumulates on the surface of the photocatalyst (Sanchez et al., 2021), 
and can be used to predict photocatalytic efficiency under specific 
conditions (Engel et al., 2015). In this study, the Bi–BiOBr–P 4.4 com
posite, identified as the most active photocatalyst herein, exhibited a 
higher Vd than P25 and Bi–BiOBr, both under UV light (0.77 cm/s) and 
visible light (0.38 cm/s).

3.13.1. The mechanism of photocatalytic action
Based on the determined energy levels of Bi metal, BiOBr, and P25, 

shown in Fig. 9, there is a thermodynamic driving force for photo
generated electrons to move from the CB of P25 to the CB of BiOBr. 
There is also a driving force for electrons to move from the CB of both 
P25 and BiOBr to Bi sites. This indicates that electrons will accumulate 
in BiOBr and/or Bi sites. On the other hand, there is a driving force for 
photogenerated holes to move from the VB of BiOBr to the VB of P25, 
which indicates that holes will likely accumulate in P25. Overall, the 
band energy offset between BiOBr and P25 forms a type II staggered 
heterojunction that drives the vectoral separation of electrons and holes 
in opposing directions. This band energy diagram is in line with our TAS 
results that show how charge transfer between P25 to Bi–BiOBr sites 
occurred. Due to the wide gap in energy between the VBM and Fermi 
levels it was concluded that the BiOBr synthesised was n-type, the same 
as P25.

The suggested mechanism for the photocatalytic action of the Bi/ 
BiOBr/P25 composite is shown in Fig. 9. The redox potential of O2 
reduction to •O2

− radicals is − 0.33 V (vs NHE) (Sun et al., 2023), and as 

Fig. 8. NO2 removal tests of P25, Bi–BiOBr (12h), and Bi–BiOBr–P 4.4 under 
(a) visible light (Daylight lamp with a range of 300–800 nm wavelength), and 
(b) UV light.

Fig. 9. Band energy diagram of the Bi/BiOBr/P25 composite – sample 
Bi–BiOBr–P 4.4 – plot alongside the oxidation and reduction potentials of 
forming reactive oxygen species (ROS) that can drive the oxidation of NOx.
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the ECBM of P25 is more negative, it is capable of producing •O2
− radicals. 

Alongside this, the oxidation potentials of − OH to •OH and H2O to •OH 
are +1.99 V (vs NHE) and +2.30 V (vs NHE) (Sun et al., 2023), 
respectively, and both BiOBr and P25 have a more positive EVBM and are 
capable of producing hydroxyl radicals. However, since the energy offset 
encourages the accumulation of holes in P25, we believe that P25 plays a 
major role in producing •OH radicals. Also, as both the Bi-metal and 
BiOBr sites accumulate electrons, but do not possess a sufficiently 
negative ECBM to drive •O2

− formation, we speculate that the oxidation of 
NO and NOx is predominantly driven by •OH radicals on our 
photocatalyst.

3.13.2. Comparisons with BiOBr and P25 in the literature
Many studies have investigated the photocatalytic activity of TiO2 

and BiOX (X = Cl, Br and I) towards NOx pollution, as shown in Table 7.
In one study, BiOBr was synthesised by Montoya-Zamora et al. using 

the microwave-assisted co-precipitation method, showing a high pho
tocatalytic activity of 94% NO removal with a selectivity to form nitrate 
ions of 98% (Montoya-Zamora et al., 2020). Additionally, 
Montoya-Zamora tested the photocatalytic activity of the benchmark 
photocatalyst P25 under the same conditions and reported approxi
mately 4 times lower NO removal activity. BiOBr/Bi24O31Br10 was 
synthesised by Cruz et al. using a simple co-precipitation method. The 
photocatalyst oxidised 90% of NO with nitrate selectivity at 93% 
(Martínez-de la Cruz et al., 2024). A BiOBr/C3N4 composite photo
catalyst prepared by Yanjuan Sun et al. showed 32.7% NO removal (Sun 
et al., 2014). Li et al., synthesised a z-scheme BiOBr/Bi12O17Br2 photo
catalyst employing a hydrolysis method, which showed superior per
formance for NO removal (57.3%) compared to the parent materials (Li 
et al., 2019). Shi et al. used a solvothermal method to synthesise a 
BiOBr/BiOI heterojunction photocatalyst, which showed 57% NO 
removal (Shi et al., 2019). Mendoza et al. examined the NO removal 
photocatalytic activity of TiO2 under UV light and reported 64% NO 
removal (Mendoza et al., 2016). The NO photo-oxidation performance 
was increased (>90% NO removal) by coating a zeolite with TiO2. Zhao 
et al. fabricated a heterojunction of TiO2/BiOCl using a solvothermal 
method and its NO photo-oxidation showed 75% NO removal (Zhao 
et al., 2023). Jiamprasertboon et al. synthesised nanostructured BiOCl 
films using aerosol-assisted chemical vapor deposition (AACVD) with 
various solvents. Among the samples, the BiOCl synthesised using ethyl 
acetate exhibited the highest NO removal efficiency of 1.18% under UV 
light (Jiamprasertboon et al., 2022). Quan et al. synthesised a Bi/BiOI 

composite using a solvothermal method and tested it for NO gas removal 
under UV and visible light. The composite achieved NO removal rates of 
33.1% under UV light and 26.3% under visible light (Quan et al., 2023).

In this study, Bi–BiOBr–P 4.4 shows the superior performance 
compared to other samples and parent materials with an NO removal%, 
NOx removal%, and NO2 generation% of 32.8%, 12.8%, and 19.7% 
under visible light (300 nm–800 nm), respectively. This composite 
shows an NO removal%, NOx removal%, and NO2 generation% of 
55.27%, 26.94%, and 27.4% under UV light, respectively. Under opti
mised conditions, the highest NO removal%, NOx removal%, and NO2 
generation% using this composite were 87.2%, 55.03%, and 30.39%, 
respectively. The optimised condition, in terms of UV intensity (2.36 
mW cm− 2) and relative humidity (7%) can be found in cities with 
intense sunlight and dry climates like Las Vegas, USA; Riyadh, Saudi 
Arabia; and Yazd, Iran.

Comparisons of the performances seen by other researchers and the 
materials studied herein are challenging. This is because in many pre
vious studies unconventional reactor geometries, sample sizes, light 
sources and powers, pollutant concentrations, relative humidities, and 
gas flow rates have been examined, which do not conform to the pre
scribed ISO protocol (22197–1:2016) used herein. Nevertheless, herein, 
the deposition velocity (Vd), which accounts for some differences in test 
conditions, was determined for tests conducted using NO gas, where our 
best performing Bi–BiOBr–P 4.4 showed a Vd of 0.77 cm/s under UV 
light 0.38 cm/s under visible light. This was significantly higher per
forming than a commercial mineral silicate paint containing TiO2 (0.05 
cm/s) and a commercial acrylic paint containing TiO2 (0.13 cm/s), both 
tested under UV light (Maggos et al., 2007). Additionally, Quan et al. 
measured the Vd of Bi/BiOI under UV light, revealing a lower perfor
mance of 0.42 cm/s compared to the Bi–BiOBr–P 4.4 composite (Quan 
et al., 2023).

4. Conclusion

In this research, a range of Bi/BiOBr/P25 TiO2 composites and their 
parent materials were synthesised and examined for their ability to drive 
the photocatalytic conversion of NOx gas pollution. Two different syn
thetic routes were examined, with the most active composite found to be 
produced using a solvothermal method for a 12 h reaction with a Ti/Bi 
ratio of 4.4 (herein named Bi–BiOBr–P 4.4). SEM, TEM and XRD showed 
that the most active composite was composed of Bi nanoparticles ~5 nm 
in diameter P25 nanoparticles ~15 nm in diameter that decorated 

Table 7 
NOx removal photocatalytic activity of photocatalysts containing BiOX (X = Cl, Br, I) and TiO2 from the literature compared with the performance of photocatalysts 
produced herein.

Material Target 
pollutant

ISO RH(%) Pollutant 
removal%

Light source Pollutants 
concentration

Ref.

BiOBr/60% EDTA NO gas Yes 50% 94% 3 LED lamp (24 W) 1 ppm Montoya-Zamora et al. 
(2020)

P25 NO gas Yes 50% 24% 3 LED lamp (24 W) 1 ppm Montoya-Zamora et al. 
(2020)

BiOBr/Bi24O31Br10 NO gas Yes 50% 90% 40 W fluorescent lamp 1 ppm Martínez-de la Cruz et al. 
(2024)

2D BiOBr/C3N4 NO gas No ns 32.7% 100 W tungsten halogen lamp (420 nm 
cut-off filter)

600 ppb Sun et al. (2014)

BiOBr/Bi12O17Br2 NO gas ns 50% 57.3% 500W xenon lamp 400 ppm Li et al. (2019)
BiOBr/BiOI NO gas No ns 57% Xenon lamp 600 ppb Shi et al. (2019)
TiO2-coated zeolite NO gas No 40–60% >90% 6 × UV-A lamp 20 W <5 ppm

Mendoza et al. (2016)
TiO2/BiOCl (Ti:Bi/ 

4:1)
NO gas No ns 75% Xenon lamp 300 W 200 ppm Zhao et al. (2023)

BiOCl NO gas Yes 50% 1.18% 2 × Sankyo (UV lamp), 15 W 2.5 ppm Jiamprasertboon et al. 
(2022)

Bi/BiOI NO gas Yes 50% 33.1% 2 × Sankyo (UV lamp), 15 W 1 ppm Quan et al. (2023)
Bi/BiOI NO gas Yes 50% 26.3% 2 × Sylvania (visible lamp), 15 W 1 ppm Quan et al. (2023)
Bi–BiOBr–P 4.4 NO gas Yes 50% 54.9% 2 × Sankyo (UV lamp), 15 W 1 ppm This study
Bi–BiOBr–P 4.4 NO gas Yes 7% 87.2% 2 × Sankyo (UV lamp), 15 W 1 ppm This study

ns = not stated.
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tetragonal structured BiOBr lamellar flakes; where these composite 
flakes formed a larger sponge-like superstructure ~3–5 μm in diameter. 
N2 sorption isotherms of Bi–BiOBr–P 4.4 revealed a total pore volume of 
0.149 cm3/g, micropore volume of 0.027 cm3/g and surface area of 37.1 
m2/g. XPS results identified chemical bonding interactions between 
BiOBr and P25, and alongside diffuse reflectance spectroscopy (DRS), 
was used to determine the band energy diagram, where a staggered type 
II heterojunction was formed. TAS results showed that charge transfer 
on the pre-μs timescale was occurring between BiOBr and P25 sites, 
increasing the population of charge carriers relative to P25 alone.

The photocatalytic activity of Bi–BiOBr–P 4.4, was examined against 
NO (32.8% under visible light; 55.3% under UVA light) and NO2 (15.1% 
under visible light; 29.5% under UVA light) gas, showing synergetic 
increases in activity with respect to its parent materials P25 and Bi- 
BiOBr. A range of conditions were examined, where it was found that 
at low relative humidity (~7%), higher UVA light intensity (~2.36 mW 
cm− 2) and higher NO concentration (~3.0 ppm) and slower flow rate 
(~1.0 L min− 1) a higher NO removal rate of 87.2% was observed. It was 
therefore concluded that our optimal composite photocatalyst shows 
promise for applications in extremely dry climates with intense sunlight.
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"Photocatalytic Characterization of BiOCl and BiOBr Prepared by Polyol-Assisted 
Coprecipitation for the Elimination of NO X from Air,".

Mendoza, J.A., Lee, D.H., Kang, J.-H., 2016. Photocatalytic removal of NO x using TiO 2- 
coated zeolite. Environ. Eng. Res. 21 (3), 291–296.

Meng, L., Qu, Y., Jing, L., 2021. Recent advances in BiOBr-based photocatalysts for 
environmental remediation. Chin. Chem. Lett. 32 (11), 3265–3276.
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