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Abstract: Halide perovskite Cs3Bi2Br9 (CBB) has excellent potential in photocatalysis due to its
promising light-harvesting properties. However, its photocatalytic performance might be limited due
to the unfavorable charge carrier migration and water-induced properties, which limit the stability
and photocatalytic performance. Therefore, we address this constraint in this work by synthesizing
a stable halide perovskite heterojunction by introducing hydrogen titanate nanosheets (H2Ti3O7-NS,
HTiO-NS). Optimizing the weight % (wt%) of CBB enables synthesizing the optimal CBB/HTiO-NS,
CBHTNS heterostructure. The detailed morphology and structure characterization proved that the
cubic shape of CBB is anchored on the HTiO-NS surface. The 30 wt% CBB/HTiO-NS-30 (CBHTNS-
30) heterojunction showed the highest BnOH photooxidation performance with 98% conversion
and 75% benzoic acid (BzA) selectivity at 2 h under blue light irradiation. Detailed optical and
photoelectrochemical characterization showed that the incorporating CBB and HTiO-NS widened
the range of the visible-light response and improved the ability to separate the photo-induced
charge carriers. The presence of HTiO-NS has increased the oxidative properties, possibly by charge
separation in the heterojunction, which facilitated the generation of superoxide and hydroxyl radicals.
A possible reaction pathway for the photocatalytic oxidation of BnOH to BzH and BzA was also
suggested. Furthermore, through scavenger experiments, we found that the photogenerated h+, e−

and •O2
− play an essential role in the BnOH photooxidation, while the •OH have a minor effect on

the reaction. This work may provide a strategy for using HTiO-NS-based photocatalyst to enhance
the charge carrier migration and photocatalytic performance of CBB.

Keywords: benzyl alcohol oxidation; halide perovskite; hydrogen titanate; nanosheet; photocatalysis

1. Introduction

Photocatalytic technology has induced global interest in offering a green path for
simultaneously addressing global issues, such as future energy crises and unavoidable
CO2 emissions [1]. Photocatalytic technology has been applied in various areas, such as
H2 evolution, CO2 reduction, N2 fixation, photocatalytic synthesis and environmental
remediation [1,2]. Photocatalytic synthesis, such as alcohol oxidation, aldehyde alky-
lation, thiol reaction and dehydrogenation, are essential in our modern life to produce
carbonyl compounds such as food additives, fragrances and many value-added organic
chemicals [3,4]. The formation of carbonyl compounds using photocatalytic technology
requires the utilization of photocatalysts without being consumed. Due to the photoelectric
effect, the photocatalyst, also known as a semiconductor, can adsorb photons and generate
the electron–hole pair (exciton) to initiate the reaction. Various semiconductor materials
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have been explored for photocatalytic synthesis in the past decades. However, the low light-
harvesting capability and photoconversion efficiency retain such processes in infancy [5–9].
Perovskite materials have emerged as one of the most promising candidates owing to their
excellent optical absorption, adjustable band gap and low-temperature requirement [10,11].

An organic–inorganic hybrid bismuth-based perovskite MA3Bi2X9 (MA = CH3NH3
+,

Cs+; X = Cl, Br, I) has been successfully explored and developed [12–14]. It has also
been reported that the organic halide perovskite such as cesium bismuth halide (Cs3Bi2X9,
X = Cl, Br, I) is more beneficial due to its low cost, low toxicity and good stability against
air, light and heat compared to the other inorganic halide perovskites [15]. Since Park et al.
first reported the photocatalytic hydrogen evolution of MAPbI3 [16], the application of
perovskite materials employed as photocatalysts has developed remarkably in various
applications such as pollutant photodegradation [17], CO2 photoreduction [18], including
selective benzyl alcohol photooxidation [10]. However, the practical application of halide
perovskite is still hindered due to its instability in a polar solvent (such as water) and
low charge carrier migration [17]. The low charge carrier migration and short lifetime of
halide perovskite should be addressed because it led to recombining the photogenerated
charges rather than participating in the photocatalytic reaction [19–21]. The heterojunction
construction is a feasible method to promote carrier separation efficiency [21–24].

Designing a suitable heterojunction structure can improve light harvesting and ab-
sorption abilities and, therefore, can enhance the redox abilities of the catalyst, too [22,23].
Suitably matching band structures between different materials can form internal electric
fields, which help to promote the transfer of photogenerated charge carriers and facili-
tate charge separation. Recently, hydrogen titanate nanomaterials (HTNMs) in the form
of nanosheets (HTNS) with the chemical notation of H2TixO2x+1 have received signifi-
cant attention in various applications due to their unique morphology, physicochemical
properties, high specific surface area, adjustable band structures and the ability to ex-
change cations in aqueous solution [24–26]. The excellent properties of HTNMs made
them a good candidate for the photocatalyst base to construct the heterostructure in this
study. Stefan S. et al. reported that CsPbBr3/TiO2 showed enhanced benzyl alcohol oxida-
tion compared to pristine perovskite [27]. However, the toxic effects of lead-based halide
perovskites might endanger the ecosystem. Qimeng Sun et al. reported in 2021 that the
heterojunction Cs3Bi2Br9/TiO2 shows an enhanced photocatalytic efficiency of benzyl alco-
hol oxidation [28]. Wei-Long et al. reported in 2024 that the composite of C3N4/Cs3Bi2Br9
significantly improved the photocatalytic degradation efficiency of RhB by 98% at 1 h [29].
Despite the development of halide perovskite heterostructure, the low charge carrier mi-
gration and photocatalytic performance are still of continuous concern.

In this research article, we present a straightforward approach to address the low
charge carrier migration and photocatalytic performance of CBB by synthesizing a stable
Cs3Bi2Br9/HTiO-NS (CBHTNS) heterostructure. By introducing HTiO-NS via a modi-
fied anti-solvent reprecipitation method, we have successfully synthesized the optimal
CBHTNS heterostructures by optimizing the amount of CBB. By widening the range of
visible-light response, improving the charge carrier migration and enhancing the oxidative
properties, we aim to improve the photocatalytic performance of CBHTNS. We successfully
applied the heterojunction in the selective photocatalytic oxidation of benzyl alcohol under
blue light, which is an exemplary case of our research. We observed that the 30 wt%
Cs3Bi2Br9/HTiO-NS (CBHTNS-30) heterojunction showed the highest benzyl alcohol pho-
tooxidation performance with 98% BnOH conversion and 75% benzoic acid (BzA) selectivity.
Therefore, through the successful synthesis and detailed characterization, we shed light on
the important role played by the CBHTNS heterostructure. The hydrogen titanate material
(HTNM)-based photocatalyst has yet to be introduced to the halide perovskite to construct
a stable heterostructure. This work may provide a strategy for using HTNM-based pho-
tocatalysts to enhance CBB’s charge carrier migration and photocatalytic performance.
Furthermore, through scavenger experiments, we found that the photogenerated h+, e−
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and •O2
− play an essential role in the BnOH photooxidation, while the •OH have a minor

effect on the reaction.

2. Materials and Methods
2.1. Materials

Hombikat UV100 (UV100, Venator, Wynyard, UK), sodium hydroxide (NaOH, Fisher
Scientific, Hampton, NH, USA), hydrochloric acid (HCl, 37%, Fisher Scientific) and deion-
ized water (DI) were used to synthesize pristine hydrogen titanate. Bismuth bromide (BiBr3,
Sigma-Aldrich, St. Louis, MO, USA), cesium bromide (CsBr, Sigma-Aldrich), dimethyl
sulfoxide (DMSO, Sigma-Aldrich) and isopropanol (IPA, Sigma-Aldrich) was used to syn-
thesize pristine Cs3Bi2Br9 and Cs3Bi2Br9/Hydrogen Titanate heterostructures. Benzyl alco-
hol (BnOH, Sigma-Aldrich), Acetonitrile (MeCN, Sigma-Aldrich) and 1,2-dichlorobenzene
(DCB, Sigma-Aldrich) were used for benzyl alcohol oxidation experiments. Potassium
iodide (KI, Sigma-Aldrich), silver nitrate (AgNO3, Sigma-Aldrich), p-benzoquinone (p-BQ,
Sigma-Aldrich) and tert-butyl alcohol (TBA, Sigma-Aldrich) were used for scavenger tests
to identify the main reactive oxygen species (ROSs) responsible for BnOH conversion. All
chemical reagents were used in purities >99% as received without any further purification.

2.2. Synthesis of HTiO-NS

The preparation of hydrogen titanate nanosheets (HTiO-NS) is illustrated in Scheme 1a
as reported in the literature with minor modifications [30]. First, 1.00 g of UV100 powder
was added into 70 mL 10 M NaOH solutions and ultrasonicated at room temperature for
40 min. After the sonication, the mixture was further stirred at room temperature for 1 h
at 500 rpm. The mixture was then transferred into an autoclave which was closed tightly
and held for 24 h at 110 ◦C. After hydrothermal reaction, the freshly obtained hydrogen
titanate was washed thoroughly with portions of DI water and 0.1 M HCl aqueous solution.
The washing procedure was repeated until the filtrate showed pH < 7. The obtained white
solids were oven-dried at 70 ◦C and stored as a HTiO-NS. The mass of the synthesized
HTiO-NS was 0.81 g.
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2.3. Synthesis of Cs3Bi2Br9 (CBB)

The preparation of Cs3Bi2Br9 (CBB) is illustrated in Scheme 1b without adding the
HTiO-NS. CBB was prepared via a modified antisolvent reprecipitation method at ambi-
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ent conditions using CsBr and BiBr3 as previously reported in the literature with minor
modifications [31]. First, 192.0 mg of CsBr (0.9 mmol) and 270.0 mg of BiBr3 (0.6 mmol)
were dissolved in 20 mL DMSO. The CBB precursor solution was then stirred at 500 rpm
until there were no remaining solids. Then, the precursor solution was injected quickly into
500 mL IPA under vigorous stirring at room temperature and was further continuously
stirred for 10 min. Next, the obtained mixture was centrifuged at 3000 rpm for 3 min to
precipitate the larger particles and then centrifuged at 10,000 rpm for another 5 min using
IPA. The obtained yellow solids were then vacuum dried at 60 ◦C overnight (p < 70 mbar)
and stored as CBB (yield: 335.0 mg, 73%). Elemental analysis for synthesized CBB in %
(calc.) was as follows: Cs 21.5 (26.0); Bi 27.1 (27.2); Br 35.6 (46.8).

2.4. Synthesis of Cs3Bi2Br9/HTiO-NS (CBHTNS) Heterostructures

The preparation of CBHTNS heterostructures is illustrated in Scheme 1b. The weight
percentage (wt%) of CBB was varied to form a set of different heterostructures of CBB/HTiO-
NS. First, 10 wt% CBB precursor solution was prepared using 40.4 mg of CsBr and 56.7 mg
of BiBr3 in 4.2 mL DMSO (Mixture A). Mixture A was stirred at 500 rpm until there were
no remaining solids. Next, 500.0 mg HTiO-NS was mixed with 500 mL IPA at room
temperature (Mixture B). Mixture B was centrifuged for 30 min and vigorously stirred at
500 rpm for another 5 min. Next, mixture A was quickly injected into mixture B under
vigorous stirring at room temperature and stirred continuously for an additional 10 min.
Finally, the obtained mixture was centrifuged at 3000 rpm for 3 min and 10,000 rpm for
5 min using IPA. The obtained yellow solids were then vacuum dried at 60 ◦C (p < 70 mbar)
overnight and stored as CBHTNS-10. The same procedure was repeated to synthesize
the CBHTNS-30 (30 wt%), CBHTNS-50 (50 wt%) heterostructures. Elemental analysis for
synthesized CBHTNS-10 in % (calc.) was as follows: Ti 45.8 (46.5); Cs 2.4 (4.3); Bi 2.2 (4.5); Br
3.6 (7.8), CBHTNS-30: Ti 35.3 (34.9); Cs 6.9 (9.7); Bi 8.1 (10.2); Br 12.2 (17.5) and CBHTNS-50:
Ti 26.0 (28.0); Cs 9.0 (13.0); Bi 13.1 (13.6); Br 18.2 (22.3).

2.5. Characterization Techniques

The Elemental analysis for Ti, Bi and Na was performed using an ICP-OES device
(Anton Paar, Graz, Austria/Perkin-Elmer, Waltham, MA, USA) while Cs was determined
by atomic absorption spectroscopy (AAS, PerkinElmer AAS-AAnalyst 300 spectrometers).
Br content was determined by potentiometric titration (Titrator Excellence T7, Mettler
Toledo, Columbus, OH, USA).

SEM micrographs were recorded using a Merlin VP compact device (Zeiss, Oberkochen,
Germany); the EDX was measured using a Bruker Quantax device, Billerica, MA, USA.
TEM images were generated by using a JEOL, JEM-ARM200F, Freising, Germany which
operated at an acceleration voltage of 200 kV.

Crystalline phases were measured via powder X-ray diffraction (pXRD, Xpert Pro
diffractometer, Panalytical, Almelo, The Netherlands; Xcelerator detector with automatic
divergence slits and CuKα1Kα2 radiation, 40 kV, 40 mA; λ1 = 0.15406 nm; λ2 = 0.15443 nm).
The obtained intensities were converted from automatic to fixed divergence slits (0.25◦)
for further analysis. Finally, the phase identification was conducted using the database of
the International Center of Diffraction Data (ICDD). The Scherrer equation was used to
calculate mean crystallite sizes of the catalyst materials.

The surface and chemical components were measured using X-ray photoelectron
spectroscopy (XPS) which was recorded on a photoelectron spectrometer (Multilab 2000,
Thermo Fisher, Waltham, MA, USA) using Al Kα radiation as the excitation source. All XP
spectra were referenced to the C1s line at 284.6 eV.

The functional groups of the prepared catalyst were investigated using Fourier trans-
form infrared spectroscopy (FTIR, Nicolet 330, Thermo Fisher Scientific, Waltham, MA,
USA) under ambient conditions using KBr as the background.

The absorption edges of the prepared catalysts were measured via UV–Vis spec-
troscopy in diffuse reflectance (DRS, Lambda 365, PerkinElmer, Waltham, MA, USA) in
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a range of 190 to 1100 nm. The band gap energy of the photocatalysts was estimated via
standard Tauc plot and the Kubelka–Munk equation.

Photoluminescence (PL) spectra of the catalysts were determined by a fluorescence
spectrophotometer (Agilent Technologies Inc., Mulgrave, Australia) at room temperature
with an excitation wavelength of 350 nm in the range of 370 to 680 nm. The specific surface
areas of all samples were determined by nitrogen physisorption according to the Brunauer–
Emmett–Teller (BET) method using BELSORP max II (Microtrac Retsch GmbH, Haan,
Germany) and a NOVAtouch (Anton Paar Germany GmbH, Ostfildern-Scharnhausen,
Germany) devices. Before each measurement, the samples were degassed at 200 ◦C for 5 h.

Photoelectrochemical experiments were performed using the Zennium electrochemical
workstation equipped with a PP211 CIMPS system (Zahner, Kronach, Germany) with a typ-
ical three-electrode cell. A 0.1 M tetra-n-butyl hexafluorophosphate in dichloromethane
served as the electrolyte to investigate the CBB and HTiO-NS. The reference electrodes
were saturated Ag/AgCl (3 M, NaCl), while the counter electrodes were platinum wire. To
create a thin coating and a functional electrode, 20 mg of photocatalyst was dispersed in
a mixture of 100 µL Nafion solution (5 wt%) and 900 µL IPA. The dispersion was applied
on an active area of 1.5 × 1.5 cm2 ITO glass after being dispersed in ethanol for 10 min
using ultrasonication. A 430 nm LED lamp (400 mW/cm2) was used as a light source for all
photoelectrochemical tests. Electrochemical impedance spectroscopy (EIS) was carried out
through a potential static method in the 0.01 to 100 kHz frequency range. Mott–Schottky
curves were plotted to analyze the flat-band potentials of the photocatalysts by using the
impedance received by the selector chemical. Conduction band (CB) and valence band
(VB) potentials of n-type semiconductors HTiO-NS and CBB were calculated by using
Equation (1). The EFB is the Fermi level energy vs. Ag/AgCl and the ECB is the CB energy,
Eo

(
Ag

AgCl )
is the standard electrode potential which is +0.209 V for Ag/AgCl at 25 ◦C at

pH = 7.
ECB(NHE) = ECB + 0.059pH + Eo

(
Ag

AgCl )
(1)

2.6. Evaluation of Photocatalytic Benzyl Alcohol (BnOH) Oxidation

Photocatalytic BnOH oxidation reactions were performed in 5 mL glass vials being
magnetically stirred at 500 rpm under a 5 W blue light-emitting diode (LED, light intensity:
25 mw cm−2, maximum wavelength: 467 nm). A distance of 10 cm between the glass vials
and the fan was fixed to maintain reactions at room temperature. Initially, 20 mmol L−1

of BnOH was prepared using acetonitrile as the solvent. For each experiment, 10 mg of
catalyst was dispersed in 2 mL of BnOH solution. The solution was then purged with
oxygen for 10 min at a 10.8 mL/min flow rate and then stirred at 500 rpm for 30 min in
the airflow of the fan in the dark. Afterwards, the samples were irradiated with the 5 W
blue LEDs under 500 rpm stirring for a fixed time period (2 h, 4 h and 6 h). Reactants
and products were analyzed by gas chromatography (GC, Agilent 19091X-133) equipped
with a flame ionization detector (FID). A capillary column with 30 m length, 0.25 mm
inner diameter and 0.25 µm film thickness was used. The column temperature was set at
60 ◦C for 5 min and increased to 240 ◦C (rate: 15 K min−1) with a final holding time of
5 min. The chromatograms were obtained by injecting 1 µL of the sample. The quantitative
results of oxidation products were based on the internal standard method. The typical
analytical procedure is as follows: (1) after each reaction, the samples were taken and filtered
(0.22 mm) for further evaluation; (2) the samples were diluted before the GC analysis. In
each analysis sample, 0.5 µL of the sample was diluted with 0.5 µL of internal standard
in the GC vial; (3) the diluted solution was injected into the GC instrument to analyze the
oxidation products according to the different retention times and response peak area. For
the photocatalytic stability test, the photocatalysts were collected via centrifugation and
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then dried for 12 h at 60 ◦C. The conversion, selectivity and yield percentage in the results
section were calculated by application of Equations (2)–(5):

Conversion(%) =
CBnOH initial − CBnOH after reaction

CBnOH initial
× 100% (2)

Selectivity(%) =
Cproduct after reaction

CBnOH initial − CBnOH after reaction
× 100% (3)

Yield(%) =
Cproduct after reaction

CBnOH initial
× 100% (4)

Conversion rate =
Total yield (mg)
mass(g)·Time(h)

(5)

2.7. Reactive Oxygen Species Monitoring (Scavenger Tests)

The same photocatalytic BnOH oxidation conditions and procedures as described
above were applied during the scavenger tests. The scavenger tests were carried out
to identify the main reactive oxygen species (ROSs) responsible for BnOH conversion.
Potassium iodide (KI), silver nitrate (AgNO3), p-benzoquinone (p-BQ) and tert-butyl alcohol
(TBA) scavengers were used to quench photogenerated holes (h+) [32], photogenerated
electrons (e−) [33], superoxide radicals (•O2

−) [28,34] and hydroxyl radicals (•OH) [32],
respectively. The scavenger substance was added to each reaction sample with a fixed
concentration of 3.0 mM. The scavenger activity influenced the photocatalytic activity as
reflected in the mechanism of the related reactive species.

3. Results and Discussion
3.1. Elemental Analysis

Table 1 shows the weight percentage (wt%) in CBB, HTiO-NS and CBHTNS het-
erostructures determined by ICP-OES, AAS and potentiometric titration (halide content).
The wt% of pristine CBB is 21.5 wt%, 27.1 wt% and 35.6 wt% for Cs, Bi and Br elements,
respectively. Additional data from XPS and EDX measurements show for all materials
that the balance wt% is exclusively oxygen. There are no metal impurities detectable in
pristine CBB. The wt% for pristine HTiO-NS is 51.5 wt% of Ti and 1.4 wt% impurity of
Na due to the excessive NaOH solution used during the hydrothermal process to change
the morphology of spherical UV100 into a nanosheet structure of titanate. The higher the
weight percentage of CBB added onto the HTiO-NS, the higher its Cs, Bi and Br wt%, and
the lower the Ti wt% detected by the ICP. The CBHTNS heterostructures show only minor
amounts of Na impurities (<0.5 wt%).

Table 1. Elemental analyses (wt%) of CBB, HTiO-NS and CBHTNS heterostructures determined by
ICP-OES, AAS, Titrator and CHNS analyzer (-: not detectable).

Photocatalysts Ti
(Calc.)

Cs
(Calc.)

Bi
(Calc.)

Br
(Calc.)

Na
(Calc.)

C
(Calc.)

H
(Calc.)

CBB - 21.5 27.1 35.6 - - -
(26.0) (27.2) (46.8) - - -

HTiO-NS 51.5 - - - 1.4 - 0.5
(55.7) - - - (0.0) - (0.7)

CBHTNS-10 45.8 2.4 2.2 3.6 <0.5 <1.0 0.2
(46.5) (4.3) (4.5) (7.8) (0.0) (0.0) (0.6)

CBHTNS-30 35.3 6.9 8.1 12.2 <0.5 <1.0 0.1
(34.9) (9.7) (10.2) (17.5) (0.0) (0.0) (0.5)

CBHTNS-50 26.0 9.0 13.1 18.2 <0.5 <1.0 0.1
(28.0) (13.0) (13.6) (22.3) (0.0) (0.0) (0.4)

Figure 1 shows photographs of all prepared CBHTNS heterostructures. These photographs
demonstrate that the higher the weight percentage of CBB, the brighter the yellowish color of
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the catalyst. The bright yellow color of CBB is similar, as reported by Donguk Lee et al., for
nanoparticles of Cs3Bi2Br9, while nanocrystals of Cs3BiBr9 appear colorless [35].
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3.2. Morphology and Structure Characterization

Surface morphologies and structures of pristine HTiO-NS, CBB and CBHTNS het-
erostructures were investigated by SEM and TEM. As shown in Figure 2a, the nanosheet
structure of HTiO-NS was observed. The high smoothness of the developed sheet-like
hydrogen titanate suggests a higher structural stability and photocatalytic efficiency [36,37].
The sheet-like CBHTNS structure in Figure 2b is similar to pristine HTiO-NS (Figure 2a)
even after the CBB was introduced. Figure 2c,f shows the element percentage and ele-
mental mapping in CBHTNS-30, measured using EDX. The elemental mapping (Figure 2f)
shows the rather homogeneous distribution of Ti, O, Cs, Bi and Br elements to form this
CBHTNS-30 heterostructure. The good spread of elements implies the efficient interfacial
photogenerated charge diffusion on light irradiation and enhances the photocatalytic activ-
ity [28,37]. The TEM images of the CBHTNS-30 (Figure 2d,e) clearly show two-dimensional
layered structures and the existence of CBB (arrowed and circled), while the less intense
dark is the nanosheet structure of HTiO-NS. In conclusion, the SEM-EDX and TEM results
prove the formation of CBHTNS heterostructures and further confirm the homogeneous
distribution of CBB on HTiO-NS.

pXRD patterns (Figure 3a) show the diffraction reflexes of the HTiO-NS, CBB and
CBHTNS heterostructures with varying CBB loadings. A set of diffraction reflexes with 2θ
ranging from 10 to 60◦ were observed for all photocatalysts. For instance, the HTiO-NS
exhibited distinctive hydrogen titanate nanosheet reflexes located at 2θ = 24.19◦ (110) and
48.43◦ (020), which are in agreement with the diffraction of hydrogen tri-titanate (H2Ti3O7,
JCPDS No. 41-0192) [37–40]. The hydrogen tri-titanate composes of basic skeleton of edge
sharing triple [TiO6] octahedron and interlayer H+ which can be easily exchanged by
other cations, leading to the good adsorptive properties of HTNS [41–43]. The diffraction
reflexes of pristine CBB match very well with the characteristic pattern of Cs3Bi2Br9 (JCPDS
01-070-0493) as well as an earlier study, indicating that it has a high crystallinity and cubic
structure [31,44,45]. The reflexes are located at 2θ = 15.65◦ (011), 22.19◦ (110), 27.42◦ (003),
31.68◦ (022), 38.96◦ (122), 45.26◦ (220) and 51.09◦ (131). No impurity was observed in the
crystalline phase of the as-prepared CBB indicating high phase purity. The XRD patterns
of all CBHTNS heterostructures exhibit two-phase diffraction reflexes, and the intensity
of the perovskite reflexes increases with loading, similar to those reported by a previous
study [28]. The bonding composition and functional groups of the dried catalysts were
further investigated by FTIR spectroscopy (Figure 3b,c). The FTIR spectrum of HTiO-NS
shows a broad band at 3800–3000 cm−1 and 1627 cm−1, which are assigned to the stretching
vibration of H–O (hydroxyl groups) and binding vibrations of H–O–H (bound water),
respectively [40,46,47]. The relatively low intensities of the H–O–H bending and O–H
stretching modes in the CBHTNS heterostructures in comparison to HTiO-NS suggest that
the association of CBB in the heterostructures may result in the removal of some water
molecules from the surface of HTiO-NS [47]. Figure 3c shows the HTiO-NS and CBHTNS
heterostructures has bands at 906 cm−1 and 440 cm−1, which are assigned to the vibration of
Ti–O nonbridging oxygen bonds and Ti–O vibration which related with [TiO6] octahedron,
respectively [48–50]. The CBB and CBHTNS heterostructures show three bands centered
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at approximately 1122 cm−1, 1014 cm−1 and 658 cm−1 which might correspond to the
vibration of bismuth [51], cesium [52] and bromide [53] with carbonyl. It is important to
note that all CBHTNS heterostructures have the same bands as pristine HTiO-NS and CBB,
further confirming the successful construction of CBHTNS heterostructures.
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Figure 3. (a) pXRD pattern; (b,c) FTIR spectra of HTiO-NS, CBB and CBHTNS heterostructures.

XPS measurements were carried out to investigate the elemental compositions and
surface chemical states of all CBHTNS heterostructures as depicted in Figure 4a. As
depicted in Figure 4a, a low peak of C 1s was observed with less than 1 wt% (Table 1) in
CBHTNS heterostructures, which might be adsorbed on the samples from the carbon-based
materials in the atmosphere or from the residual solvent during the synthesis. The Ti 2p
spectra (Figure 4b) show the HTiO-NS has two peaks with binding energies of 458.6 eV and
464.3 eV. The 458.6 eV indicates the Ti 2p3/2 species, and 464.3 eV is ascribed as Ti 2p1/2 [8].
The CBHTNS heterostructure shows similar binding energies but a positive shift in relation
to the pristine HTiO-NS at 459.3 eV and 465.0 eV. The binding energies of Cs 3d (Figure 4c)
show that the binding energies of CBB are located at 724.6 eV, which is ascribed to Cs 3d5/2
and at 738.5 eV to Cs 3d3/2 species, respectively [54,55]. The CBHTNS heterostructure
shows similar binding energies at 724.6 eV and 738.5 eV. The XPS Bi 4f spectra (Figure 4d)
show the CBB has two peaks with binding energies at 159.3 eV, ascribed to Bi 4f7/2, and
at 164.6 eV Bi, 4f5/2 [56,57]. The XPS spectrum of CBHTNS heterostructure shows slight
peaks negatively shift to 158.8 and 164.1 eV, respectively. The binding energies of Br 3d
(Figure 4e) show the CBB and CBHTNS has the same two peaks with binding energies at
68.6 eV and 69.6 eV, similar to those reported previously [57]. In these results, the CBHTNS
heterostructure shows a positive shift in relation to the pristine HTiO-NS for Ti 2p spectra
(Figure 4b) and a slight negative shift for Bi 4f spectra (Figure 4d), which confirm the
possible charge transfer from HTiO-NS to CBB in the CBHTNS heterostructures [58]. In
conclusion, the XPS confirmed the successful construction of CBHTNS heterostructures
and proved the synergic interaction between CBB and HTiO-NS via electron interaction.
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CBHTNS; (c) Cs 3d; (d) Bi 4f; (e) Br 3d spectra for CBB and CBHTNS heterostructures.

Nitrogen adsorption–desorption isotherms of the investigated materials are depicted in
Figure 5. The adsorption–desorption isotherm results of HTiO-NS and CBHTNS heterostruc-
tures exhibited a typical IV isotherm with a high adsorption capacity in the high relative
pressure range of 0.7–1.9 P/P0, indicating the presence of mesopores (2–50 nm) in the ma-
terial [2,40,59,60]. The pore size of HTiO-NS and CBHTNS heterostructures of 2.8–2.0 nm
is in the range of small pore types [61], which were assigned to an internal space of curly
nanosheets [40]. The surface area of pristine HTiO-NS was determined to be 416 m2/g,
while the surface areas decreased dramatically with an increase in CBB loading (CBHTNS-10:
108 m2/g, CBHTNS-30: 69 m2/g and CBHTNS-50: 23 m2/g). The results are similar to
those reported by Bresolin Bianca-Maria et al., indicating that perovskite formation creates
an excessive aggregation on the surface of the pristine TiO2 [62]. Generally, it is thought
that the surface area influences the photocatalytic performance if the photocatalyst is the
same [63]. The large surface area of HTiO-NS benefits the increase in the surface area of
CBHTNS heterostructures and enhances the adsorption of BnOH. The lower performance of
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CBHTNT-10 compared to CBHTNS-30 and CBHTNS-50, even though it has a higher surface
area, is obviously related to the lower active side, CBB with only 10 wt%.
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3.3. Evaluation of Photocatalytic Activity—BnOH Oxidation

The conversion and selectivity of BnOH oxidation towards BzH and BzA for pristine
CBB, HTiO-NS and without the presence of any catalyst are shown in Figure 6a, while the
results for CBHTNS heterostructures are shown in Figure 6b. From the results, the following
important observations could be made. First, no benzaldehyde (BzH) was detected for
pristine HTiO-NS and without a catalyst. Below 20% of conversion to benzyl benzoate
or benzene might be due to the irradiation of blue light, as previously reported in the
literature [64]. Second, there was a high selectivity of BzH for pristine CBB. However, the
selectivity of BzH was decreased with increased reaction time. Third, benzoic acid (BzA)
was the major oxidation product for all CBHTNS heterostructures (Figure 6b). Compared
to pristine CBB (Figure 6a), the oxidation products of CBHTNS heterostructures were BzH
and BzA. For instance, CBB 2h showed BzH exclusively as the reaction product after 2 h of
irradiation (84% selectivity), while CBHTNS-30 showed BzA and BzH product formation
(BzA: 75% and BzH: 21%, respectively). This observation was similar to that reported by
Stefan et al., who reported that the selectivity of BzH was decreased with the formation
of BzA [27]. BzH is easier to convert to BzA because BzH is an intermediate product
for BnOH oxidation to BzA [65]. This observation demonstrates the synergistic effect of
CBHTNS heterostructures compared to pristine CBB and HTiO-NS. Fourth, CBHTNS-
30 performed at the optimal conditions compared to other CBHTNS heterostructures.
Adding 50 wt% of CBB to HTiO-NS for only 1% of increased product selectivity is not
worth it. Increasing reaction times slightly reduced the product selectivity for CBHTNS
heterostructures. For instance, CBHTNS-30 showed 75% selectivity towards BzA after 2 h
of irradiation, compared to 71% after 6 h. This observation might be due to the prone
decomposition properties of the CBB catalyst [66]. CBHTNS-10 showed BzH exclusively
as a reaction product with low selectivity, which might be due to the low loading of
CBB (10 wt%). The enhanced photocatalytic oxidation of CBHTNS-30 and CBHTNS-
50 originated from the beneficial ways that HTiO-NS increases the oxidative properties,
possibly by charge separation in the heterojunction. Therefore, it can be concluded that
the enhanced BnOH photooxidation performance confirms the successful formation of
CBHTNS heterostructures, which was discussed previously via a detailed discussion on the
morphology (Figure 2f) and structure characterization (Figures 3–5) (see above). Figure 6c
shows the oxidation of BnOH of CBHTNS-30 at 2 h, in two consecutive cycles. The recycling
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experiments show relatively poor recyclability, with a reduction of BnOH conversion
from 98% to 44%. The decreased BnOH conversion for the second cycle is aligned with
CsPbBr3/TiO2 [27]. The poor recyclability was ascribed due to the poisoning by adsorbates
(BzH and BzA), which accumulated during the reaction in the absence of water [27,67]. The
post-reaction characterization of the CsPbBr3/TiO2 via UV/Vis, XRD and STEM studies
confirmed that the band gap remains unchanged at 2.34 eV after the photocatalytic reaction.
The XRD patterns of the used sample show no changes compared to the as-prepared
catalyst and the STEM micrographs recorded the small CsPbBr3 nanoparticles decorated
on the TiO2 support. This result indicates a good stability of CsPbBr3 under the reaction
conditions, which further confirms that the poor recyclability is related to TiO2 rather than
to the halide [27]. Conversely, the Cs3Bi2Br9/TiO2 heterojunction showed excellent stability
of BnOH oxidation with the negligible changes in conversion rate and selectivity for the
five catalytic cycles [28].
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Figure 7a shows the photocatalytic BnOH oxidation performance of the optimal cata-
lyst in this study compared to recently reported perovskites as well as titania- and hydrogen
titanate-based photocatalysts from the literature. The details of the reaction condition are
tabulated in Table S1. It is important to note that the reaction conditions are barely compa-
rable, thus affecting conversion, selectivities and reaction product formation. For instance,
Qimeng Sun et al. reported that Cs3Bi2Br9/TiO2 nanosphere photocatalysts showed excel-
lent catalytic activity under mild reaction conditions with a 1.5 mmol g−1h−1 conversion
rate [28]. The conversion rate of CBHTNS-30 in this study is 1.2 mmol g−1h−1 (BzH) and
3.7 mmol g−1h−1 (BzA) which might be due to the presence of a nanosheet-like structure
of HTiO-NS or the application of O2 in our reactions. In their recent study, Stefan S. et al.
reported that CsPbBr3/TiO2 (Evonik P25) showed 40% conversion and excellent selectivity
towards BzH (>99%). They found that at 50% conversion, the BzH selectivity was reduced
to <90% and BzH was further oxidized into BzA [27]. This observation is comparable
to this study, where the selectivity was reduced from 84% BzH (CBB) to 21% BzH and
75% BzA (CBHTNS-30; Figure 6a,b). Furthermore, Jianbo Jin et al. reported that Cs2TeBr6
and Cs3Bi2Br9 photocatalysts converted BnOH to BzH under a 365 nm LED and showed
further oxidation towards BzA after a 2 h reaction [68]. The conversion to BzA oxidation
products was also reported by Mingming Du et al., with 91% BnOH conversion, 72.6%
BzH and 18.5% BzA selectivity using Au-Pd/H2Ti3O7 nanowire photocatalysts [64]. In our
system, noble metals are not needed, which is an advantage. In the other titania-supported
photocatalyst, only BzH oxidation products were formed. For instance, Xiaolei Bao et al.
reported that the TiO2/Ti3C2 photocatalyst exhibited a 97% conversion efficiency and 98%
BzH selectivity [69]. Xiong-Fei Zhang et al. reported that the Au1Pt1/TiO2 photocatalyst
converted the BnOH into BzH with a high selectivity of >98% and 65.3% conversion effi-
ciency [70]. JamJam et al. reported that the 0.5 wt% Au-0.5 wt% Pd/TiO2 photocatalyst
performs well in BnOH oxidation with a 19% conversion efficiency and 80.5% of BzH
selectivity [65]. These recent results confirmed that the titania- and hydrogen titanate-based
photocatalysts are suitable and stable photocatalysts to enhance the performance of photo-
catalytic BnOH oxidation. In conclusion, the same trend of BnOH photocatalytic oxidation
performance was reported by other studies as depicted in Figure 7a. The longer reaction
times might convert the BnOH to BzA and reduce the selectivity of BzH. In contrast, the
suitable heterojunction of CBHTNS in this study successfully converted the BnOH to BzA
as a major reaction product under mild reaction conditions after 2 h; consequently, the
low reaction cost might be conducive for scaling up purposes. The influence of solvent
polarity was studied, and it was reported that the lower polarity showed a better BnOH
conversion efficiency than the higher polarity of the solvent [69]. The molecules of a sol-
vent with higher polarity will compete with the BnOH molecules to be adsorbed on the
surface of the catalysts; the higher polarity solvent adsorbed more easily on the catalyst
and prevents the subsequent absorption of BnOH, resulting in a decrease in reactive sites
and lower the conversion efficiency of BnOH oxidation. Figure 7b shows some recent
literature on the degradation performance of halide perovskite and hydrogen titanate
photocatalysts, which are significant and comparable with the CBHTNS sample in this
study. The details of the reaction condition are tabulated in Table S2. It is clearly shown
that the halide perovskite performed a high efficiency of photodegradation with 93% and
80% photodegradation efficiency for pure Cs3Bi2I9 [71] and Cs3Bi2Br9 [45], respectively.
The 99% and 98% photodegradation efficiency was shown by Cs3Bi2Br9/TiO2 [28] and
C3N4/Cs3Bi2Br9 [29], respectively. This study reported that the construction of halide
perovskite heterostructure had improved the band alignment and charge carrier migration
of CBB, improving the photocatalytic performance. Different studies reported a significant
degradation performance of HTNMs with various organic dyes [40,72]. It is noteworthy
that the photocatalytic degradation efficiency decreased with the increase in initial dye
concentration [45]. Therefore, the CBHTNS heterostructure has the potential to perform
an enhanced photodegradation performance compared to pristine CBB and HTiO-NS in
this study.
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alysts for oxidation of BnOH and (b) some of the recent literature on degradation performance of
halide perovskite and hydrogen titanate photocatalyst.

3.4. Mechanism of the Enhanced Photocatalytic Performance

Figure 8 shows the UV–vis DRS of as-synthesized HTiO-NS, CBB and CBHTNS het-
erostructures to investigate their optical properties. The absorption edges in Figure 8a
of HTiO-NS and CBB are 368 nm and 490 nm, respectively, similar to those previously
reported [8,57]. The absorption edges of CBHTNS-10, CBHTNS-30 and CBHTNS-50 are
402 nm, 475 nm and 482 nm, respectively. This indicates the additional presence of CBB in
the CBHTNS heterostructures lead to the absorption of the visible-light region compared to
pristine HTiO-NS. The Kubelka–Munk function was used to draw a Tauc plot and estimate
the band gap energies of HTiO-NS, CBB and CBHTNS heterostructures for a comparison
with previous works. We note here that the Tauc plot is often not physically meaningful,
since it is based on various assumptions not fulfilled for combinations of semiconductors
with more than one absorption process [73]. But it can qualitatively allow conclusions on
light absorption when materials are compared with one another. The band gap energy of
HTiO-NS and CBB (Figure 8b) is 3.2 eV and 2.5 eV, respectively. The lowest optical transition
in the composites corresponds to a hypothetical band gap energy of 3.1 eV for CBHTNS-10,
2.6 eV for CBHTNS-30 and 2.5 eV for CBHTNS-50. These results demonstrate the successful
visible light absorption in HTiO-NS and CBB composites, beneficial for constructing optimal
CBHTNS heterostructures while improving charge transfer efficiencies [22,28]. Figure 8c
depicts the PL spectra of as-synthesized HTiO-NS and CBHTNS heterostructures. The
peaks for HTiO-NS are located at 360 nm, 426 nm and 461 nm (see insert graph), while
in the CBHTNS heterostructures, they are shifted to 486 nm, 532 nm and 542 nm. The
PL observation indicates that the CBHTNS-30 heterostructure has a more effective inter-
facial charge separation to suppress the charge recombination rate than CBHTNS-10 and
CBHTNS-50. This might be because the 30 wt% of CBB (CBHTNS-30) has less aggregation
on the surface of HTiO-NS and has a bigger surface area compared to the CBHTNS-50
(see Figure 5), which affect the charge transfer efficiency [62]. Figure 8d shows the EIS of
HTiO-NS, CBB and CBHTNS heterostructures to further investigate the interfacial charge
transfer properties. In Nyquist plots, the magnitude of the semi-circular curve indicates the
extent of the charge transfer resistance of the electrode surface, where a larger arc radius
indicates higher resistance [74,75]. The arc resistance (−Z′′) of CBB was relatively lower
than that of HTiO-NS, indicating that it possessed better charge transfer efficiency [76]. The
lower resistance in CBB enhanced the effectiveness of the electron–hole pair separation in
CBHTNS heterostructures [76,77], as shown in the PL results (Figure 8c). The Mott–Schottky
plots (Figure 8e,f) use the data obtained from the capacitance–voltage measurements. The
Mott–Schottky slope of HTiO-NS and CBB showed an n-type semiconductor with a potential
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of −0.67 V and −1.21 V, respectively. By using Equation (6), the conduction band (CB) and
valence band (VB) energy of HTiO-NS were calculated as shown below:

EFB = −0.67 VECB = −0.77 V, ECB is 0.1 V more negative than EFB

ECB(NHE) = ECB + 0.059 pH + Eo
(

Ag
AgCl )

Eo
(

Ag
AgCl )

= 0.209 V and pH = 7 (6)

ECB(NHE) = −0.77 V + 0.059 × 7 + 0.209 V = −0.148 V

EVB(NHE) = ECB(NHE) + Eg; band gap energy is 3.23 eV

EVB = −0.148 + 3.23 = +3.082 V

Next, the CB and VB energy of CBB were calculated using the Equation (6) as
shown above:

EFB = −1.21 VECB = −1.31 V, ECB is 0.1 V more negative than EFB

ECB(NHE) = −1.31 V + 0.059 × 7 + 0.209 V = −0.688 V

EVB(NHE) = ECB(NHE) + Eg; band gap energy is 2.55 eV

EVB = −0.688 + 2.55 = +1.862 V

From the calculation using Equation (6), the CB (NHE) of HTiO-NS and CBB are
−0.148 V and −0.688 V, respectively. The VB (NHE) energies of HTiO-NS are +3.082 V
and CBB is 1.862 V, respectively. The calculated band structures of HTiO-NS and CBB are
illustrated in Figure 8g. The superoxide radicals (•O2

−) can be formed via a reduction of
oxygen (O2) and singlet oxygen (1O2) at −0.33 V and +2.53 V, respectively [28]. The higher
CB position of CBB −0.688 V) is suitable for the reduction of O2 to •O2

− at −0.33 V. The
VB position of HTiO-NS (+3.082 V) is suitable to oxidize the BnOH at +1.90 V [28,68,78].
The VB position of CBB (+1.862 V) is appropriate to oxidize the hydrogen peroxide (H2O2)
to water (H2O) at +1.763 V. Therefore, this might be the reason for the decreased product
selectivity with the increased treatment hours of CBB (Figure 6a); the excess H2O formed
might decompose the CBB. In conclusion, the well-matched band structure of CBHTNS
heterostructures could separate the photogenerated e−, h+ and actively produce the •O2

−

and •OH reactive species to improve the photocatalytic BnOH oxidation process as the
observation shows in Figure 6.

The scavenger’s results were evaluated to investigate the possible contribution of
reactive species in CBHTNS photooxidation of BnOH, as in Figure 9a, to further suggest
the mechanism of this reaction as in Figure 9b. In general, the declined photocatalytic
performance in the presence of scavengers demonstrates the importance of all reactive
species: photogenerated holes (h+), photogenerated electrons (e−), superoxide radicals
(•O2

−) and hydroxyl radicals (•OH). For instance, the reactive species of h+, e−, •O2
−

and •OH were assumed to be captured by the scavenging compounds of KI, AgNO3,
p-BQ and TBA, respectively. From the results, the following important observations can
be made. First, no benzoic acid (BzA) was detected from the CBHTNS samples which
were added with scavengers. All reactive species have been proven to affect the CBHTNS
photooxidation of BnOH activity. Secondly, the KI, AgNO3 and p-BQ which captured the
h+, e− and •O2

− respectively, show a significant effect. For instance, the selectivity of
CBHTNS without scavengers was significantly reduced from 21% (BzH) and 75% (BzA) to
15% (BzH) for CBHTNS KI, 22% (BzH) for CBHTNS AgNO3 and 27% (BzH) for CBHTNS
p-BQ. Next, the CBHTNS TBA demonstrate the medium effect with a reduction to 62%
(BzH). This indicates that the captured •OH by the TBA slightly affects the performance.
Therefore, the scavengers’ results in Figure 9a allow us to conclude that the h+, e− and
•O2

− play an essential role similar to previous works [28]. It is important to note that
some of the involved charge carriers (•OH, h+ with sufficient oxidation potential to oxidize
BnOH) can only be formed on HTiO-NS, not on CBB. Although band gap excitation of
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HTiO-NS is not possible with blue light, we assume that electrons and holes are formed
under irradiation, possibly by an absorption due to defect sites. As is visible in Figure 8a,
light absorption shows a tailing to below 400 nm, which is often an indication for the
presence of defects. We do not know whether states above the valence band, or below
the conduction band, are responsible for the slight visible light absorption, so for the sake
of simplicity, we will assume in the following processes that band gap excitation will
occur. Figure 9b shows the schematic illustration of BnOH photooxidation when CBB
and HTiO-NS are in contact. The suggested e− flow is aligned with the XPS results in
Figure 4. The Ef alignment generated an interfacial electric field (IEF), with a direction
from HTiO-NS to CBB and band bending. The energy band edge of HTiO-NS was bent
downward, whereas CBB was continuously bent upward toward the interface. The IEF
and band bending acted as barriers to prevent the e− from transferring from CBB to HTiO-
NS and the h+ from HTiO-NS to CBB [23]. The photocatalytic performance of BnOH
oxidation is directly affected by oxygen activation and the cleavage process for O–H and
C–H bonds [64]. Under blue light irradiation, e− and h+ were excited in HTiO-NS (defect
states) and CBB (Reaction 1; R1). The photogenerated e− in the CB (or in trap states) of
HTiO-NS flew out to the VB of CBB, thus enhancing the separation of charge carriers and
maintaining the h+ in VB of HTiO-NS (or in trap states) for a high oxidation potential. The
enhanced separation of charge carriers in CBHTNS heterostructures compared to pristine
HTiO-NS was reflected in the PL results (Figure 8c). This resulted in the accumulation of
e− in the CB of CBB and h+ in the VB of HTiO-NS. The photogenerated e− in the CB of CBB
reacted with O2 to produce •O2

− (R2), while the accumulation of h+ in VB of HTiO-NS
could accelerate the C–H bond cleavage of BnOH to produce BnOH radicals [33] (R3).
Simultaneously, the produced •O2

− cleaves the O–H bond in BnOH radicals to generate
the BzH [79] (R4). The excess O2 cleaves the BzH to further oxidize to produce BzA (R5) the
same as reported by previous studies [64,80]. Based on the scavengers’ results (Figure 9a),
the •OH play the least role in this reaction. The •OH was produced as the reactions
(R6) and (R7). The produced •OH will then react with the BzH to produce BzA (R8).
According to several reports, there is a possible mechanism to produce hydrogen (H2) (R9);
however, the limited experimental set up in this experiment does not allow us to collect
and measure the produce gas phase from this reaction. The photogenerated e− and h+

transfer pathway (R1–R9) is similar as previously reported [81,82]. Electron spin resonance
(ESR) spectroscopy measurement was carried out to scavenge the •O2

− by the comparable
photocatalysts in the literature. It was reported that the CsPbBr3//TiO2 composite under
visible light illumination shows a strong ESR signal compared to P25, which confirmed the
formation of •O2

− radicals [27]. The ESR signals of superoxide radicals were also observed
from the Cs3Bi2Br9/TiO2 heterojunction [28].

CBHTNS + hv → e− + h+ (R1)

e− + O2 ↔ •O−
2 (R2)

C6H5CH2OH + h+ ↔ •C6H5CHOH + H+ (R3)

•C6H5CHOH + •O−
2 ↔ C6H5CHO− + •HO2 (R4)

C6H5CHO− + O2 → C6H5COOH (R5)

•O−
2 + 2H+ → H2O2 (R6)

H2O2 + e− → •OH + OH− (R7)

•OH + C6H5CHO → C6H5COOH + H+ (R8)

2e− + 2H+ → H2 (R9)
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Figure 8. (a) UV–vis DRS; (b) band gap profile of HTiO-NS, CBB and CBHTNS heterostructures;
(c) PL emission spectra of CBHTNS heterostructures; (d) EIS Nyquist plots of HTiO-NS and CBB;
Mott–Schottky plot of (e) HTiO-NS; (f) CBB heterostructure films on FTO; (g) schematic illustration
of band structures of HTiO-NS and CBB.
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4. Conclusions

In this study, the straightforward design of the Cs3Bi2Br9/HTiO-NS (CBHTNS) het-
erostructure was successfully performed via the modified anti-solvent reprecipitation
method. A different weight per cent (wt%) of CBB was added to the prepared precursor
of HTiO-NS. The increase in CBB definitely enhanced the active site and the formation of
optimal heterostructure. The sample 30 wt% CBB/HTiO-NS (CBHTNS-30) had a band
gap of 2.56 eV and it had the lowest charge rate of e−/h+ recombination owing to its
optimal heterostructure. These results demonstrate the successful visible light absorption
in HTiO-NS and CBB composites, which are beneficial for constructing optimal CBHTNS
heterostructures while improving charge transfer efficiencies. The CBHTNS-30 showed
the highest benzyl alcohol photooxidation performance with 98% BnOH conversion and
75% benzoic acid (BzA) selectivity. BzH was highly generated for pristine CBB. However,
the selectivity was decreased with increased reaction time, which indicates the instability
of CBB. The BzA was the primary oxidation product for all CBHTNS heterostructures,
which indicated that it is a potent oxidation agent. The presence of HTiO-NS increased
the oxidative properties, possibly by charge separation in the heterojunction, which fa-
cilitated the generation of hydroxyl radicals and increased the generation of superoxide
radicals. Therefore, the enhanced BnOH photooxidation performance confirms the success-
ful formation of CBHTNS heterostructures. The results of the current study offer a simple
synthesis of CBHTNS heterostructures, which can be considered a promising candidate
utilized for photocatalytic organic synthesis. Future research can enhance the selectivity
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of photooxidation performance by employing different HTNM morphologies, such as
nanotubes and nanowires, which might enhance the contact and cooperation between CBB
and HTNM-based photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14090752/s1, Table S1. Comparison of photocatalysts for
oxidation of BnOH to BzH and BzA; Table S2. Some of the recent literature on photodegradation
performance of halide perovskite and hydrogen titanate.
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50. Milanović Marija, S.I.; Nikolić Ljubica, M. Preparation and photocatalytic activity of the layered titanates. Process. Appl. Ceram.
2010, 4, 69–73. [CrossRef]

51. Nazari, P.; Dowlatabadi-Bazaz, R.; Mofid, M.R.; Pourmand, M.R.; Daryani, N.E.; Faramarzi, M.A.; Sepehrizadeh, Z.; Shahverdi,
A.R. The Antimicrobial Effects and Metabolomic Footprinting of Carboxyl-Capped Bismuth Nanoparticles Against Helicobacter
pylori. Appl. Biochem. Biotechnol. 2014, 172, 570–579. [CrossRef]

52. Bamoharram, F.F.; Heravi, M.M.; Ayati, A.; Baharara, J.; Jafari, A.M.; Ebrahimi, M. Acidic cesium salt of Preyssler nanoparticles:
A new, green and recyclable nanocatalyst for the synthesis of 6-aryl-1H-pyrazolo[3,4-d]pyrimidin-4[5H]-ones. J. Nanostructure
Chem. 2014, 4, 93. [CrossRef]

53. Coates, J. Interpretation of Infrared Spectra, A Practical Approach. In Encyclopedia of Analytical Chemistry; John Wiley & Sons:
Hoboken, NJ, USA, 2006.

54. Sarma, D.; Malliakas, C.D.; Subrahmanyam, K.S.; Islam, S.M.; Kanatzidis, M.G. K2xSn4−xS8−x (x = 0.65–1): A new metal sulfide
for rapid and selective removal of Cs+, Sr2+ and UO2

2+ ions. Chem. Sci. 2016, 7, 1121–1132. [CrossRef]
55. Liu, C.; Qian, X.; Wei, Q.; Chen, Z.; Chen, J.; Wang, W.; Chen, X.; Gao, J.; Liu, Y.; Xie, L. Construction of hydrostable cesium lead

bromide-titania for visible-light degradation of tetracycline hydrochloride in water. J. Clean. Prod. 2022, 365, 132830. [CrossRef]
56. Yang, F.; Elnabawy, A.O.; Schimmenti, R.; Song, P.; Wang, J.; Peng, Z.; Yao, S.; Deng, R.; Song, S.; Lin, Y.; et al. Bismuthene for

highly efficient carbon dioxide electroreduction reaction. Nat. Commun. 2020, 11, 1088. [CrossRef]
57. Li, Q.; Song, T.; Zhang, Y.; Wang, Q.; Yang, Y. Boosting Photocatalytic Activity and Stability of Lead-Free Cs3Bi2Br9 Perovskite

Nanocrystals via In Situ Growth on Monolayer 2D Ti3C2Tx MXene for C–H Bond Oxidation. ACS Appl. Mater. Interfaces 2021, 13,
27323–27333. [CrossRef]

58. Rakibuddin, M.; Kim, H. Reduced graphene oxide supported C3N4 nanoflakes and quantum dots as metal-free catalysts for
visible light assisted CO2 reduction. Beilstein J. Nanotechnol. 2019, 10, 448–458. [CrossRef]

59. Enli, L.; Lin, X.; Hong, Y.; Yang, L.; Luo, B.; Shi, W.; Shi, J. Rational copolymerization strategy engineered C self-doped g-C3N4 for
efficient and robust solar photocatalytic H2 evolution. Renew. Energy 2021, 178, 757–765. [CrossRef]

60. Wang, C.; Fan, H.; Ren, X.; Fang, J.; Ma, J.; Zhao, N. Porous graphitic carbon nitride nanosheets by pre-polymerization for
enhanced photocatalysis. Mater. Charact. 2018, 139, 89–99. [CrossRef]

61. Yusslee, E.; Beskhyroun, S. The effect of water-to-binder ratio (W/B) on pore structure of one-part alkali activated mortar. Heliyon
2023, 9, e12983. [CrossRef] [PubMed]

62. Bresolin, B.-M.; Balayeva, N.O.; Granone, L.I.; Dillert, R.; Bahnemann, D.W.; Sillanpää, M. Anchoring lead-free halide Cs3Bi2I9
perovskite on UV100–TiO2 for enhanced photocatalytic performance. Sol. Energy Mater. Sol. Cells 2020, 204, 110214. [CrossRef]

63. Wang, Q.; Li, G.-D.; Xu, S.; Li, J.-X.; Chen, J.-S. Synthesis of uranium oxide nanoparticles and their catalytic performance for
benzyl alcohol conversion to benzaldehyde. J. Mater. Chem. 2008, 18, 1146–1152. [CrossRef]

64. Du, M.; Zeng, G.; Huang, J.; Sun, D.; Li, Q.; Wang, G.; Li, X. Green Photocatalytic Oxidation of Benzyl Alcohol over Noble-Metal-
Modified H2Ti3O7 Nanowires. ACS Sustain. Chem. Eng. 2019, 7, 9717–9726. [CrossRef]

65. JamJam, N.M.; Taufiq Yap, Y.H.; Muhamad, E.N.; Izham Saiman, M.; Saleh, T.A. Free solvent oxidation of molecular benzyl
alcohol by newly synthesized AuPd/titania catalysts. Inorg. Chem. Commun. 2019, 107, 107471. [CrossRef]

66. Leng, M.; Chen, Z.; Yang, Y.; Li, Z.; Zeng, K.; Li, K.; Niu, G.; He, Y.; Zhou, Q.; Tang, J. Lead-Free, Blue Emitting Bismuth Halide
Perovskite Quantum Dots. Angew. Chem. Int. Ed. 2016, 55, 15012–15016. [CrossRef] [PubMed]

67. Marcì, G.; Addamo, M.; Augugliaro, V.; Coluccia, S.; García-López, E.; Loddo, V.; Martra, G.; Palmisano, L.; Schiavello, M.
Photocatalytic oxidation of toluene on irradiated TiO2: Comparison of degradation performance in humidified air, in water and
in water containing a zwitterionic surfactant. J. Photochem. Photobiol. A Chem. 2003, 160, 105–114. [CrossRef]

https://doi.org/10.1002/chem.200204394
https://doi.org/10.1002/adfm.201102272
https://doi.org/10.1021/acs.analchem.9b01918
https://doi.org/10.1016/j.colsuc.2023.100024
https://doi.org/10.1016/j.apcatb.2017.10.023
https://doi.org/10.1016/j.msec.2019.01.124
https://doi.org/10.1016/j.jhazmat.2011.03.006
https://doi.org/10.1016/j.colsurfa.2010.03.017
https://doi.org/10.2298/PAC1002069M
https://doi.org/10.1007/s12010-013-0571-x
https://doi.org/10.1007/s40097-014-0093-2
https://doi.org/10.1039/C5SC03040D
https://doi.org/10.1016/j.jclepro.2022.132830
https://doi.org/10.1038/s41467-020-14914-9
https://doi.org/10.1021/acsami.1c06367
https://doi.org/10.3762/bjnano.10.44
https://doi.org/10.1016/j.renene.2021.06.066
https://doi.org/10.1016/j.matchar.2018.02.036
https://doi.org/10.1016/j.heliyon.2023.e12983
https://www.ncbi.nlm.nih.gov/pubmed/36820192
https://doi.org/10.1016/j.solmat.2019.110214
https://doi.org/10.1039/B716990F
https://doi.org/10.1021/acssuschemeng.9b01817
https://doi.org/10.1016/j.inoche.2019.107471
https://doi.org/10.1002/anie.201608160
https://www.ncbi.nlm.nih.gov/pubmed/27791304
https://doi.org/10.1016/S1010-6030(03)00228-4


Nanomaterials 2024, 14, 752 22 of 22

68. Jin, J.; Huang, H.; Chen, C.; Smith, P.W.; Folgueras, M.C.; Yu, S.; Zhang, Y.; Chen, P.-C.; Seeler, F.; Schaefer, B.; et al. Benzyl
Alcohol Photo-oxidation Based on Molecular Electronic Transitions in Metal Halide Perovskites. ACS Photonics 2023, 10, 772–779.
[CrossRef]

69. Bao, X.; Li, H.; Wang, Z.; Tong, F.; Liu, M.; Zheng, Z.; Wang, P.; Cheng, H.; Liu, Y.; Dai, Y.; et al. TiO2/Ti3C2 as an efficient
photocatalyst for selective oxidation of benzyl alcohol to benzaldehyde. Appl. Catal. B Environ. 2021, 286, 119885. [CrossRef]

70. Zhang, X.-F.; Wang, Z.; Zhong, Y.; Qiu, J.; Zhang, X.; Gao, Y.; Gu, X.; Yao, J. TiO2 nanorods loaded with AuPt alloy nanoparticles
for the photocatalytic oxidation of benzyl alcohol. J. Phys. Chem. Solids 2019, 126, 27–32. [CrossRef]

71. Bresolin, B.-M.; Günnemann, C.; Bahnemann, D.W.; Sillanpää, M. Pb-Free Cs3Bi2I9 Perovskite as a Visible-Light-Active Photocata-
lyst for Organic Pollutant Degradation. Nanomaterials 2020, 10, 763. [CrossRef]

72. Deng, Q.; Huang, C.; Xie, W.; Zhang, J.; Zhao, Y.; Hong, Z.; Pang, A.; Wei, M. Significant reduction of harmful compounds in
tobacco smoke by the use of titanate nanosheets and nanotubes. Chem. Commun. 2011, 47, 6153–6155. [CrossRef] [PubMed]

73. Klein, J.; Kampermann, L.; Mockenhaupt, B.; Behrens, M.; Strunk, J.; Bacher, G. Limitations of the Tauc Plot Method. Adv. Funct.
Mater. 2023, 33, 2304523. [CrossRef]

74. You, Q.; Zhang, Q.; Gu, M.; Du, R.; Chen, P.; Huang, J.; Wang, Y.; Deng, S.; Yu, G. Self-assembled graphitic carbon nitride regulated
by carbon quantum dots with optimized electronic band structure for enhanced photocatalytic degradation of diclofenac. Chem.
Eng. J. 2022, 431, 133927. [CrossRef]

75. Leelavathi, A.; Madras, G.; Ravishankar, N. New Insights into Electronic and Geometric Effects in the Enhanced Photoelec-
trooxidation of Ethanol Using ZnO Nanorod/Ultrathin Au Nanowire Hybrids. J. Am. Chem. Soc. 2014, 136, 14445–14455.
[CrossRef]

76. Seng, R.X.; Tan, L.-L.; Lee, W.P.C.; Ong, W.-J.; Chai, S.-P. Nitrogen-doped carbon quantum dots-decorated 2D graphitic carbon
nitride as a promising photocatalyst for environmental remediation: A study on the importance of hybridization approach.
J. Environ. Manag. 2020, 255, 109936. [CrossRef] [PubMed]

77. Shi, L.; Chang, K.; Huabin, Z.; Hai, X.; Yang, L.; Wang, T.; Ye, J. Drastic Enhancement of Photocatalytic Activities over Phosphoric
Acid Protonated Porous g-C3N4 Nanosheets under Visible Light. Small 2016, 12, 4431–4439. [CrossRef]

78. Xiong, L.; Tang, J. Strategies and Challenges on Selectivity of Photocatalytic Oxidation of Organic Substances. Adv. Energy Mater.
2021, 11, 2003216. [CrossRef]

79. Jiang, T.; Jia, C.; Zhang, L.; He, S.; Sang, Y.; Li, H.; Li, Y.; Xu, X.; Liu, H. Gold and gold–palladium alloy nanoparticles on
heterostructured TiO2 nanobelts as plasmonic photocatalysts for benzyl alcohol oxidation. Nanoscale 2015, 7, 209–217. [CrossRef]
[PubMed]

80. Choudhary, V.R.; Chaudhari, P.A.; Narkhede, V.S. Solvent-free liquid phase oxidation of benzyl alcohol to benzaldehyde by
molecular oxygen using non-noble transition metal containing hydrotalcite-like solid catalysts. Catal. Commun. 2003, 4, 171–175.
[CrossRef]

81. Gualdrón-Reyes, A.F.; Rodríguez-Pereira, J.; Amado-González, E.; Rueda-P, J.; Ospina, R.; Masi, S.; Yoon, S.J.; Tirado, J.; Jaramillo,
F.; Agouram, S.; et al. Unravelling the Photocatalytic Behavior of All-Inorganic Mixed Halide Perovskites: The Role of Surface
Chemical States. ACS Appl. Mater. Interfaces 2020, 12, 914–924. [CrossRef] [PubMed]

82. Ismail, A.A.; Bahnemann, D.W.; Robben, L.; Yarovyi, V.; Wark, M. Palladium Doped Porous Titania Photocatalysts: Impact of
Mesoporous Order and Crystallinity. Chem. Mater. 2010, 22, 108–116. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsphotonics.3c00042
https://doi.org/10.1016/j.apcatb.2021.119885
https://doi.org/10.1016/j.jpcs.2018.10.026
https://doi.org/10.3390/nano10040763
https://doi.org/10.1039/c1cc10794a
https://www.ncbi.nlm.nih.gov/pubmed/21519612
https://doi.org/10.1002/adfm.202304523
https://doi.org/10.1016/j.cej.2021.133927
https://doi.org/10.1021/ja5059444
https://doi.org/10.1016/j.jenvman.2019.109936
https://www.ncbi.nlm.nih.gov/pubmed/32063312
https://doi.org/10.1002/smll.201601668
https://doi.org/10.1002/aenm.202003216
https://doi.org/10.1039/C4NR05905K
https://www.ncbi.nlm.nih.gov/pubmed/25406968
https://doi.org/10.1016/S1566-7367(03)00027-X
https://doi.org/10.1021/acsami.9b19374
https://www.ncbi.nlm.nih.gov/pubmed/31805231
https://doi.org/10.1021/cm902500e

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of HTiO-NS 
	Synthesis of Cs3Bi2Br9 (CBB) 
	Synthesis of Cs3Bi2Br9/HTiO-NS (CBHTNS) Heterostructures 
	Characterization Techniques 
	Evaluation of Photocatalytic Benzyl Alcohol (BnOH) Oxidation 
	Reactive Oxygen Species Monitoring (Scavenger Tests) 

	Results and Discussion 
	Elemental Analysis 
	Morphology and Structure Characterization 
	Evaluation of Photocatalytic Activity—BnOH Oxidation 
	Mechanism of the Enhanced Photocatalytic Performance 

	Conclusions 
	References

