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ABSTRACT: Herein, the successful construction of heterostruc- 4
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Cew
ture Cs;Bi,Bro/H,Ti;O, (CBB/HTiO-NT) consisting of nano- /// @ S‘° —
particles of lead-free halide perovskite Cs;Bi,Br, (CBB) on HME radical '
hydrogen titanate nanotubes (H,Ti;O, HTiO-NT) is reported. @)

The application of this heterostructure was intensively investigated FRe T s
in the photocatalytically induced selective oxidation of 5] 5) e
hydroxymethylfurfural (HMF) to 2,S-furandicarboxaldehyde AN e

(FDC) and of benzyl alcohol (BnOH) to benzoic acid (BzA). AN et

The weight % (wt %) of CBB nanoparticles was optimized, and the @cs (B CBr HTONT \~HMF

resulting optimal CBB/HTiO-NT heterostructure was deeply

analyzed. Comprehensive analysis of the morphology and structure demonstrated the successful combination of HTiO-NT and CBB
in CBB/HTiO-NT heterostructures. If the CBB content is too low, it is not stable, potentially because it decomposes at the interface
with HTiO-NT. The 30 wt % CBB/HTiO-NT heterojunction exhibited the most efficient photooxidation of HMF and BnOH, with
selectivity of 87% for FDC and 81% for BzA, respectively, in an organic solution irradiated by blue light. Analysis of optical and
photoelectrochemical properties revealed that the inclusion of CBB nanoparticles into HTiO-NT led to enhanced mobility of charge
carriers and improved photocatalytic efficiency. The oxidative characteristics and rate of charge carrier migration in the CBB/HTiO-
NT heterostructure were enhanced by the geometry and tubular structure of HTiO-NT, thereby promoting the formation of
superoxide (-O,”) radicals. Furthermore, scavenger experiments have demonstrated the essential role of the photogenerated species,
specifically h', e7, and -O,7, in the process of HMF photooxidation. Consequently, a plausible chemical pathway for the
photocatalytic oxidation of HMF to FDC was presented. However, additional improvement of the stability of the composite material
is necessary. The present study offers a potential approach to improve photocatalytic conversions to value-added chemicals by
utilizing CBB/HTiO-NT-based photocatalysts.

KEYWORDS: Lead-free Halide Perovskite, Hydrogen Titanate, Photocatalysis, Heterostructure, Hydroxymethylfurfural,
2,S-Furandicarboxaldehyde

B INTRODUCTION

Increasing income, urbanization, and improved electrical

capture light and the effectiveness of converting light keep
these processes in the experimental stage.””'* Cesium bismuth

accessibility lead to a growing need for global energy,' thereby
directly causing higher energy-related carbon dioxide emissions
through the use of coal, liquid fuels, and natural gas. Therefore,
focusing on renewable energy sources and applying photo-
catalytic technologies is beneficial to meet the global energy
demand and avoid future growth of global CO, emissions.”
Heterogenous photocatalysis, with its potentially “green”
reaction routes by application of suitable semiconductor
materials, has attracted interest in the domains of energy and
environmental research such as organic synthesis, environ-
mental remediation,” CO, reduction,” and water splitting.5
The band structure of semiconductors enables them to absorb
photons from irradiation sources and produce electron—hole
pairs, hence initiating the photocatalytic process. Numerous
investigations have been conducted on several semiconductor
materials in recent decades. Nevertheless, the limited ability to
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halide perovskites (Cs;Bi, Xy, X = Cl, Br, I), lead-free materials,
are the main focus of this work due to their exceptional optical
absorption, changeable band gaps, low toxicity, and good
stability compared to other inorganic halide perovskites." ="
Nonetheless, the instability of halide perovskites in polar
solvents and limited charge carrier mobility have impeded their
practical implementation.'*”"” The design of a heterojunction
is an effective way to improve the efficiency of charge carrier
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Scheme 1. Pathways for the Synthesis of Various Essential Monomers Derived from HMF*
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separation and to optimize the light harvesting and absorption
capacities. Consequently, this can enhance the redox capacities
of the heterostructure.'®"”

Nanoparticles of hydrogen titanate, denoted as H,Ti O,,,,,
are receiving significant attention in several fields owing to
their unique forms, modifiable band structures, capacity to
exchange cations in aqueous solution, excellent physicochem-
ical characteristics, and substantial specific surface areas.”’”**
The size, geometry, and quantum confinement effects primarily
affect the free motion of charge carriers (phonons and
photons) and the transport properties of the nanomateri-
als.”*** The different sizes and shapes of semiconductors can
be classified into various dimensionality.”>*® To be classified as
a nanomaterial, it should be in the nanoscale size (between 1
and 100 nm)*” in at least one of the three dimensions.”® For
instance, two-dimensional (2D) nanomaterials such as plate-
like shapes (nanosheets) have 1 dimension (x) in the
nanoscale range and exhibit the quantum confinement
effect.”>*° Nanotubes and nanowires are one-dimensional
(1D) nanomaterials, displaying quantum confinement effects
because two of their three dimensions are in the nanoscale
range.zs’26

1D hydrogen titanate nanotubes (HTiO-NT) have been
extensively studied due to their tubular framework, quantum
confinement effects, and large surface area, which guide
electron and proton migration and enhance its photocatalytic
performance.”” ™" The significant specific pore volume (0.25—
1.10 cm3/g)32 and surface area (100—500 mz/g)33 of HTiO-
NT enhance the efliciency of photocatalytic reactions by
providing more reaction sites. Moreover, the narrow wall,
measuring between S and 15 nm in outer diameter and 2 to 6
nm in wall thickness, facilitates fast movement of charges
toward the surface of the titanate nanotubes.””**** Further-
more, HTiO-NTs exhibit distinctive ion-exchange properties
due to their layered composition and the increased mobility of
protons inside the interlayers.*”

Previous reports have demonstrated the fabrication of
heterojunctions utilizing halide perovskites in conjunction
with titanates and graphitic carbon nitride (g-C;N,). Enhanced
oxidation of benzyl alcohol has been achieved using CsPbBr;/
TiO, and Cs3Bi,Bry/TiO,, as compared to the pristine
perovskites.”*™** The combination of Cs;3Bi,Bry/g-C3N,
composites has significantly improved the effectiveness of
photocatalytic degradation of rhodamine B (RhB).” Our
earlier study demonstrated that the combination of Cs;Bi,Br,
(CBB) perovskite and hydrogen titanate nanosheets (HTiO-
NS) in a heterostructure resulted in improved BnOH
photooxidation efficiency.”” Compared to the original CBB
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and HTiO-NS, the HTiO-NS exhibited a 98% conversion rate
and a 75% selectivity toward BzA. This study has successfully
shown that the incorporation of CBB and HTiO-NS
nanoparticles has broadened the spectrum of visible-light
responsiveness and enhanced the mobility of free electrons.
The oxidative characteristics have been enhanced by the
incorporation of HTiO-NS, potentially through charge
separation at the heterojunction.”’

Transformation reactions of hydroxymethylfurfural (HMF)
to produce value-added chemicals have recently become a hot
topic among the scientific community. HMF is conveniently
obtained as dehydration product of Cg carbohydrates sourced
from biomass, potentially from abundant and inexpensive
glucose molecules generated from lignocellulose.”’ The
structure of HMF with its furanic ring and the attached
—OH and —CHO functional groups (refer to Scheme 1)
facilitates the formation of several important chemicals such as
maleic anhydride (MA), 2,5-furandicarboxaldehyde (FDC), S-
formyl-2-furancarboxylic acid (FFCA), S-hydroxymethyl-2-
furancarboxylic acid (HFCA), and 2,5-furandicarboxylic acid
(FDCA). These compounds have a vital role as essential raw
materials in the pharmaceutical and polymer industries."”*’
FDC is an essential monomer for furyl polymers,
pharmaceutical intermediates, and antimicrobials."* Recent
reports indicate that the distribution of products during the
partial oxidation of HMF can be complicated and highly
difficult due to the susceptibility of the —CHO and —OH
functional groups in the derivatives to further oxidize under
identical reaction conditions. Generally, thermocatalytic
approaches need energy-intensive and expensive noble metal
catalysts, making these methods environmentally unfriendly.*
Instead, the application of heterogeneous photocatalysis
technology via selective redox processes can be beneficial
due to the lower energy consumption, environmental friend-
liness, and cost efficiency.*

Here, we propose a direct method to address the restricted
mobility of charge carriers in the CBB by creating a CBB/
HTiO-NT heterostructure. The ideal CBB/HTiO-NT hetero-
structures were effectively created by adjusting the quantities of
CBB nanoparticles and incorporating the HTiO-NT via a
modified antisolvent reprecipitation approach. The objective of
this work is to expand the spectrum of visible-light
responsiveness, improve the mobility of charge carriers, and
optimize the oxidative properties of the heterostructures. The
primary goal of this work is to enhance the photocatalytic
performance of the CBB/HTiO-NT heterostructure. The
CBB/HTiO-NT structure performed effectively in the
selective photocatalytic oxidation of HMF to FDC and
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Scheme 2. Schematic Depiction for the Synthesis of (a) HTiO-NT and (b) CBB/HTiO-NT Heterostructures
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BnOH to BzA. Our observations indicate that the 30 wt %
Cs;Bi,Bro/HTiO-NT exhibited the most efficient photo-
oxidation performance for HMF and BnOH, with selectivity
of 87% for FDC and 81% for BzA. The optimal heterostructure
improved the HMF photooxidation performance with 87%
FDC selectivity compared to 47% and 14% for pristine CBB
and HTiO-NT, respectively. In conclusion, by successfully
synthesizing and thoroughly characterizing the HTiO-NT and
CBB/HTiO-NT heterostructures, we have established their
functions in the composite. The enhanced photocatalytic
efficiency seen in this work can be attributed generally to the
(1) tubular framework of HTiO-NT, (2) excellent optical
properties of CBB nanoparticles, and (3) the band matching
and synergistic interaction between CBB and HTiO-NT,
which lead to enhancing the charge density to facilitate rapid
charge carrier migration. This work proposes a method for
utilizing HTNM-based photocatalysts to enhance the flow of
charge carriers and the photocatalytic efficiency of CBB.
Furthermore, scavenger tests revealed that the h*, e” and -O,7,
are crucial in the photooxidation of HMF. In this work, novel
concepts for hydrogen titanate-based heterostructures and
photocatalytic conversion of biomass to compounds with
added value are presented.

B EXPERIMENTAL SECTION

Materials. HTiO-NT, CBB, and CBB/HTiO-NT heterostructures
were prepared using Hombikat UV100 (Venator, Wynyard, UK),
sodium hydroxide (NaOH, Fischer Scientific, Hampton, NH, USA),
hydrochloric acid (HCl, 37%, Fischer Scientific), deionized water
(DI), bismuth bromide (BiBr;, Sigma-Aldrich, St. Louis, MO, USA),
cesium bromide (CsBr, Sigma-Aldrich), dimethyl sulfoxide (DMSO,
Sigma-Aldrich), and isopropanol (IPA, Sigma-Aldrich). HMF and
BnOH oxidation studies were conducted using hydroxymethylfurfural
(HMF) and 2,5-furandicarboxaldehyde (FDC), benzyl alcohol
(BnOH, Sigma-Aldrich), acetonitrile (MeCN, Sigma-Aldrich), and
1,2-dichlorobenzene (DCB, Sigma-Aldrich). The scavenger experi-
ment was conducted using potassium iodide (KI, Sigma-Aldrich),
silver nitrate (AgNO,;, Sigma-Aldrich), p-benzoquinone (p-BQ,
Sigma-Aldrich), and tert-butyl alcohol (TBA Sigma-Aldrich). The
chemical reagents with purities over 99% were used without further
purification.

Synthesis of HTiO-NT. Scheme 2a demonstrates the synthesis of
hydrogen titanate nanotubes (HTiO-NT) as described in our earlier
publication, with some modifications.”” HTiO-NT were synthesized
via a hydrothermal process using a concentrated 10 M NaOH
solution and UV100. A mass of 1.00 g of UV100 was suspended into
70 mL of 10 M NaOH solution and exposed to ultrasonication at
ambient temperature for an hour. The mixture was stirred at ambient
temperature for 1 h at a speed of S00 rpm and then placed in a
stainless-steel autoclave lined with PTFE, securely sealed, and

25347

maintained at 130 °C for 24 h. Afterward, the hydrogen titanate
was rinsed with DI water and a 0.1 M HCl aqueous solution and then
filtered by centrifugation. Washing was repeated until the filtrate
showed a pH value below 7. The colorless solids were dried in an
oven at 70 °C and then stored as HTiO-NT. The solid HTiO-NT
amounted to a mass of 0.74 g.

Synthesis of Cs3Bi,Brg (CBB). Scheme 2b shows the preparation
of CBB via a modified antisolvent reprecipitation method without
adding the HTiO-NT. In 20 mL of DMSO, 192.0 mg of CsBr and
269.0 mg of BiBr; were dissolved and stirred at S00 rpm at room
temperature. The mixture was put into 500 mL of IPA and stirred
vigorously at room temperature for 10 min. The resultant precursor
mixture was centrifuged at 3,000 rpm for 3 min, followed by
centrifugation at 10,000 rpm for 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.): Cs 21.5 (26.0), Bi 27.1 (27.2), Br
35.6 (46.8).

Synthesis of CBB/HTiO-NT Heterostructures. Scheme 2b
illustrates the preparation of the CBB/HTiO-NT heterostructures.
CBB of various weight percentages (wt %) was used to form a set of
different heterostructures (10, 30, and SO wt %). First, 123.6 mg of
CsBr and 173.8 mg of BiBr; were dissolved in 12.9 mL of DMSO to
form a 30 wt % CBB precursor solution (mixture A). At room
temperature, mixture A was stirred at 500 rpm until no remaining
solids were observed. Next, 500.0 mg of HTiO-NT was added to 500
mL of IPA (mixture B). Ultrasonication and stirring of mixture B was
carried out for 30 and S min, respectively, at room temperature.
Subsequently, mixture A was rapidly injected into mixture B while
being subjected to vigorous stirring, and the combination was stirred
continuously for 10 min. The resultant mixture was centrifuged at
3,000 rpm for 3 min and at 10,000 rpm for S min using IPA. The
obtained yellow solids were then vacuum-dried at 60 °C (p < 70
mbar) overnight and stored as CBB/HTiO-NT-30. The same
procedure was repeated to synthesize CBB/HTiO-NT-10 (10 wt
%) and CBB/HTiO-NT-50 (50 wt %) heterostructures. Elemental
analysis for synthesized CBB/HTiO-NT-10 in % (calc.): Ti 43.4
(46.5), Cs 3.3 (4.3), Bi 4.5 (4.5), Br 3.8 (7.8); CBB/HTiO-NT-30:
Ti 32.5 (34.9), Cs 7.6 (9.7), Bi 10.1 (10.2), Br 12.6 (17.5); CBB/
HTiO-NT-50: Ti 26.7 (28.0), Cs 9.9 (13.0), Bi 13.7 (13.6), Br 17.5
(22.3).

Characterizations. The elemental analysis of Bi, Ti, and Na was
performed using an ICP-OES device (Anton Paar, Graz, Austria/
PerkinElmer, Waltham, MA, USA). The Br content was determined
by potentiometric titration (Titrator Excellence T7, Mettler Toledo,
Columbus, OH, USA). Cs content was determined by atomic
absorption spectroscopy (AAS, PerkinElmer AAS-AAnalyst 300
spectrometers). SEM micrographs were generated by using a Merlin
VP compact device (Zeiss, Oberkochen, Germany). The EDX was
measured by using a Bruker Quantax device (Billerica, MA, USA).
TEM and HRTEM images were recorded using a JEOL, JEM-
ARM200F device (Freising, Germany) operated at an acceleration
voltage of 200 kV. The crystalline phases were measured via Powder
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X-ray diffraction (p-XRD, Xpert Pro diffractometer, PANanalytical,
Almelo, The Netherlands; Xcelerator detector with automatic
divergence slits and CuK,K,, radiation, 40 kV, 40 mA; 4, =
0.15406 nm; A, = 0.15443 nm). The obtained intensities were
converted from automatic to fixed divergence slits (0.25°) for further
analysis. The phase identification was done using the International
Center of Diffraction Data (ICDD) database. X-ray photoelectron
spectroscopy (XPS) was used to measure the surface and chemical
components. A photoelectron spectrometer (Multilab 2000, Thermo
Fisher, Waltham, MA, USA) with Al K, radiation as the excitation
source was used. All XP spectra were referenced to the C 1s line at
284.6 eV. Specific surface areas of the synthesized photocatalysts were
identified by using the Brunauer—Emmett—Teller (BET) method
with BELSORP max II (Microtrac Retsch GmbH, Haan, Germany)
and NOVAtouch (Anton Paar Germany GmbH, Ostfildern-
Scharnhausen, Germany) devices. Prior to measurement, all prepared
samples were degassed at 200 °C for a duration of S h.
Photocatalytic Oxidations. The photocatalytic oxidation pro-
cesses of HMF and BnOH were conducted in S mL glass vials
powered by a 5 W blue light-emitting diode at ambient temperature
and subjected to magnetic stirring at 500 rpm. The light intensity of
the blue LEDs was 25 mW cm ™, and the maximum wavelength was
467 nm. A 5 mM solution of HMF was prepared with acetonitrile
(CH,CN) as the base solvent. For each experiment, 10 mg of
photocatalyst was evenly distributed in 2 mL of HMF solution and
then subjected to a 10 min oxygen purging process at a flow rate of
10.8 mL min~". The solution was agitated at 500 rpm in the absence
of light, while the airflow of the fan was adjusted to sustain ambient
temperature for a duration of 30 min. Afterward, the solution was
irradiated with the 5 W blue LEDs at room temperature for 1.5 h.
Following each reaction, the samples were passed through a 0.22 mm
filter for further analysis. The specimen were diluted by a factor of 20
with water to a volume of 1 mL and then subjected to analysis using
high-performance liquid chromatography (HPLC, Agilent Technol-
ogies, 1260 Infinity Series, Santa Clara, CA, USA). The HPLC
instrument was fitted with a 300 mm section of organic acid resin
column with an inner diameter of 7.80 mm (Rezex ROA-Organic
Acid, 00H-0138-K). The mobile phase consisted of a 2 mM
trifluoroacetic acid (TFA) solution dissolved in 1 L of aqueous
solution (149 uL of TFA) at a flow rate of 0.6 mL min™' at a
temperature of 40 °C. The injection volume was 10 uL. The furan
compounds were detected by a diode array detector (DAD) at 270
nm according to the different retention times and response peak areas.
The retention durations of HMF, FDC, and FFCA were
approximately 36.7, 45.8, and 16.75 min, respectively. The
quantification of furan compounds was conducted based on the
external standard calibration curves reported in our previous work."’
The photocatalytic oxidation of BnOH was carried out with a 20 mM
solution of BnOH, which was prepared using acetonitrile (CH;CN)
as the solvent. Ten mg of photocatalyst was evenly mixed in 2 mL of
BnOH solution in each experiment. The solution was subsequently
purged with oxygen for 10 min at a flow rate of 10.8 mL min~" and
then agitated at 500 rpm for 30 min in the absence of light.
Subsequently, the samples were exposed to S W blue LEDs while
being stirred at 500 rpm for 2 h. The reactants and products were
analyzed using gas chromatography (GC, Agilent 19091X-133) in
conjunction with a flame ionization detector (FID). This study used a
capillary column 30 m in length, with an inner diameter of 0.25 mm
and a film thickness of 0.25 ym. The column temperature was initially
fixed at 60 °C for 5 min and then successively raised to 240 °C at a
rate of 15 K min™', with a final holding duration of $ min. The
chromatograms were acquired by the injection of 1 uL of the material.
This study presents the quantitative data of oxidation products
obtained using the internal standard approach. (1) Following each
reaction, the samples were collected and filtered using a 0.22 mm
filter. (2) The 0.5 uL samples were diluted with 0.5 uL of DCB
(internal standard) in a GC vial. (3) The diluted solution was then
injected into the GC instrument to quantify the oxidation products
based on their retention times and response peak areas. The retention
durations of BnOH, BzH, and BzA were approximately 15.60, 12.63,

and 19.31 min, respectively. Finally, the calculation of the conversion,
selectivity, yield, and conversion rate of HMF and BnOH oxidation
was performed as given by eqs S1—S4. To assess the photocatalytic
stability, the photocatalyst was obtained by centrifugation at 8000
rpm after the reaction was completed. Next, the obtained photo-
catalyst was thoroughly rinsed with ethanol multiple times. The
collected residue was dried in a vacuum oven set at a temperature of
60 °C and afterward reused for the second cycle. To conduct the
reaction in the second run, 10 mg of the photocatalyst used prior was
evenly mixed in 2 mL of HMF solution.

Mechanism Characterization and Experiments. Using UV—
vis spectroscopy in diffuse reflectance (DRS, Lambda 365,
PerkinElmer, Waltham, MA, USA), the absorption edges of the
photocatalyst were determined throughout a wavelength range of 190
to 1100 nm. The bandgap energy of the photocatalyst was determined
using a standard Tauc plot and applying the Kubelka—Munk equation
(eq SS). A Zennium electrochemical workstation, equipped with a
PP211 CIMPS system (Zahner, Kronach, Germany), was used to
conduct photoelectrochemical experiments. The workstation em-
ployed a standard three-electrode cell and a 430 nm LED lamp (400
mW/cm?) as the light source. The reference electrodes consisted of
Ag/AgCl solution (3 M, NaCl) that was saturated, whereas the
counter electrodes utilized platinum wire. The electrolyte was a 0.1 M
solution of tetra-n-butyl hexafluorosphate in dichloromethane. The
electrode was fabricated via the application of a coating technique.
Initially, a 100 uL Nafion solution (5 wt %) and 900 uL IPA were
mixed with 20 mg of photocatalyst and subjected to ultrasonic
treatment for 10 min. Subsequently, the dispersion was spread onto a
1.5 X 1.5 em® FTO glass surface and allowed to dry overnight in
ambient air. Electrochemical impedance spectroscopy (EIS) was
conducted using a potential static technique operating within the
frequency range of 0.01 to 100 kHz. Using electrochemical impedance
measurements, the Mott—Schottky curves were obtained to examine
the flat-band potential of the photocatalyst. The conduction band
(CB) and valence band (VB) of n-type semiconductors, HTiO-NT,
were determined by eq S6. The Ecy is the CB energy, EO( Ag/agal) 1S the
standard electrode potential which is +0.209 V for Ag/AgCl at 25 °C
at pH 7.

Scavenger Experiment (Reactive Oxygen Species Monitor-
ing). The scavenger test was employed to examine the reactive
oxygen species (ROSs) significantly involved in the conversion of
HMF. The conditions and procedures outlined in the section on
photocatalytic oxidations were implemented in the scavenger
experiments. The photogenerated holes (h*),*® electrons (e7),"
superoxide radical (-O,7),*”*° and hydroxyl radical (-OH)** were
suppressed by using KI, AgNO;, p-BQ, and TBA scavengers,
respectively. In each HMF oxidation reaction, a 3 mM scavenger
substance was added, and the influence of that scavenger on the
reaction was further analyzed. In general, a decline in photocatalytic
performance in the presence of scavengers demonstrates the
importance of the reactive species.

B RESULTS AND DISCUSSION

Synthesis of Heterostructures. CBB, HTiO-NT, and
CBB/HTiO-NT heterostructures, respectively, were synthe-
sized via a facile synthetic route in high yields (see
Experimental Section). Values from elemental analyses of
HTiO-NT and CBB/HTiO-NT heterostructures can be found
in Experimental Section and in Table S1. The contents of Cs,
Bi, and Br obtained for pristine CBB resemble closely those
reported previously.”” The results for pristine HTiO-NT
showed an amount of H ~1 wt %. The addition of a greater
weight % of CBB to the HTiO-NT results in increased
concentrations of Cs, Bi, and Br, while reducing the Ti content.
Minor sodium impurities (<1.4 wt %) were seen in CBB/
HTiO-NT heterostructures as a result of the excessive use of
NaOH solvent during hydrothermal procedures. The remain-
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Figure 1. SEM micrographs of (a) HTiO-NT at high magnifications and (b) overview of CBB/HTiO-NT-30 heterostructure with red boxes

highlighting areas with prevalence of CBB particles.

Figure 2. (a and b) TEM images of CBB/HTiO-NT-30 heterostructure with HTiO-NT in purple box and possible CBB in red boxes and (c)

HRTEM image of the CBB/HTiO-NT-30 heterostructure.

ing weight percent consists solely of oxygen, as indicated by
the XPS and EDX data.

Morphology and Structure Characterization. SEM
micrographs of HTiO-NT and CBB/HTiO-NT-30 are
depicted in Figure 1. Figure la shows the needle-shaped
HTiO-NT similar to the previous study, which uses a similar
synthesis method.””*">* The highly developed fiber-like and
tubular framework growth of HTiO-NT suggests higher
structural stability and charge carrier mobility, which might
enhance and stabilize the photocatalytic system.””>"*> From

Figure 1b it is obvious that the nanotube morphology of
HTiO-NT remained intact by modification with 30 wt % CBB.
It can be concluded that the distribution of CBB onto the
HTiO-NT is rather inhomogeneous leading to areas with
almost no CBB concentration and areas of very high CBB
concentrations (see red markers in Figure 1b).

Additional SEM images, EDX images, and elemental
mapping of CBB and CBB/HTiO-NT heterostructures,
respectively, can be found in Figure S1. Figure Sla,b shows
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the cubical structure and EDX of pure CBB (average crystallite
sizes ~200—300 nm), as reported in our previous work.*’
TEM investigations of CBB/HTiO-NT-30 (Figure 2)
further showed the highly dispersed tubular shape of HTiO-
NT (see the purple box in Figure 2b) and the dark cubical
structure of CBB (see the red boxes in Figure 2a,b). The CBB
nanoparticles in the CBB/HTiO-NT heterostructure showed a
smaller diameter of about 20—50 nm compared to 200—300
nm for pure CBB (see Figure Sla). The HRTEM images
(Figure 2c) revealed the CBB-decorated HTiO-NT with lattice
fringes measuring approximately 0.44 and 0.29 nm, respec-
tively. Therefore, the SEM-EDX, TEM, and HRTEM findings
verified the presence of CBB and HTiO-NT and demonstrated
the formation of CBB/HTiO-NT heterostructures. Results
from the pXRD are depicted in Figure 3. The diffraction
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Figure 3. pXRD patterns of HTiO-NT, CBB, and CBB/HTiO-NT
heterostructures.

patterns of HTiO-NT and CBB exhibited distinctive reflexes
which were mostly in accordance to reference materials
(H,Ti,0, JCPDS 021-1272; CBB, JCPDS 01-070-
0493)."°%%*77 The weak peak is related to the low
crystallinity of the formed nanotube hydrogen titanate. The
weak pXRD peak at 24.35 for HTiO-NT is related to the low
crystallinity of formed nanotube hydrogen titanate, similar to
that reported by previous studies.”®>” Ref 59 reveals that a
significant amount of Na* cations and highly basic conditions
are crucial for the formation of HTiO nanotubes. Very sharp
diffraction peaks can be obtained when replacing NaOH with
KOH, but the SEM shows that the morphology is plates and
nanorods. The powder patterns of samples CBB/HTiO-NT-30
and CBB/HTiO-NT-50 displayed similar features without
forming other interphases. The intensity of the peaks of CBB
was very high at these loadings, similar to those reported in a
previous study.”” pXRD patterns of the composites rarely
exhibit the hydrogen titanate pattern due to the large
molecular weight and substantial X-ray absorption and
scattering of bismuth. The XRD pattern of CBB/HTiO-NT-
10 deviates from those of the other samples. The CBB reflexes
are poorly observable, and they are also shifted. As explained in
more detail below, the CBB is not stable in the presence of
water. It is suspected that the very hydrophilic and OH-group-

terminated titanate nanotubes might foster the degradation of
CBB directly attached to them. If the loading of CBB is low,
such processes will be more significant than at higher CBB
loadings—and conversely at lower contents of HTiO-NT.

Characterization of the elemental compositions and surface
chemical states of HTiO-NT, CBB, and CBB/HTiO-NT-30
was conducted by XPS measurements, as shown in Figure 4.
The Ti 2p spectra of HTiO-NT (Figure 4b) exhibited two
resonance peaks at 464.7 and 472.1 eV, corresponding to Ti
2p, ), and Ti 2p,, species, respectively.” The CBB/HTiO-NT
heterostructure showed similar peaks as of the HTiO-NT at
464.5 and 471.8 eV. In comparison to the pristine CBB, the
binding energies of Cs 3d (Figure 4c) and Bi 4f (Figure 4d)
exhibited a negative shift. At a binding energy of 724.6 eV, the
Cs 3d spectra for CBB corresponds to Cs 3ds,, species, while
at 738.4 eV it corresponds to Cs 3d;,, species.”’ The Cs 3d
XPS peaks of the CBB/HTiO-NT heterostructure exhibited a
shift to energy levels of 720.2 and 734.2 eV, respectively. Bi 4f
spectra of CBB displayed two peaks with binding energies at
159.3 and 164.6 eV, corresponding to Bi 4f;/, and Bi 4f;,,
respectively.’’

The Bi 4f XPS spectrum of CBB/HTiO-NT was shifted to
158.1 and 163.5 eV, respectively. In Figure 4e, the Br 3d
spectra of CBB exhibited binding energies of 68.6 and 69.6 V.
The CBB/HTiO-NT peaks were observed at 69.4 eV. The
significant negative shift of CBB/HTiO-NT peaks for Cs 3d
(Figure 4c) and Bi 4f (Figure 4d) as compared to the CBB,
respectively, confirmed the charge transfer between HTiO-NT
and CBB via these bonds.”>**

Figure S2 depicts the nitrogen adsorption—desorption
isotherms of the photocatalyst, and the inset table depicts
the surface area, pore size, and pore volume, which were
analyzed via BET measurement. In the pressure range of 0.7—
1.9 P/P,, the adsorption—desorption isotherm results of
HTiO-NT and CBB/HTiO-NT heterostructures showed
characteristic type IV isotherms with substantial adsorption
capacities, suggesting the existence of numerous mesopores
(2—50 nm) in the photocatalyst.”*"°° An analysis of HTiO-
NT revealed a surface area of 250 m*/g, a pore size of 1.7 nm,
and a pore volume of 0.3 cm®/ g. Specifically, the surface areas
of CBB/HTiO-NT-10, CBB/HTiO-NT-30, and CBB/HTiO-
NT-50 were measured to be 259 mz/g, 169 mz/g, and 137 m?/
g, respectively. The decrease in surface areas with higher
loadings of CBB is a direct indication of the excessive
aggregation of the latter onto the surface of HTiO-NT. This
behavior is in accordance with findings from the SEM
investigation (see above).”” The enhanced photocatalytic
activity of HTiO-NT and CBB/HTiO-NT heterostructures
can be attributed to their increased specific surface areas and
reduced pore volumes.**>**

Photocatalytic Performance. The HMF photooxidation
performance for CBB, HTiO-NT, CBB/HTiO-NT hetero-
structures, and the reference without catalyst (“No Catalyst”)
is shown in Figure Sa at 1.5 h irradiation times. The following
important observations could be made from the presented
results: At comparable conversions, FDC selectivity was lower
for pristine CBB and HTiO-NT compared to CBB/HTiO-NT
heterostructures. Almost no conversion was observed when
there was no catalyst present. The result proves that the CBB
and HTiO-NT already perform well on photocatalytic
oxidation even when they are not present as a composite.
Second, the CBB/HTiO-NT heterostructures show synergistic
effects by enhancing the FDC selectivity compared to pure
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Figure 4. (a) XPS survey spectra for HTiO-NT, CBB, and CBB/HTiO-NT; (b) Ti 2p bands for HTiO-NT and CBB/HTiO-NT; (c) Cs 3d bands;
(d) Bi 4f bands; (e) Br 3d bands for CBB and CBB/HTiO-NT heterostructures.

CBB and pure HTiO-NT. The higher the CBB loading in the
heterostructure, the higher the FDC selectivity. The improved
photocatalytic oxidation by CBB/HTiO-NT heterostructures
may be attributed to an enhancement in the oxidative
characteristics, perhaps facilitated by charge separation at the
heterojunction. Finally, the CBB/HTiO-NT-30 with 87% FDC
selectivity appears to be the optimal heterostructure compared
to CBB/HTiO-NT-10 and CBB/HTiO-NT-50, which
achieved 80% and 71% FDC selectivity, respectively. Reduced
FDC selectivity of CBB/HTiO-NT-50 is due to the further
oxidation of FDC to S-formyl furan-2-carboxylic acid
(FFCA).*”°® A summary of the product yield and carbon
balance yield (CBY) is provided in Table S3. The CBY is
determined by dividing the total yields of the products by the
percentage of HMF conversion. The CBB/HTiO-NT-30
heterostructure in its optimum state showed the greatest
product yield and CBY, reaching 84% and 87%, respectively.
Furthermore, the impact of substrate concentration on the
photocatalytic oxidation of HMF toward FDC was inves-
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tigated, and the findings are presented in Figure Sb. At 2.5 mM
HMEF concentration, the selectivity of FDC was low, about
15%, and significantly increased to 87% when using S mM
HMEF concentration. The 10 mM and 25 mM HMEF
concentrations showed decreased FDC selectivity to 66%
and 41%, respectively. These results show that the optimal
HME reaction condition for CBB/HTiO-NT-30 was at 1.5 h
with 97% HMF conversion and 87% FDC selectivity using 5
mM concentration of HMF. The HMF photooxidation
performance proved that the CBB/HTiO-NT heterostructures
could perform crucial reactions to produce fine chemicals
without using harmful chemical oxidants and costly catalysts.
Figure Sc shows the BnOH photooxidation performance of
CBB, HTiO-NT, and CBB/HTiO-NT heterostructures and
the “No Catalyst” reference measurement. The CBB and
HTiO-NT could perform BnOH photooxidation toward BzH
with 84% and 44% selectivities, respectively. No BzH was
observed without the presence of catalyst. This observation
reveals the oxidation ability of CBB and HTiO-NT. In contrast
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Figure 5. Conversion (red bar) and selectivities (blue bar) of HMF photooxidation toward FDC for (a) No Catalyst, CBB, HTiO-NT and CBB/
HTiO-NT heterostructures at 1.5 h, 10 mg of catalyst, and S mM concentration of HMF; (b) CBB/HTiO-NT-30 with various HMF
concentrations at 1.5 h and 10 mg of catalyst; (c) conversion (red bar), BzH selectivity (blue bar), and BzA selectivity (green bar) of BnOH
photooxidation for No Catalyst, CBB, HTiO-NT, and CBB/HTiO-NT heterostructures at 2.0 h, 10 mg of catalyst, and 20 mM concentration of
BnOH and (d) conversion (red bar) and selectivities (blue bar) of HMF photooxidation toward FDC for stability measurement of CBB/HTiO-NT

heterostructures.

to our previous study, the pristine HTiO-NS was not able to
produce BzH at the same reaction conditions.”” Hence, the
alteration of hydrogen titanate shape in this work clearly
benefits enhancing the photooxidation activity and achieving
an effective heterostructure. The CBB/HTiO-NT-30 was
considered to be the optimal heterostructure compared to
CBB/HTiO-NT-10 and CBB/HTiO-NT-50. The CBB/
HTiO-NT-10 showed a mixture of BzH and BzA oxidation
products, which might be due to the low content of CBB (10
wt %), lowering its light absorption ability. Besides that, it is
not worth adding 50 wt % of CBB to HTiO-NT for only 8%
increased BzA selectivity. The enhanced photocatalytic
oxidation of CBB/HTiO-NT heterostructures compared to
CBB and HTiO-NT possibly originated from the (1) tubular
framework of HTiO-NT, (2) excellent optical properties of
CBB, and (3) the band matching and synergistic interaction
between CBB and HTiO-NT, which resulted in an
optimization of charge density to promote efficient migration
of charge carriers. In summary, the improved photooxidation
efficiency of HMF and BnOH in CBB/HTiO-NT hetero-
structures provides further proof of the successful creation of
the heterojunctions.

The HMF photooxidation of CBB/HTiO-NT heterostruc-
tures in two consecutive cycles is depicted in Figure 5d. The
recycling test indicated moderate recyclability, as seen by the
decrease in HMF conversion and FDC selectivity during the
second cycle. The poor recyclability of perovskite-based
photocatalysts was aligned with previous studies for
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CBHTNS" and CsPbBr;/TiO,.** Figures S4, SS, and S6
depict UV—vis DRS, pXRD, and SEM results, respectively,
which were used to characterize the postreaction catalyst.
Figure S4 illustrates a notable shift in the absorption edge
where the postreaction catalyst transitioned from 480 to 410
nm. The observed change could be attributed to alterations in
the interface structures of CBB® and, more possibly, to the
degradation of CBB in the catalyst after the reaction.”’ The
reduced amount of CBB can be noticed from the color change,
from bright yellow (before reaction) to light yellow (after
reaction) in the inset of Figure S4. Through pXRD analysis, it
was shown that the peak intensity of the diffraction pattern of
CBB diminished to the point that only the peaks of the titanate
nanotubes remained visible. SEM confirmed the reduced
structure of CBB after the HMF reaction, as shown by the red
rectangle in Figure S6, in accordance with the pXRD analysis.
The two findings suggest a modification in the composition of
the CBB, most likely occurring at the interface, which was
considered the primary cause of the low recyclability in the
second cycle. Hence, future attempts will be directed toward
enhancing the stability of CBB in this system. Integrating CBB
with other highly effective semiconductors has the potential to
improve its catalytic efficiency and stability.”' The primary
issues that must be addressed in perovskites are their
inadequate resistances to both moisture and heat.’””%"*
Perovskite materials having the ABX; formula significantly
undergo reactions with water or moisture, resulting in their
breakdown into their original components or the formation of
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hydrated phases.”® Perovskites are not resistant to dissolving in
water and other polar solvents, so they undergo degradation
when exposed to moisture or water.”””* In contrast, ref 75
indicated that an appropriate amount of moisture is advanta-
geous for the crystallization, grain growth, and distribution of
the perovskite layer. However, excessive water harms the
crystal structure of the perovskite and leads to its degradation
into its initial compounds and hydrated phases.

A comparison of the photocatalytic performance of CBB/
HTiO-NT-30 heterostructures as an optimal photocatalyst for
BnOH and HMF oxidation with other recent photocatalysts
from the literature was also performed. The results are shown
in Table S2. It is crucial to acknowledge that the reaction
conditions are only slightly similar, which consequently
impacts the conversion, selectivities, and generation of the
reaction products. The CBB/HTiO-NT-30 catalyst achieved
an ideal reaction rate with 97% HMF conversion and 87%
FDC selectivity after 1.5 h, using a S mM HMF concentration.
In the subsequent comparison with prior studies, it is crucial to
mention that FDC was commonly denoted as “diformylfuran”,
abbreviation DFF. At the slightly different reaction conditions,
the ZnIn,S, showed 70% FDC selectivity'” and the MAPbBr;,
photocatalyst showed 90% FDC selectivity.”® This might be
due to the efficient performance of their dominant reaction
species and depends on the reaction conditions such as time of
irradiation, mass of the catalyst, and the concentration of
HMEF. Besides that, titania-based photocatalysts and hetero-
structures were also reported recently. The enhanced
selectivity of FDC was successfully shown with the
construction of heterostructure such as SGH-TiO,,”” CoOx-
Au/TiO, (Au 8.0 wt %),”® and V,04nH,0/g-C;N,.** SGH-
TiO, is titania synthesized using sol—gel and hydrothermal-
assisted methods. It exhibited an 87% selectivity for FDC at a
concentration of 1 mM HMEF, while the CoOx-Au/TiO, and
V,05-nH,0/g-C3N, displayed 95% and 87% FDC selectivity
using a 0.1 mM HMF concentration. Despite the effect of
irradiation time, concentration of HMF and type of light
irradiation, the construction of the heterostructure majorly
affected the FDC selectivity in a similar manner as presented in
this study. The enhanced selectivity of FDC was due to the
widened range of the visible-light response, improved charge
carrier migration, and the presence of oxygen in photocatalytic
oxidation. It can be concluded that the HMF oxidation
performance of our CBB/HTiO-NT-30 heterostructures in
this work is comparable with other recent photocatalysts in
Table S2, without the need to use very expensive (e.g, Au) or
highly toxic (e.g., Pb) metals. In BnOH oxidation, the CBB/
HTiO-NT-30 in this work converted 97% of BnOH selectively
toward BzA (81% selectivity) at 2 h reaction time. In contrast,
our recent work reported that the CBHTNS-30 (30 wt %
Cs;Bi,Bry/HTiO-NS) showed optimal BnOH oxidation
performance with 21% BzH and 75% BzA selectivities at 2 h
reaction time.*° The enhancement performance of CBB/
HTiO-NT-30 might be due to the geometry and tubular
framework of HTiO-NT, which increased the oxidative
properties and charge carrier migration in the CBB/HTiO-
NT heterostructure. It was reported that the nanotube
structure of hydrogen titanate has a channel which provides
a geometric confinement for the target molecule and adsorbs it
efficiently.”® The tubular framework of HTiO-NT has
quantum confinement effects and large surface area, which
restrict the electron and proton migration and enhance its
photocatalytic system.”” ' Huang et al. reported that the 15%

FAPDbBr;/TiO, showed 65% selectivity of BzA for the BnOH
photooxidation under 8 h of simulated solar illumination.”’
This work reported that the increased photocatalytic activity of
the composite at 15% FAPbBr; could be attributed to the
inherent synergy resulting from the interaction between the
composite and the interface. The 15% concentration of
FAPbBr; provided the ideal distance for the migration of the
generated charge carriers and avoided excessive exposure of the
TiO, surface to the reagent solution. Efficient charge
separation and reduction of O, to generate the superoxide
radical depended extensively on the TiO, surface. The same
pattern can be shown from this work; the CBB/HTiO-NT-30
shows an optimal performance compared to the CBB/HTiO-
NT-50, which might be due to the optimal wt % of CBB, which
does not overly expose the surface of HTiO-NT to perform the
reaction. The conversion to BzA oxidation products was also
reported by Du et al,, with 91% BnOH conversion, 72.6% BzH
and 18.5% BzA selectivity using Au—Pd/H,Ti;O, nanowires
photocatalyst.”* An advantage of our system is that it does not
require noble metals. Other studies have also reported similar
trends in the BnOH photocatalytic oxidation performance, as
shown in Table S2.

Photocatalytic Mechanism. The photocatalytic activity
of heterojunction materials is influenced by their optoelec-
tronic properties. As shown in Figure S3, the UV-vis
absorption and EIS Nyquist plots were measured to analyze
the intrinsic light absorption of the photocatalysts and to
explore the photocatalytic mechanism in this system.
According to Figure S3a, the absorption edges of HTiO-NT
and CBB are located at wavelengths of 368 and 490 nm,
respectively. The absorption edge of CBB/HTiO-NT-10 is at
468 nm, while it is 480 nm for both CBB/HTiO-NT-30 and
CBB/HTiO-NT-50, indicating that the presence of CBB led to
a widened range of the visible-light response.”” In order to
compare the band gap energies of HTiO-NT, CBB, and CBB/
HTiO-NT heterostructures with previous studies, the
Kubelka—Munk function (eq SS) was employed to generate
a Tauc plot and estimate the band gap values. It is important to
acknowledge that the Tauc plot generally lacks physical
value,® but it is possible to draw relative conclusions about
light absorption if the materials are compared with one
another. Figure S3b displays an illustration of the band gap
energy in relation to light energy. The band gap energy of
HTiO-NT is 3.38 eV, whereas the band gap of CBB is 2.55 eV.
The CBB/HTiO-NT band gap energy ranges from 2.59 to
2.65 eV. These results indicate that HTiO-NT and CBB/
HTiO-NT heterostructures effectively absorb visible light,
which is beneficial for generating excellent heterostructures
and improving charge transfer efficiency."®”” Or, in other
words, light absorption in the composite is dominated by CBB,
as evidenced by the rather similar absorption edge of pure CBB
and the composite. The magnitude of the semicircular curve in
Nyquist plots (Figure S3c) corresponds to the charge transfer
resistance of the electrode surface. A bigger arc radius
corresponds to a higher resistance.”””** Compared to HTiO-
NT and CBB, the CBB/HTiO-NT heterostructure had a
notably lower arc resistance (—Z"), suggesting superior charge
transfer efficiency.> The decreased resistance observed in the
heterostructure suggests that the tubular framework of HTiO-
NT indeed enhances the flow of electrons and protons™ ™" to
separate the photogenerated electrons and holes effec-
tively.*>*® The results are consistent with the photocurrent
response investigations described in ref 37, which revealed that
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the Cs;Bi,Bry/TiO, heterojunction exhibits a stronger
response compared to pure Cs;Bi,Bry and TiO,. This finding
indicates that the creation of a heterojunction can effectively
enable the separation of holes and charges, increase the density
of the electric current, and optimize the effectiveness of
catalysis. Prior studies have used time-resolved photo-
luminescence (TRPL) measurements to examine carrier
dynamics and verify the charge migration between hetero-
structures or composites. The TRPL results of similar
photocatalysts in existing literature, such as Cs;Bi,Bry/TiO,
and Cs;Bi,Bry/C;N,, support the photoelectrochemical
findings presented in this work. The exciton recombination
was effectively reduced by the formation of a Cs;Bi,Bry/TiO,
heterojunction, as reported in ref 37. Furthermore, the average
lifetime was enhanced from 2.63 to 4.67 ns, demonstrating that
the Cs;Bi,Bry/TiO, heterojunction can facilitate the separation
of charges and prevent the recombination of carriers. The rapid
transfer of excited electrons from C;N, to Cs;Bi,Bry without
recombination was shown in ref 39, indicating that C;N,/
Cs3Bi,Brg heterostructures enhance charge transfer. The EIS
Nyquist plot results (Figure S3c) demonstrate a higher charge
transfer efficiency of the CBB/HTiO-NT heterostructures,
which is consistent with the findings reported in the literature.
In this context as well, the existence of CBB facilitates the
separation of charges, suppresses the recombination of carriers,
and enhances the carrier transfer.

The capacitance—voltage measurement was conducted to
draw the Mott—Schottky plots. The positive slope of Mott—
Schottky plots (Figures S 3d) indicated the n-type conductive
nature of HTiO-NT with a potential of —0.87 V. As stated in
our previous work,*’ the potentials of the conduction band
(CB) and valence band (VB) edges of CBB are —0.688 V and
+1.862 V, respectively. By using eq S6 and the estimated band
gap from the Tauc plot, the potentials of the CB and VB of
HTiO-NT were calculated as —0.348 and 3.032 V vs NHE at
pH 7, respectively. The calculated VB positions of HTiO-NT
were slightly different from previously reported titania at
around 2.5 eV®” and 2.6 V.*® Scheme 3 illustrates the band

Scheme 3. Schematic Depiction of the Band Structures of
HTiO-NT and CBB
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structures of HTiO-NT and CBB. The oxidation of BnOH/
BzH and HMF/FDC can be performed at +1.90 V>"**?° and
+1.61 V,*”°" respectively. The conduction band (CB)
potential of HTiO-NT (—0.348 e¢V) and of CBB (—0.688
eV) are more negative than that of O,/-O,” (—0.33 V vs NHE
at pH 7), so in principle excited electrons in both materials

should be able to react with oxygen to generate -O,”. The CB
of CBB is more negative compared to the CB of HTiO-NT,
which might be the reason for higher FDC selectivity of CBB
compared to HTiO-NT (Figure S). The VB position of CBB
(+1.862 V vs NHE at pH 7) is less positive, while the VB of
HTiO-NT (+3.032 V vs NHE at pH 7) is more positive than
the standard redox potential of OH™/-OH (+1.99 V vs NHE at
pH 7) and the redox potential of H,0/-OH (+2.27 V vs NHE
at pH 7). Consequently, photoinduced holes of the CBB are
thermodynamically unable to generate -OH radicals, while it is
possible for the holes of HTiO-NT to generate the -OH
radicals to contribute to a minor extent to the HMF and
BnOH photocatalytic reactions. It is noteworthy that the
valence band (VB) maximum of CBB (+1.862 eV) is also
appropriate for conducting the oxidation of hydrogen peroxide
(H,0,) to water (H,O) at +1.763 eV. This condition could
perhaps explain the decomposition of CBB.*” In conclusion,
the tubular framework of HTiO-NT, excellent optical proper-
ties of CBB, and the band matching and synergistic interaction
between CBB and HTiO-NT led to enhancing the charge
density and facilitate the charge carrier migration. The CBB
and HTiO-NT may effectively separate photogenerated
electrons and holes and actively form -O,” at the CB of
CBB and slightly -OH reactive species at the VB of HTiO-NT
to enhance the photocatalytic HMF and BnOH oxidation
process.

To explore the potential role of reactive species in CBB/
HTiO-NT, the results of the scavenger tests were assessed, as
shown in Figure 6a. In general, the decrease in photocatalytic
efficiency when scavengers were present highlights the
significance of reactive species involving photogenerated
holes (h*), photogenerated electrons (e~), superoxide radicals
(-O,7), and hydroxyl radicals (-OH). Potassium iodide (KI)
and silver nitrate (AgNOj;), which absorbed the holes (h*) and
electrons (e”), respectively, had notable impacts with much
decreased conversion to 22% and 18%, respectively. The
obtained results strongly illustrate the crucial significance of
the photoinduced h* and photoexcited e” in this particular
process. The e™ has the potential to have a significant impact
on initiating the transformation of molecular oxygen into the
reactive oxidant species -O,” in the catalytic process. Addition
of p-BQ to the reaction system resulted in a small decrease in
HME conversion to 78%. The selectivity of FDC fell to 55%,
suggesting that -O,” was not implicated in the initial HMF
conversion processes but was contributing to FDC formation,
as reported in a prior work.”” Adding TBA into the reaction
system resulted in a modest decrease in HMF conversion
(89%), suggesting that -OH was not the main species involved
in the conversion of HMF to FDC. The construction of CBB/
HTiO-NT heterostructures revealed advantages in the
generation of reactive species, potentially through enhanced
charge carrier migration efficiencies, which significantly impact
the photocatalytic efficiency. This finding enabled us to deduce
that h*, e7, and -O,7, as reactive species, are crucial in the
photooxidation of HMF, in line with prior studies."””®
Furthermore, it should be emphasized that certain charge
carriers (h* and -OH) with adequate oxidation potential to
oxidize HMF and BnOH can only be generated on HTiO-NT,
not CBB. Identification of reactive oxygen species (such as 'O,
and -O,”) can be achieved by electron paramagnetic resonance
(EPR) spectroscopy. The EPR analysis of similar photo-
catalysts in the existing literature, such as Cs;Bi,Bry/TiO,,
CsPbBr;//TiO,, and MAPDbBr; perovskite, confirmed the
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Figure 6. (a) Efficiency of HMF oxidation for CBB/HTiO-NT-30,
both with and without scavengers. (b) Schematic representation of
the photooxidation of HMF for the CBB/HTiO-NT heterostructure.

findings of our work regarding the scavenger effect. Reference
37 reported the visual observation of the EPR signals of -:O,™ in
the presence of light. In contrast, no signals were observed in
the absence of light, providing evidence of the photoinduced
generation of -O,” in the Cs;Bi,Bry/TiO, composite. More-
over, ref 38 reported that the CsPbBr;/TiO, composite
exhibited a strong EPR signal when exposed to visible light, in
contrast with plain P25. This observation provided con-
firmation of the generation of -O,” radicals. Reference 76
reported that the MAPbBr; perovskite exhibited EPR signals of
TMP—'0, and DMPO—-0,” when exposed to light. However,
no distinct EPR signal was observed in either scenario when
the material was in the dark. In conclusion, the presented
findings demonstrated the capacity of the perovskite-based
photocatalyst to generate reactive oxygen species. These results
are consistent with our scavenger findings, which indicated that
the -O,™ has a substantial impact on our HMF photooxidation
process. The absorption of light and the activation of charge
carriers in photocatalytic redox reactions are constrained by
the need that the energy of the light be either equal to or
higher than the band gap energy of the photocatalyst.
Conduction band (CB) photoexcited electrons demonstrate
reductive activity, while valence band (VB) holes display
oxidizing capacity. Furthermore, the redox potentials of the
processes must match to the positions of the conduction band
(CB) and the valence band (VB), which, respectively, indicate

the redox potentials of charge carriers activated by light. Thus,
based on the present investigation, it is evident that the
photooxidation of HMF to FDC in the CBB/HTiO-NT
heterostructure can occur through two distinct reaction routes,
as illustrated in Figure 6b. Based on the Mott—Schottky curve
(Figure S3d), the CB potential of CBB was calculated to be
—0.688 V (vs NHE). This indicates that O, can be reduced to
-0, (E(0,/-0,7) = —0.33 V). A VB potential of +3.032 V (vs
NHE) was identified for HTiO-NT, indicating the redox
potentials of HMF/FDC (1.61 V) and FDC/oxidized FDC
(2.03 V). Blue LED light irradiation at a wavelength of 467 nm
enabled the CBB/HTiO-NT heterostructure to absorb light,
resulting in the photoexcitation of charge carriers (electron—
hole). As previously stated, the photoexcited electrons on the
CB of HTiO-NT may also be generated by absorption due to
defect sites on HTiO-NT.”” The rapidly carried photoexcited
electrons from the CB of HTiO-NT to the VB of the CBB lead
to an accumulation of holes in the VB of HTiO-NT.
Photoexcited electrons and holes are spatially separated in
the CB of CBB and the VB of HTiO-NT, respectively. A
possible route is as follows: The reactant HMF molecule
undergoes deprotonation by holes, which rapidly react with
adsorbed HMF molecules to generate an intermediate HMF
radical and release a single H' ion.*” Afterward, the HMF
radicals performed deprotonation to form FDC, therefore
releasing the H* ion.”> Another possible route is as follows:
Photoexcitation of e~ allows for the activation of molecular O,
into its reactive superoxide form (-O,”), which in turn
enhances the formation of the hydroperoxyl radical (-(OOH)
species.*” ’® The -OOH species may eliminate a proton from
the HMF radicals to produce FDC and release H,0,."””® The

postreaction solution was analyzed using UV—vis DRS to
validate our hypothesis. Figure S7 depicts the UV—vis DRS of
the postreaction solution without and with the addition of
sodium iodide (Nal). The postreaction solution, when
including 0.15 g/L of saturated Nal, exhibited an intense
yellow coloration (refer to the inset image in Figure S7). Both
solutions have a UV-—vis absorption peak at wavelengths
ranging from 285 to 287 nm, which suggests the existence of
HMF molecules.” Notably, the solution containing Nal
exhibited two absorption peaks at 223 and 350 nm, which
correspond to the presence of H,0, and triiodide (I;7)
species, respectively.®” 1,7 is produced by the electro-
chemical reaction between H,0, and I".7° In summary, we
have demonstrated a practical and environmentally sustainable
approach to convert a significant chemical derived from
biomass (HMF) into a valuable product of FDC. This is
achieved by using CBB/HTiO-NT as a photocatalyst and
ambient oxygen as an oxidant while being exposed to blue LED
light. Under conditions that are slightly adjusted, the
photocatalytic conversion of HMF in an organic solvent
reached a selectivity of 97% for HMF and 87% for FDC.
Elaborate mechanistic investigations demonstrated that the
photogenerated e, h*, and ‘O, species collectively signifi-
cantly contribute to the effective and specific oxidation of
HMEF to FDC. Moreover, the CBB/HTiO-NT photocatalyst
was suitable for the photo-oxidation of BnOH, achieving a
conversion rate of around 97% and a selectivity of 81% for
BzA. The present work introduced a novel method for utilizing
a perovskite-based photocatalyst to accomplish the oxidation
of HMF and BnOH. Moreover, it may offer useful
recommendations on the photocatalytic synthesis of valuable
chemicals from biomass waste under mild conditions.
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B CONCLUSION

We successfully enhanced the inadequate reduction capacity of
HTiO-NS in our previous study and the mobility of charge
carriers in the CBB by the synthesis of a CBB/HTiO-NT
heterostructure using a simple method. By employing a
modified antisolvent reprecipitation approach, we succeeded
in synthesizing CBB/HTiO-NT heterostructures by adding an
appropriate proportion of CBB nanoparticles. The aims to
widen the range of visible-light response (as compared to the
pure HTiO-NT), improve the charge carrier migration, and
enhance the oxidative properties of the heterostructure have
been achieved, thus enhancing the photocatalytic performance
of CBB/HTiO-NT heterostructure. The CBB/HTiO-NT-30
showed the highest HMF and BnOH photooxidation perform-
ance with 87% FDC selectivity and 81% BzA selectivity,
respectively, in an organic solution reaction under blue light
irradiation. Thus, by the effective synthesis and thorough
characterization, we revealed the significance of the HTiO-NT
and CBB/HTiO-NT heterostructure. In general, the improved
photocatalytic performance in this study was due to the (1)
tubular framework of HTiO-NT, (2) excellent optical
properties of CBB nanoparticles, and (3) the band matching
and synergistic interaction between CBB and HTiO-NT,
which led to enhancing the charge density to facilitate rapid
charge carrier migration. This work proposes an approach for
utilizing HTNM-based photocatalysts to improve the charge
carrier migration and photocatalytic efficiency of CBB.
Moreover, scavenger investigations have shown that the
photogenerated h* ions, e”, and -O,” species are crucial in
the process of HMF photooxidation. This paper provides new
ideas for hydrogen titanate-based heterostructures and photo-
catalytic conversion of biomass to value-added chemicals.
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