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ABSTRACT: Plasmonic Au nanoparticles were deposited over
photocatalytic BiVO,/BiOBr nanosheets with different loadings in
the range of 0.5—5% (w/w) to boost the photocatalytic reactivity
via surface plasmonic resonance. The results showed that the
highest benzyl alcohol conversion (100%) and the maximum
benzaldehyde yield (99%) were obtained using BiVO,/BiOBr/Au
3% after 4 h of irradiation. Electron paramagnetic resonance
analysis and trapping experiments revealed that singlet oxygen is
the dominant species produced within the system and suggest that
it is the main species driving photocatalytic oxidation of benzyl
alcohol to benzaldehyde. The proposed mechanism involves
irradiation of BiVO,/BiOBr/Au with light to excite its electrons
to the singlet state and produce singlet excitons, which eventually

OH
C; Cenzyl alcohol

Benzaldehyde

BiVO,/BiOBr/Au

produces triplet excitons via intersystem crossing. Dissolved O, subsequently reacts with these triplet excitons to produce singlet
oxygen. Moreover, the energy barrier and the intrinsic reaction indicated that the reaction is thermodynamically favorable. These
results demonstrate the unique effects of plasmonic resonance on photocatalytic activity, which can be adapted to different selective

oxidation reactions.
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B INTRODUCTION

Eclectic oxidation of aromatic alcohols to their corresponding
aldehydes has attracted great attention as it is a fundamental
organic transformation that provides critical insight into both
basic and practical research processes.”” Among these
aldehydes, benzaldehyde is primarily used by the chemical
industry for the synthesis of various organic compounds
including flavorings, food additives, perfumes, aniline dyes, and
pharmaceuticals.” > Typically, the production of benzaldehyde
takes place via benzyl chloride hydrolysis, toluene oxidation, or
benzyl alcohol oxidation. However, these procedures suffer
from different shortcomings including the generation of toxic
byproducts, high starting material costs, and use of harmful
oxidants.”"” Thus, the development of a greener sustainable
pathway to eclectically oxidize aromatic alcohols to their
corresponding aldehydes is necessary to meet the ambitions for
green and sustainable production of chemicals.

Solar energy has been introduced as a clean sustainable
energy source that can efficiently drive chemical reactions.'’~"”
Recently, researchers have expressed interest in photocatalytic
selective oxidation reactions because of their promising
potential for driving organic transformations. For this reason,
different photocatalysts have been explored such as g-C;N,,
TiO,, CdS, WO,, Bi;WOy, Bi,MoOy, and MoS, to enhance the
photocatalytic partial oxidation of benzyl alcohol to benzalde-
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hyde.”*~** Unfortunately, these systems still suffer from low
performance and poor selectivity toward benzaldehyde. To
overcome these shortcomings, a photocatalyst must be
carefully designed by considering certain aspects including
the valence band and conduction band potentials to avoid the
production of certain reactive oxygen species, such as hydroxyl
radicals, that might lead to the overoxidation or breakdown of
benzaldehyde.”® In addition, a highly efficient photocatalyst
should ideally be fully functional and able to produce
photogenerated charge carriers in visible light, as this accounts
for half of the sun’s total energy. Furthermore, the photo-
catalyst ideally should be capable of interacting with reactant
molecules via adsorption, electrostatic interaction, or bonding
to obtain the maximum performance.’

To achieve these requirements, bismuth vanadate (BiVO,)
has been introduced as a promising visible-light-active
photocatalyst with robust potential for selective oxidation
reactions.” BiVO, is an n-type semiconductor with a band gap
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in the range of 2.5—2.6 eV, which allows it to generate charge
carriers upon irradiation with visible light.”” In addition, the
valence band alignment of BiVO, allows it to produce
photogenerated holes, while its conduction band alignment is
not negative enough to drive reduction reactions.”® Despite its
outstanding photocatalytic activity, the fast recombination of
the photogenerated charge carriers significantly affects its
apparent quantum efficiency.”® Thus, designing a hetero-
junction that comprises BiVO, as an n-type semiconductor and
another p-type semiconductor is necessary to reduce the
recombination rate of the photogenerated charge carriers.”
BiOX (X = Cl, Br, or I) is a Bi-based semiconductor that has
been extensively used as a photocatalyst because of its excellent
photocatalytic activity.”> On these accounts, in the present
study, BiOBr was selected because its band gap matches that of
BiVO, to form a type Il p—n heterojunction.”"

The deposition of plasmonic nanodomains can foster the
photocatalytic performance of BiVO,/BiOBr nanosheets by
inducing a surface plasmonic resonance (SPR) effect. This
effect occurs as a result of the rapid oscillations of the excited
electrons throughout the nanodomains upon irradiation of
these components with a specific wavelength of light, which
leads to the formation of a Schottky junction.*” This junction
promotes the electron/hole separation and expands the
absorption capacity of the photocatalyst.*®

Furthermore, plasmonic nanodomains create a dielectric
polarization effect that significantly fosters the reactant
adsorption on the surface of the catalyst, which in turn
decreases mass-transfer limitations.>* On these accounts, it is
likely that the decoration of BiVO,/BiOBr with Au nano-
domains could enhance the photocatalytic performance of
BiVO,/BiOBr toward the selective oxidation of benzyl alcohol
to benzaldehyde.

Herein, an efficient strategy has been introduced for the
preparation of BiVO,/BiOBr decorated with Au nanodomains
to enhance the photocatalytic selective oxidation of benzyl
alcohol to benzaldehyde. In particular, BiVO,/BiOBr was
prepared using a one-pot synthesis method, followed by
photodeposition of the Au nanodomains. After comprehensive
characterization, the materials were examined in the photo-
catalytic selective oxidation of benzyl alcohol to benzaldehyde.
The data showed a substantial improvement in the photo-
catalytic performance compared to bare BiVO,/BiOBr.
Moreover, the oxidation pathway of benzyl alcohol to
benzaldehyde was examined, where a mechanism of singlet
oxygen generation is suggested that leads to the selective
generation of the final product.

B EXPERIMENTAL SECTION

Materials. Bismuth(III) nitrate pentahydrate, hydrogen
tetrachloroaurate(1Il) trihydrate (Au 49%), and ammonium meta-
vanadate were obtained from Alfa Aesar. Cetyltrimethylammonium
bromide (CTAB), benzyl alcohol, benzaldehyde, and p-anisaldehyde
were purchased from Sigma-Aldrich. Methanol was supplied by VWR.
All compounds were used as received. Ultrapure deionized water
(18.1 MQ cm) was used for all experiments in this study, unless
mentioned otherwise.

Preparation of BiVO,/BiOBr. To prepare BiVO,/BiOBr, 970 mg
of bismuth(III) nitrate pentahydrate was dissolved in 10 mL of
deionized water at room temperature until a whitish slurry was
formed. Then, 117 mg of ammonium metavanadate was dissolved in
10 mL of deionized water at 90 °C; once dissolved, the ammonium
metavanadate solution was cooled down to room temperature. Next, a
three-neck round bottom flask outfitted with a condenser was
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immersed in an oil bath at 60 °C to which 365 mg of CTAB was
added to 20 mL of water under stirring. Subsequently, the oil bath
temperature was raised to 80 °C, followed by the dropwise addition of
the ammonium metavanadate solution and finally the dropwise
addition of the bismuth(III) nitrate pentahydrate whitish slurry to
obtain a yellowish slurry. The mixture was kept under stirring for 16 h
at 80 °C. Eventually, the canary yellowish precipitate was filtered and
washed with deionized water, followed by ethanol, and dried in vacuo
at 60 °C overnight.

Preparation of BiVO,/BiOBr/Au. To prepare BiVO,/BiOBr/Au,
a borosilicate glass vial (60 mL) with a silicone septum cap was
charged with 200 mg of BiVO,/BiOBr material, and then deionized
water (S0 mL) was added, followed by sonication for 10 min. Select
amounts of hydrogen tetrachloroaurate(III) trihydrate were dissolved
in deionized water to obtain different Au loadings of 0.5, 1, 3, and 5%
(w/w), where the Au solution was added to the BiVO,/BiOBr slurry.
Next, 1 mL of methanol was added as a hole scavenger; the
borosilicate glass vial was carefully sealed, and the vial was purged
with nitrogen for 30 min prior to irradiation with light. To initiate a
photodeposition reaction, the borosilicate glass vial was irradiated
using an Oriel Instruments solar simulator that is equipped with a 300
W high-power mercury-xenon lamp for 45 min. Eventually, a greenish
yellow precipitate was formed, filtered, and rinsed with deionized
water, followed by ethanol, and dried in vacuo at 60 °C overnight.

Characterization. A JEOL JEM-1400 microscope operating at 80
kV was used to obtain the transmission electron microscopy (TEM)
images, while an FEI F200i transmission electron microscope
operating at 200 kV was used to obtain the high-resolution TEM
(HRTEM) images, energy-dispersive X-ray spectroscopy (EDS), and
line scan profile analyses. The SEM images were obtained using a
JEOL 7100F SEM system operating at 30 kV. A Panalytical X'Pert
PRO MPD X-ray diffractometer was used for X-ray diffraction (XRD)
analysis using Cu Ka radiation (1.54 A). Diffuse reflectance
spectroscopy (DRS) analysis was conducted on a Shimadzu model
UV-2600 system. Finally, the elemental content within the samples
was identified using an Agilent 720 inductively coupled plasma—
optical emission spectroscopy (ICP—OES) spectrometer. A Micro-
meritics 3Flex surface characterization analyzer was used for N,
adsorption—desorption analysis at —196 °C. Before the measure-
ments, the materials were outgassed at 120 °C for 10 h.

Selective Oxidation of Benzyl Alcohol to Benzaldehyde. For
each experiment, a borosilicate glass vial (40 mL) was charged with 30
mg of the photocatalyst and 30 mL of benzyl alcohol (500 uM in
50:50 (v/v) acetonitrile/water). The mixture was sonicated for 30 s in
an ultrasonic bath (Branson M2800) and stirred in the dark to achieve
adsorption—desorption equilibrium. Next, the vial was placed in an
Ace Glass photochemical safety cabinet, model #7836-20, that is
equipped with a 450 W medium-pressure mercury-vapor lamp. At
preset intervals, 500 uL aliquots were withdrawn and transferred to 2
mL gas chromatography (GC) vials, to which 500 uL of GC-grade
hexane was added. To extract the reactant and products into the
hexane layer, the vials were agitated on a vortexer for 1 h. Then,
aliquots (100 uL) were withdrawn from the hexane layer and
transferred to a 1.8 mL GC vial with a 200 uL glass insert, to which 10
HL of p-anisaldehyde was spiked as an internal standard. All samples
were analyzed on an Agilent GC—MS 5975C equipped with a HP-
SMS column with a length of 30 m, an ID of 0.250 mm, and a film
thickness of 0.25 pm.

B RESULTS AND DISCUSSION

BiVO,/BiOBr was prepared and decorated with Au nano-
domains. The procedure used involves a simple green
approach to prepare a highly efficient multicomponent
photocatalyst. Interestingly, this approach involves the use of
a one-pot method to prepare BiVO,/BiOBr, which enables the
intercalation between BiOBr and BiVO,. Moreover, it
describes a green route to deposit Au nanoparticles using a
simple photodeposition approach, as shown in Scheme 1.

https://doi.org/10.1021/acsanm.3c00293
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Scheme 1. Preparation of BiVO,/BiOBr/Au
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The structure of the prepared BiVO,/BiOBr photocatalyst
before and after Au loadings was examined using XRD analysis,
where the obtained patterns are presented in Figure la. The
XRD pattern of BiVO,/BiOBr shows peaks at 18.7, 28.8, 30.5,
35.2, 39.8, 42.5, 47.3, 50.3, 53.3, and 58.5° that correspond to
the (110), (121), (040), (002), (211), (051), (042), (202),
(161), and (321) planes of BiVO,. The pattern of BiVO, can
be indexed to the monoclinic phase of BiVO, (JCPDS no. 00-
014-0688),> as displayed in the Supporting Information,
Figure S1. On the other hand, the peaks appearing at 10.9,
25.3, 31.9, 39.3, 46.5, and 57.2° correspond to the (001),
(101), (102), (112), (200), and (203) planes of BiOBr. The
pattern of BiOBr can be indexed to the tetragonal phase of
BiOBr (JCPDS no. 00-001-1004),* as displayed in Supporting
Information, Figure S1. To obtain insights on how the
photodeposition of Au nanoparticles could influence the
photocatalytic reactivity toward benzyl alcohol oxidation, Au
nanodomains were deposited on BiVO,/BiOBr with different
loadings in the range of 0.5—5 wt %. The patterns of the
BiVO,/BiOBr/Au samples show an additional peak at 38.2°
that corresponds to the (111) plane of cubic gold nanoparticles
(Figure 1a) according to JCPDS no. 00-001-1172 (Supporting
Information, Figure S1).”” The intensity of the Au peaks
increases with increasing gold content; however, the Au peaks
in the 0.5% sample can be barely seen because the gold content
is too low to be detected via XRD analysis. Moreover, there are
no peaks observed for gold oxide nanoparticles indicating that

all the gold particles formed on the surface of BiVO,/BiOBr
are Au nanodomains.

SEM analysis was conducted to investigate thoroughly the
effect of photodeposition on the morphology of BiVO,/BiOBr,
and the obtained images are presented in Figure lc,d. The
SEM image of the prepared bare BiVO,/BiOBr (Figure 1c)
reveals that the nanomaterial has a sheet-like structure with a
smooth surface, where each nanosheet was stacked on top of
one another. After 3% Au photodeposition, small particles were
formed on the BiVO,/BiOBr nanosheets that correspond to
Au nanoparticles (Figure 1d). Particularly, and to ensure that
Au nanodomains are formed on the BiVO,/BiOBr nanosheets,
the bare BiVO,/BiOBr particles were ultrasonically dispersed
in water, and the gold precursor solution was added to the
dispersed nanosheet slurry and stirred for 30 min prior to the
photodeposition reaction. During this 30 min period, the gold
ions were adsorbed on the BiVO,/BiOBr nanosheet surface;
thus, when Au nanodomains were grown, they were deposited
on the nanosheet surface. In addition, the SEM image of
BiVO,/BiOBr/Au 3% demonstrates that the nanosheets
structure remains intact during and after photodeposition.

The effect of Au loadings on the morphology of BiVO,/
BiOBr nanosheets was also studied using TEM analysis, and
the images are displayed in Figure S2. The TEM images of
BiVO,/BiOBr/Au samples exhibit small dark particles that are
unevenly dispersed over the nanosheets. Interestingly, the
number of these dark particles did not increase with increasing
the Au loading, but instead the size of the deposited particles
increased with increasing the Au loading. This phenomenon
indicates that upon increasing the Au precursor concentration,
Au ions are reduced to make the existing particles larger rather
than forming new particles. The Au content within the BiVO,/
BiOBr/Au samples was also analyzed using ICP—OES, and the
obtained data are listed in Table S1.
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Figure 2. Photocatalytic oxidation of benzyl alcohol: (a) benzyl alcohol disappearance, (b) benzaldehyde appearance, (c) initial conversion rate of
benzyl alcohol, and (d) benzaldehyde yield. Conditions: benzyl alcohol concentration (500 uM), pH (6.8), photocatalyst weight (30 mg), and
temperature (20 °C). Percent of Au on BiVO,/BiOBr/Au ranges from 0 to 5%.

The surface chemical state of the nanosheets of BiVO,/
BiOBr was further explored using X-ray photoelectron
spectroscopy (XPS) analysis, and the obtained spectra are
presented in the Supporting Information, Figure S3. The Bi 4f
spectrum of BiVO,/BiOBr shows two peaks at 159.5 and 165
eV, which correspond to the binding energies of Bi 4f;,, and Bi
4f; )5, respectively. These values agree well with the Bi** values
reported for BiOBr elsewhere.”® The V 2p spectrum exhibits
two peaks at 516.5 and 524 eV that are assigned to V 2p;,, and
V 2py), respectively, which were attributed to V°* of
monoclinic BiVO,.”” The O 1s spectrum shows two peaks at
529.5 and S31.5 eV, arising from the lattice oxygen of
tetragonal BiOBr and monoclinic BiVO,.”® Separately, the
peaks for Br 3d;;, and Br 3d;,, appear at 69.5 and 68.2 eV,
respectively, arising from the bromide ions of tetragonal
BiOBr.*” After the photodeposition of Au nanoparticles, the
XPS spectra of BiVO,/BiOBr/Au 3% exhibit all the major
peaks of Bi, V, O, and Br without any noticeable shift in their
binding energies, as shown in Figure le—j. The two peaks at
83.9 and 87.7 eV (Figure 1i) correspond to Au 4f,, and Au
4f; ), respectively, and can be indexed to metallic Au.

To explore the distribution of the elements across the
nanosheets of BiVO,/BiOBr/Au, HRTEM and elemental
mapping analyses were carried out (Figure 1k—q). The results
reveal that bismuth, oxygen, and bromine are homogeneously
distributed across the BiOBr sheet, while vanadium intensifies
within the BiVO, sheet. In addition, the elemental mapping of
BiVO,/BiOBr/Au reveals that gold nanodomains were
deposited on both BiOBr and BiVO, nanosheets. These
results were further investigated by line-scan profile analysis
(Figure 1r), which reveals that vanadium was only found at the
BiVO, sheet, while bismuth was detected at both BiOBr and
BiVO, sheets. In addition, the gold profile shows that Au
nanodomains were formed on both BiOBr and BiVO,.
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DRS analysis was conducted to estimate the band edge
positions of the prepared materials, and the obtained spectra
are shown in Supporting Information, Figure S4. It is evident
that there was no significant shift in the absorption edge
positions or the band gaps of the prepared materials after the
deposition of metallic gold nanoparticles. On the other hand,
UV—vis spectra (Figure 1b) show an additional shoulder peak
in the visible region that corresponds to the surface plasmon of
metallic gold nanoparticles.*” Moreover, it was evident that the
intensity of this peak increases and becomes blue-shifted with
increasing the Au content in the sample. The blue-shifted
surface plasmon is due to the long-range dipole coupling in the
gold nanoparticle random arrays."'

The surface area of the BiVO,/BiOBr materials before and
after gold deposition was quantified using N, adsorption—
desorption analysis, and the generated isotherms are presented
in Figure SS. It is evident that the materials before and after
gold deposition exhibit reversible type II isotherms, and this
type of isotherm is encountered when N, adsorption—
desorption occurs on non-porous materials. The SEM analysis
also confirms the non-porous texture of the prepared materials.
The BET surface area calculated for the BiVO,/BiOBr
materials before and after gold deposition was found to be
1.73 and 2.04 m*/g for BiVO,/BiOBr and BiVO,/BiOBr/Au
3%, respectively. It is evident that the surface area increased
upon the deposition of gold, which can be ascribed to the
additional surface area provided by the surface of the gold
nanoparticles.

Once the prepared BiVO,/BiOBr/Au samples with different
loadings of Au were comprehensively characterized, their
reactivity was tested in the photocatalytic oxidation of benzyl
alcohol to benzaldehyde in a photochemical reactor. Prior to
photocatalytic experiments, the adsorption capacity of the
BiVO,/BiOBr/Au samples was examined, and the results are
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presented in the Supporting Information, Figure S6. The data
revealed that negligible benzyl alcohol adsorption occurred,
which did not exceed 0.25% for all the tested samples.
Furthermore, it was evident that 30 min of stirring was
adequate for all the tested materials to equilibrate with benzyl
alcohol. As such, all the tested photocatalysts were stirred for
30 min in the dark before initiating the reaction to attain
adsorption—desorption equilibrium.

Before evaluating the reactivity of the prepared BiVO,/
BiOBr/Au nanomaterials for photocatalysis, the reaction was
conducted in absence of the prepared nanomaterials
(Supporting Information, Figure S7). The results show that
after S h of irradiation, the extent of benzyl alcohol conversion
did not exceed 1%, revealing that light alone, without a
photocatalyst, cannot drive the oxidation of benzyl alcohol to
benzaldehyde. In addition, there were no detectable products
observed during the irradiation of benzyl alcohol in the
absence of a photocatalyst, emphasizing the importance of
using an efficient photocatalyst to drive the reaction.

The photocatalytic oxidation of benzyl alcohol was initiated
by irradiating the sample once the photocatalyst had
equilibrated with benzyl alcohol. The concentrations of benzyl
alcohol and benzaldehyde were monitored as a function of
time, as shown in Figure 2. The results revealed that the extent
of benzyl alcohol conversion was quite sluggish in the presence
of Au-free BiVO,/BiOBr. Upon testing the BiVO,/BiOBr/Au
samples, the extent of benzyl alcohol conversion significantly
increased. The results showed that the extent of benzyl alcohol
conversion and benzaldehyde yield increased with increasing
the Au content, reaching maximum reactivity when the Au
content was 3%. Beyond this loading, the reactivity declined.

The observed reactivity enhancement was attributed to the
surface plasmon resonance (SPR) and arises upon promoting
the BiVO,/BiOBr material with plasmonic nanoparticles such
as Au nanoparticles. The SPR can be readily activated upon
irradiation with light that excites the collective electrons of the
plasmonic nanoparticles. Accordingly, surface plasmons are
formed as a result of a rapid oscillation of the electrons at
metallic-dielectric interfaces.*” Such an improvement expands
the light absorption capacity of the semiconducting material to
harness the visible light irradiation, which eventually fosters the
photocatalytic performance.”” In addition, when a semi-
conductor is promoted with plasmonic nanoparticles, a
Schottky junction is created, generating an electric field that
enhances the separation of the charge carriers, increasing their
formation rate while restraining their recombination.’
Furthermore, surface plasmons are capable of polarizing the
reactants at the metal/liquid interface owing to the dielectric
polarization effect, thus reducing the mass transport limitation
at the photocatalyst surface.”® A maximum benzaldehyde yield
of 99% was obtained using BiVO,/BiOBr/Au 3%; beyond an
Au content of 3%, the benzaldehyde yield declined. This
decline occurred because the gold particles tend to grow in size
rather than form new particles, as shown in the TEM images.
The formation of large Au nanoparticles limits their exposure
to light irradiation and reduces their photocatalytic perform-
ance.

The feasibility of the prepared composite was further
evaluated by comparing the photocatalytic activity of BiVO,/
BiOBr/Au 3% with that of BiVO,/Au 3% and BiOBr/Au 3%,
and the obtained data are presented in Figure S8. The data
revealed that the maximum efficiency was obtained when using
BiVO,/BiOBr/Au 3%, indicating the crucial role of the
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composite in enhancing the photocatalytic performance. To
estimate the conduction and valence band edge positions of
the composite, Mott—Schottky, DRS, and valence band XPS
analyses were conducted. The DRS data show (Supporting
Information, Figure S9a,b) that BiVO, and BiOBr have a band
gap of 2.6 and 2.9 eV, respectively. In addition, the valence
band XPS curves of BiVO, and BiOBr (Supporting
Information, Figure S9c,d) were used to obtain the value of
energy gap between the VB and the Fermi level (E;). For the
BiVO,, this gap was found to be 2.1 eV, while that for BiOBr
was found to be 1.7 eV. Mott—Schottky analysis was used to
obtain the value of the Fermi level (E;) for both BiVO, and
BiOBr, as shown in Supporting Information, Figure S9e. The
results revealed that BiVO, and BiOBr have Fermi level (E)
values of —0.37 and —0.32, respectively. Interestingly, the
Mott—Schottky plots of BiVO, and BiOBr exhibit a positive
slope which is encountered with n-type semiconductors.
Accordingly, the conduction bands (Supporting Information,
Figure S9f) for BiVO, and BiOBr were calculated, and their
values were found to be —0.62 and —1.53 eV, respectively.

The performance of BiVO,/BiOBr/Au 3% in the photo-
catalytic oxidation of benzyl alcohol to benzaldehyde
(substrate conversion of 100% and benzaldehyde selectivity
of 99%) after 4 h of irradiation is noteworthy, especially when
compared with other photocatalysts that have been used
previously for this reaction. For example, Schiinemann et al.*’
prepared a composite made up of halide perovskites and
titanium oxide, where they tested the prepared composite for
this reaction. They reported that the composite was able to
have a benzyl alcohol to benzaldehyde conversion of 50% and
benzaldehyde selectivity of 99% after 20 h of irradiation. Shen
et al.** prepared ultrathin nanosheets of Bi,Ti;O;, and
examined the photocatalytic activity of the nanosheets. For
these materials, it was found that after S h of irradiation, the
conversion of benzyl alcohol reached 35.5%, while the
benzaldehyde selectivity was 99.8%. Alternatively, Zou et
al.” synthesized ZnTi-LDH nanosheets as photocatalysts,
where they reported a benzyl alcohol conversion of 61% and a
benzaldehyde selectivity of 77% after 4 h of irradiation. Xing et
al.*® prepared a polyoxometalate-incorporated ZnlIn,S, Z-
scheme dual-functional photocatalyst for the selective
oxidation of benzyl alcohol to benzaldehyde. The prepared
photocatalyst exhibited a photocatalytic activity with benzyl
alcohol conversion and benzaldehyde selectivity of 96.1 and
98.2%, respectively, after 25 h of irradiation. Giannakoudakis et
al."” prepared nanostructured titanium (hydro)oxide and
tested the photocatalytic activity of the prepared titanium
(hydro)oxide in benzyl alcohol oxidation. They reported a
benzyl alcohol conversion of 73% and a benzaldehyde
selectivity of almost 100% after 6 h of UV irradiation. Thus,
it is evident that BiVO,/BiOBr/Au 3% exhibited enhanced
photocatalytic performance compared to previous systems.
Moreover, the GC—MS chromatograms (Supporting Informa-
tion, Figures S$10,S11) show that benzaldehyde is the only
oxidative product generated over the course of the reaction. In
addition, no intermediates were detected during the reaction,
indicating that benzyl alcohol is directly oxidized to
benzaldehyde.

To get insights on the reactive oxygen species that might
drive the photocatalytic oxidation process, trapping experi-
ments were conducted by adding a selective trap for each
reactive oxygen species. For such experiments, p-benzoquinone
(BQ), isopropanol (IPA), triethanolamine (TEOA), and
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Figure 3. Effect of adding trapping agents on the photocatalytic oxidation of benzyl alcohol using BiVO,/BiOBr/Au 3%: (a) benzyl alcohol
disappearance, (b) benzaldehyde appearance, (c) initial conversion rate of benzyl alcohol, and (d) benzaldehyde yield. Conditions: benzyl alcohol
concentration (500 #M), pH (6.8), photocatalyst weight (30 mg), and temperature (20 °C).

2,2,6,6-tetramethyl piperidine (TEMP) were used to trap
superoxide radicals, hydroxyl radicals, holes, and singlet
oxygen, respectively. The results (Figure 3) show that the
addition of BQ, IPA, and TEOA had no effect on benzyl
alcohol conversion or benzaldehyde yield, indicating that
neither superoxide radicals, hydroxyl radicals, nor holes were
involved in the reaction. On the other hand, the reactivity was
completely inhibited upon the addition of TEMP, suggesting
that singlet oxygen was a major component in driving the
photocatalytic oxidation of benzyl alcohol to benzaldehyde. To
identify the source of singlet oxygen, the reaction was
conducted using an inert gas, where the reaction vial was
purged with N, for 30 min before starting the reaction, as
shown in Figure 3. The data revealed that when the vial was
purged with N,, benzyl alcohol conversion and benzaldehyde
production were completely inhibited, suggesting that O, gas
was the source for singlet oxygen.

To further confirm the generation of singlet oxygen during
the photocatalytic reaction, electron paramagnetic resonance
(EPR) analysis was conducted in the presence of TEMP. The
sample was prepared by dispersing BiVO,/BiOBr/Au 3% (1
mg mL™') in a benzyl alcohol solution (500 uM) that
contained 50 mM TEMP. Next, photogenerated singlet oxygen
was produced by irradiating the sample with light in front of a
solar simulator for 3 min; then, a sample (50 uL) was
transferred to a capillary tube to be analyzed using EPR, where
the generated spectra are shown in Figure 4. The EPR data
exhibited a typical spectrum for a TEMP adduct of singlet
oxygen with three lines of relative intensities of 1:1:1. These
results validate the generation of singlet oxygen within the
system, which is responsible for the oxidation of benzyl alcohol
to benzaldehyde. In addition, the production of superoxide
radicals and hydroxyl radicals was studied using S-tert-
butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) as a
spin trap; however, no signal was detected, indicating that
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— TEMP + BiVO,/BiOBr/Au 3%
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Figure 4. X-band EPR spectra of the TEMP—'0, adduct in the
presence and absence of BiVO,/BiOBr/Au 3%. Conditions: a
microwave power of 10 mW, a frequency of 9.63 GHz, and a
temperature of 20 °C.

singlet oxygen is the sole active species produced within the
tested system.

Singlet oxygen is a highly reactive species that is typically
produced as a result of the oxidation of superoxide radicals via
trapped or valence band holes.*”® Interestingly, our results
showed that superoxide radicals have no contribution in the
oxidation of benzyl alcohol to benzaldehyde, indicating that
the production of singlet oxygen takes place through a
completely different process. It has been reported that the
spin-flip restriction between the singlet excited state and
ground state forbids the conversion of triplet oxygen to singlet
oxygen under normal conditions.*” Gellé et al.*’ reported that
plasmonic nanoparticles can enhance the generation of singlet
oxygen via an antenna effect, concentrating the light in the
vicinity of the plasmonic nanoparticles. Planas et al.’' stated
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that hybrid plasmonic nanoparticles enhance the production of
'0, by increasing the absorption of light. Macia et al.”
reported that hybrid silver nanocubes can significantly enhance
the production of 'O, by exploiting the lightning rod effect, or
plasmon hot spots, in the plasmonic nanoparticles. After Au
deposition, the extents of benzyl alcohol conversion and
benzaldehyde production were significantly enhanced, suggest-
ing that the deposition of plasmonic nanoparticles has
remarkably boosted the production of singlet oxygen. Taken
together, it is likely that irradiating BiVO,/BiOBr/Au with
light excites the electrons to the singlet state to produce singlet
excitons and eventually triplet excitons via intersystem
crossing, as shown in Scheme 2. Next, dissolved O, reacts
with triplet excitons to produce singlet oxygen.*’

Scheme 2. Proposed Mechanism for Singlet Oxygen
Production Using BiVO,/BiOBr/Au 3%
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To get further insights about the mechanism of benzyl
alcohol oxidation to benzaldehyde, density functional theory
calculations were implemented, and the structures of all the
reaction components were optimized; the obtained data are
presented in Supporting Information, Figure S12. To study
whether the oxidation of benzyl alcohol is thermodynamically
allowable, the energy barrier and the intrinsic reaction
coordinates were estimated (Figure 5). The data showed
that singlet oxygen can abstract the hydrogen atoms of the
hydroxyl group and alpha carbon by overcoming an energy
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Figure 5. Hydrogen atom abstraction of benzyl alcohol by the 'O,
energy barrier diagram.
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barrier of 130.2 k] mol™! to eventually produce benzaldehyde.
Moreover, the remarkably negative value obtained for the AG
during the abstraction of hydrogen atom indicates that the
reaction is thermodynamically favored. Theoretically, the
abstraction of hydrogen atoms from benzyl alcohol molecules
produces benzaldehyde and hydrogen peroxide.

To confirm experimentally the production of hydrogen
peroxide during the reaction, aliquots were withdrawn during
the reaction and mixed with a TiOSO, solution (1.9—2.1%).
The mixture was analyzed via UV—vis, as shown in Supporting
Information, Figure S13. A broad peak with a 4., of 410 nm
was observed, which is ascribed to the yellow titanium
peroxide complex (Ti(IV)0,**) that is formed as a result for
the reaction of hydrogen peroxide with TiOSO, in solution.
The results show that the spectrum intensity increases with
increasing the reaction time, peaking at 2 h, and that beyond
that the spectrum intensity decreases. This increase is ascribed
to the production of hydrogen peroxide over the course of the
reaction. Interestingly, after 2 h of irradiation, the concen-
tration of hydrogen peroxide declines, which can be attributed
to the decomposition of hydrogen peroxide into water and
oxygen. Thus, it can be concluded that the photocatalytic
oxidation of benzyl alcohol to benzaldehyde produces
hydrogen peroxide as a side product, supporting the proposed
mechanism.

The recyclability of BiVO,/BiOBr/Au was tested to assess
the sustainability of the proposed system. In this regard,
additional experiments were conducted, where BiVO,/BiOBr/
Au 3% was recovered and reused for four consecutive
experiments. After each experiment, the recovered BiVO,/
BiOBr/Au 3% was separated, washed, and redispersed in fresh
benzyl alcohol solution (500 uM). After the fourth consecutive
experiment (Supporting Information, Figure S14), the
benzaldehyde production yield remained almost the same,
indicating the ability of the prepared BiVO,/BiOBr/Au 3% to
endure the conditions of the photocatalytic oxidation reaction
for at least four runs.

B CONCLUSIONS

BiVO,/BiOBr/Au nanosheets demonstrated outstanding per-
formance in the photocatalytic oxidation of benzyl alcohol to
benzaldehyde because of the SPR effect that arises upon
decorating BiVO,/BiOBr with plasmonic gold nanoparticles.
Such an improvement expands the light absorption capacity of
the semiconducting material to harness visible light irradiation,
which eventually fosters the photocatalytic performance.
Furthermore, surface plasmons are capable of polarizing the
reactants at the metal/liquid interface owing to the dielectric
polarization effect, reducing the mass transport limitation at
the photocatalyst surface. Our results showed that the
superoxide radical has no contribution in the oxidation of
benzyl alcohol to benzaldehyde, indicating that the production
of singlet oxygen takes place via the intersystem crossing
process. In addition, the DFT calculation suggested that singlet
oxygen could abstract the hydrogen atoms of the hydroxyl
group and alpha carbon to produce benzaldehyde and
hydrogen peroxide.
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XRD pattern of BiVO,/BiOBr/Au 3%; TEM images of
the prepared materials; high-resolution XPS spectra;
DRS spectra; N, adsorption—desorption isotherms;
adsorption of benzyl alcohol; photolysis of benzyl
alcohol; photocatalytic oxidation of benzyl alcohol
using different DRS spectra, valence band XPS spectra,
Mott—Schottky plots, and band structure diagram of
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spectra; optimized structures; absorbance spectra of
titanium peroxide; reusability of BiVO,/BiOBr/Au 3%;
and ICP—OES data for different loadings (PDF)
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