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ABSTRACT: Photocatalytic  oxidation  of  hydrocarbons  to  value-
added oxygen-containing compounds is  a  green and sustainable
method. However, the efficient activation of C(sp3)–H bonds under
mild  conditions  remains  a  significant  challenge.  In  this  study,  we
prepared  BiOBr/Bi2MoO6  Z-scheme  heterostructure  for
photocatalytic  selective  oxidation  of  toluene  to  benzaldehyde
utilizing  acetic  acid  as  solvent.  A  small  amount  of  water  as  an
additive  established  an  acidic  environment  to  facilitate  the
formation of highly reactive hydroxyl radicals (·OH) through the O2
→·O2

− → H2O2 →·OH process. The ·OH together with photogenerated holes acted as reactive species dissociate C(sp3)–H
bonds,  which is  regarded as the rate-determining step for  this  reaction,  boosting photocatalytic  activity.  Compared to the
reaction system without  water,  the conversion of  toluene increased from 23.6% to 39.0%, reaching a toluene conversion
rate of 6110 μmol·g–1·h–1. Additionally, there is a slight improvement in the selectivity of benzaldehyde.
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1    Introduction
The  progress  of  chemical  industry  relies  heavily  on  research  of
selective  activation  and  transformation  of  C(sp3)–H  bonds  to
generate  valuable  compounds  [1, 2].  However,  the  activation  of
C(sp3)–H  bonds  often  requires  harsh  conditions  such  as  high
temperatures,  high  pressures,  and  strong  oxidants,  leading  to
substantial energy consumption and environmental damage [3]. In
recent  years,  there  has  been  a  remarkable  surge  in  interest  in
photocatalytic organic synthesis, which was regarded as a green and
sustainable  method.  One  illustrative  example  is  the  photocatalytic
oxidation of toluene to produce benzaldehyde. In the photocatalytic
oxidation reaction of toluene, dissociation of the C(sp3)–H bonds to
form  benzyl  radical  was  regarded  as  the  rate-determining  step,
which  was  typically  achieved  through  holes  oxidation  or  active
radical oxidation [4, 5]. In photocatalytic reactions, reactive oxygen
species  (ROS)  were  served  as  the  primary  oxidants  in  addition  to
photogenerated holes in photooxidation reactions [6−9]. Activating

the C(sp3)–H bonds through the combined action of ROS and holes
may  be  a  viable  strategy  for  enhancing  the  oxidation  activity  of
toluene.

Among  various  ROS  including  hydroxyl  radicals  (·OH),
superoxide radicals (·O2

−), and singlet oxygen (1O2), ·OH possess the
strongest oxidation capacity and can directly activate the C(sp3)–H
bonds  of  toluene  [10−12].  Recently,  researchers  have  proposed  a
strategy of utilizing photogenerated holes to oxidize H2O into ·OH,
which can then facilitate the conversion of organic compounds. In a
study conducted by Jiang et al., the addition of water in acetonitrile
solvent  was  observed  to  enhance  the  conversion  of  toluene
significantly  [13].  Later,  the  photocatalytic  transformation  of
ethylbenzene was also achieved using a mixed solvent of water and
tert-butyl alcohol [14]. This significant breakthrough was facilitated
by  the  generation  of  ·OH  through  the  process  of  photocatalysis.
However,  the  oxidation  of  H2O  to  generate  ·OH  requires  a  high
oxidation  potential  (E =  2.38  V  vs.  standard  hydrogen  electrode
(SHE))  [15, 16].  Additionally,  this  process  consumes  a  significant
number  of  photogenerated  holes,  making  it  a  big  challenge  to
activate  organic  substrates  solely  through  hole  oxidation.  It  is
evident  that  the  incorporation  of  H2O2 into  the  photocatalytic
system  can  generate  ·OH,  thereby  enhancing  the  reactivity  of
photocatalytic process [17, 18]. However, directly adding H2O2 into
the  reaction  system  can  make  the  reaction  process  uncontrollable
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and  increase  the  cost.  It  has  been  observed  that  under  an  acidic
chemical  environment,  a  continuous  two-electron  process  can
reduce  O2 to  H2O2,  which  can  subsequently  decompose  to  form
·OH  [19−21].  Meanwhile,  in  the  context  of  toluene  oxidation,
researchers  have  investigated  the  performance  of  thermal  catalysts
in  various  solvents  and  found  that  the  highest  toluene  oxidation
performance  was  achieved  in  acetic  acid,  followed  by  acetonitrile,
and then ethyl acetate [22]. The polarity and acidity of solvent were
proved  to  play  a  crucial  role  in  determining  the  oxidation
performance  of  toluene.  Therefore,  employing  acetic  acid  as  a
solvent  for  the  photocatalytic  oxidation  of  toluene,  with  the
addition  of  water  to  facilitate  the  ionization  of  acetic  acid  and
generate  H2O2 in  an  acidic  environment,  followed  by  the
decomposition  of  H2O2 to  produce  ·OH,  represents  an  effective
strategy for enhancing the activity of toluene photooxidation.

In  recent  years,  Bi-based  semiconductors  have  garnered
significant  attention  from  researchers  due  to  their  favorable  band
structure  and cost-effective  availability.  They  have  found extensive
applications in the field of photocatalysis, including water splitting,
CO2 reduction, N2 fixation, and organic synthesis [23−25]. Among
them,  Bi2MoO6 (BMO)  exhibits  a  distinctive  layer-like  structure
composed  of  alternating  Bi2O2

2+ and  MoO4
2– layers,  and  it

crystallizes  in  the  orthorhombic  crystal  system  [26, 27].  The
distinctive  structure  of  Bi2MoO6,  along  with  its  favorable  valence
and  conduction  band  potentials,  has  positioned  it  as  a  promising
candidate material for photocatalytic selective conversion of organic
compounds [28, 29].  In  our  previous  work,  Bi2MoO6 nanocrystals
with  varying  thicknesses  were  synthesized  for  the  purpose  of
selective  toluene  photooxidation.  The  reduced  thickness  of
nanocrystals  facilitated  the  rapid  separation  of  photogenerated
electron-hole  pairs,  minimizing  the  likelihood  of  recombination
[30].  In  a  recent  study,  two-dimensional  (2D)  Bi2W0.3Mo0.7O6 was
fabricated by Dai et al. and it exhibited good photocatalytic activity
for benzaldhyde formation. The improved photocatalytic activity of
Bi2W0.3Mo0.7O6 was  attributed  to  its  balanced  charge  kinetics  and
optimized band structure [31]. Moreover, Bi2MoO6 exhibits a good
affinity for oxygen, enabling the conversion of O2 to H2O2 [32, 33].
However,  the  efficiency  of  charge  carrier  separation  in  Bi2MoO6,
especially  its  bulk  components,  still  requires  enhancement.
Consequently,  a  composite  photocatalyst  based  on  2D  Bi2MoO6
stands  out  as  a  viable  option  for  the  reduction  of  O2 to  hydrogen
peroxide  via  the  conduction  band,  and  for  the  generation  of
hydroxyl  radicals,  while  concurrently  oxidizing  toluene  to
benzaldehyde through the valence band holes.

In  this  study,  we  synthesized  BiOBr  (BOB)/Bi2MoO6 Z-scheme
heterostructure  for  photocatalytic  toluene  oxidation  using  acetic
acid  as  a  solvent.  The  construction  of  heterostructure  between
BiOBr  and  Bi2MoO6 facilitated  the  separation  of  photogenerated
carriers.  A  small  amount  of  water  as  an  additive  in  the  reaction
system  created  an  acidic  chemical  environment,  which  benefited
the transformation of ·O2

– to ·OH through the O2 → ·O2
– → H2O2 →

·OH  process.  This  transformation  of  ROS  boosted  the
photocatalytic  conversion of  toluene.  Simultaneously,  the  presence
of  water  facilitates  the  conversion  of  benzyl  alcohol  to
benzaldehyde,  resulting  in  a  slightly  improved  selectivity  towards
benzaldehyde. 

2    Experimental
 

2.1    Chemicals
Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), sodium molybdate

dihydrate  (NaMoO4·2H2O),  potassium  iodide  (KI),
cetyltrimethylammonium  bromide  (CTAB),  toluene  (C6H5CH3),
and  acetic  acid  (CH3COOH)  were  obtained  from  Sinopharm
Chemical  Reagent  Co.  Ltd.,  Shanghai,  China.  All  reagents  were  of
analytical  grade  and  used  without  further  purification.  Deionized
water  used  throughout  the  experiments  was  homemade  with  a
resistivity of 18.2 MΩ·cm. 

2.2    Catalyst synthesis
The BiOBr/Bi2MoO6-X (X = 1, 2, 3,  4) composites were fabricated
via  a  one-step  hydrothermal  method.  Specifically,  2  mmol  of
Bi(NO3)3·5H2O, 1 mmol of Na2MoO4·2H2O, and a certain amount
of CTAB were added to 80 mL of deionized water. After stirring for
30 min, the mixture was placed into a 100 mL Teflon-lined stainless
steel  autoclave  and  treated  at  180  °C  for  8  h.  Subsequently,  the
sample was washed several times with deionized water and absolute
ethanol,  followed by drying in air at 80 °C overnight. The resulted
samples  were  defined  as  BOB/BMO-X (X =  1,  2,  3,  4),  where X
represent the amount of CTAB (0.1, 0.2, 0.3, and 0.4 g, respectively)
during  the  synthesis  process.  BMO  was  also  prepared  using  the
same  method  without  adding  CTAB.  For  a  typical  synthesis  of
BOB, 2 mmol of Bi(NO3)3·5H2O and 2 mmol of KBr were dissolved
in 30 mL of deionized water. After stirring for an additional 30 min,
the  suspension  was  transferred  to  a  50  mL  Teflon-lined  stainless
steel autoclave and heated at 160 °C for 24 h. Once cooled down to
room  temperature  naturally,  the  final  product  was  collected  by
centrifuging, washed three times with deionized water and absolute
ethanol, and dried in air at 80 °C overnight. 

2.3    Characterization
Crystal structure of the prepared catalysts was analyzed using X-ray
diffraction (XRD) over a SHIMADZU XRD-6100 instrument using
Cu Kα radiation (λ = 0.15406 nm). To analyze the morphology and
elemental distribution, scanning electron microscopy (SEM, Hitachi
S-4800)  and  transmission  electron  microscopy  (TEM,  JEOL JEM-
2100F)  equipped  with  energy-dispersive  X-ray  (EDX)  were  used.
To obtain the surface composition and chemical states of elements,
X-ray  photoelectron  spectroscopy  (XPS,  PHI  VersaProbe  4)  was
employed  using  Mg  Kα radiation  (hν =  1253.6  eV).
Ultraviolet–visible  diffuse  reflectance  spectra  (UV−vis  DRS)  were
measured  through  a  Cary-100  spectrophotometer.  The
photoluminescence  (PL)  spectra  were  acquired  on  a  fluorescence
spectrometer  (Hitachi,  F-4600).  Time  resolved  PL  decay  curves
were  recorded  on  an  Edinburgh  FLS1000  fluorescence  lifetime
spectrophotometer.  Electron  spin  resonance  (ESR,  Bruker
EMXplus)  spectroscopy  was  used  to  detect  the  active  species
produced  during  the  reaction  process. In  situ diffuse  reflection
infrared  Fourier  transform  spectroscopy  (in  situ DRIFTS)  was
performed using  a  Bruker  TENSOR II  Fourier  transform infrared
spectroscopy (FTIR) NEXUS. First, catalysts were heated under N2
flow  from  room  temperature  to  120  °C  for  5  min  to  remove  the
absorbed  water.  Under  dark  conditions,  N2 containing  toluene
(200  ppm),  oxygen,  and  water  was  introduced  into  the  chamber
and pre-adsorbed on the catalyst surface for 20 min. Measurements
were taken every 4 min, resulting in 5 testing curves. After the gas
introduction was stopped, the xenon lamp was turned on for visible
light  irradiation  for  30  min,  and  measurements  were  taken  every
5  min  resulting  in  an  additional  6  testing  curves.  Transient
photocurrent,  electrochemical  impedance  spectroscopy  (EIS),  and
Mott–Schottky  (M–S)  plots  were  conducted  using  an

Tian et al. Nano Research | Vol. 18, No. 3

Nano Research, 2025, 18, 94907206 94907206 (2 of 11)

https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206
https://www.sciopen.com/article/10.26599/NR.2025.94907206


electrochemical workstation (CHI 660E) in a three-electrode system
comprising  fluorine-doped  tin  oxide  (FTO)  as  the  working
electrode,  a  platinum sheet  as  the  counter  electrode,  and Ag/AgCl
as  the  reference  electrode.  The  FTO  conductive  glass  was
sequentially cleaned by sonication for 30 min with toluene, acetone,
ethanol,  and  water.  5  mg  of  catalyst  was  dispersed  in  5  mL  of
ethanol,  and  10  μL  of  Nafion  was  added.  The  mixture  was  then
sonicated  for  30  min  and  drop-casted  onto  FTO  (1  cm  ×  1  cm)
glass  and  dried  at  room  temperature  for  12  h.  To  conduct  the
photoelectrochemical test, a 0.5 M Na2SO4 solution was used as the
electrolyte. 

2.4    Photocatalytic performance evaluation
The  photocatalytic  toluene  oxidation  reaction  was  conducted  in  a
25  mL  Schlenk  flask  with  a  branch  pipe.  In  a  typical  procedure,
10 mg of photocatalyst, 50 μL of toluene, 2 mL of acetic acid, and a
certain amount of deionized water were added to the Schlenk flask.
The  air  present  in  the  Schlenk  flask  was  removed  through  the  oil
pump  equipped  with  a  double-row  tube  under  liquid  nitrogen
refrigeration.  The  O2 was  introduced  into  the  reaction  system
through  the  branch  pipe  of  the  Schlenk  flask  with  an  O2 balloon.
Before visible light irradiation, the mixture was stirred for 30 min to
achieve  adsorption–desorption  equilibrium.  The  photocatalytic
reaction occurred under the irradiation of visible light emitted by a
300  W  xenon  lamp  with  a  400  nm  cutoff  filter,  with  continuous
stirring for 3 h. The products were analyzed using a Shimadzu GC-
2010Plus  gas  chromatograph  equipped  with  an  FID  and  a  1701
capillary  column  using  chlorobenzene  as  the  internal  standard
substance.  The  H2O2 concentration  was  determined  through  a
cerium sulfate (Ce(SO4)2)  titration method. The linear relationship
between  Ce4+ concentration  and  the  absorption  intensity  was
depicted in Fig. S1 in the Electronic Supplementary Material (ESM). 

2.5    Computational methods
All  the  density  functional  theory  (DFT)  calculations  were
performed  using  the  Vienna ab-initio simulation  package  (VASP)

[34].  The  project-augmented wave  (PAW) method was  applied  to
describe  the  core-valence  interaction  [35].  The  Perdew–
Burke–Ernzerhof  (PBE)  functional,  which  uses  the  generalized
gradient  approximation  (GGA),  was  employed  to  handle  the
exchange and correlation potential [36]. A cutoff energy of 450 eV
with  an  energy  convergence  threshold  of  1  ×  10−5 eV  and  a  force
convergence  criterion  of  0.02  eV·Å−1 were  used.  To  avoid  the
interaction between neighboring layers, a 15 Å vacuum layer in the
z-direction was set.  A 3 × 3 × 1 k-mesh of  the Brillouin zone was
employed. 

3    Results and discussion
 

3.1    Morphology and structure
XRD  patterns  of  synthesized  BOB  and  BMO  displayed
characteristic  peaks  corresponding  to  the  tetragonal  phase  BiOBr
(PDF#09-0309) and orthorhombic phase Bi2MoO6 (PDF#21-0102),
respectively, with no detection of other impurities (Fig. 1(a)). In the
case  of  BOB/BMO-X samples,  similar  patterns  to  those  of  BMO
were detected, with no peaks belonging to BOB appeared when the
amount of CTAB is lower than 0.2 g (BOB/BMO-2). Characteristic
peaks of BOB located at 31.7° and 57.2° in the composite, ascribing
to the (102) and (212) planes, appeared with the CTAB amount as
high as 0.3 g. This phenomenon indicates the success in fabrication
of  BOB/BMO  composite  and  the  amount  of  BOB  depends  on
CTAB involved in synthesis. All prepared samples are of sheet-like
structure  (Figs.  1(b) and 1(c) and  Fig.  S2  in  the  ESM),  but  the
incorporation  of  CTAB  had  a  notable  effect  on  reducing  the
thickness  of  resulted  composites.  TEM  images  confirmed  the
nanosheet structure of BOB/BMO-3 (Fig. 1(d)) with lattice spacings
of  0.274  and  0.282  nm  correspond  to  (002)  plane  of  BMO  and
(102)  plane  of  BOB  (Fig.  1(e)),  respectively.  The  homogeneous
distribution  of  Bi,  Mo,  O,  and  Br  elements  (Figs.  1(f)−1(j))
according to EDX analysis, further confirms.

XPS  was  employed  to  examine  the  chemical  state  of  surface
 

Figure 1    (a) XRD patterns of BMO, BOB, and BOB/BMO-X. SEM images of (b) BMO and (c) BOB/BMO-3. (d) TEM, (e) high-resolution TEM (HRTEM), and (f) high-
angle annular dark-field scanning TEM (HAADF-STEM) images, and (g)–(j) corresponding elemental mappings of BOB/BMO-3.
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elements. The peaks observed at 164.6 and 159.3 eV corresponded
to  Bi  4f5/2 and  Bi  4f7/2 (Fig.  S3(a)  in  the  ESM),  respectively,
indicating Bi in the prepared samples present at +3 [37]. Similarly,
peaks  at  235.8  and  232.6  eV  were  attributed  to  Mo  3d5/2 and  Mo
3d7/2 (Fig.  S3(b)  in  the  ESM),  respectively,  suggesting the  presence
of  Mo6+ [38].  The  addition of  CTAB did  not  cause  a  shift  in  peak
position  of  Bi  4f  and  Mo  3d,  which  was  consistent  with  previous
reports [39]. The observed O 1s XPS peak at 530.3 eV was assigned
to lattice oxygen, while the one at 532.2 eV for BMO was attributed
to  the  adsorbed  oxygen,  which  originated  from  the  adsorption  of
O2/H2O  on  the  catalyst  surface  [40].  Notably,  the  presence  of  an
additional  peak  at  531.6  eV,  corresponding  to  bridging  hydroxyls,
was  exclusively  observed for  BOB/BMO-3 (Fig.  S3(c)  in  the ESM)
[41]. Br 3d peak located at 68.9 eV appeared over BOB/BMO-3 but
was  absent  on  BMO (Fig.  S3(d)  in  the  ESM).  Combined  with  the
results  of  XRD  and  XPS  analysis,  successful  preparation  of
BOB/BMO composite was confirmed.

Optical  property  of  prepared  samples  was  characterized  using
UV–vis DRS. All prepared samples are of visible light response and
bandgap energy (Eg) values of BOB, BMO, and BOB/BMO-3 were
calculated to be 2.74, 2.36, and 2.41 eV, respectively (Figs. S4(a) and
S4(b) in the ESM). The flat-band potentials of BOB and BMO were
measured  to  be −0.62  and −0.10  V  (vs.  Ag/AgCl),  respectively,
according  to  M–S  plots  (Figs.  S4(c)  and  S4(d)  in  the  ESM).
Correspondingly, the conduction band (CB) position relative to the
normal  hydrogen electrode  (NHE) was  determined to  be −0.42  V
for  BMO and +0.10  V for  BOB,  with  valence  band (VB)  position
calculated to be +1.94 and +2.84 V for BMO and BOB, respectively. 

3.2    Electronic  structure  and  photoelectrochemical
properties
DFT  was  used  to  analyze  electronic  structure  of  BOB/BMO
heterostructure,  and  the  structural  model  of  BOB/BMO
heterostructure was depicted in Fig. S5 in the ESM. The density of
states (DOS) was calculated within the energy range of −4 to 4 eV
(Fig.  2(a)).  It  was  evident  that  the  valence  band  maximum  of  the
BOB/BMO heterostructure was predominantly contributed by O of
BMO,  while  the  conduction  band  minimum  was  mainly

contributed  by  Bi  in  BOB,  suggesting  that  the  BOB/BMO
heterostructure exhibited a staggered band alignment. Additionally,
the  work  functions  of  BMO  and  BOB  were  calculated  to  be  4.71
and 7.02  eV,  respectively,  indicating  a  higher  Fermi  level  of  BMO
than  that  of  BOB  (Figs.  2(b) and 2(c)).  The  charge  density
difference  of  BOB/BMO  heterostructure  was  calculated  by  the
following Eq. (1) [42, 43]

∆ρ = ρBOB/BMO − ρBOB − ρBMO (1)

where ρBOB/BMO, ρBOB,  and ρBMO are  charge  densities  of  BOB/BMO
heterostructure, BOB, and BMO, respectively. It is clearly observed
that  electrons  are  predominantly  accumulated  on  one  side  of  the
BOB  layer,  with  a  directional  transfer  of  electrons  occurring  from
BMO to BOB at the heterojunction interface (Figs.  2(d) and 2(e)).
Based on the findings  from UV–vis  DRS,  Mott–Schottky analysis,
and work function determination,  the energy band alignment and
charge transfer mechanism of the heterostructure was elucidated in
Fig.  2(f).  Upon contact  between BMO and BOB,  the formation of
an internal electric field and band bending enables the alignment of
Fermi  levels.  When  catalyst  was  irradiated,  both  BMO  and  BOB
became  excited,  leading  to  the  generation  of  electron–hole  pairs.
Benefiting  from  the  internal  electric  field,  band  bending,  and
Coulomb force, the photogenerated electrons in the CB of BOB will
combine  with  the  photogenerated  holes  in  the  VB  of  BMO.  As  a
result,  holes  accumulate  in  the  VB  of  BOB,  and  electrons
accumulate  in  the  CB  of  BMO.  This  Z-scheme  charge  transfer
mechanism facilitates efficient separation of photogenerated charge
carriers,  preserving  their  strong  redox  abilities,  i.e.,  capable  of  O2
reduction into ·O2

– and water oxidation in giving ·OH.
Compared  to  BMO  and  BOB,  BOB/BMO-3  demonstrated  an

enhanced transient photocurrent density,  indicating more effective
separation  of  photogenerated  charge  carriers  (Fig.  3(a)).  The  EIS
plot  of  BOB/BMO-3  exhibited  a  smaller  semicircle  radius,
indicating  a  lower  interface  resistance  (Fig.  3(b)).  In  addition,
BOB/BMO-3  exhibited  much  lower  intensity  of  PL  emission
compared to BOB and BMO, further confirming its higher carrier
separation  efficiency  (Fig.  3(c)).  Moreover,  average  fluorescence
lifetime  of  BOB/BMO-3  (τave =  3.46  ns)  was  longer  than  that  of
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BMO  (τave =  3.33  ns)  according  to  the  time-resolved
photoluminescence  (TRPL)  decay  spectra,  indicating  superior
charge  migration  property  along  the  Z-scheme  heterostructure  of
BOB/BMO-3 (Fig. 3(d)). 

3.3    Photocatalytic property
The selective oxidation of  toluene under visible light in acetic  acid
was used to evaluate the performance of the prepared catalysts (Fig.
4(a)).  Pure  BMO  exhibited  low  photocatalytic  activity,  with  only
toluene conversion of 1.5% after 3 h of  light irradiation.  However,
there was a significant improvement in the toluene conversion over
all  BOB/BMO  composites.  Among  them,  BOB/BMO-3  exhibited
the  highest  conversion  of  23.6%,  and  benzaldehyde  was  the  main
product  with  a  selectivity  of  81.5%.  When  BOB  was  used  as  the
catalyst,  the  conversion  rate  of  toluene  was  13.3%,  and  the
selectivity  for  benzaldehyde  was  85.3%.  Surprisingly,  a  small
amount of  water  in the reaction system further enhanced catalytic
activity (Fig. 4(b)). Toluene conversion reached 39.0% accompanied
by a benzaldehyde selectivity of 84.2% when an optimized amount
of  water  (0.2  mL)  was  added.  Slightly  increased  benzaldehyde
selectivity  (81.6%  to  84.2%)  in  the  presence  of  water  could  be
ascribed  to  enhanced  capacity  for  converting  benzyl  alcohol
(selectivity  from  10.4%  to  6.7%)  to  benzaldehyde,  which  is
consistent  with  the  results  of  previous  studies  [44, 45].  With  an
extended  reaction  time,  the  conversion  of  toluene  exhibits  an
upward  trend,  with  the  amount  of  benzaldehyde  decreased  and
benzoic acid increased. After 12 h of irradiation, toluene conversion
reached  80%,  with  benzoic  acid  emerging  as  the  predominant
product  (Fig.  4(c)).  Even  further  oxidation  of  benzaldehyde
happened  under  continuous  irradiation,  no  CO2 was  detected  as
mineralized  products.  No  significant  decline  in  catalytic
performance  in  five  cycles  (Fig.  4(d)),  as  well  as  no  changes  in
crystal  structure,  morphology,  element  proportion  and  surface
composition  before  and  after  recycling  test  underscored  excellent

stability  of  BOB/BMO-3  composite  (Figs.  S6–S8  and  Table  S1  in
the ESM). The water promoted phenomenon was also found when
the amount of toluene was varied (Fig. S9 in the ESM). Moreover,
benzaldehyde production rate gradually increased with the amount
of  toluene  increasing  and  BOB/BMO-3  exhibited  superior
photocatalytic  oxidation  performance  in  a  mixed  solvent  of  acetic
acid  and  water,  surpassing  most  of  the  reported  photocatalysts
(Table S2 in the ESM). 

3.4    Photocatalytic mechanism analysis
To explore the reasons why water acts as a promoter, we compared
the effects of water as an additive on the photocatalytic performance
in different solvents. As depicted in Fig. 5(a), when water is added
to  the  commonly  involved  solution  for  toluene  selective  oxidation
system, there is a significant increase in photocatalytic activity only
when  acetic  acid  is  used  as  solvent,  whereas  in  other  solvents  it
demonstrated a suppressive effect. When using trifluorotoluene and
ethyl  acetate  as  solvents,  the  limited  solubility  of  water  in  these
solvents  hinders  full  contact  between  catalyst  and  toluene,  leading
to  a  decrease  in  catalytic  activity.  However,  in  acetonitrile,  the
introduction  of  water  does  not  enhance  photocatalytic  activity
either.  Furthermore,  adding  a  small  amount  of  inorganic  acid
(0.2  mL  of  0.1  M  H2SO4,  HCl,  and  HBr  aqueous  solution)  to
acetonitrile  can  significantly  enhance  the  conversion  of  toluene.
However,  aqueous  solutions  of  the  corresponding  inorganic  salts
(0.2 mL of 0.1 M Na2SO4, NaCl, and NaBr aqueous solution) have
an inhibitory effect, which underscores the crucial role of an acidic
environment  in  facilitating  the  conversion  of  toluene  (Fig.  S10  in
the  ESM).  Considering  the  addition  of  water  produces  an  acidic
reaction environment which is favorable for H2O2 generation [19],
we  quantified  H2O2 during  photocatalytic  process  across  various
solvents. As depicted in Fig. 5(b), the introduction of water into an
acetic acid medium substantially boosted the generation of H2O2. In
contrast, the formation of H2O2 was negligible in a solvent mixture
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of  acetonitrile  and  water.  Additionally,  a  modest  amount  of  H2O2
was  observed  in  pure  acetic  acid  solvent.  These  phenomena  can
likely  be  ascribed  to  the  catalytic  role  of  water  generated  during
toluene oxidation process which enhanced H2O2 production.

ESR was used to identify ROS at different conditions (the ratio of
solvent  to  water  was  10:1,  consistent  with  the  photocatalytic
reaction  conditions)  so  as  to  understand  the  boosting  of
photocatalytic  activity  in  the  presence  of  H2O  as  an  additive  in
acetic  acid  solvent.  When  pristine  acetic  acid  was  used  as  solvent,
·O2

– as  primary ROS was detected and its  peak intensity  increased
by prolonging irradiation time (Fig. 5(c)). While in the acetic acid-
water  mixed  solvent  the  predominant  ROS  was  ·OH  (Fig.  5(d)),
which  possesses  higher  oxidative  ability  compared  to  ·O2

–,  and  it
can directly activate the C(sp3)–H bonds of toluene [5]. However, in
acetonitrile-H2O solution, ·O2

– and ·OH coexist, with ·O2
– being the

dominant  ROS  species  (Fig.  5(e)).  Furthermore,  the  intensity  of
·OH peak in acetic acid-water mixed solution is much higher than
that  in  aqueous,  indicating  both  acetic  acid  and  H2O  played
indispensable in promoting ·OH generation (Fig. 5(f)). It is deduced
that  the  addition  of  water  facilitates  ionization  of  acetic  acid,
generating  protons  and  creating  an  acidic  environment  and  thus
promotes  the  generation  of  ·OH.  Based  on  the  above  results,  we
infer that when water is added to acetic acid, O2 is reduced to H2O2
through  a  two-electron  reduction  process  in  the  presence  of  H+.
Then  H2O2 decompose  to  form  ·OH,  completing  the
transformation of ·O2

– to ·OH.
The  impact  of  adding  different  radical  trapping  agents  on

reaction  performance  was  shown  in  Fig.  S11  in  the  ESM.
Ammonium oxalate (AO), potassium persulfate (K2S2O8), butylated
hydroxytoluene  (BHT),  benzoquinone  (BQ),  and  mannitol  served
as  scavengers  to  quench  h+,  e−,  carbon-centered  radical,  ·O2

−,  and
·OH, respectively. After the addition of AO, toluene still exhibited a
conversion  of  16.1%.  It  meant  that  holes  are  not  the  only  active

species  responsible  for  the  activation  of  C(sp3)–H.  H2O2 was
detected  in  the  catalytic  process  and  its  generation  was  not
influenced  by  addition  of  AO  (Fig.  S12  in  the  ESM).  The
decomposition  of  H2O2 yields  ·OH,  which  can  activate  the
C(sp3)–H  bond  of  toluene,  allowing  toluene  to  maintain  a  certain
conversion rate even when the holes were quenched. The reaction
was  suppressed  to  some  extent  when  electron,  ·O2

−,  or  ·OH  was
quenched,  suggesting  they  participate  in  this  reaction.  Upon
quenching benzyl radical using BHT, the conversion rate of toluene
exhibited a sharp decrease,  underscoring the pivotal  role of  benzyl
radical  as  an intermediate species,  in agreement with our previous
results  [46−48].  Under  N2 or  in  dark  conditions,  toluene  is
essentially  not  converted,  indicating  that  both  O2 and  light
irradiation are indispensable.

DFT was  further  used to  compare  the  roles  of  ·O2
− and ·OH in

the  oxidation  of  toluene.  When  ·OH  acts  as  ROS,  due  to  their
strong oxidizing nature, they can spontaneously activate toluene to
benzyl radicals, with a ΔG of –0.06 eV. (Fig. 6(a)). Subsequently, the
benzyls radical reacts with ·OH to form benzyl alcohol (ΔG = –2.42
eV),  which  then  undergoes  dehydrogenation  to  yield  C6H5CH2O·
(ΔG = −0.25 eV).  This  intermediate  subsequently  reacts  with ·OH
to  form  C6H5CH2OOH  (ΔG = –0.08  eV),  and  C6H5CH2OOH
undergoes dehydration to produce benzaldehyde (ΔG = −2.40 eV).
However,  when  the  ROS  is  ·O2

−,  the  activation  of  the  C(sp3)–H
bonds in toluene by the photogenerated holes  is  more challenging
and  requires  overcoming  a  larger  reaction  energy  barrier  (ΔG =
1.71 eV) (Fig. 6(b)). The benzyl radical combines with ·O2

− to form
*C6H5CH2OO–,  and  *C6H5CH2OO– spontaneously  undergoes
hydrogenation and dehydration to yield benzaldehyde. The overall
ΔG for  the  entire  reaction  is −5.09  eV,  which  is  lower  than  that
when  ·OH  is  the  ROS  at −5.25  eV.  From  the  discussion  above,  it
can  be  inferred  that  ·OH  can  significantly  facilitate  the  C(sp3)–H
bonds  cleavage  of  toluene  to  produce  benzyl  radicals,  which  can
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then  undergo  subsequent  reactions  to  yield  benzaldehyde.  This
result is consistent with the experimental findings and explains the
reason  for  the  enhanced  oxidation  performance  of  toluene  when
water is added to acetic acid.

Furthermore, in  situ DRIFTS  was  provided  to  further  reveal
dynamic  evolution  of  toluene  on  the  surface  of  photocatalysts
(Fig.  7(a)).  The  bands  located  at  3086,  3063  and  3029  cm–1

correspond  to  the  C–H  bond  stretching  vibration  of  the  aromatic
ring,  while  the  band  at  1604  and  1456  cm–1 belonged  to  the
stretching vibration of C=C in aromatic rings [49, 50]. Meanwhile,
the  stretching  vibration  peaks  of  C(sp3)–H  (2933,  2869,  1456  and
1378 cm–1)  were observed,  indicating the adsorption of  toluene on
the  catalyst  surface  [51].  New  bands  at  1735  and  1704  cm–¹
assignable  to  the  C=O  of  benzaldehyde,  gradually  emerge  under
light irradiation and increase in intensity as the irradiation time was
prolonged,  providing evidence for the photocatalytic  generation of
benzaldehyde  [52−54].  DRIFTS  spectra  of  benzyl  alcohol  and
benzaldehyde  on  the  surface  of  BOB/BMO-3  were  shown  in  Fig.
S13 in the ESM. Within the wavenumber range of 1100–1250 cm–1,
the  bands  for  benzaldehyde  and  benzyl  alcohol  on  the  catalyst
surface  are  found  to  be  in  close  proximity.  Based  on  the  findings

reported in  the  literature,  we attribute  the  bands  observed at  1208
and 1177 cm−1 to the stretching vibrations of aromatic ring and side
chain C–C stretching [55, 56]. Additionally, the bands at 1080 and
1029  cm−1 were  attributed  to  the  stretching  vibrations  of  the  C–O
bond  in  benzyl  alcohol,  with  their  intensities  increasing  as  the
illumination time prolongs, which confirms the formation of benzyl
alcohol  during  the  reaction  process  [57, 58].  Based  on  all  results
above, we have proposed a mechanism for C(sp3)–H activation and
toluene  transformation  (Fig.  7(b)).  On  one  hand,  photogenerated
holes activate toluene into benzyl radicals. On the other hand, in the
presence  of  H2O  additive,  an  acidic  chemical  environment  is
established,  which  facilitates  the  generation  of  ·OH  via  a  multi-
electron reduction process  (O2 →  ·O2

− →  H2O2 →  ·OH).  Then ·OH
dissociated C(sp3)–H bonds of toluene directly into benzyl radicals.
These  benzyl  radicals  then  engage  in  subsequent  reactions  with
different ROS (·O2

−, ·OH, or O2) to produce the desired products.
To  demonstrate  universality  of  this  reaction  system,

photocatalytic  performance  of  toluene  derivatives  with  or  without
water  was  investigated  (Table  1).  Apparently,  in  the  presence  of
water, conversion of all substrates is higher than that in the absence
of  water.  At  the  same time,  selectivity  for  the  produced  aldehydes
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Figure 6    The pathways of toluene oxidation with different radicals (a) ·OH and (b) ·O2
−.

 

Figure 7    (a) In  situ DRIFTS  spectra  of  BOB/BMO-3  during  the  photocatalytic  toluene  oxidation  process  under  visible  light  irradiation.  (b)  Schematic  photocatalytic
mechanism of toluene oxidation over the BOB/BMO-3 composite.
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slightly  increased,  confirming  addition  of  water  enhances  the
photocatalytic  performances  of  BOB/BMO-3  when  acetic  acid  is
used  as  solvent.  The  reactivity  of  p-substituted  compounds  was
significantly enhanced relative to o- and m-substituted compounds
due  to  the  steric  hindrance  effect  (entries  2–4).  Compared  to
toluene  derivatives  with  electron-withdrawing  group  at  para-
position,  the  ones  with  electron-donating  group  showed  higher
conversion  (entries  4–10)  due  to  electron-donating  group
facilitating the formation of carbon center radicals [8]. It is observed
that  there  is  certain  linearity  between  the  lg(kX/kH)  values  and  the
Brown–Okamoto  constant  (r+)  from  the  Hammett  plot  of  the
oxidation of p-substituted toluene (–CH3, –C(CH3)3, –H, –Cl, and
–CF3) (Fig. S14 in the ESM). The Hammett ρ value is estimated to
be –0.83, which means toluene with electron-donating substituents
will be more conducive to the advancement of the reaction [4, 5]. 

4    Conclusions
In  summary,  BiOBr/Bi2MoO6 Z-scheme  heterostructure
photocatalysts  were  synthesized  through  a  one-step  hydrothermal
method.  Good  photocatalytic  activity  towards  toluene  oxidation
into  benzaldehyde  was  achieved  in  acetic  acid  solvent  due  to
efficient  separation  of  photogenerated  charge  carriers.  When  a
proper amount of  water  as  an additive was present,  photocatalytic
activity  was  doubled  and  selectivity  for  benzaldehyde  also  slightly
improved.  It  was  found  water  enhanced  ionization  of  acetic  acid,

establishing an acidic chemical environment that benefited from the
generation of reactive ·OH via the multi-electron reduction process
(O2 → ·O2

− → H2O2 → ·OH). Except for photogenerated holes,  ·OH
demonstrate  a  greater  propensity  for  C(sp3)–H  bonds  of  toluene
activation,  which  is  the  rate-determining  step  of  this  reaction,
thereby  contributed  to  a  marked  boosting  in  activity.  This  study
provided  a  strategy  to  enhance  photocatalytic  activity  by  altering
solvent to regulate ROS, which presents an encouraging avenue for
improving efficiency of toluene oxidation reactions. 

Electronic  Supplementary  Material: Supplementary  material
(SEM,  XPS,  Tauc  plots,  Mott–Schottky  plots,  catalyst  structure
model, used catalyst characterization, and controlled experiment) is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907206. 
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aReaction conditions: 10 mg of photocatalyst, 0.5 mmol of substrate, 2 mL of acetic acid (0.2 mL of H2O), 1 atm O2 under visible light (λ > 400 nm) for 3 h.
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