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a b s t r a c t

Aromatic ring-opening process is well recognized as the rate-determining step for catalytic toluene
degradation. In photocatalytic toluene degradation, the toxic intermediates with harmful effects may
be generated. To clarify the precise reaction mechanism and control the toxic intermediates generation,
a closely combined in situ DRIFTS and DFT calculation is utilized to address these important issues. We
construct the BiOCl with oxygen vacancies (OVs) and reveal the structure of OVs. The defect level caused
by oxygen vacancies could promote the light adsorption and charge separation, which further boosts the
activation of ring-opening species and enhances the generation process of free radicals. The reaction
energy barriers of four possible ring-opening processes on defective BiOCl (OVBOC) are all declined in
comparison with perfect BiOCl (BOC). The existence of oxygen vacancies could smooth the rate-
determining step so the ring-opening efficiency of photocatalytic toluene degradation is highly increased.
Most importantly, the methyl species would be further oxidized and tend to open the benzene-ring at
benzoic acid on BOC while the ring would be broken at the benzyl alcohol on OVBOC. These results indi-
cate that the toluene degradation pathway is shortened via the surface OVs, which enables the produc-
tion of radicals with high oxidation capability for the accelerated chain scission of the ring-opening
intermediates. Finally, the efficiency of the key ring-opening process could be enormously improved
and toxic intermediates are effectively restrained. The present work could provide new insights into
the design of high-performance photocatalysts for efficient and safe degradation of VOCs in air.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction catalytic combustion technology has all been applied in degrada-
Volatile organic compounds (VOCs), as a kind of toxic substance
in air, could pose serious damage to human health [1,2]. As one of
typical VOCs, toluene is utilized as an organic solvent in adhesives
and paints in the past few years and is likely to be emitted from
building material to indoor environment. The VOCs emission has
significantly affected the living environment (like sick house syn-
drome) and the atmospheric environment (like photochemical
smog) [3]. To ease the environmental problems caused by VOCs,
adsorbed filters with activated carbon, zeolites or diatomaceous
earth are extensively used in the market for removing VOCs. The
Elsevier B.V. and Science China Pr
tion of VOCs at relatively high temperature [4,5]. Nevertheless, to
achieve the better air cleaning effectiveness at mild conditions,
semiconductor photocatalysts operated at room temperature can
be applied to completely mineralized VOCs into CO2 and H2O via
a radicals-mediated oxidation reaction [6–9].

Many reports have been published on the photocatalytic
degradation of VOCs, however, most of them focus solely on the
photocatalytic removal performance of the target pollutants. The
selectivity of photocatalytic conversion of VOCs to harmless final
product along with control of the toxic intermediates during the
reaction process has been largely ignored. The issue is the key to
application and should be worth receiving high attention
[10–14]. Some progresses have revealed that the reaction interme-
diates, such as aromatic oxides, epoxides, peroxides, and polyhy-
ess. All rights reserved.
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droxylated compounds have high toxicity [15]. Furthermore, toxic
intermediates produced through the ring-opening process should
be also concerned along with the intermediates products contain-
ing an aromatic ring. For instance, muconaldehyde, an a,b-
unsaturated diene dialdehyde, resulting from ring opening, is pro-
posed as a hematotoxic intermediate during aromatic ring-opening
process [16–18]. Hence, elevating ring-opening efficiency and
accelerating the chain scission from ring-opening intermediates
would be effective strategies for the inhibition of toxic intermedi-
ates during the degradation process.

The surface oxygen vacancies (OVs) can serve as the active sites
for activating small molecules on the photocatalyst surface, which
are of vital importance to enhance the performance in wastewater
remediation, artificial synthesis, water oxidation and gaseous pol-
lutants oxidation [19–27]. The OVs possess excess localized elec-
trons and coordinatively unsaturated feature, thus they can
provide specific sites to firmly bind with small molecules, then
facilitating subsequent molecules activation by localized electrons
[28–31]. Abundant active radicals would be generated on the cat-
alyst surface to participate in photocatalytic reactions. The pollu-
tant molecules can also be adsorbed on the defective site and
then get activated subsequently via the electrons exchange
between the pollutant and the substrate. As a result, the conver-
sion of activated pollutant molecules can be accelerated thermody-
namically via the light induced radical oxidation [32–34].

To realize the goal of elevating ring-opening efficiency and
accelerating the chain scission of ring-opening intermediates
simultaneously, the OVs have been constructed on the surface of
BiOCl (OVBOC) to strengthen the adsorption and activation of O2,
H2O and toluene molecules. The activation of O2 and H2O on cata-
lyst surface enables the formation of more reactive radicals with
higher oxidizing capability [35]. For the toluene ring-opening pro-
cess, the methyl is oxidized through the pathway of toluene?
benzyl alcohol? benzaldehyde? benzoic acid before opening
the aromatic ring [18]. Furthermore, the reaction energy barriers
of the ring-opening processes on OVBOC are declined. The OVs
reduce the reaction activation energy of the rate-determining step
so that the ring-opening efficiency of photocatalytic toluene degra-
dation can be well boosted. Most importantly, it is verified by the
in situ DRIFS spectra that the methyl species would be further oxi-
dized and tend to open the benzene ring at benzoic acid on BOC
while at benzyl alcohol on OVBOC. The production of more CO2

product on OVBOC indicates that the ring-opening efficiency is
higher than that on BOC. Own to the more efficient production of
radicals, the ring-opening intermediates, such as unsaturated long
chain enol, can be broken into final product CO2 where the process
is associated with little toxic products accumulation. Our work
could provide a new strategy to achieve enhanced photocatalytic
ring-opening efficiency and toxic intermediates control for safe
air purification.
2. Experimental

2.1. Materials and catalyst synthesis

2.1.1. Synthesis of BiOCl with OVs (OVBOC)
All chemicals we used in this work were analytical grade with-

out any further treatment. We synthesized OVs-containing BiOCl
with (0 0 1) facet exposures by using the solvothermal-induced
hot ethylene glycol reduction. In a typical procedure, 2 mmol Bi
(NO3)3�5H2O and stoichiometric amounts of KCl were added into
60 mL ethylene glycol solution. The mixture was stirred for 0.5 h
at room temperature, and then poured into a 100 mL Teflon-
lined stainless autoclave. Subsequently, the autoclave was heated
at 160 �C for 12 h, and then cooled down to room temperature.
The resulting precipitates were collected and washed with deion-
ized water and then ethanol and dried at 60 �C in vacuum.

2.1.2. Synthesis of OV-free BiOCl microspheres (BOC)
For comparison, the counterpart sample without oxygen vacan-

cies was synthesized [27]. In our experiment, 0.5 g of OVBOC was
mixed with H2O2 (1 mL, 10%) and dried under 60 �C, subsequently
the dried powder was washed with deionized water and ethanol
and dried at 60 �C in vacuum and then repeated the above H2O2

treating process for one time. After that, heating the H2O2 treated
BiOCl at 300 �C in the O2 atmosphere for 4 h to re-oxidize the
surface.

2.2. Characterization

The crystal phases of the samples were analyzed by X-ray
diffraction (XRD) with Cu Ka radiation (model D/max RA, Rigaku
Co., Japan). X-ray photoelectron spectroscopy (XPS) with Al Ka X-
rays (Thermo ESCALAB 250, USA) was used to investigate the sur-
face properties. The morphology and structure of the samples were
examined by scanning electron microscopy (SEM, model JSM-6490,
JEOL, Japan) and transmission electron microscopy (TEM, JEM-
2010, Japan). The UV-vis diffuse-reflectance spectrometry (UV-vis
DRS) spectra were obtained for the dry-pressed disk samples using
a scanning UV-vis spectrophotometer (UV2550, Shimadzu, Japan)
equipped with an integrating sphere assembly, using 100% BaSO4

as the reflectance sample. Photoluminescence (PL) studies (F-
7000, HITACHI, Japan) were conducted to investigate the optical
properties of the samples. Steady and time-resolved fluorescence
emission spectra were recorded at room temperature with a fluo-
rescence spectrophotometer (Edinburgh Instruments, FLSP-920,
UK). Electron spin resonance (ESR) of radicals spin-trapped by
5,5-dimethyl-1-pyrroline N-oxide (DMPO) were recorded on a JES
FA200 spectrometer. Samples for ESR measurement were prepared
by mixing the samples in a 40 mmol/L DMPO solution tank
(aqueous dispersion for DMPO-�OH and methanol dispersion for
DMPO-�O2�) and irradiated with UV light. Electron paramagnetic
resonance (EPR) measurements were carried out on a Bruker ESP
500 spectrometer (Germany).

2.3. Evaluation of UV-light photocatalytic activity

The photocatalytic efficiency was investigated towards the
toluene purification at 1 L/min in a house-customized continuous
flow reaction system (Scheme S1 online). The rectangular reactor
was made of polymeric glass and covered by quartz class. The as-
prepared sample (0.4 g) was dispersed on four glass sheets for pho-
tocatalytic testing. A 300 W UV lamp (k = 365 nm) was vertically
placed above the reactor. After the adsorption-desorption equilib-
rium was achieved, the lamp was turned on. The toluene gas was
obtained from a compressed gas cylinder at the concentration of
500 ppm (in N2) with the flow rate of 100 mL/min. The initial con-
centration of toluene was diluted to 50 ppm by two separated air
flows, respectively wet air at 500 mL/min and dry air at 400 mL/
min. The toluene concentration was continuously detected by a
gas chromatography (GC 7890 Ⅱ, Techcomp Co. Ltd., China). The
toluene removal ratio (g) was calculated as

g %ð Þ ¼ ð1� A=A0Þ � 100%; ð1Þ
where A and A0 depict the toluene peak area in the outlet steam and
the feeding stream, respectively.

2.4. In situ DRIFTS study on photocatalytic toluene oxidation process

In situ DRIFTS measurements were conducted using the Tensor
II FT-IR spectrometer (Bruker) equipped with an in situ diffuse
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reflectance cell (Harrick) (Scheme S2 online). Photocatalysts were
put into the reaction cell. First, the He gas (50 mL/min) was used
to remove the residual hydrocarbons, H2O and CO2 under 300 �C.
The real-time FT-IR spectrum after ventilation was utilized as
background. Then, the reaction mixtures (25 mL/min toluene,
25 mL/min O2) were introduced into the cell. The toluene adsorp-
tion on the catalysts was carried out for 20 min. Next, photocata-
lysts were illuminated by UV light source (MUA-165) for 1 h. The
real-time FT-IR spectra were detected every two minutes. Mean-
while the gas fluxes keep the same (25 mL/min toluene, 25 mL/
min O2). Finally, FT-IR spectra were recorded every two minutes
with the same gas fluxes after turning off the light. The IR scanning
range was 4,000–600 cm�1. The intervals 3,700–2,500 cm�1 and
2,200–1,300 cm�1 were analyzed to present the photocatalytic oxi-
dation process on the catalysts. The pristine data of DRIFTS was
further normalized to investigate the species evolution as time
proceeded. For a specific species absorbed on the surface, the data
of peak heights in both catalysts were extracted. Between the two
data columns, the highest value was set to 1 and the lowest one
was set to 0. The rest value was respectively calculated from 0 to
1. The normalized data were then described as a function of the
DRIFTS time.
2.5. DFT calculations

Spin-polarized DFT-D2 calculations [36] were conducted using
the ‘‘Vienna ab initio simulation package” (VASP5.4) [37,38], apply-
ing a generalized gradient correlation functional [39]. A plane-
wave basis set with cut-off energy 450 eV within the framework
Fig. 1. XRD spectra of BOC and OVBOC (a); EPR spectra of BOC and OVBOC in dark and w
of the water droplets on the BOC (c insert) and OVBOC (d insert) surfaces; SEM and TEM
of the projector-augmented wave method was employed [40,41].
The Gaussian smearing width was set to 0.2 eV. The Brillouin zone
was sampled with a 3 � 3 � 1 Monkhorst Pack grid. All atoms were
converged to 0.01 eV/Å. Hybrid functional based on the Heyd-
Scuseria-Ernzerhof (HSE06) method were applied to estimate the
exact band structures [42,43]. The climbing image nudged elastic
band (CI-NEB) method was applied to locate the minimum energy
pathway of transition state (TS) from the initial state (IS) to its final
state (FS) [44]. The obtained electrons of specific atoms and mole-
cules, Dq, were calculated with the Bader method [45], where pos-
itive and negative values correspond to electron depletion and
accumulation, respectively.

The adsorption energy (Eads) is defined as

Eads ¼ Etot � Ecat þ Emolð Þ; ð2Þ
where Etot, Ecat and Emol depict the total energy of the adsorption
complex, the catalysis and the isolated molecule, respectively.
3. Results and discussion

3.1. Structural features of catalyst

Both the two BiOCl samples (BOC and OVBOC) have tetragonal
structure with a space group of P4/nmm and a D7 4 h symmetry
according to XRD spectra (JCPDS No. 06-0249, Fig. 1a). The low-
temperature electron paramagnetic resonance (EPR) spectra are
applied to determine the presence of oxygen vacancies. The typical
signal at g-value around 2.0 is the typical characteristic of OVs [46],
which is significant for OVBOC, indicating the high OVs
ith UV-light on for 15 mins (b); XPS spectra of O1s of BOC (c) and OVBOC (d), photos
images of BOC (e) and OVBOC (f).
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concentration in comparison with BOC (Fig. 1b). Under visible light
irradiation, the intensified signals can be observed for both BOC
and OVBOC, which suggest that the OVs are responsive to visible
light, making the light-induced carriers transfer in an extended
region.

Because of the water dissociation on the OVs of OVBOC, the
increased density of surface hydroxyl groups is detected by XPS.
The O 1s spectra of OVBOC show a broader shoulder between
531.0 and 532.0 eV compared with BOC. A shift to lower binding
energy of the surface hydroxyl groups in OVBOC can be observed,
which is associated with existence of OVs (Fig. 1c and d). The sur-
vey scan XPS spectrum is shown in Fig. S1 (online). Enlightened by
the above XPS results, we further investigated the different micro-
scopic water-surface interaction modes via macroscopic water
adsorption on the catalysts surfaces monitored by in situ water
contact angle measurements. The BOC is relatively hydrophobic
with an initial water contact angle of 43.7�, which is higher than
the angle of 25.1� on OVBOC, confirming the strong interaction
between water and OVBOC surface. This enhancement indicates
the increase of surface hydroxyl groups originating from the H2O
dissociation on OVs of the BiOCl (0 0 1) surface [47–49]. The two
BiOCl samples consist of nanoplate microspheres with diameter
about 2 lm (Fig. 1e and f, left). Their nanoplates are exposed with
{0 0 1} facets according to the analysis of SEM and HRTEM images
(Fig. 1e and f, right). Obviously, the H2O2 treatment coupled with
infrared irradiation method does not affect the phase and morphol-
ogy of BiOCl.
Fig. 2. The optimized crystal structure of BOC (a) and OVBOC (b); UV-vis DRS spectra of B
(BOC) and surfaces with oxygen vacancies defects (OVBOC). The Fermi level is set to 0 eV
level time-resolved fluorescence spectra surveyed at room temperature of BOC and OVB
The theoretical models of perfect and defective crystals of BiOCl
are shown in Fig. 2a and b, which are the foundation of further cal-
culations for band structure and electronic structure. As expected,
besides exhibiting an absorption tail at around 400 nm for the pris-
tine BOC, the OVBOC shows an additional exponentially decaying
absorption tail across the whole UV and visible light region
(Fig. 2c). The significantly enhanced light absorption should be
ascribed to the formation of oxygen vacancies on the surface of
BOC. Subsequently, we employ first-principle DFT to calculate
the band structure (density of states; DOS) as shown in Fig. 2d.
DFT calculation results reveal that the defect state is formed orig-
inating from the 6p orbitals of Bi atoms (Fig. S2 online) and the
band gap is also reduced. The contribution of this defect level low-
ers the photoenergy required for electron transition, benefiting for
the electronic excitation, separation, and transformation. So the
charge separation efficiency has been improved greatly. This mod-
ified band structure directly leads to the highly promoted light
adsorption for OVBOC, consistent with their UV–vis DRS spectra
(Fig. 2c).

The separation efficiency of photo-generated charges is charac-
terized by photoluminescence spectra (PL) as shown in Fig. 2e. The
two samples exhibit a broad emission peak centered at around
380–520 nm, and the PL intensity of OVBOC is much lower than
that of BOC. This observation illustrates that the OVs could also
increase the separation efficiency of photogenerated charges. The
ns-level time-resolved fluorescence spectra are further employed
to investigate the charge transfer dynamics over BOC and OVBOC
OC and OVBOC (c); the calculated total density of states (TDOS) for pristine surfaces
(d); PL spectra of BOC and OVBOC with an excitation wavelength of 360 nm (e); ns-
OC (f).
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(Fig. 2f). Interestingly, the lifetime of OVBOC is obviously pro-
longed in comparison with perfect BOC, which demonstrates that
the OVs could effectively store photogenerated electrons and then
transfer the electrons to the reactants of O2 [50,51]. These results
imply that the OVs could suppress the electron-hole recombination
and guide the charge carriers to the defects sites to enhance the
reactant activation.

To clarify reactive oxygen species (ROS) dependent toluene
ring-opening oxidation process of BiOCl with OVs under UV light,
the ROS (�O2

�, e� and �OH) generation and transformation over
BOC and OVBOC are investigated. Under 360 nm light illumination,
the four strong characteristic peaks (with intensity of 1:1:1:1) for
BOC and OVBOC can be observed in Fig. 3a, indicating the mass
production of �O2

� radicals through O2 reduction by photoexcited
electrons. Obviously, the number of �O2

� radicals produced by
OVBOC exceeds those produced by BOC because of the enhanced
charge separation and O2 activation. Meanwhile, as shown in
Fig. 3b, more photo electrons scavenger agent can be consumed
within 15 min, which is consistent with the trend of �O2

� produc-
tion. More importantly, it is found that the potential energy of
the valance band (VB) holes is positive enough to directly oxidize
H2O/OH� into �OH radicals (Fig. S3 online), which contributes
directly to the decomposition of toluene. As the main radical to
participate in the toluene ring-opening process, the �OH radicals
are produced by the water oxidation via first proton removal reac-
tion (H2O* + h+ ? �OH* + H+) [34]. When UV light is applied to
directly excite the BiOCl, strong four-line EPR spectra (with the rel-
ative intensities of 1:2:2:1 corresponding to �OH radicals) can be
served over BOC and OVBOC (Fig. 3c). The �OH signal of OVBOC is
much stronger than that of BOC because of the role of the OVs in
promoting charge separation and light utilization, H2O adsorption
and dissociation, which in line with the XPS results.

Subsequently, the as-prepared catalysts are applied in oxidation
removal of toluene and NO in air under 360 nm UV light irradiation
(Fig. 3d). The removal ratios of toluene (64.0%) and NO (43.5%) on
OVBOC are both boosted obviously in comparison of the pristine
Fig. 3. DMPO ESR spectra in dark and under ultraviolet light (k = 360 nm) for 15 min,
scavenger agent (b) and aqueous dispersion for �OH (c) of BOC and OVBOC; photocataly
BOC. The highly enhanced photocatalytic activity of OVBOC can
be ascribed to the oxygen vacancies that could mediate the forma-
tion of the middle gap level, promote the charge separation, and
enhance the O2 and H2O activation.

In order to better understand relationship between the H2O dis-
sociation and �OH production, molecular water adsorption and
activation on the BOC and OVBOC (0 0 1) surfaces are simulated
(Fig. 4). The H2O molecules adsorption on the OVs site in the inner
layer makes the O atom from H2O act as a credible hydrogen bond
acceptor site for the enhanced outer-layer water adsorption with a
moderate hydrogen bond. Therefore, both the higher binding
energy for water adsorption in the inner layer and the stronger
water hydrogen bond formed in the outer layer could determine
the hydrophilicity character on OVBOC. The HAO bonds length of
H2O molecules is enlarged on defective surface no matter how
many H2O molecules are adsorbed on OVBOC. This result implies
that the H2O molecules tend to adsorb on the defective site and
get activated to enhance the production of �OH radicals. The theo-
retical results are fully consistent with the water contact angle, XPS
and ESR results. Correspondingly, one to four O2 molecules adsorp-
tion calculations on the BOC and OVBOC (0 0 1) surfaces are
adopted (Fig. S4 online). The adsorbed O2 molecules possess higher
adsorption energy, longer OAO bond length and could capture
more electrons, demonstrating that the O2 molecules could also
be activated to �O2

� on the defective surface.
The electron density of OV is mainly localized at the center of

OV surrounding Bi atoms (Fig. S5 online). Thus, the theoretical
results have been adopted to suggest that the donation of localized
electron from OVs to adsorbed H2O could directly facilitate the H2O
dissociation into �OH radicals, which are the primary reactive spe-
cies for oxidation reaction. For photocatalytic toluene degradation,
the ring-opening process is the rate-determination step. The pollu-
tant adsorption and activation is the first step before the ring-
opening process. Hence, the DFT is employed to investigate the
interaction between toluene and BiOCl surface with and without
oxygen vacancy. The adsorption energy for toluene on OVBOC
respectively in methanol dispersion for c (a); TEMPO was used as photo electrons
tic activity comparison of BOC and OVBOC in removal of toluene and NO in air (d).



Fig. 4. Calculated adsorption energy and average HAO bond length for one H2O molecule to four H2O molecules on BOC (upper row) and OVBOC (under row).
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was �0.671 eV, which is much higher than that on BOC
(�0.355 eV). This indicates that the oxygen vacancies on the sur-
face are more favorable for the adsorption of toluene molecules.

The oxidation of methyl on toluene follows the route of
toluene? benzyl alcohol? benzaldehyde? benzoic acid. This
process is calculated on both the perfect and defective surface of
BiOCl as shown in Fig. S6 (online) [18]. All the reactions are
exothermic processes. This thermodynamic plot could account
for the observation that the methyl could be oxidized sponta-
neously. Obviously, the heat releases of for oxidation reactions
(toluene to benzyl alcohol, benzaldehyde to benzoic acid) on the
defective surface are higher than that on perfect surface. However,
the benzyl alcohol to benzaldehyde process exhibit an opposite
trend (�0.532 eV on BOC and �0.119 eV on OVBOC). This result
indicates that the toluene tends to transform into benzoic acid
on the perfect surface while keeping in benzyl alcohol state on
defective surface. In this case, theoretically, the benzene ring-
opening process of photocatalytic toluene degradation would be
reached at benzoic acid state on BOC and benzyl alcohol state on
OVBOC.

In order to get a deeper understanding of the full ring-opening
step, the DFT calculations are further carried out on the four feasi-
ble reactions oxidized by two �OH radicals to determine the transi-
tion state and the energy barrier (Figs. 5, S7–S9 (online)).
Apparently, the thermodynamic energy barriers of four possible
ring open steps on OVBOC are much lower than that on BOC. Thus,
the ring-opening process on the defective surface is more thermo-
dynamically favorable than that on the perfect surface. This is
caused by higher adsorption energies of four benzene compounds
(Table 1) that would lead to the higher activation efficiency of the
reaction intermediates.

Note that the energy barrier for benzyl alcohol ring-opening on
the defective surface is 1.260 eV, which is even lower than the bar-
rier 1.444 eV for the ring-opening for benzoic acid on perfect sur-
face. This could make two oxidation steps with decreased the
toxic intermediates accumulation of aromatic oxides and polyhy-
droxylated compounds and thus open the benzene ring with a
lower barrier on defective surface. Above all, the ring-opening effi-
ciency could be enhanced when the ring-opening process is started
at benzoic acid state on BOC and benzyl alcohol state on OVBOC.

In order to Figure out the ring-opening step experimentally, the
in situ DRIFTS, which could dynamically monitor the adsorbed
reaction intermediates and products in time sequence, are subse-
quently carried out to reveal the conversion pathways and reaction
mechanism for photocatalytic toluene degradation. As for BOC
(Fig. 6a), toluene absorption bands (2,933 cm�1) appear immedi-
ately after the toluene molecules contact with BOC at 25 in dark
condition [52]. Meanwhile, the chemical adsorbed toluene could
be preliminary oxidized into benzyl alcohol (3,459 and
3,568 cm�1) [53], benzaldehyde (1,620 cm�1) [54] and benzoic
acid (1,497 cm�1) [55] because of the spontaneous exothermic
procedure as theoretically calculated above. Nevertheless, the band
of benzene ring at 3,029 cm�1 can be observed which reveals that
the benzene ring couldn’t be opened during the adsorption process
[56,57].

On the OVBOC surface (Fig. 6b), toluene (2,883 cm�1), benzyl
alcohol (3,468 and 3,576 cm�1), benzaldehyde (1,600 cm�1), ben-
zoic acid (1,498 cm�1) and benzene ring (3,025 cm�1) have been
detected during the adsorption process. The increased adsorption
band of each peak indicates the gradual accumulation of the spe-
cies on the surface. Moreover, according to IR spectra in time
sequence, the temporal evolution of normalized absorbance for
toluene, benzyl alcohol, benzaldehyde and benzoic acid during
the adsorption process is illustrated in Fig. 6c. The adsorption
quantity of toluene, benzyl alcohol benzaldehyde and benzoic acid
on OVBOC are much higher than that on BOC, which can be attrib-
uted to the oxygen vacancies as adsorption sites promoting the
adsorption of toluene.

After the adsorption equilibrium is achieved, the time-
dependent IR spectra on BOC and OVBOC are monitored dynami-
cally under UV light irradiation. As shown in the photocatalytic
degradation process on BOC (Fig. 6d), CAH bending vibration in
methyl (around 2,950 cm�1) of the toluene, the m(OH) of benzyl
alcohol (about 3,500 cm�1) and m(C@O) of benzaldehyde
(1,650 cm�1) are gradually decreased while mas(COO) and ms(COO)
of the benzoic acid (1,377, 1,547 and 1,675 cm�1) are increased.
This result implies that the toluene is firstly oxidized to benzoic
acid and accumulated on surface under light irradiation. Next,
the benzene ring is opened and the unsaturated long chain enol
is broken gradually because of the thermodynamic advantage as
shown in Fig. S9 (online).

With regard to photocatalytic degradation process on OVBOC
(Fig. 6e), the toluene (around 2,950 cm�1) is consumed and benzyl
alcohol (3,535 and 3,605 cm�1) is accumulated apparently. Besides,



Table 1
Adsorption energies (Eads) of various species on BOC and OVBOC. Negative means heat release for Eads.

Sample Toluene Benzyl alcohol Benzaldehyde Benzoic acid

BOC �0.355 �0.424 �0.361 �0.634
OVBOC �0.671 �0.744 �0.703 �0.968

Fig. 5. The calculated NEB reaction pathways for photo-oxidation ring-opening process by �OH for toluene (a), benzyl alcohol (b), benzaldehyde (c) and benzoic acid (d).
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no significant change appears on benzaldehyde (1,413 and about
1,700 cm�1) and benzoic acid (1,333, 1,382 and 1,501 cm�1) over
time, which experimentally identifies that the ring-opening pro-
cess on OVBOC is mainly started at benzyl alcohol. The ring-
opening steps determined by in situ DRIFTS well matches with
the calculated result. The temporal evolution of normalized absor-
bance for final mineralized product CO2 (Fig. 6f) intuitively demon-
strates the ring-opening efficiency. The production of CO2 on
OVBOC is more efficient than that on BOC, which further confirms
that the toxic intermediates (aromatic oxides and polyhydroxy-
lated compounds) before ring-opening have been greatly sup-
pressed by introducing defects into BOC. The unsaturated long
chain enol and alkyne after ring-opening would be quickly
degraded into CO2 and H2O.

The role of oxygen vacancy in radical production, toluene acti-
vation, ring-opening and toxic intermediates control during photo-
catalytic toluene degradation on defective BiOCl is illustrated in
Fig. 7 in detail.
4. Conclusion

In summary, we have proposed and certified that the ring-
opening efficiency of toluene photocatalytic degradation can be
rationally promoted by oxygen vacancies on the catalyst surface.
The combined theoretical calculation and in situ DRIFTS results
demonstrated that the OVs could enhance the activation of the
adsorbed O2, H2O and toluene via their localized electrons, offering
a new avenue to enhance the thermodynamics toward radicals
production and toluene oxidation. The methyl species would be
oxidized and tend to open the benzene ring at benzoic acid on
BOC while the ring-opening is started at benzyl alcohol on OVBOC.
Most importantly, the ring-opening efficiency of photocatalytic
toluene degradation can be well boosted because the reaction acti-
vation energy of the rate-determining step was significantly
reduced by the OVs. Hence, the toxic intermediates (aromatic oxi-
des, epoxides, polyhydroxylated compounds and unsaturated long
chain enol) during ring-opening process can be transformed into



Fig. 7. The illustration of the oxygen vacancy in radicals production, toluene activation, ring-opening and toxic intermediates control during photocatalytic toluene
degradation on defective BiOCl.

Fig. 6. In situ FT-IR spectra of the adsorption process of toluene + O2 on BOC (a) and OVBOC (b); the photocatalytic degradation of toluene on the surface of BOC (d) and
OVBOC (e) under UV light irradiation; species evolution of toluene, benzyl alcohol, benzaldehyde and benzoic acid (c) and CO2 (f) during the reaction process.
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the final product CO2 quickly with little toxic products accumula-
tion. These findings highlight the indispensable role of surface
defects on toluene degradation and could offer a new strategy for
the rational design of new photocatalysts via surface engineering
for efficient and safe removal of air pollutants.
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