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The deep oxidation of toluene is recognized as a major challenge for photocatalytic oxidation of toluene. Herein,
we introduced oxygen vacancies into CeOy nanosheets through novel anion-removal of Ce-LDH, with the
calcining temperatures of 750, 850, 950 °C. The photocatalytic toluene performance was ordered by CeMO-850
> CeMO-750 > CeMO0-950, and CeMO-850 had better activity than P25, common CeO3, and CeOy-Hy. Different
reaction pathways were founded on CeMO photocatalysts, i.e., on CeMO-950 and CeMO-750, the cresol and

hydroquinone intermediates were observed, which hindered toluene adsorption/activation and were hard to
deep-mineralization. Whereas, more benzoic acid, open-loop oxygen-containing intermediates were observed on
CeMO-850, which were resulted from its oxygen vacancies (Ov), i.e., surface Ov and Ce®" were beneficial for
toluene adsorption, B acid sites and active radicals’ generation, respectively, and bulk Ov were helpful for oxygen
mobility and efficient deep-mineralization. The mechanism of Ov generation and toluene degradation were

proposed.

1. Introduction

Indoor volatile organic compounds (VOCs) with low concentration,
long release time, as well as low relative humidity released by indoor
furniture, decoration building materials, kitchen oil fume, etc. could
enter the human body through skin contact, respiratory tract intake, and
digestive tract intake, which extremely endanger human health [1-3].
In comparison to other technologies for eliminating VOCs, catalytic
oxidation is generally regarded as an efficient destructive method.
Among them, thermocatalysis and photothermocatalysis have very fatal
disadvantages, namely high cost and low stability [4]. However, pho-
tocatalytic oxidation is a promising remediation technology for elimi-
nating indoor VOCs with broad practical application prospects due to its
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mild conditions, eco-friendly, high efficiency, and few by-products [5,
6]. In this research field, the main problems that currently exist are the
ring opening difficultly of aromatic VOCs and the ambiguous surface
reaction mechanism.

Oxygen vacancies have been verified by numerous studies to effec-
tively amend the photocatalytic efficiency and have incited widespread
attention. Actually, the introduction of oxygen vacancies can affect the
physicochemical properties of the photocatalytic material such as sur-
face chemical state, local atomic arrangement, electronic structure,
optical features, and so on [7,8]. Defect states may be generated below
conduction band minimum with the formation of oxygen vacancies,
which improve photons absorption capacity due to the narrowing of the
band gap [9,10]. Zou et al. demonstrated that oxygen vacancies in the
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Fig. 1. (a) The TG-MS plots of Ce-LDH. (b) The XRD patterns of CeMO-750, CeMO-850 and CeMO-950 samples.
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Fig. 2. (a) SEM, (b) TEM and (c) AFM images and the corresponding height profile of as-prepared CeMO-850 sample.

photocatalysts could trap photo-induced electrons to accelerate the
separation and transfer of charge carries, thereby facilitating photo-
catalytic activities of ceria based systems [11]. More importantly, oxy-
gen vacancy defects on photocatalysts surface, the coordinative
unsaturated active sites, might help strengthen the adsorption and
activation of the reactant molecules, reduce the activation energy bar-
rier, and speed up the surface catalytic reaction [12,13]. Li et al. found
that photocatalysts with rich oxygen vacancies tended to activate O,
molecules into reactive oxygen species (ROS, i.e., -O3, Hy0, and -OH) to

efficiently oxidize organic pollutants [14]. Similarly, Shen et al. also
revealed that the regions containing oxygen vacancies were easier to
activate water molecules adsorbed on the surface and generate hydroxyl
radicals (-OH) in the photocatalytic process [15]. Interestingly, the ox-
ygen vacancies at the different positions play the different roles in the
catalytic reaction process. The surface oxygen vacancies promote the
adsorption of the reactant molecules, which are then activated by bulk
oxygen vacancies [16,17].

Cerium dioxide (CeO-), one of the most abundant and functional rare
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Fig. 3. Removal rate for 3 h (a) and conversion (b) and mineralization (c) for 12 h of toluene by the prepared photocatalysts under light irradiation. (d) reusability of

CeMO-850 sample.

earth oxide semiconductors, is a recognized ideal photocatalyst due to
the unique 4 f electron transition, the moderate band gap (Eg=2.92 eV),
anti-photoirradiation and the large oxygen storage capacity [18,19].
Moreover, a certain amount of surface oxygen defects and circulating
Ce3/Ce** redox electricity pairs in CeO crystal providing a flowing
electronic environment for the photocatalytic reaction system are
conducive to activate the reactants, which play a crucial role in photo-
catalysis [20,21]. Recent research widely showed that introducing more
oxygen vacancy defects in CeO, could significantly improve its overall
photocatalytic performance. Zhang et al. prepared CeO5 nanorods with
different concentration of oxygen vacancies for photocatalytic water
oxidation [22]. Both experimental and density functional theory (DFT)
calculation results demonstrated that along with the increase of oxygen
vacancies, CeOy nanorods manifested enhanced optical absorption,
charge separation efficiency, and the O generation kinetics. Therefore,
the improvement of oxygen vacancies is highly vital in widening the
application fields of the CeO5 phase. Until now, various approaches have
been proposed for creating oxygen vacancies in the photocatalysts. Kong
et al. achieved ordered porous CeO; catalyst with rich oxygen vacancies
via redox and steam thermal treatment, which exhibited optimal pho-
tothermocatalytic degradation efficiency to VOCs [23]. Chemical re-
ductants are commonly utilized to construct oxygen vacancies. Yu et al.
reported on a mineralizer-assisted soft-chemical method to successfully
introduce oxygen vacancies on the SryBisNb,TiO;5 surface in situ,

displaying superior CO» photoreduction activity [24]. In addition, ion
doping is also a typical method for oxygen defects implantation. Xu et al.
successfully synthesized defected ZnO crystal through Ni doping
induced means and noticed that proper concentration of surface oxygen
vacancies could get optimum photocatalytic activity [25]. However,
these methods may make the formed defects uneven. And there are few
studies on the in situ generation of oxygen vacancies by anion-induced
to improve photocatalytic activity of toluene.

Layered double hydroxide (LDH), an important class of two-
dimensional layered nano-sized materials, is comprised of an edge-
sharing MOg octahedron host layers with the metal cations occupying
the center and embedded interlayer anions and water molecules [26,
27]. Recently, it has been reported that the calcined LDH (MMO) would
be a new type of photocatalytic material system with potential appli-
cations [28]. Ye et al. heat-treated monometallic cerium layered double
hydroxides increasing concentration ratio of Ce>*/Ce*" and surface
area, showing perfect photocatalytic activity towards photoreduction of
CO2 [29]. Chen and coworkers successfully synthesized AgsPOy/-
calcined Zn-Al layered double hydroxides heterostructure photocatalyst
with improved photocatalytic activity for TC degradation [30]. During
the LDH heat treatment process, due to the removal of water molecules
and the decomposition of interlayer anions, the MMO with certain
nanopores and structural defects could be acquired. Compared with
other methods of introducing oxygen vacancies, this anion-induced
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Fig. 4. The band structure (a) and ESR spectra under light irradiation for 10 min for (b) DMPO--OH and (¢) DMPO--O5 of CeMO-750, CeMO-850, and CeM0-950. (d)
XPS spectra of O 1s, (e) O5-TPD, and (f) Py-IR spectra of the calcined Ce-LDH samples.

oxygen vacancy strategy can effectively create uniform oxygen vacancy
defects in photocatalysts. In general, the boosting catalytic activity is
attributed to the abundant oxygen vacancies of the catalyst. However,
little attention has been paid to the roles of surface oxygen vacancies,
bulk oxygen vacancies and surface Ce>* species in CeO, for photo-
catalytic oxidation of toluene.

Based on the importance of oxygen vacancy for photocatalytic

toluene removal and advantages of anion-induced oxygen vacancy
method, we developed an anion-induced oxygen vacancy strategy of
calcining Ce-LDH at different temperatures to synthesize CeOs., photo-
catalysts with different oxygen vacancies (CeMO). The letter "M" in the
sample name "CeMO" stand for the corresponding metal oxides (MO)
after calcination of layered double hydroxide (LDH). The obtained
CeMO samples were employed for photocatalytic removal of toluene, a
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Table 1
Acid amount information obtained from Py-IR spectra of CeMO samples at
40 °C.

Sample Desorption amount (pmol/g)

B acid sites L acid sites
CeMO-750 3.55 40.22
CeMO-850 4.32 35.75
CeMO-950 2.72 41.23

typical indoor aromatic VOCs with high toxicity. The specific objectives
of this work are as follows: (1) the formation mechanism of oxygen
vacancies of the anion-induced method, characterize their morpholog-
ical, physicochemical, and photoelectric properties; (2) evaluate the key
factors to photocatalytic activity and stability of as-synthesized CeMO
for toluene; (3) measure and calculate the adsorption and activation
capacity of toluene by CeMO; (4) unveil the role of surface and bulk
oxygen vacancy in the generation of ROS; and (5) clarify the photo-
catalytic degradation mechanism of toluene. We proposed that the work
would provide effective ways to photocatalytic opening loops, miner-
alization, and removal of toluene.

2. Experimental section
2.1. Synthesis of materials

Deionized (DI) water was used in the whole experiment. Notably, all
the reagents used in this work were of analytical grade and had not been
further purified. The CeO5_x nanosheets were synthesized according to
the method described in the literature [29]. The optimal molar ratio of
(NH4)2S208/Ce(NO3)3 during the Ce-LDH preparation was determined
by the effects of (NH4)2S20g contents on the forming Ov, and the de-
scriptions of the optimal details were displayed in the supporting in-
formation (Section 1). Thus, the optimal molar ratio of (NH4)2S20g/Ce
(NO3)3 at 0.6 was selected in our work. Typically, 0.4342 g of Ce
(NO3)3.6 H0, 0.7597 g of NaCl, 0.7010 g of hexamethylenetetramine
(CeH1oN4) and 0.1369 g of (NHg)2S20g were added into the
flat-bottomed flask within 200 mL of DI water, and magnetically stirred
to obtain a clear mixed solution. The solution was refluxed at 110 °C for
24 h under the protection of high purity argon. After being cooled
naturally to room temperature, the resulting suspension was centrifuged
and washed with ethanol and DI water for several times, then vacuum
dried for 24 h at 60 °C and obtained the Ce-LDH material. Afterward, it
was calcined at 750 °C, 850 °C and 950 °C for 6 h with a heating rate of
5 °C/min in a muffle furnace. The corresponding samples were denoted
as CeMO-750, CeMO-850 and CeMO-950, respectively. For comparison,
Ce(NO3)3.6 HoO was directly calcined at 850 °C for 6 h with a heating
rate of 5 °C/min in a muffle furnace, which got common CeO, and was
labeled as c-CeO;. Besides, to illustrate the advantages of the
anion-induced oxygen vacancies method, CeO, was prepared by tradi-
tional Hy post-treatment means. Ce(NO3)3.6H20 was calcined at 550 °C
for 4 h in a muffle furnace, then kept for 4 h at 450 in a tube furnace
under Hy, which was marked as CeO,-Hs.

2.2. Characterization of materials

X-ray powder diffraction (XRD) analysis of the photocatalysts was
carried out using a Philips X'Pert Pro diffractometer with Ni-filtered Cu
Ka radiation. The scanning electron microscopy (SEM) was obtained
from an SSX-550 instrument. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) were conducted on a JEM-2100 in-
strument at an acceleration voltage of 200 kV. Atomic force microscope
(AFM) was taken on Bruker Dimension Edge. Specific surface area and
pore structure of the samples were tested on the Micrometrics ASAP-
2020 instrument. X-ray photoelectron spectroscopy (XPS) spectra were
collected on a PHI 5000 Versa Probe spectrometer and calibrated using

Applied Catalysis B: Environmental 317 (2022) 121694

the carbonaceous C 1 s line at 284.6 eV. X-Ray Fluorescence (XRF) test
was performed on a Bruker M4 Tornado with 20 m spot size and a
rhodium anode tube operated at 50 kV, 600 A, no filter and dual Bruker
XFlash Series 6 detectors, in vacuum. Thermogravimetry and differen-
tial thermal analysis (TG-DTA) was performed on a STA 449 C device
from 20 °C to 900 °C with a ramping rate of 20 °C/min in a stream of air.
Fourier transform infrared (FT-IR) spectra were recorded on a NICOLET
iS10 FT-IR spectrometer. In situ UV Raman spectra were collected from
50 °C to 600 °C with 50 °C intervals. Laser Confocal Raman spectra were
acquired from a LabRAM Aramis instrument equipped with an He-Cd
laser beam with an emission line at 325 nm. Hy-temperature pro-
gramed reduction (H,-TPR) was tested from 50 °C to 900 °C in a flowing
7% Hy/Ar stream. Before the measurement, the sample was pretreated at
400 °C for 1.5 h in a purified Nj. The electron spin resonance (ESR) was
operated on a JES FA200, JEOL Co. spectrometer. Toluene/O,-temper-
ature programed desorption (Toluene/O,-TPD) test were performed on
a Chembet Pulsar apparatus (QUANTACHROME) after the sample was
pretreated in pure He atmosphere for 1.5 h at 400 °C. The toluene
adsorption kinetic (25 °C) and desorption process (25-600 °C) were
determined by the TGA experiment (TGA/DSC 3 +, Mettler Toledo).
Similarly, the sample was pretreated at 400 °C for 1.5 h under the pure
Ny. The pyridine adsorbed IR spectroscopy (Py-IR) was obtained after
evacuation for 30 min at 40 °C. The intermediate products of catalyst
surface (CeMO-S) and reaction exhaust (CeMO-G) were first absorbed by
liquid ethyl acetate for 3 h and further detected by gas chromatogra-
phy-mass spectrometer (GC-MS, ISQ, Thermo) with pure He as mobile
phase. UV-vis diffuse reflectance spectrophotometer (UV-3600) was
used to identify optical absorption properties. Photoluminescence (PL)
spectra were obtained using a F-7000 fluorescence spectrophotometer
with the excitation light of 325 nm wavelength. The transient photo-
current response and electrochemical impedance spectroscopy (EIS)
curves were measured on a CHI660E electrochemical workstation using
an Ag/AgCl electrode as the reference electrodes and 0.1 M of NaySOy4 as
electrolyte solution. In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was collected by a Nicolet Nexus 5700 FTIR
spectrometer. Each photocatalyst was primarily pretreated for 1.5 h at
400 °C with purified Ny, and then cooled to 30 °C to collect the sample
background spectra. Thereafter, toluene adsorption DRIFTS was recor-
ded for 40 min with the introduction of 20 ppm toluene/air. In situ
DRIFTS of photocatalytic toluene experiments were conducted under
the illumination of a Xe lamp in 20 ppm toluene/air atmosphere.

2.3. Computational methodology

We have employed the Vienna Ab Initio Package (VASP) to perform
all the density functional theory (DFT) calculations within the general-
ized gradient approximation (GGA) using the PBE formulation [31-33].
We have chosen the projected augmented wave (PAW) potentials to
describe the ionic cores and take valence electrons into account using a
plane wave basis set with a kinetic energy cutoff of 450 eV [34,35].
Partial occupancies of the Kohn-Sham orbitals were allowed using the
Gaussian smearing method and a width of 0.05 eV. The on-site correc-
tions (DFT+U) has been applied to the 4 f electron of Ce atoms (U =
5.0 eV) by the approach from Dudarev et al. [36]. The electronic energy
was considered self-consistent when the energy change was smaller than
1075 eV. A geometry optimization was considered convergent when the
force change was smaller than 0.02 eV/A. Grimme’s DFT-D3 method-
ology was used to describe the dispersion interactions [37].

As illustrated in Fig. S3, the CeMO samples possess lattice fringes
spacing of 0.32 nm matching well with CeO5(111) [11]. Meanwhile, the
results of XPS, Raman, and ESR indicated the existence of oxygen va-
cancies in CeMO materials. So, the models of CeO5(111) with and
without oxygen vacancies were used to calculate its adsorption and
activation capacity for toluene.

The equilibrium lattice constant of CeO, unit cell was optimized,
when using a 11 x 11 x 11 Monkhorst-Pack k-point grid for Brillouin
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and (f) ESR spectra of CeMO-750, CeMO-850 and CeMO-950 samples. (g) The proposed mechanism for the formation of oxygen vacancies during Ce-LDH pyrolysis.

zone sampling, to be a= 5.479 A. We then use it to construct a
CeO2(111) surface model with p(3 x3) periodicity in the x and y di-
rections and 3 stoichiometric layers in the z direction by vacuum depth
of 15 A in order to separate the surface slab from its periodic duplicates.
This CeO5(111) surface model contains 27 Ce and 54 O atoms. In

another model, one O atom on the outmost layer was removed in order
to create an oxygen vacancy. During structural optimizations, the
gamma point in the Brillouin zone was used for k-point sampling, and
the bottom two stoichiometric layers were fixed while the top one was
allowed to fully relax. The adsorption energy (Eads) of adsorbate A was
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Fig. 5. (continued).

Table 2

The information of toluene desorption amount estimated by toluene-TPD.
Sample Weak adsorption Strong adsorption Astrong/Aweak

~200°C ~250°C ~300 °C

CeMO-750 56.05% 31.06% 12.89% 0.78
CeMO-850 51.29% 34.58% 14.13% 0.95
CeMO-950 58.43% 30.34% 11.23% 0.71

defined as:

Eads = Ea/polyimide - Epolyimide - Eacgywhere Ea/surf, Esurf and Eag) are
the energy of adsorbate A adsorbed on the polyimide, the energy of clean
polyimide, and the energy of isolated A molecule in a cubic periodic box
with a side length of 20 Aand a 1 x 1 x 1 Monkhorst-Pack k-point grid
for Brillouin zone sampling, respectively.

2.4. Evaluation of photocatalytic degradation toluene

The photocatalytic oxidation of toluene test was carried out in a
continuous flow stainless steel reactor equipped with a quartz opening
window on the top under the 280 W Xe lamp irradiation. 50 mg of
sample was evenly dispersed on a 400-mesh screen and placed in the
reactor. A mixture of ~23 ppm toluene/air with a humidity of 20% RH
was continuously introduced into the reactor. After dark treatment to
reach the equilibrium state of toluene absorption and desorption, the
photocatalytic reaction was done. The concentration of toluene and
product CO5 was monitored by gas chromatography (GC —7920). The
formulas of toluene conversion rate and mineralization rate were given
respectively by Egs. (1) and (2):

Tol . —[Tol
Toluene conversion | % | = [Toluenel,, — [Toluene,,, x 100% (€8}
[Toluene],,
CO:
Toluene minerlization | % | = % x 100% 2
7 x [Toluene],,

where [Toluenel;, and [Toluene]q, are the inlet and outlet concentration
(ppm) of toluene, respectively. [CO2loy: represent the outlet concen-
tration (ppm) of product CO».

3. Results and discussion
3.1. Morphological and structural properties

The crystal structure and chemical composition of the as-prepared
Ce-LDH were determined by XRD (Fig. S4a), FT-IR (Fig. S4b) and TG-
MS (Fig. 1la). As shown in Fig. S4a, the sharp diffraction peaks
observed in the low-angle region of Ce-LDH confirmed that it had a
typical layered structure. Fig. S4b identified that the brucite-like layer
-OH bonds as well as the interlayer water molecules, nitrate ion and
sulfate ion existed in the Ce-LDH structure. The detailed description of
FT-IR spectrum presented in the Supporting Information.

In order to obtain the calcining temperatures for Ce-LDH, the TG-MS
curves of Ce-LDH were analyzed (Fig. 1a). The mass loss in the tem-
perature range of 25-400 °C, 400-600 °C, 600-850 °C were attributed
to the decomposition of interlayer water molecules/OH, nitrate ions, as
well as interlayer sulfate ions, respectively, which matched well with the
pattern of the LDH materials. According to the TG-MS curves of Ce-LDH,
the calcining temperatures of 750, 850, 950 °C were chosen. Besides, the
XRD results of CeMO-750, CeM0-850, and CeMO-950 suggested that the
formation of CeO,. In Fig. 1b, the characteristic peaks of the obtained
CeMO samples could be perfectly indexed to cubic fluorite CeO,, ac-
cording to JCPDF No. 34-1002. Moreover, Ce and O elements were
observed on all three CeMO catalysts surface (Fig. S5). Therefore, the
CeO, (CeMO) photocatalysts via an anion-induced oxygen vacancy
method were successfully synthesized.

The morphologies and microstructures of the CeMO products were
systematically monitored by SEM, TEM, and AFM analysis. Obviously,
the SEM images show that all CeMO materials display a platelet-like
structure composed of uneven size (1-3 um, 0.1-2 ym and 0.05-2 um
for CeMO-750, CeMO-850 and CeMO-950, respectively) and randomly
stack nanosheets (Figs. 2a, S6). The TEM results (Figs. 2b, S7) suggested
that the calcination temperature and the interlayer ions and OH
removal led to some particles assembling CeO, nanosheets. Moreover,
the AFM images clearly reflected that CeMO samples exhibited a stack of
layers (Figs. 2¢, S8), which agreed with the results of SEM. The thickness
of CeMO-750, CeMO-850, and CeM0-950 are 5-35 nm, 10-60 nm, and
2-4 nm, respectively, which may be caused by the destruction of CeMO
morphology, due to too high temperature. Combining the results of
SEM, TEM, and AFM, it can be concluded that along with the increase in
calcination temperature, CeMO nanosheets showed a reduced size and
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more irregular shape. Furthermore, the Ny adsorption-desorption iso-
therms (Fig. S9a) of the CeMO samples show type IV with H1 hysteresis
loop manifesting the presence of mesoporous structures, owing to the
decomposition of interlayer anions during the calcination of Ce-LDH,
which is consistent with the pore size distribution curves (Fig. S9b)
[38]. As summarized in Table S1, all three CeMO samples possess similar
specific surface area and pore size, which suggest that the difference in
CeMO catalytic activity is not directly related to the specific area and
pore size.

3.2. Photocatalytic performance for toluene degradation

Photocatalytic oxidation activity towards toluene under light irra-
diation as a function of time was evaluated and compared in Fig. 3 over
the fabricated CeMO, CeOy-Hj, P25, and common CeO5 samples. Only
5% of toluene is oxidized after 3 h irradiation, so the self-photo
decompose of toluene was negligible (Fig. 3a). As expected, the
toluene conversion and mineralization results of the samples are in the
same sequence as CeMO-850 > CeMO-750 > CeM0-950, and the per-
formance of CeMO-850 is also better than that of the common CeO5 (c-
CeO,) and even commercial P25. More importantly, the toluene
mineralization rate of CeMO-850 is as high as 58%, while that of CeMO-
750, CeMO0-950, c-CeO,, and commercial P25 are only 42%, 2%, 12%,
39%, respectively. In particular, compared with common method for
producing oxygen vacancies by Hj; post-treatment (CeO2-Hg), as-
prepared CeO, nanosheets with rich oxygen vacancies through the
anion-induced way showed outstanding photocatalytic performance for
toluene oxidation. The photocatalytic performance of CeMO-850 is
more excellent than that of other related photocatalysts in literature,
summarizing in Table S2. Furthermore, the stabilities of CeMO catalysts
were also determined in Fig. 3b-d. Surprisingly, the photocatalytic ac-
tivities over CeMO-750 and CeMO-950 obviously decreased when

reacting 9 h, while CeMO-850 was provided with the steady perfor-
mance (Fig. 3b). Meanwhile, during the 12 h irradiation, CeMO-850
consistently maintained the highest toluene mineralization capacity
(Fig. 3c). Besides, the conversion and mineralization rate towards
toluene of CeMO-850 did not exhibit remarkable deterioration after
three successive cycles of photocatalytic reaction (Fig. 3d). Therefore,
the different activities and stabilities were revealed by the following
characterizations.

3.3. The generation of reactive oxygen species (ROS)

In the process of efficient photocatalytic oxidation of toluene, the
ability of photocatalysts to produce active oxygen radicals is the most
decisive step. The generation ability of active oxygen radicals depends
on the band structure of the semiconductor material, and the UV-vis
DRS and valence band (VB) XPS were introduced to examine band gaps
and VB position of CeMO samples (Fig. S10). According to the results in
Fig. S10, we obtained the specific band structure of the CeMO materials
and shown in Fig. 4a. The VB value of CeMO-850 (2.12 eV) is more
positive than that of CeMO-750 (2.03 eV) and CeMO-850 (2.01 eV),
while the CB value of CeMO-850 (—0.76 €V) is more negative than that
of CeMO-750 (—0.69 eV) and CeMO-950 (—0.73 eV), suggesting that
CeMO-850 possess a stronger ability to produce ROS. Additionally, the
DMPO-ESR trapping technique was employed to directly identify the in-
situ formed active oxygen radicals under light irradiation (Fig. 4b-c).
Apparently, all three CeMO photocatalysts are able to generate -OH and
-O3 radicals, whereas the radicals signal intensities of CeMO-850 are
much higher than those of CeMO-750 and CeMO-950. It visually sug-
gested that CeMO-850 could produce more ROS participating in the
photocatalytic oxidation process of toluene, thus exhibiting excellent
toluene mineralization ability. Generally, the generation of ROS is
closely related with surface oxygen species and photoelectric properties,
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Table 3
Intermediates identification of toluene photocatalytic oxidation by GC-MS.

Retention m/ Structural formula Chemical name Molecular
time (min) Z formula
6.78 92 : _CHy Toluene C7Hg
7.06 112 o 3-Hepten-2-one C,H;,0

i/\/
9.59 114 o 4-Methyl-3- CgH1002

pentenoic acid
= OH
10.04 116 - 2, 2-Dimethyl- C;H160
\){\/ 1-pentanol
13.61 106 Benzaldehyde C7HeO
/ 0

20.24 122 Benzoic acid C;HgOo

which were analyzed as followed.

The -OH radicals are almost from the activation and oxidation of the
surface adsorbed H20 molecules and hydroxyls [39-41]. XPS spectra of
01 s (Fig. 4d) were utilized to confirm more adsorbed oxygen species on
CeMO-850 surface. For CeMO-850, the peaks at 532.3, 531.3 and
529.4 eV are indexed to adsorbed hydroxyl oxygen (Oy), chemisorbed
oxygen species on the Ov (Og, O%', or O) and lattices oxygen (Op),
respectively [26,29,42-44]. And the area ratios of Op/Otota; and Oy/O-
total are ordered by CeMO-850 (26.90%, 39.76%) > CeMO-750 (22.79%,
33.73%) > CeMO-950 (19.47%, 30.97%). It was reasonably concluded
that more adsorbed oxygen species on the CeMO-850 surface was
oxidized by photogenerated carriers in favor of more -OH and -Oj3 rad-
icals formation, thus boosting the photocatalytic toluene mineralization.
Interestingly, we found that the peak related to chemisorbed oxygen
species on the Ov (O3, O%', or O) of CeMO-850 shifted toward the higher
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binding energy compared with CeMO-750 and CeM0-950, indicating of
chemisorbed oxygen species with less electrons on CeMO-850, i.e., O5.
According to literatures [45,46], O3 species can promote toluene deep
oxidation. Therefore, CeMO-850 was provided with better activity of
toluene oxidation. Moreover, the oxygen species of as-prepared samples
were further evaluated by O2-TPD (Fig. 4e). Three oxygen desorption
regions (< 300 °C, 300-600 °C, > 600 °C) were discovered for the
CeMO photocatalysts, which were related to the desorption of surface
adsorbed oxygen, surface lattice oxygen, and bulk lattice oxygen,
respectively [47]. Interestingly, it could be clearly seen that CeMO-850
had more chemical adsorbed oxygen (200-300 °C) leading to stronger
oxygen utilization ability, which was conducive to the generation of
-OH. In addition, CeMO-850 exhibited a lower desorption temperature
in the mid-temperature region, indicating that its active oxygen mobility
was higher, which was beneficial to the replenishment of reactive oxy-
gen species during the photooxidation of toluene. Importantly, the acid
sites are also regarded as the active sites for generating ROS on the
surface of catalyst. Herein, Py-IR adsorption spectra were determined to
distinguish the Lewis (L) acid sites and Brgnsted (B) acid sites of the
CeMO samples (Fig. 4f). The bands emerged at 1540 and 1637 cm™!
were attributed to pyridine adsorbed on B acid sites, the peaks at 1445,
1575, and 1607 cm™! were related to pyridine adsorbed on L acid sites
[48,49]. And the peak located at 1490 cm ™! was corresponded with sum
of B and L acid sites [49]. The quantitative results of Py-IR listed in
Table 1 and showed that CeMO-850 possessed more B acid sites on Ce>*
sites donating protons compared with CeMO-750 and CeM0-950, which
was favorable for the formation of -OH and provided higher photo-
catalytic oxidation efficiency of toluene [50].

In addition, the -O3 radicals are closely related to oxygen vacancies
(Ov) and oxygen mobility, and in situ UV Raman, the XPS spectra of Ce
3d, UV Raman, UV-vis DRS and ESR spectra were used to study the
formation mechanism of Ov. The in-situ UV Raman (Fig. 5a) showed the
change of surface species and the surface Ov formation in the pyrolysis
process of Ce-LDH. As shown in Fig. 5a, when the calcination temper-
ature was lower than 200 °C, Ce-LDH remained the structure of hydro-
talcite with the peaks around at 160, 328, 442, 540, 614, 997, 1065, and
1106 cm ™! corresponding to H,0/OH", hydrogen-bond, Ce**-0, Ce®*-
o, SO?{, and NOs, respectively [51-54]. The main peak located at
450 cm™! was characteristic of Fyg band. Specially, the band at
592 cm ! was related to the vibration of oxygen vacancy [53]. With the
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increase of the Ce-LDH pyrolysis temperature (< 600 °C), the removal of
OH/H50 and a handful of NO3 induced the continuous increase of
surface Ov (Isg2/I450). Therefore, the removal of OH/H50 and nitrate
would take away the attached oxygen atom of CeOs, leading to the
generation of Ov. Due to the limitation of the heating conditions of the
in-situ Raman reaction cell, the highest temperature can only be
measured at 600 °C. The effects of sulfate and nitrate ions removal on Ov
were investigated as followed. The Ov of CeMO-650, CeMO-750,
CeMO-850, and CeM0O-950 were determined in Fig. 5b-f. The UV Raman
and XPS spectra were employed to investigate the surface oxygen va-
cancy (Ovgy). The detailed UV Raman (Fig. 5b) and Ce 3d XPS spectra
(Fig. S11) was analyzed, and the corresponding concentration of Ovg,,
and content of Ce3* (Ce3* / (Ce®* + Ce*")) were calculated in Fig. 5d
and Fig. 5e. It showed that the largest concentration of Ovg, was
CeMO-850. Combined the result of TG-MS, it was proposed that when
the pyrolysis temperature was lower than 600 °C, the removal of
OH/H,0 and nitrate ions induced the continuous increase of Ovgy,.
Besides, the high temperature would make the bulk active oxygen atom
migrate to the surface, and thus Ovg, were more on CeMO-850 than
CeMO-750, agreement with the results of XPS (Fig. 5e). In addition, the
UV-vis DRS (Fig. 5c-d) and ESR (Fig. 5f) results showed the total con-
centration, including of surface and bulk [29,55]. In UV-vis DRS spectra
(Fig. 5¢), two absorption band at 280 and 320 nm are related to the
absorptions of Ce>" and Ce*", respectively [29]. The corresponding
ratios of Ce>* to Ce** were calculated in the Fig. 5d. The UV-vis DRS
(Ce3+ ratio) and ESR (g = 1.998) results suggested that the total con-
centration of Ov was ordered by CeMO-850 > CeMO-750 > CeMO-950.
Combined the TG-MS results, it was showed that the nitrate and sulfate
ions in bulk decomposed between 700 and 850 °C, leading to the for-
mation of bulk oxygen vacancy (Ovpyx). The signal of bulk sulfate ions
in the Hy-TPR results further confirmed that few bulk sulfate ions in
CeMO-750, leading to fewer Ovyyx. Therefore, the process and mecha-
nism on the generation of oxygen vacancies on CeO, nanosheets via the
anion-induced Ce-LDH pyrolysis method were proposed in Fig. 5g to
explain the richer oxygen vacancies on CeMO-850. The higher concen-
tration of Ov and Ce®" in CeMO-850 sample could effectively capture
toluene and gaseous oxygen, respectively, which facilitated the activa-
tion of O, molecules, and constructed more -O3 radicals. Therefore,
CeMO-850 with more Ov had richer -OH and -O3, which were recog-
nized as important ROS for ring opening in the photooxidation process
of toluene, and became one of the reasons for the best photocatalytic
performance.

Furthermore, the formation of ROS also depends on the available
photo-generated charges. Therefore, the photoelectric properties of the
photocatalyst were determined. Fig. 5c revealed that CeMO-850 with
abundant Ov had stronger light response capacity, and thus promoted
the generation of more photogenerated charges [9]. The photoexcited
carries transfer and separation efficiency were detected by EIS
(Fig. S12a), PL (Fig. S12b), and transient photocurrent response
(Fig. S12c), and ranked by CeMO-850 > CeMO-750 > CeM0O-950. On
the basis of that, more photogenerated electron-hole pairs were on
CeMO-850 to effectively participate in the generation of ROS, thereby
achieving excellent photocatalytic performance.

3.4. Toluene adsorption and activation capacity

As we all know, the adsorption of reactant molecules on the catalyst
surface is the prerequisite in heterogeneous catalytic reactions. The
toluene adsorption kinetic and desorption process were determined by
the TGA experiment (Fig. S13). It can be observed that CeMO-850 has
higher adsorption and lower desorption capacity for toluene with
respect to CeMO-750 and CeMO-950, hinting that toluene can be effi-
ciently adsorbed and activated on the surface of CeMO-850, which
might be resulted from its higher Ov concentration. An insight into
toluene adsorption properties was further measured by toluene-TPD. As
depicted in Fig. S14, the toluene-TPD spectra of CeMO samples were
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fitted and attributed to weak (< 200°C) and strong adsorption
(200-400 °C), respectively. It was reported that when the photocatalyst
was exposed to toluene atmosphere, toluene will preferentially bond on
the strong adsorption sites, and then adsorb on the weak adsorption sites
[56]. The = bond of toluene as electron donor tend to combine with
electron-deficient Ov or OH groups to form strong Ov-n/OH-n bonds, so
that this kind of toluene species is strongly adsorbed on the catalyst
surface to further activated and mineralized efficiently, which is widely
recognized as an effective adsorption way [57-59]. Besides, the weak
adsorption was considered as ortho-, meta-, and para-H atoms of toluene
interacting with the OH groups on catalysts, forming weak HO...H
bonds [58,60]. However, the weakly adsorbed toluene is easily desorbed
before it can be activated or even converted, and the photooxidation
process of toluene is terminated. Based on the peaks area ratios of
Astrong/Atotal (Table 2), i.e., CeMO-850 (48.71%) > CeMO-750 (43.95%)
> CeMO0-950 (41.57%)), it is reasonable to conclude that larger amount
of strongly adsorbed toluene on the CeMO-850 is conducive to
outstanding photocatalytic activity of toluene. For the purpose of
certifying this hypothesis, the toluene adsorption energy (E,qs) on the
surface of CeO, and CeO,., with Ov (CeO2.,-Ov) were calculated by DFT
method (Fig. 6a). The E,qs value of CeOy,-Ov (—1.34 eV) is relatively
lower than that of CeOy (—0.75 eV), revealing the existence of Ov is
more conducive to the adsorption and activation of toluene, which
might result from the Ov acting as sites to adsorb toluene via n electrons
(benzene rings) to Ov. Therefore, CeMO-850 with more Ov had the best
ability to adsorption and activation for toluene.

In addition, XRF and Hj-TPR profiles explained the poorer perfor-
mance of CeMO-750. The results of XRF (Table S3) show that 0.1%
sulfur (S) are present in CeMO-750, while absent in the CeMO-850 and
CeMO-950. In Hy-TPR, apart from the reduction of surface oxygen (~
386 °C) and bulk oxygen (> 750 °C) species, CeMO-750 also shows
obvious reduction of sulfate species (~ 573 °C) in Fig. 6b, which is
consistent with the result of XRF [61]. These sulfate species from
incomplete decomposition of Ce-LDH could occupy the adsorption and
reaction sites, and thereby significantly reduced the catalytic activity of
CeMO-750.

Furthermore, in situ DRIFTS experiments of toluene adsorption on
CeMO were further used to investigate the dynamic evolution process of
toluene adsorption and activation. The in situ DRIFTS results were all
uniformly normalized. After injecting 20 ppm toluene/air to reaction
cell, the intensity of the typical toluene absorption peak (1495 cm ™) on
CeMO-850 (Fig. 6¢-d) gradually increases and stabilizes within 30 min
[2], which is higher than that of CeMO-750 (Fig. S15a-b) and CeMO-950
(Fig. S15c-d), because of richer Oyg,y on CeMO-850. For CeMO-850, the
two weak bands assigned to benzoic acid are observed at 1635 and
972 cm_l, and the negative band related to isolated vs(H20) at
3445 cm™!, indicating that a small amount of adsorbed toluene are
oxidized [62-64]. While, on CeMO-750 and CeMO-950, a new peak
assigned to benzaldehyde (1703 and 972 cm™ 1) emerges at 1703 cm ™!
[65]. The different peak and the intensity evidently showed that
CeMO-850 with more Ovg, had stronger toluene adsorption and acti-
vation ability at room temperature in dark, leading to further opening
rings of toluene under light irradiation.

3.5. Photocatalytic reaction mechanism

To elucidate the reaction pathways and the intermediates accumu-
lated on the as-prepared CeMO sample, in situ DRIFTS of toluene
oxidation under Xe lamp irradiation and GC-MS were carried out and
presented in Fig. 7a-g. With the increase of irradiation time, some new
species including polymerized or isolated -OH groups (3743, 3736 and
3705 cm ™) and cresol (3032, 1260 and 1224 cm ™) appear and keep
accumulating on CeMO-750 (Fig. 7a-b) and CeMO-950 (Fig. 7e-f)
[66-69], not on CeMO-850. Notably, only the small number of in-
termediates (benzaldehyde and benzoic acid) and a relatively broad
peak of water desorption are discovered over CeMO-850 (Fig. 7c-d),
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revealing its high-efficiency toluene mineralization ability owing to
abundant Ovpyk. However, a large number of accumulated in-
termediates (cresol, benzaldehyde and benzoic acid) are detected on
CeMO-750, and more adsorbed -OH not activated into -OH on
CeMO-750, showing their declined activity and inactivation. In addi-
tion, although the toluene conversion of CeMO-950 is extremely low,
there are still various intermediate products, which speculate that lots of
coke deposit on the CeM0-950 photocatalyst surface, leading to its poor
stability.

Moreover, GC-MS test was designed to identify the by-products
accumulated on the used photocatalyst surface (marked as CeMO-S)
and gas phase (marked as CeMO-G) in Figs. 7g, S16 and Table 3. It
can be clearly seen that the by-products are detected in the exhaust gas
and on the surface of CeMO-750 and CeMO-850 after 3 h of photo-
catalytic reaction, which attribute to its high toluene conversion ability.
On the contrary, extremely few ring-opening intermediates are observed
in the gas phase, while various by-products are deposited on the surface
of CeMO0-950, showing that the fairly poor toluene photodegradation
performance and severe carbon species accumulation, confirmed by the
TG results. In Fig. 7h, the weight loss of 0.16% stemmed from by-
products deposition is observed in the used CeMO-950, which is good
agreement with the results of in situ DRIFTS of toluene oxidation.
Therefore, CeM0-950 had poor stability, due to by-products deposition
poisoning the catalyst.

According to the results of in situ DRIFTS and GC-MS, the possible
mechanisms of photocatalytic toluene oxidation over CeMO were pro-
posed, compared, and depicted in Fig. 8.

Firstly, under the light irradiation, the oxygen-containing species
captured easily by Ce®* sites were reduced to produce -O3 radicals by
photogenerated electrons (e) and oxidized into -OH radicals by the
holes (h*) [70]. Secondly, the toluene adsorbed on the oxygen vacancies
could be attacked fast by active species (-O,, -OH and h™), and the
subsequent toluene oxidation process could be as follow: (I) the methyl
dehydrogenation pathway: toluene was gradually oxidized to benzyl
alcohol, benzaldehyde and benzoic acid; and (II) aromatic ring dehy-
drogenation reaction pathway: the hydrogen atoms on the aromatic ring
of toluene were extracted to form into cresol and then into hydroqui-
none. Generally, mineralization of benzoic acid (pathway I) is much
easier than that of hydroquinone (pathway II) [71]. Based on photo-
catalytic toluene on CeMO-850 mainly following pathway I, while
pathway I and II observed on CeMO-750 and CeMO-950, owing to the
existence of few sulfate ions and coke species, therefore, CeMO-850 was
provided with the best photocatalytic performance of toluene oxidation,
and its reaction mechanism was that aromatic compounds were trans-
ferred into the ring-opening intermediates (i.e., 3-hepten-2-one,
4-methyl-3-pentenoic acid, 2, 2-dimethyl-1-pentanol, etc.), and finally
were mineralized into CO, and H,O in Fig. 8. Interestingly, the different
reaction routes of photocatalytic toluene oxidation were related on the
Ov, i.e., Ovgy with Ce3* species were beneficial for toluene adsorption, B
acid sites and -OH radical generation, respectively, and Ovpyi was
helpful for oxygen mobility and deep mineralization. In comparison
with published studies supplied in Table S4, we identified some
ring-opening intermediates as well as revealed oxygen vacancies playing
an important role in photocatalytic toluene oxidation.

4. Conclusions

Overall, the CeMO samples with different concentration of oxygen
vacancies were successfully obtained via an anion-induced method.
Compared with CeMO-750 and CeMO-950, the as-synthesized CeMO-
850 with more Ovg, and Ovpyk possesses the best activity, due to ad-
vantageous B acid sites, active oxygen species, toluene adsorption, and
photo-generated charges, and thus plentiful ROS (-O3 and -OH) promote
open rings of aromatic intermediates and increase toluene mineraliza-
tion. While CeMO-750 with fewer sulfate ions is bad for toluene
adsorption and activation, and CeMO-950 with less Ov is easier to be
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poisoned. Furthermore, the different reaction pathways showed the
various toluene mineralization ability. The anion-induced oxygen va-
cancy strategy provides a new perspective for introducing uniform ox-
ygen vacancy defects in photocatalysts.
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