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ABSTRACT: Selective oxidation of toluene is a key reaction to produce high value-
added products but remains a big challenge. In this study, we introduce a nitrogen-doped &
TiO, (N-TiO,) catalyst to create more Ti** and oxygen vacancy (Oy), which act as active
sites for selective oxidation of toluene via activating O, to superoxide radical (e0,").
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Interestingly, the resulting N-TiO,-2 exhibited an outstanding photo-assisted thermal con. 613333 pmolg_"a"

performance with a product yield of 209.6 mmol-g.,, ' and a toluene conversion of
10960.0 umol-g.,,~"+h™", which are 1.6 and 1.8 times greater than those obtained under

thermal catalysis. We showed that the enhanced performance under photo-assisted o) S

thermal catalysis was attributed to more active species generation by making full use of
photogenerated carriers. Our work suggests a viewpoint to apply a noble-metal-free TiO,
system in the selective oxidation of toluene under solvent-free conditions.

1. INTRODUCTION

Selective oxidation of toluene is a key transformation to form
high-value products, including benzyl alcohol, benzaldehyde,
benzoic acid, and benzyl benzoate. They are significant
intermediates in the manufacture of pharmaceuticals, dyes,
solvents, perfumes, plasticizers, preservatives, and flame
retardants.' Disappointingly, it is usually necessary to add
solvents in the process of preparing high value-added products,
and the §enerated products often have the problem of chlorine
residue.”™® These not only cause serious environmental
problems but also limit the scope of use of the products.”"
Thus, it is a promising choice for direct selective oxidation of
toluene with O, as oxidant without solvent. Indeed, under
solvent-free conditions, both thermocatalysis and photo-
catalysis can achieve selective oxidation of toluene to obtain
high value-added products."' ™' However, it also remains a
range of significant challenges. The most urgent issues include
the extremely low product yields and toluene conversion. For
example, using the high-performance AuPd alloy catalyst, a low
product yield of 59.5 mmol-g.,,~' was obtained along with a
poor toluene conversion of 2375.0 /tmol‘gcat_l‘h_l.1 There is a
need to design a catalyst with excellent performance for
selective oxidation of toluene.

TiO,, as a classic catalyst, has attracted much attention
owing to its excellent photocatalytic performance, but it also
shows excellent performance in the thermal catalytic
reaction.”’ ™ Tt can construct a great number of Ti** and
oxygen vacancy (Oy) through further treatments, such as
thermal reduction, semiconductor recombination, dye photo-
sensitization, and doping.”*"*® The resulting Oy often acts as
active site to activate O, to generate superoxide radical
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(e0,7), and the obtained Ti** provides electrons in this
process.”” Considering that €O, is the active species of the
selective oxidation of toluene, TiO, with Oy and Ti** can
catalyze the selective oxidation of toluene to obtain high-value
products.”**” Combined with excellent optical property, TiO,
may further enhance the catalytic performance via photo-
assisted thermal catalysis.*’

In this study, we aimed to create more Oy and Ti** on TiO,
via optimizing nitrogen doping. The resulting nitrogen-doped
TiO, (N-TiO,) catalysts were used for selective oxidation of
toluene without solvent under thermal, photo, and photo-
assisted thermal catalysis. We demonstrated that the
combination of light and heat can greatly enhance the catalytic
performances of N-TiO, catalysts on selective oxidation of
toluene owing to the increased Oy and Ti**, as well as their
optimized optical properties.

2. EXPERIMENTAL SECTION

2.1. Chemicals. TiO, (Anatase) was purchased from Sigma
Aldrich. Toluene and urea (99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Benzyl alcohol
(99.5%), benzaldehyde (99.5%), benzoic acid (99.9%), benzyl
benzoate (99.0%), o-xylene (96.0%), and absolute ethanol
were purchased from Aladdin Biochemical Technology Co.,
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Ltd., Shanghai, China. All chemicals were used as received
without any further purification.

2.2. Catalyst Preparation. N-TiO, was prepared by the
impregnation method, and urea was used as the nitrogen
source. In detail, 0.5 g of urea was dissolved in ultrapure water
and then 1 g of TiO, was added and stirred for 5 h to obtain
white suspension. Subsequently, the suspension was dried at
100 °C for 12 h and then calcined at 400 °C for 2 h with a
heating rate of 3 °C/min after being ground. Finally, N-TiO,-
0.5 was achieved. N-TiO,-X (X represents the mass ratio of
urea to TiO,, X = 0.5, 1, 1.5, 2, and 2.5, respectively) were
synthesized using different amounts of urea.

2.3. Characterization. Characterizations are detailedly
described in the Supporting Information.

2.4. Catalytic Reaction. 2.4.1. Thermal Selective
Oxidation of Toluene. Thermal selective oxidation of toluene
was carried out in an autoclave (100 mL). Toluene (40 mL)
and N-TiO, or pristine TiO, (100 mg) were added into the
reactor and then purged with O, repeatedly. Subsequently, it
was heated up to 160 °C, and O, was added to the reactor,
reaching 1 MPa. Finally, the magnetic stirrer was turned on
and the reaction was started. Test samples were taken before
heating and after the reaction and analyzed by gas
chromatography (2010Plus, Shimadzu, Japan).

2.4.2. Photo Selective Oxidation of Toluene. Toluene (40
mL) and N-TiO, or pristine TiO, (100 mg) were added into
the reactor and purged with O, repeatedly. Then, it was
irradiated with a 300 W Xe lamp, and O, was added to the
reactor, reaching 1 MPa. Finally, the magnetic stirrer was
turned on and the reaction was started. Test samples were
taken before heating and after the reaction and analyzed by gas
chromatography.

2.4.3. Photo-Assisted Thermal Selective Oxidation of
Toluene. Toluene (40 mL) and N-TiO, or pristine TiO,
(100 mg) were added into the reactor and purged with O,
repeatedly. Then, it was heated up to 160 °C and irradiated
with a 300 W Xe lamp. Finally, O, was added to the reactor to
reach 1 MPa, the magnetic stirrer was turned on, and the
reaction was started. Samples were taken before heating and
after the reaction and analyzed by gas chromatography.

2.4.4. Quenching Experiment. In the thermal quenching
experiment, compared to the thermal selective oxidation of
toluene, only the initial feeding step is different, that is,
toluene, catalyst, and quenching agent are added together, and
the subsequent steps are completely the same. Similarly, in the
photo-assisted thermal quenching experiment, compared to the
photo-assisted thermal selective oxidation of toluene, only the
initial feeding step is different, that is, toluene, catalyst, and
quenching agent are added together, and the subsequent steps
are completely the same.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure. N-TiO, was prepared
by a facile impregnation method. X-ray diffraction (XRD)
showed no changes in the peaks of the anatase phases (JCPDS
No. #71-1166) (Figure la). Raman spectra showed that the
signals were assigned to the E,, Eg Biy Ay and E, modes of
the anatase phase (Figure 1b).” Scanning electron microscopy
(SEM) showed that N-TiO, and pristine TiO, had similar
morphologies (Figure 1c and Figure S1), and SEM/energy-
dispersive X-ray spectroscopy (EDS) confirmed that N was
successfully doped into TiO, (Figure le and Figure S2).
Transmission electron microscopy (TEM) and high-resolution
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Figure 1. (a) XRD patterns and (b) Raman spectra of N-TiO, and
pristine TiO,. (¢, d) SEM images and EDS spectra of N-TiO,-2. (e)
STEM, (f) HRTEM, and (g) elemental mappings of N, Ti, and O
images of N-TiO,-2.

transmission electron microscopy (HRTEM) revealed the
crystal structures of N-TiO, and pristine TiO,, and the lattice
fringes with interplanar spacings of 0.24, 0.35, and 0.42 nm
were assigned to (004), (101), and (120) from the TiO,,
respectively (Figure lef and Figure $3).>*7** SEM and TEM
mapping images confirmed the homogeneous distribution of
all elements in the N-TiO, and pristine TiO, (Figure lg and
Figures S4 and SS). All these indicate that N doping does not
substantially change the original crystal phase structure of
TiO,.

The structure of N-TiO, was further characterized by X-ray
photoelectron spectroscopy (XPS). The N 1 s spectra of N-
TiO, had two characteristic peaks at 398.9 and 400.3 eV
(Figure 2a), which corresponded to N—Ti—O and Ti—O—N
bonds, respectively.35_37 This is consistent with the result of
Fourier transform infrared (FT-IR), where peaks at 978 and
1428 cm™' corresponded to N—Ti—O and Ti—O—N bonds
(Figure $6).”® N=Ti—O indicates that N replaces the lattice O
and bonds to Ti of TiO,, while Ti—O—N represents the N
doped into the interstitial site. As expected, the N atomic
concentration increased in a sequence of N-TiO,-0.5 < N-
TiO,-1 < N-TiO,-1.5 < N-TiO,-2 < N-Ti0O,-2.5 according to
the XPS results (Table S1). The Ti 2p spectra of N-TiO, and
pristine TiO, had two peaks at 458.7 and 464.5 eV, which were
attributed to Ti 2p;;, and Ti 2p,),, respectively (Figure
2b).**?? After Gaussian fitting, the peaks at 463.6 and 458.4 eV
belonged to Ti’*, and the peaks at 464.6 and 458.8 eV
belonged to Ti**. Semiquantitative results showed that the Ti**
content of N-TiO,-2 (36.6%) was the largest among the N-
TiO, and pristine TiO, (Table S2). The O 1s spectra of N-
TiO, and pristine TiO, had three peaks at 532.5, 531.0, and
529.8 eV (Figure 2c), which belonged to OH groups, surface
O,, and lattice oxygen, respectively.40 The O, content of N-
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Figure 2. XPS spectra of (a) N 1s, (b) Ti2p, and (c) O 1s of N-TiO,
and pristine TiO,. (d) EPR spectra of N-TiO, and pristine TiO,.

TiO,-2 was the largest among the N-TiO, and pristine TiO,,
and the obtained O,/Oq._t; value was 41.7% (Table S2).

The detect species containing unpaired electrons in N-TiO,
were further characterized by electron paramagnetic resonance
(EPR). There were four characteristic signals at g = 1.940,
1.969, 1.989, and 2.001, which were all belonged to Ti**. The
signal at g = 2.001 belonged to the surface five coordination
Ti** related to oxygen vacancy; the signal at g = 1.989
belonged to the bulk six coordination Ti**; the signal g = 1.969
belonged to the surface five coordination Ti** induced by H;
and the signal g = 1.940 belonged to surface four coordination
Ti***® Another signal at g = 2.006 was attributed to O, (Figure
2d).*'=" Therefore, the N-TiO, and pristine TiO, both
contained Ti** and O,. However, the Ti*" signals at g = 2.001
and 1.989 of N-TiO,-1, N-TiO,-1.5, N-TiO,-2, and N-TiO,-
2.5 were broader than those of pristine TiO,, which was due to
more N doping and generation of more N-doped Ti**. The
signal at g = 2.001 became broader because it was also
overlapped with the gradually enhanced O, signal at g = 2.006.

3.2. Photochemical Properties. The UV—vis diffuse
reflectance spectra showed that N-TiO, absorbed light over a
wide range from the ultraviolet to the visible light regions, and
the spectrum of N-TiO,-2 showed the most obvious red shift
(Figure 3a), indicating the best light absorption and utilization.
The optical band gaps of N-TiO,, calculated based on the
Tauc plot method, were narrower compared with that of
pristine TiO,, and N-TiO,-2 had the narrowest band gap
(Figure S7a), meaning the lowest excitation energy required
from light. Combined with the valence bands deduced from
the XPS spectra (Figure S7b), the positions of the conduction
bands were determined, and the resulting electronic band

3b). Furthermore, we detected the photocurrent response
intensities of the N-TiO, and pristine TiO, and found that N-
TiO,-2 exhibited the best photocurrent response, thereby
indicating good separation of the photogenerated electrons
and holes (Figure 3c). Electrochemical impedance spectros-
copy (EIS), which reflects the charge transfer resistance, was
also performed, and N-TiO,-2 was found to exhibit the
smallest high-frequency semicircle in the Nyquist plot (Figure
3d), indicating the easiest carrier separation and transfer.
Subsequently, the time-resolved fluorescence decay spectra of
N-TiO, and pristine TiO, were used along with the
corresponding lifetimes (7) of the charge carriers to compare
the charge separation efficiencies (Figure S8). As a result, it
was found that N-TiO,-2 exhibited the longest average lifetime
(z,) of 7.53 ns, which corresponds to a higher charge
separation efficiency. Overall, these results indicated that N-
TiO, exhibited better optical property than pristine TiO,, and
the N-TiO,-2 had the best separation and transport of the
photogenerated electron—hole pairs.

3.3. Catalytic Performance. The thermo-, photo-, and
photo-assisted thermocatalytic performances of N-TiO, and
pristine TiO, for selective oxidation of toluene were
investigated (Table S3). Under thermal catalysis, N-TiO,
showed better catalytic performance than pristine TiO,, and
N-TiO,-2 exhibited the optimal performance among the N-
TiO, (Figure 4a). N-TiO,-2 gave a product yield of 132.0
mmol-g.,, ' and a toluene conversion of 6133.3 umol-g., '
h™!, which was 1.8 and 1.6 times those obtained over pristine
TiO,. Under photo catalysis, the yields of products were all less
than 10.0 mmol-g.,, " and toluene conversions were also less
than 700.0 pmol-g, "-h™" over N-TiO, and pristine TiO,,
with almost no activity (Figure 4a). Thus, the selective
oxidation of toluene over N-TiO, and pristine TiO, is
essentially thermally driven. Under photo-assisted thermal
catalysis, the product yields and toluene conversions of N-TiO,
and pristine TiO, had been significantly improved (Figure 4a),
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Figure 4. (a) Yields of the products and toluene conversions with N-
TiO, and pristine TiO, under thermal (black), photo (blue), and
photo-assisted thermal (red) catalysis conditions. (b) Comparison of
the selective oxidation of toluene with the catalysts reported (Table
S4).

showing an excellent synergy between photo- and thermoca-
talysis. Similarly, the performance of N-TiO, was still superior
to pristine TiO,, and N-TiO,-2 also exhibited the best
performance among the N-TiO, (Figure 4a). N-TiO,-2
showed the optimal performance with a product yield of
209.6 mmol-g.,,~! and a toluene conversion of 10960.0 gmol-
g« h™!, which represents increases of 1.6 and 1.8 times,
respectively, compared to its thermal catalytic performance.
Further, the product yield and toluene conversion obtained
over N-TiO,-2 under the photo-assisted thermal catalysis were
1.5 and 1.5 times than those obtained over pristine TiO,. The
product yield of N-TiO,-2 was also higher than most of the
reported catalysts, and even higher than those over optimized
Au—Pd catalysts (Figure 4b). Subsequently, using N-TiO,-2 as
a model catalyst, we further explored the effect of temperature
on the activity and selectivity (Figure S9). The results showed
that increasing the temperature helps to obtain more value-
added products, but the effect on selectivity is not significant,
mainly attributed to this being a thermally driven reaction, with
light only playing an auxiliary role. Indeed, the changes in light
intensity and wavelength have no significant impact on product
yield (Figures S10 and S11), further confirming the auxiliary
effect of light. Moreover, the selectivity of the product did not
reach 100%, mainly due to the peroxide reaction of toluene,
generating by-products CO and CO, (Figure S$12).*
Fortunately, N-TiO,-2 maintains nearly 90% photo-assisted
thermal performance after 4 years of storage (Figure Sa), and
the photo-assisted thermal performance of N-TiO,-2 still
remained 80% after five recycles, which represents an excellent
stability. XRD, FT-IR, and TEM test results showed that the
structure of N-TiO,-2 remained unchanged after the reaction,
and N doping was still uniformly distributed, further
demonstrating its good stability (Figures S6, S13, and S14).
3.4. Catalytic Mechanism. N-TiO,-2 has the highest
concentrations of the Oy and Ti*", and it exhibited the optimal

TiO, and pristine TiO, under light excitation. Product yields and
toluene conversions over N-TiO,-2 with the addition of quencher
under (c) thermal catalysis or (d) photo-assisted thermal catalysis.

performance under thermal catalysis. Thereby, the optimal
thermal performance may be due to the Oy and Ti’*. Oy
adsorbs and activates O, to produce superoxide radical
(#0,7), wherein the required electron (e”) is from Ti**, and
©0,” wusually acts as active oxygen species for selective
oxidation of toluene. Considering that the performance of N-
TiO,-2 was significantly enhanced under the condition of
photo-assisted thermal catalysis, it may be that more e™ is
generated by photoexcitation and then used by Oy, to generate
more 00, . Therefore, we have reason to believe that O, is
active species for selective oxidation of toluene with N-TiO,
and pristine TiO,. Subsequently, the ®O, signal was detected
for N-TiO, and pristine TiO, by EPR spectroscopy, wherein
the strongest signal was detected for N-TiO,-2, as expected
(Figure Sb). The essential role of €0, as active species was
further verified by means of O, scavenger experiments. The
thermal performance of N-TiO,-2 was significantly inhibited
by p-benzoquinone, and residual product yield and toluene
conversion were only 4.8 mmol-g.,,~' and 1786.7 umol-g_,, ™"

h™, respectively (Figure 5c). In addition, the yield and toluene
conversion of N-TiO,-2 obtained under photo-assisted thermal
catalysis were also decreased by 1.7 and 1.3 times after adding
p-benzoquinone, respectively (Figure S5d). Furthermore,
whether in thermal or photo-assisted thermal catalysis, the
participation of e” is essential in the formation of €O,~, which
was verified when potassium persulfate was added as an e~
quencher (Figure Sc,d). Moreover, the remaining hole (h*)
also appeared to play an essential role, since the product yield
was significantly reduced when ammonium oxalate was added
as a h* quencher (Figure Sc,d). Thus, €0,”, e”, and h* act
together as active species to promote the selective oxidation of
toluene.

The selective oxidation of toluene with N-TiO, and pristine
TiO, is essentially thermally driven, whether under thermal or
photo-assisted thermal catalysis, and the introduction of
photoexcitation generates more active species without alterm§
the original mechanism. Combined with the literature, > **
we suggest the catalytic mechanism as follows:
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Oy +0,+e — Oy + 00,

C¢H,CH, + h" > C,H,CH, e + H"

C¢H,CH, e + ¢ O, > C,H,CH,00°"
C,H,CH,00"” + H" —» C,H,CH,00H
C4H,CH,00H - C(H,CHO + H,0

2 C(H,CH,00H - 2 C,H,CH,OH + O,
C¢H;CH,OH + 1/2 ¢ O,” - C,H,CHO + H,0
C¢H,CHO + h* - C;H,CO e + H"

CH,COe + H" + 1/200,” - C(H,COOH

C4H,COOH + C,H,CH,0H
— C¢H,CH,0COCH, + H,0

4. CONCLUSIONS

Here, N-TiO, was prepared by a facile impregnation method,
and more Oy and Ti** were achieved compared with pristine
TiO,. Oy and Ti** activate O, to generate @O,  as active
species, and the resulting N-TiO,-2 exhibited excellent thermal
catalytic selective oxidation of toluene under solvent-free
conditions. Its performance was further significantly enhanced,
and more value-added products of toluene were obtained by
photoexcitation, which attributed more active species gen-
eration benefitted from its best optical property. This highly
efficient photo-assisted thermal catalysis demonstrates promis-
ing applications of noble-metal-free N-TiO, for those more
challenging reactions.
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