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A B S T R A C T   

The photocatalytic oxidation of toluene is limited by low mineralization and inactivation. Cheap carbon and 
nitrogen (CN) species on TiO2 provides an efficient strategy. CN species from the urea calcination in situ formed 
on TiO2 were denoted as UTx (x = 0.5, 1, 2), and UT1 photocatalyst had the best performance of ca. 90% 
conversion and 85% mineralization of toluene in light (λ ≥ 400 nm, RH= 20%), with keeping for at least 720 
min. The excellent activity of UT1 photocatalyst was resulted from the observed interstitial nitrogen and CN 
species with triple bonds. Because easily forming interstitial nitrogen resulted in isolated states and more 
negative VBM to generate hydroxyl radicals, and CN species with triple bonds was beneficial for transferring 
electrons and opening benzene rings. Therefore, quinone intermediates on UT1 were oxidized to 3-hydroxyglu
taric dialdehyde and deeply mineralized, while more accumulated benzaldehyde on TiO2 led to poorer stability.   

1. Introduction 

Volatile organic compounds (VOCs) are harmful to the human 
health, and the applications of photocatalytic technologies in the 
removal of indoor VOCs pollutants are gradually being valued by re
searchers [1,2]. Toluene is one of well-known VOCs pollutants in air, 
and the photocatalytic oxidation of toluene is attracted more attention 
and widely investigated [3–8]. 

Titanium dioxide (TiO2) is a promising photocatalyst due to its 
excellent activity and cheap cost, which is widely used in various pho
tocatalytic fields [9–13], such as VOCs degradation, water splitting, CO2 
reduction, waste water treatment, recovery of precious metals, etc. In the 
photocatalytic oxidation of toluene, the photo-generated charges and 
strong oxidizing radicals can be formed on TiO2 under the UV irradia
tion, which decompose toluene to non-toxic molecules [14–16]. How
ever, the large-scale application of TiO2 in photocatalytic oxidation of 
toluene is restricted, because of the following shortcomings: (1) the band 
structure limits the visible light absorption; (2) the recombination rate 
of photogenerated electrons and holes is rapid; (3) toxic intermediates 

accumulation on the catalyst lead to the deactivation. Many strategies 
have been developed, such as doping metallic/nonmetallic elements, 
fabricating heterojunctions, depositing noble metals, and so on [15–19]. 
An efficient method is reported to modify TiO2 by carbon-based mate
rials. For example, the rGO with π-rings could provide sites for VOCs 
adsorption on TiO2 [20]. Carbon quantum dots decorating TiO2 could 
accelerate the separation of photo-generated charges [21]. 

The precursor of urea is reported to a potential material to form 
carbon and nitrogen species to promote properties of pure TiO2, such as 
visible light absorption, photo-generated charge separation, catalytic 
performance, etc. [22–26] For example, Mitoraj and Kisch [23,24] 
proposed that the triazine ring structures from the thermal decomposi
tion of urea replaced hydroxyls on TiO2 surface, leading to the enhanced 
catalytic activity under visible light. The melon species was also sug
gested to generate from the co-thermal decomposition of urea on TiO2 
[25]. In addition, a small amount of carbon film and triazine rings from 
the urea decomposition were proposed to decorate TiO2 [26]. However, 
the explicit structures of carbon and nitrogen species from thermal 
decomposing of urea on TiO2 are unclear and inconsistent, further the 
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roles of the existing forms of carbon and nitrogen species in the per
formance and mechanism of photocatalytic toluene oxidation on TiO2 
are worthy of study. 

In the work, carbon and nitrogen species from the thermal decom
posing of urea were employed to modify TiO2, denoting as UTx (x were 
the mass ratios of urea precursor to TiO2, i.e., 0.5, 1, 2). Their photo
catalytic activities and stabilities of toluene oxidation under light irra
diation (λ ≥ 400 nm) and a relative humidity of 20% were determined. 
The UT1 photocatalyst had the best toluene mineralization, and kept 
stable for at least 720 min. The mechanisms of enhanced mineralization 
and stability were explored. Characterizations of FT-IR, XRD, XPS, water 
contact angle, UV–vis DRS, and DFT calculations showed the existing 
forms of carbon and nitrogen species, which had influences on band 
structures, active radicals, and photo-generated electron transfer. In 
addition, DFT calculations, in situ DRIFTS of toluene adsorption under 
light irradiation, and GC-MS results investigated the reaction in
termediates, and the possible reaction mechanism of toluene minerali
zation on UT1 was proposed. Furthermore, the fresh and used 
photocatalysts were analyzed to explain better stability of UT1 photo
catalyst. This work provides a valuable guidance for the application of 
TiO2-based photocatalysts in VOCs degradation. 

2. Experimental section 

2.1. Material 

Urea and TiO2 anatase nanoparticles were purchased from Maclin 
Reagent Co., Ltd. (China). All reagents were analytical pure without 
further treatment. 

2.2. Photocatalyst synthesis 

The 2 g of TiO2 anatase nanoparticles and the urea precursor with 
different contents were mixed and milled evenly, then the mixture was 
transferred to a crucible with aluminum foil sealed. The crucible was 
calcined at 550 ℃ for 4 h with a heating rate of 5 ℃/min in an air at
mosphere. Finally, the obtained samples were denoted as UTx, and x 
were the mass ratios of urea precursor to TiO2, i.e., 0, 0.5, 1, 2. The 
schematic diagram of UTx synthesis was showed in Fig. S1 of supporting 
information. In addition, the g-C3N4 sample was synthesized by heating 
urea precursor at 550 ℃ for 4 h with a heating rate of 5 ℃/min in a 
muffle furnace, and the obtained g-C3N4 was denoted as CN sample in 
the following discussion. 

2.3. Characterization of photocatalysts 

The crystal structures were measured by X-ray diffraction (XRD) with 
Philips X′Pert-Pro diffractometer by Cu Kα radiation (λ = 0.15418 nm). 
Transmission electron microscopy (TEM) images were obtained on the 
JEM-2100 instrument at an accelerating voltage of 200 kV. The samples 
were pretreated by crushing and dispersing in the A.R. grade ethanol, 
and the resulting suspensions were dried on carbon film supported 
copper grids. X-ray photoelectron spectroscopy (XPS) analysis was 
performed on the PHI 5000 VersaProbe high performance electron 
spectrometer with an Al Kα radiation (1486.6 eV) achromatic X-ray 
source. The samples were outgassed at room temperature in a UHV 
chamber. The charging effect of samples was compensated with C1s 
peak at 284.6 eV based on the adventitious carbon. The FT-IR spectra 
were measured from 400 to 4000 cm–1 on the Nicolet 5700 FT-IR 
spectrometer. The 5 mg of samples were mixed with the reagent of 
KBr and pressed into self-supported films. UV–vis diffuse reflectance 
spectroscopy (UV–vis DRS) were recorded from 200 to 800 nm by a 
Shimadzu UV 3600 spectrophotometer with the support of ultra-fine 
BaSO4. Photoluminescence (PL) spectra were determined on the 
Fluoromax-4 fluorescence spectrophotometer and recorded from 360 to 
800 nm. The electron spin resonance (ESR) measurements were 

obtained on a JEOL Co. spectrometer with the 5,5-dimethyl-1-pyrroline- 
N-oxide (DMPO) solvent. The photoelectrochemical measurements were 
carried out on a CHI660E electrochemical workstation system adopting 
a standard three-electrode cell. The photocatalytic materials were 
deposited on fluorine-doped tin oxide as the working electrode, with a 
platinum wire and Ag/AgCl electrode as the counter and reference 
electrodes, respectively. The electrolyte solution was Na2SO4 (0.1 M) 
and light source was a Xe lamp. The photocurrent response was 
measured at 0.5 V vs Ag/AgCl during the on-off cycles of 60 s under 
illumination. The electrochemical impedance spectroscopy (EIS) was 
tested at − 0.6 V (vs. Ag/AgCl) from 105 to 0.1 Hz with a modulation 
amplitude of 20 mV. In situ diffuse reflectance infrared Fourier transform 
spectra (DRIFTS) were collected and determined on a Nicolet Nexus 
5700 FT-IR spectrometer using the MCT detector. The in situ DRIFTS 
with the resolution of 4 cm− 1 were carried out in a condition of 300 W 
Xenon lamp irradiation (λ ≥ 400 nm) and toluene gas balanced by high 
purity air. 

2.4. Photocatalytic oxidation of toluene 

The photocatalytic experiment of toluene oxidation was carried out 
in a reactor, with a light source of a 300 W Xe lamp (λ ≥ 400 nm). The 
50 mg of photocatalyst was uniformly dispersed on the 304 stainless 
steel mesh. The toluene reactant gas was flowed by the high-purity air 
(21% O2, N2 balanced) into the reactor with a relative humidity of 20%. 
After adsorption of toluene in dark for 40 min, the photocatalytic per
formance of toluene oxidation under the light irradiation ((λ ≥ 400 nm) 
was determined. The schematic diagram of the photocatalytic toluene 
oxidation was showed in Fig. S2. The GC-MS analysis was described as 
followed. The used catalyst was added to 2 mL of ethyl acetate, after
ward the above suspension was ultrasonicated for 30 min to dissolve the 
surface materials. Subsequently, the filter liquide from the suspension 
was further analyzed by GC-MS spectrometer (GC-MS, ISQ, Thermo), in 
the condition of pure helium gas as the mobile phase. 

2.5. DFT calculations 

The spin-polarized density functional theories (DFT) were performed 
by using the Vienna Ab initio Simulation Package (VASP) [27]. The 
Perdew-Burke-Ernzerhof generalized-gradient approximation func
tional was used to describe the interaction between electrons [28]. The 
energy cutoff was set to 400 eV. Monkhorst-Pack k-points of 3× 5× 1 
for the slab calculations. The vacuum region was set to be 15Å in z di
rection to prevent the interaction between two adjacent surfaces. The 
energy convergence and atomic forces were set to 10− 5 eV and 
0.02 eV/Å. HSE06 functionals were used to calculate the band structure 
[29]. 

The formation energy (Ef) for the incorporation was calculated as: Ef 
= Etotal – ETiO2 – EN, and the formation energy for the substitutional N- 
doped TiO2(101) was calculated as: Ef = Etotal – ETiO2 – EN +EO, where 
Etotal and ETiO2 were the total energies with and without single N 
decoration, EN and EO were the energies of single N and single O atom, 
respectively [30]. 

3. Results and discussion 

3.1. Photocatalytic performances of toluene oxidation 

The photocatalytic toluene oxidation under a Xe lamp irradiation 
(λ ≥ 400 nm, RH= 20%) was carried out, and the corresponding per
formances were displayed in Fig. 1. The conversion efficiencies of 
photocatalytic toluene oxidation were ordered by UT1 > UT0.5 > TiO2 
> UT2 > CN, and the sequence of mineralization was 
UT1 > UT0.5 > UT2 > TiO2, which showed that TiO2 was beneficial for 
toluene conversion, but the further mineralization was poor. The CN 
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species calcined from urea precursor could improve the above short
coming of TiO2, and the mineralization rate was four times on UT1 
sample than that of pure TiO2. However, too more CN species on UT2 led 
to the decreased photocatalytic activity of toluene conversion. Subse
quently, the stability test was carried out to confirm the advantage of 
UT1 sample. For 12 h (Fig. 1c), TiO2 was gradually deactivated with the 
reaction process, while UT1 still maintained stable. Furthermore, the 
color of used TiO2 became from white to yellow, whereas no obvious 
color change was on UT1 photocatalyst. In addition, the performance of 
photocatalytic toluene oxidation on UT1 catalyst was compared with 
that in literatures [31–37] (Fig. 1d), which showed that the UT1 catalyst 
had better and comparable activity. 

Therefore, the UT1 photocatalyst was more beneficial for the 
oxidation and mineralization of toluene than pure TiO2 and g-C3N4 (CN) 
samples. Why did the CN species on TiO2 have influences on the toluene 
mineralization and stability? The existing forms of CN species from urea 
precursor, and the corresponding influences on the enhanced photo
electric properties and mineralization mechanisms were investigated. 

3.2. Existing forms of CN species 

The contents of carbon and nitrogen of UTx samples were detected 
by elemental analysis in Table S1, and the existing forms of CN species 
from urea precursor on UTx were investigated by the characterizations 

of TEM, XRD, water contact angles, XPS, FT-IR, and DFT calculations. 
TEM and HRTEM images showed the morphologies and nanostructures 
of TiO2 and UT1 in Fig. S3a-d. It could be found that the particle sizes of 
TiO2 and UT1 were ca. 15 nm, both TiO2 and UT1 samples were 
possessed with the similar morphologies, and there was no obvious 
difference between TiO2 and UT1. Furthermore, the lattice fringes of the 
as-synthesized TiO2 and UT1 were determined, and both of them were 
0.35 nm, corresponding to the anatase TiO2 (101) crystal plane. 

In addition, the phase structures of as-synthesized pure TiO2, UT0.5, 
UT1, and UT2 photocatalysts were investigated by the XRD character
ization. In Fig. 2b, the peaks of 2θ degree at 25.3◦, 38.2◦, 48.1◦ were 
attributed to (101), (004), (002) planes of anatase TiO2 [38], respec
tively. Except for the TiO2 anatase, no other peaks were observed on 
UTx, which suggested that the CN species led to no phase transformation 
of TiO2 anatase, consistent with the results of HRTEM. On CN sample, 
the characteristic diffraction peak at 27.5◦ was attributed to g-C3N4 
(002) plane [39], which were not found on UTx samples, and it is might 
be resulted from their low content or absence of g-C3N4. Furthermore, 
for the peak at ca. 25.3◦ of TiO2 (101), compared with pure TiO2, the 
peak of UTx samples shifted to a lower diffraction position. According to 
the reported literature [40], because the ionic radius of N3- (0.171 nm) is 
larger than that of O2- (0.140 nm), the lattice expansion would be 
generated by doping N. The increased water contact angles of UT1 also 
suggested the presence of doping N (Fig. 2d). Because lower water 

Fig. 1. (a) Photocatalytic activities of toluene oxidation, and (b) mineralization performances of TiO2 and UTx. (c) Toluene conversions of TiO2 and UT1 in 12 h 
under light irradiation (λ ≥ 400 nm, RH= 20%). (d) Comparison of performances of photocatalytic toluene oxidation in literatures. 
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contact angles suggest better hydrophilicity of the sample. Accordingly, 
the UT1 sample was provided by poorer hydrophilicity than TiO2, due to 
the hydrophobic N dopant. On the basis of XRD patterns and water 
contact angles, it could be proposed that N species had been doped into 
TiO2. 

Generally, the ways of doping N are included of substitutional and 
interstitial forms. Therefore, the XPS characterization and DFT calcu
lation were introduced to investigate the existing forms of N doping in 
UTx samples. The electronic states of UTx and TiO2 were investigated by 
the Ti 2p XPS spectra. In Fig. 2c, there were two peaks at the binding 
energies of 464.3 − 464.5 eV and 458.5 − 458.8 eV, which were 
assigned to the spin− orbit splitting of Ti 2p1/2 and 2p3/2, respectively 
[41]. Compared with the pure TiO2, the peaks attributed to Ti 2p3/2 were 
shifted to lower binding energies on UTx samples, indicating that the 
electron densities on Ti were increased [42]. The electronegativity of O 
atom is stronger than that of N atom, according to this point, interstitial 
N dopant, not substitution, was more facilitated to provide electrons to 
Ti. 

Furthermore, the formation energies of interstitial and substitutional 
N doping into anatase TiO2 (101) were calculated by DFT methods. In  
Fig. 3a, the energies of pure anatase TiO2 (101), interstitial N-TiO2 
(101), and substitutional N-TiO2 (101) were calculated, i.e., − 416.684, 
− 420.437, and − 415.094 eV, respectively. According to the calculation 
formula in the experimental section, the formation energies (Ef) of 
interstitial and substitutional N-TiO2 (101) were − 0.64 and 3.19 eV, 
respectively. It was found that Ef of the interstitial N-TiO2 (101) was 
lower, and the interstitial N dopant was more facilitated to form, 
consistent with the XPS result. 

Besides the presence of interstitial doping N, the other CN species on 
UTx were determined by the characterizations of FT-IR, XPS spectra of C 
1 s and N 1 s. In Fig. 3b, for the CN sample, a broad band located at ca. 
3600–3000 cm− 1 was attributed to the absorbed hydroxyl and amino 
groups, and peaks in the region of 1600–1200 cm− 1 were the charac
teristic vibration modes of aromatic C–N heterocycles and C––N species, 
with the sharp peak at around 804 cm− 1 of the s-triazine unit of g-C3N4 
[43,44]. In comparison with CN and UTx, it was observed that there 

Fig. 2. (a) XRD patterns, (b) the magnified patterns of 22–30◦, (c) XPS spectra of Ti 2p of as-prepared TiO2 and UTx, and (d) water contact angles of TiO2 and UT1.  
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were no obvious peaks attributed to C–N heterocycles, C––N species, and 
s-triazine unit of g-C3N4 on UT0.5 and UT1. While, for UT2, with the 
further increased content of urea precursor, the peak intensity in the 
region of 1600–1200 cm− 1 became intensive, indicating that aromatic 
C–N heterocycles and C––N species belonged to g-C3N4 generated on 
UT2. Interestingly, a new sharp peak at ca. 2150 cm− 1 for C–––N triple 
bond appeared in UTx, not observed on CN and TiO2 samples, suggesting 
that besides the interstitial doping N, C–––N species with triple bonds 
were on UTx samples. 

XPS spectra of C 1 s and N 1 s were used to confirm the existing of 
C–––N species with triple bonds on UTx. In Fig. 3c, according to litera
tures [45,46], in the XPS spectra of C 1 s of CN sample, the peaks at ca. 
288.0 and 284.6 eV were attributed to the sp2-bonded carbon atom in 
aromatic rings (N = C––N) of g-C3N4 and carbon contamination, 
respectively. Compared with UTx, it was found that a fitted peak at ca. 
288.3 eV was generated, which were shifted to higher binding energies 
than the signal of N = C––N species. Because the electronegativity of N is 
larger than that of C atom, combined with the FT-IR result, the peak was 
attributed to C–––N species with triple bonds. In addition, the spectra of N 
1 s in Fig. 3d also showed the presence of C–––N species with triple bonds. 

The peaks at ca. 398.4 and 399.7 eV were assigned to the sp2-hybridized 
(C––N = C) nitrogen atom and tertiary nitrogen (N–C3) on g-C3N4, 
respectively [47,48]. Due to the low N concentration or N doping into 
bulk of UT1, its N 1 s spectrum was hard to fit. Therefore, the broad peak 
of N 1 s in UT2 was replaced. As for the broad peak, it was fitted into 
peaks at 398.5, 399.7, 398.0, 397.0, and 400.0 eV [47–49]. Except for 
the C––N = C (398.5 eV) and N–C3 (399.7 eV) of g-C3N4, the signals at 
398.0 eV for CN species with triple bonds, 397.0 eV and 400.0 eV for 
N-Ti and N-O were observed, respectively. 

On the basis of the above results, it could be proposed that the 
existing forms of CN species were interstitial doping N, C–––N species 
with triple bonds, and g-C3N4. Interstitial N and C–––N species were on all 
UTx samples, while g-C3N4 species was only on UT2 sample with the 
increased content of urea precursor. 

3.3. Active radicals 

Generally, the deep oxidation and mineralization of photocatalytic 
toluene are attributed to active radicals, the in situ ESR characterizations 
were carried out to determine the active radicals. In Fig. 4a, b, for TiO2 

Fig. 3. (a) The formation energies of interstitial and substitutional and N doping into anatase TiO2 (101). (b) FT-IR spectra, and XPS spectra of (c) C 1 s and (d) N 1 s 
of TiO2 and UTx. 
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and UT1, the active radicals in the dark were almost negligible, and the 
hydroxyl (•OH) and superoxide (•O2

- ) radicals were increased with the 
light irradiation. Richer active radicals were generated on UT1, while 
fewer were found on TiO2 under visible light irradiation, which were 
related to the band structures and photo-generated charges, resulting 
from the existing of CN species. Therefore, the DFT calculations and 
UV–vis DRS characterization were carried out to analyze the band 

structures. 
The band structures of pure anatase TiO2 and interstitial N-TiO2 were 

calculated in comparison, based on easily formed interstitial N dopant 
(Fig. 3a). The valence band (VB) consists of Ti 3d and O 2p orbitals, and 
the conductive band (CB) is mainly Ti 3d states. In Fig. 4c and d, the VB 
position was below the Fermi level (E = 0 eV), and CB was above. In 
interstitial N-TiO2, owing to electronic interactions of interstitial N- 

Fig. 4. ESR spectra of TiO2 and UT1 for (a) DMPO-•OH, and (b) DMPO-•O2
- under visible light irradiation. Band structures from DFT calculation of (c) pure anatase 

TiO2, (d) interstitial N-TiO2, (e) the schematic diagram of band gaps of pure anatase TiO2 and interstitial N-TiO2. (f) UV–vis DRS spectra of UTx and TiO2. 
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TiO2, the isolated N 2p states (− 0.23 eV) were found lying at the top of 
VBM, which could act as transfer stations for photo-generated charges 
[50], leading to more available photoelectrons for active radicals. In 
addition, the electronic interactions of interstitial N-TiO2 resulted in 
more negative VBM energy (− 1.18 eV) than TiO2 (− 0.47 eV), leading to 
richer •OH generation (Fig. 4e). The UV–vis DRS spectra also confirm 
the above band structures. In Fig. 4f, for TiO2, only the absorption of 
around 400 nm was observed, while for UT0.5 and UT1, another ab
sorption region of 400–500 nm was generated, according to the DFT 
calculations, the tailing was attributed to the presence of mid-gap levels 
in the band gap of interstitial N doping. In addition, the narrower band 
gap of UT2 was found, because of a formed heterojunction of TiO2 and 
g-C3N4, consistent with the result of FT-IR spectra. The band energies 
from UV–vis DRS were moderately consistent with theoretical band 
gaps, which were ascribed to the unknown exchange− correlation en
ergy from the restriction of DFT calculations [51]. Therefore, in UT1 
photocatalyst, interstitial N species led to the formation of isolated N 2p 
states on the VBM position, which kinetically and thermodynamically 
generated richer active radicals, respectively. 

In addition, faster photo-generated charge transfer is beneficial for 
more active radicals, and photoelectric properties were carried out by PL 
spectra and transient photocurrent responses. PL spectra show the 
recombination rates of photo-generated electrons and holes, and stron
ger fluorescence signal often suggests faster recombination rates [52, 
53]. In Fig. S4a, the emission spectra of TiO2, UT0.5 and UT1 exhibited 
similar the peak shape, whereas with the increased calcined urea con
tent, the peak shape of UT2 changed, which was similar to g-C3N4. The 
phenomenon indicated that different CN species were on UTx, consistent 
with the results of XPS, FT-IR and UV–vis DRS. Furthermore, the PL 
emission peak intensity of UT1 was weaker than other UTx and TiO2, 
suggesting the efficient suppressing recombination of photo-generated 
electrons and holes on UT1. The transient photocurrent responses ran 
five on-off cycles in Fig. S4b. The photocurrent response intensities were 
ordered by UT1 > UT0.5 > TiO2 > UT2 > g-C3N4. Generally, stronger 
photocurrent response means faster transfer of photo-generated charges. 
Therefore, UT1 had the excellent performance in photo-generated 
charge separation. Combined with the results of FT-IR, XPS, and DFT 
calculations, UT1 photocatalyst had a lower recombination of 
photo-generated charges, because C–––N species acted as transfer sites of 
photo-generated charges. In a word, richer •OH and •O2

- radicals 
forming in UT1 were closely related to the interstitial N and C–––N spe
cies, under the above synergistic effects, UT1 was provided with more 
active radicals to deeply mineralize toluene and enhance the stability. 

Moreover, the fresh and used UT1 and TiO2 photocatalysts were 
characterized by PL, FT-IR, UV–vis DRS to further confirm better sta
bility of UT1. After photocatalytic toluene oxidization for 12 h, the 
photoelectric properties of fresh and used TiO2 photocatalysts were 
obviously different. In Fig. S5a, the PL intensity of the used TiO2 was 
more intensive than the fresh one, while no obvious change between the 
fresh and used UT1. In addition, the UV–vis DRS spectra also changed 
(Fig. S5b). For the used TiO2, the visible absorption appeared, due to 
benzene-containing reaction intermediates accumulation on the used 
TiO2. Whereas, the light absorption of the fresh and used UT1 were 
unchanged, indicating a better stability of UT1. Furthermore, in the FT- 
IR spectra of the used TiO2, a new peak at around 1700 cm− 1 appeared 
(Fig. S5c), attributed to the signal of C––O [54]. Whereas, the FT-IR 
spectra of the fresh and used UT1 had no changes, indicating no 
obvious reaction intermediates poisoning UT1 surface (Fig. S5d). On the 
basis of that, it could be proposed that UT1 with the interstitial N and 
C–––N species could generate more active radicals to deeply mineralize 
toluene and had better stability than TiO2. 

3.4. Reaction mechanisms 

The in situ DRIFTS of toluene adsorption in dark or light were 
determined to investigate the adsorption, activation, and reaction 

pathways on TiO2 and UT1. In Fig. S6, the adsorption bands at 1654, 
1537, 1500–1250 cm− 1 were attributed to adsorbed toluene, as well as 
2900–3500 cm− 1 for benzyl group and 3500–4000 cm− 1 for hydroxyl 
[55,56]. There was more intensive peaks on TiO2 than UT1, indicating 
that TiO2 had better hydrophily observed in the result of water contact 
angles, and thus the toluene was easier to adsorb on TiO2, due to hy
droxyls on TiO2 interacting with methyl groups of toluene through 
hydrogen bondings [33,57]. Subsequently, in situ DRIFTS of photo
catalytic toluene oxidation in light were showed in Fig. 5. With the 
increased irradiation time, new intermediates including of phenylic C-H 
stretching vibrations of aromatic ring (3487–2973 cm− 1), symmetric 
and antisymmetric C-H stretching vibrations of CH2 group in benzyl 
species (2952, 2897 cm− 1), C––O stretching vibrations of benzaldehyde 
(1654 cm− 1), C––C vibrations of olefins (1600 cm− 1), C––C vibrations of 
benzene ring (1510 cm− 1), tertiary alcohol (1300 cm− 1), and benzyl 
alcohol (1094 cm− 1) [58–60] were observed. On TiO2 surface, a great 
number of benzyl alcohol and benzaldehyde intermediates accumulated. 
While, for UT1, the signal of above intermediates was decreased, ring 
opening intermediates were generated with the light irradiation, 
including of olefins and tertiary alcohol. The different intermediates of 
photocatalytic toluene degradation showed that UT1 had better ability 
of oxidation and mineralization, which were related with its richer 
active radicals. 

Furthermore, the GC-MS spectra were used to determine the key ring 
opening intermediates, and explore the degradation pathway of photo
catalytic toluene [61]. According to the retention time and 
mass-to-charge ratio, the molecular formula and possible intermediates 
of photocatalytic toluene oxidization were analyzed in Table S1. The 
retention times of 6.78, 9.02, 9.59, 13.62, 20.24 min were ascribed to 
toluene, quinone, 3-hydroxyglutaric dialdehyde, benzaldehyde, benzoic 
acid, respectively. In Fig. 5e, in the gas phases, the signal of toluene was 
observed on TiO2 and UT1, and the benzaldehyde intermediate species 
also was present in the gas, which was richer on TiO2 than UT1. In 
addition, reaction intermediates on the photocatalyst surface were 
determined. In Fig. 5f, the toluene, benzaldehyde, and benzoic acid in
termediates were on both TiO2 and UT1 surfaces, and compared with the 
intensities of peaks of benzaldehyde and benzoic acid, more benzoic acid 
was on UT1 surface, indicating of its excellent oxidation ability, 
consistent with the in situ DRIFTS in light. Moreover, important 
ring-opening intermediates of 3-hydroxyglutaric dialdehyde from 
quinone was generated on UT1 surface, showing its best mineralization 
ability. 

On the basis of in situ DRIFTS and GC-MS spectra, the degradation 
pathway of photocatalytic toluene was proposed in Fig. 6 as followed: 
(1) the methyl of toluene interacted with the hydroxyl on TiO2 surface 
with hydrogen bonding, the activated methyl of toluene was oxidized by 
•O2

- to benzaldehyde. (2) Under the attack of •OH, the oxidation of 
carbonyl to carboxyl generated benzoic acid. Due to fewer •OH on TiO2, 
more benzaldehyde, not benzoic acid were found. (3) The ortho 
hydrogen atom of the benzoic acid was active, which were attacked by 
the C–––N species on UT1 surface with π electrons. Under the interaction 
of •OH and •O2

- , the quinone intermediate generated, and opened rings 
to 3-hydroxyglutaric dialdehyde. (4) The carbon chain was broken into 
acetone intermediate, which further oxidized to CO2. Owing to the 
intensive electronic interactions of interstitial N species in UT1, its band 
structure was beneficial for active radical formation, and C–––N species 
was helpful for opening rings. Under the above advantages, UT1 had 
better mineralization and stability than TiO2. 

4. Conclusions 

The UTx photocatalysts of CN species modifying TiO2 were prepared 
to enhance the toluene mineralization and photocatalyst stability. UT1 
had the best performance, because its interstitial N dopant and C–––N 
species resulted in more negative VBM and faster electron transfer for 
more radicals to open rings and mineralize toluene. Under the above 
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Fig. 5. In situ DRIFTS of photocatalytic toluene degradation on (a, b) TiO2, and (c, d) UT1 in light irradiation within 60 min. GC-MS spectra of UT1 and TiO2 
photocatalysts: (e) in gas phases and (f) on surfaces after photocatalytic oxidation for 3 h. 

Fig. 6. (a) The degradation pathway of photocatalytic toluene, and (b) the possible schematic diagram on UT1 photocatalyst (red atom: oxygen, blue atom: Ti, gray 
atom: C, white atom: H). 

H. Wan et al.                                                                                                                                                                                                                                    



Applied Catalysis A, General 663 (2023) 119306

9

synergistic effects, ring-opening intermediates of 3-hydroxyglutaric 
dialdehyde were observed on UT1, not TiO2, which suggested that 
UT1 had better mineralization ability. This work provides a valuable 
guidance for the application of TiO2-based photocatalysts in VOCs 
degradation. 
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