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In the research of photocatalytic removal of VOCs, the mineralization rate of organic pollutants has been ignored.
High mineralization rate means the reduction of intermediates, which is more conducive to environmental
protection and photocatalysts stability. In this work, we successfully compounded conductive TizCy with TiOz for
photocatalytic degradation of o-xylene. The production of CO2 by 1 % Ti3Cy-TiO2 composite was about twice
than that of pure TiO. The results of PL and photocurrent response showed that 1 % Ti3Cy-TiO5 composite had

less carrier recombination and higher photocurrent response, which endows its stronger photocatalytic oxidation
ability than TiO,. The in-situ infrared spectroscopy revealed that more aromatic anhydride species deposited on
the TiO3 surface and led to the less mineralization degree for TiO, sample. The four-cycle tests further confirmed
the better stability of 1 % Ti3Cy-TiO2 sample. This work disclosed the role of Ti3Cy in enhancing the minerali-
zation of VOCs, which may provide a new perspective for the design of high-efficiency photocatalysts.

1. Introduction

Volatile organic compounds (VOCs), including halogenated hydro-
carbons, aldehydes, aromatics, ketones, olefins, ethers, etc., are
considered to be among the major contributors to air pollution [1,2].
VOCs are mostly emitted from industrial production, combustion of
automobile fuel and volatilization of decoration paint [3]. Most VOCs
are toxic, would destroy the ecological environment and are harmful to
human health [4]. So far, many VOCs control technologies have been
devised. Among them, photocatalytic oxidation is one of the mainstream
technologies, which is an efficient and feasible method to convert VOCs
into carbon dioxide and water under ambient conditions [5,6]. Titanium
dioxide, as a typical semiconductor photocatalyst, is widely used in
photocatalytic degradation of VOCs because of its low-cost, nontoxicity
and chemical stability [7-9].

However, most reports on photocatalytic degradation of VOCs
focused on the removal efficiency of the target pollutants [10]. There are
few studies on the mineralization of VOCs, which is also an important
factor affecting the practical application of photocatalysts. VOCs are
converted to harmless COy and H20 as much as possible, which can
avoid the production of toxic intermediates in the reaction process.
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Some reports have revealed that highly toxic intermediates were formed
in the process of photocatalytic degradation of VOCs, such as aromatic
oxides, epoxides, peroxides and polyhydroxy compounds [11]. The
highly toxic intermediates could cause more serious harm to the
ecological environment and human health. Furthermore, the in-
termediates would be deposited on the surface of the photocatalysts and
cover the active sites, resulting in the deactivation of photocatalysts
[12]. The photocatalyst deactivation is more common in the degrada-
tion benzene series due to the high ring opening energy [13]. Therefore,
it is particularly important to reduce the production of intermediates
and improve the mineralization rate.

Two dimensional (2D) materials have great application potential in
the field of materials science because of their excellent conductivity,
high optical transparency and large specific surface area [14]. Two-
dimensional materials can be directly used as catalysts for pollutant
removal, or as support materials to enhance the separation of charge
carrier pairs [15-17]. Among them, 2D transition metal carbonitrides
(abbreviated as MXenes) are popular in recent years, which has attrac-
ted extensive attention of researchers. MXenes were obtained from MAX
precursors by selective etching and exfoliation process. TigCaTx with
accordion-like structure is usually used as flexible electronic device
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Fig. 1. (a) XRD patterns and (b) FT-IR spectra of TiO, (Abbreviation: T), TizC, (Abbreviation: M) and x% Ti3C,-TiO, (Abbreviation: MT). (c¢) UV-vis absorption
spectra of TiO, and x% Ti3Co-TiO5. (d) XPS spectra of Ti 2p and O 1 s for 1 % Ti3C,-TiO, and TiO,.

material or cocatalyst due to its good conductivity and unique layered
structure [18]. Some reviews summarized the combination of MXenes
and common photocatalysts to achieved excellent photocatalytic per-
formance [19-21]. For example, Wang et al. synthesized the TisCy/Ti>"-
TiOy composites with mosaic structures and photodegraded acetalde-
hyde under visible light [22]. Li et al. reported that the photocatalytic
hydrogen evolution of 1T-WS,@TiO2@TizCy was 50 times higher than
that of TiO, nanosheet. The conductive TisC, MXene led to the increased
electron transfer efficiency [23].

In our work, Ti3Cy-TiO2 composites were synthesized by electrostatic
self-assembly for the photocatalytic degradation of gaseous o-xylene.
The photodegradation efficiency of the 1 % Ti3Co-TiO2 composites were
slightly increased, while the mineralization rate of gaseous o-xylene was
about doubled compared to that of pure TiO,. The four-cycle experi-
ments also shown that the composites had better stability. We further
explored the surface species of photocatalysts and the effect of in-
termediates after degradation. Several experiments revealed that the
introduction of Ti3Cy promoted the separation of photogenerated car-
riers, which improved the catalytic ability of sample and led to the
reduction of intermediates in the photocatalytic process. This work
focused on the mineralization rate in the process of photocatalytic
degradation of VOCs and provided a method to obtain efficient
photocatalysts.

2. Experimental
2.1. Chemicals and materials

Anatase titanium dioxide (TiOy) was purchased from Aladdin In-
dustrial Corporation. The precursor material Ti3AlC; powder (200
meshes) was purchased from Forsman Scientific Corporation (China).
HCl was purchased from Shanghai Titan Scientific Co., Ltd. LiF was
purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized water
was produced by a Milli-Q system (R > 18.1 MQ). O-xylene standard gas
(20 ppm) was provided by Shanghai Weichuang Standard Gas Analytical
Technology Co. Ltd.

2.2. Preparation of TizCa

In a typical synthesis, 50 ml HCl, 17 ml deionized water and 6 g LiF
were added into Teflon beaker successively and stirred about 15 min.
Then 3 g Ti3AlC, was added into beaker and transferred to the oil bath
pot. After the heat treatment for 48 h, the sample was washed with 1000
ml deionized water and centrifuged several times. The sediment was
obtained by filtration and freeze-dried for 12 h. Afterward, 1 g dried
sediment was added into 50 ml deionized water and ultrasonic for 120
min in Ar atmosphere to exfoliate the Ti3gC, MXene nanosheets.
Centrifugation for 1 h (rotational speed 3500 r/min) was performed to
collect the supernatant. The supernatant was freeze-dried to obtain 2D
Ti3Cy MXene, named as M.
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Fig. 2. TEM and HRTEM images of (a, c¢) TiO5 and (b, d) 1 % TizCa-TiOs.

2.3. Preparation of TizCa-TiO2 composites

Firstly, the commercial anatase titanium dioxide was calcined at
350 °C for 2 h to remove the surface organic matter, named as T. The
layered Ti3Cy was ultrasonically dispersed in 50 ml deionized water. The
obtained dispersion was compounded with TiO by electrostatic self-
assembly method, stirred for 24 h. After that, the mixed suspension
was centrifuged and then vacuum dried at 80 °C for 15 h. The samples
were named as x% MT, where the x% represented the mass percentage of
TisCo.

2.4. Characterization

X-ray diffraction (XRD) spectra were carried out by a high-resolution
power X-ray diffractometer (D8 advance, Bruker, Germany) using Cu Ka
radiation (A = 0.154 nm) and the diffraction angle range was 10-80°
(5°/min). Raman spectra were tested by a DXR Raman Microscope
(Thermal Scientific corporation, USA). Fourier transform infrared
(FTIR) spectra were collected by a NICOLET 1s 10 infrared spectropho-
tometer with a KBr pellet technique. UV-vis diffuse reflectance spectra
were measured on a Shimadzu UV-3600 spectrometer (lambda 950,
PerkinElmer, USA) by using BaSOj as reference. Transmission electron
microscopy (TEM) images were obtained on JEM-2100F transmission
electron microscope. X-ray photoelectron spectroscopy (XPS) was
measured by a ESCAlab250 (Thermo Fisher Scientific) instrument.
Photoluminescence spectra were tested by an Edinburgh Instruments
FLSP-920 (Is-55, PerkinElmer, USA) fluorescence spectrophotometer
with an excitation wavelength of 320 nm. The photo electrochemistry
tests were used CHI660D electrochemical workstation (Chenhua In-
strument Co., Ltd., China). Before the test, the samples were dispersed in
ethanol solution and ball-milled for 8 h. Then the slurry was spin coated
on F-doped SnO, conductive glass (FTO) as working electrode. The
platinum plate as counter electrode, while the Ag/AgCl as reference
electrode. The approximate distance between Xenon lamp and photo-
electrode was 20 cm.

2.5. Photocatalytic performance tests

10 ppm o-xylene was represented as the target pollutant and a 300 W
Xenon lamp was used as the light source. 100 mg of sample was
dispersed in ethanol, and then the suspension coated on the glass plate
(15 * 7.5 * 0.3, cm), and was placed in the reaction chamber. The dis-
tance from the light source was set to 30 cm. The flow rate was set to 40
standard cubic centimeter per minute (sccm) through the flow control
system. The concentration of o-xylene at the outlet was monitored in
real time by gas chromatograph (GC), and the data was collected every
10 min. The photodegradation efficiency of gaseous o-xylene was esti-
mated by X = (Co-C)/Co x 100 %, where Cy (ppm) and C (ppm) repre-
sented the original concentration and different time interval
concentration of gaseous o-xylene, respectively. The mineralization rate
of gaseous o-xylene was calculated by n = /A[CO2]1/(8 x Cip) x 100 %,
where A [CO5] is the outlet COy concentrations, C;, is the inlet con-
centration of gaseous o-xylene, and (8 x Cj,) represented the theoretical
yield of CO, produced when o-xylene was completely oxidized.

In-situ diffuse reflectance infrared Fourier transform spectroscope
(Shimadzu Co., Ltd, China) was used to analyze the surface state of
samples during photocatalytic reaction. Firstly, the sample was filled in
a mold with nickel mesh and fixed in the salt window of the reaction
tank. Next, high-purity N, was injected to remove the impurity gas in the
pipeline and reaction tank. After 20 min, then N3 was turned off and the
instrument was turned on to collect the background substrate. After that,
the mixed gas of o-xylene and air was inlet into reaction tank, and the
timer started counting at the same time. The data was collected every 3
min to monitor the organic matter on the sample surface in real time.
The adsorption was carried out for 150 min in the dark.

3. Results and discussion

The phase structure of TizCy, TiO9 and TizCy-TiO9 composites were
shown in Fig. 1a. The XRD spectra presented that the regular structure of
anatase TiOs in the Ti3Cy-TiOo composites still be maintained, which
indicated that TizCy had little influence on the crystallinity of TiOs.
Fig. 1b displayed the Fourier transform infrared spectroscopy (FT-IR) of
the as prepared photocatalysts. The peaks at 500 cm ™ *(0—Ti—0), 1630
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Fig. 3. (a) The photocatalytic degradation and (b) CO, generation curves of gaseous o-xylene with photocatalysts illuminated by 300 W Xenon lamp. (c) Histograms
of photocatalytic efficiency and mineralization rate of samples. (d) The CO, concentration produced during photodegradation of o-xylene with TiO, (black line) and1

% TizCo-TiO5 (red line) under continuous irradiation for four cycles.

cm’l(C:O), 3440 cm~1(0O—H) were assigned to the pristine TiO5 due
to the adsorption of CO, and H2O molecules on the surface. The intro-
duction of Ti3C, weakened the peak intensity of v(C—=0) and v(O—H),
indicating that the combination of TigCy and TiOy hindered the
adsorption of CO3 and Hy0. UV-vis diffuse reflectance spectra (Fig. 1c)
showed that the absorption edges of the Ti3Cy-TiO2 composites were not
shifted, which meant that the band gap of composites did not change. An
enhancement of UV-vis absorption was observed in the composites. XPS
spectra further revealed the interaction of the components. As shown in
the Fig. 1d, the O 1s peak located at about 530.07 eV and 531.35 eV
corresponding to the lattice oxygen and oxygen of surface hydroxyl,
respectively. The Ti 2p peak at about 458.4 eV and 464.55 eV corre-
sponding to the Ti 2p3/2 and Ti 2pl/2, respectively. The electronic
structure of the composites had not changed significantly.

The microstructure was characterized by TEM and high-resolution
TEM (HRTEM). TEM images in Fig. 2a, b exhibited that TiO, pre-
sented uniform small particles, while Ti3C; had a thin-layer structure.
The HRTEM image of TiO, showed a clear lattice fringe with an inter-
plane spacing of 0.33 nm, which was consistent with (110) planes. An
interlayer space of 0.25 nm could be observed in the HRTEM image of 1
%Ti3zCy-TiOy samples, corresponding to the (006) facet of TizCy [24].
The zeta potential of TiO5 and TizCy were positive (5.59 mV) and
negative (—35.53 mV), respectively. The TiO3 and Ti3C, were assembled
together by electrostatic attraction.

The photodegradation performance of the photocatalysts were
shown in Fig. 3a. After reaching adsorption equilibrium, the

concentration of pollutants decreased rapidly when turning on the light,
and finally the degradation rate tended to be stable. The removal effi-
ciency of o-xylene over TiO3, 1 % TizCy-TiOs, 1.5 % TizCy-TiO5 and 2 %
Ti3Cy-TiO2 was 65.7 %, 77.3 %, 69.5 % and 59.0 %, respectively. As can
be seen from the repeated test results (Fig. S1, Table S1 and S2), the
degradation efficiency of TiO and 1 % Ti3Co-TiO2 had good repeat-

ability. The standard error (S.E.) was calculated by formula ¢ =

M (X is the arithmetic mean). The average error range of the
degradation efficiency of TiOg and 1 % Ti3Cy-TiO2 was 2.1 % and 1.5 %,
respectively. Although the photocatalytic degradation of 1 % Ti3Ca-TiO2
was slightly better than that of TiO, surprisingly more thorough
mineralization occurred on samples with Ti3Cy. As shown in Fig. 3b, the
CO4, concentration increased gradually after irradiation. CO5 yield of 37
ppm for 1 % TisCp-TiO2 was higher than that (17 ppm) of TiO», indi-
cating that the introduction of Ti3C; enhanced the mineralization degree
of o-xylene to CO». The mineralization rate was 32.3 %, 59.8 %, 56.2 %
and 56.4 % for samples TiOo, 1 % Ti3Co-TiO3, 1.5 % TizCy-TiO3 and 2 %
Ti3Cy-TiOo, respectively (Fig. 3c). Deep mineralization means more o-
xylene is fully oxidized into CO3 instead of converting into other in-
termediates. This will help to keep the active sites of photocatalysts
available instead of losing activity quickly. The stability of the two
samples were compared by recycling photocatalytic reaction as shown
in Fig. 3d. After four cycles, CO, yield for 1 % Ti3Cy-TiO2 was above 20
ppm, which was still much higher than that of TiO2. The degradation
efficiency of 1 % Ti3Cy-TiO, remained about 50 % was also higher than
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Fig. 4. (a) PL spectra, (b) photocurrent response and (c) EIS spectra of TiOs, 1 % Ti3Co-TiO5 and 1.5 % TizCy-TiOx.

that of TiO; after four cycles (Fig. S2). Thus, the 1 % Ti3Cy-TiO, sample
exhibited better stability than pure TiOs.

In order to understand the connection between the intrinsic prop-
erties of samples and their decomposing behaviors, photoluminescence
spectra and photoelectrochemistry tests were carried out to characterize
TiOg, 1 % TizCy-TiO4 and 1.5 % Ti3Co-TiOy. Generally, the lower the PL
intensity denotes the weaker recombination of photogenerated carriers.
The PL intensities of TigC,-TiO2 composites were much lower compared
to that of pure TiO,. And the PL intensity of the 1 % Ti3Cy-TiO5 was the
lowest. The higher photocurrent response represents higher charges
density and more effective migration of photogenerated carriers. The
TiO2, 1 % Ti3Cy-TiO5 and 1.5 % Ti3Cy-TiO, had similar dark current
density, about —0.46 uA/cmZ. The photocurrent density of TiOg, 1 %
TigCy-TiO5 and 1.5 % TizCy-TiO, was about 2.08 pA/cm?, 4.55 pA/cm?
and 3.77 uA/cmz, respectively. TigCy-TiO2 composites exhibited higher
photocurrent responses signal, which indicated that the introduction of
TigCy promoted the production and migration of photogenerated
charges. Especially, the 1 % Ti3Cy-TiO2 sample shown the maximum
current density increment. The reduction of the diameter of the semi -arc
diameter in the EIS diagram indicates that the resistance of the electrode
and the electrolyte interface is reduced. As shown in Fig. 4¢, compared
with TiO5 electrode, the semicircle diameter of the Ti3Cy-TiOy com-
posites electrodes decreased, indicated that TizCy could significantly
enhance charge transfer. At the same time, the results of the Bode phase
plot were shown in Fig. S3, which can be used to calculate the electron
lifetime in the materials [25]. The lifetime of TiO5, 1 % Ti3C,-TiO- and

1.5 % Ti3Cy-TiOy was 40.8 ps, 50.2 ps and 50.2 ps, respectively. The
introduction of Ti3Cy, enhanced the charge separation efficiency. The
results of PL and photoelectrochemistry tests confirmed that more
photogenerated electrons were involved in the degradation of o-xylene
for 1 % Ti3Cy-TiO,. Therefore, the 1 % Ti3Cy-TiO, showed the best
performance (see Fig. 3c).

The in-situ DRIFTS measurement was employed to dynamically
monitor the changes of intermediates on the surface of the photo-
catalysts during the adsorption and degradation process. At the begin-
ning of adsorption, the stretching vibration peak of benzene ring
appeared at 1400-1647 cm L. The bands at the 3070 cm™* and ~ 2870
cm ™! were assigned to ¥(C—H) of the aromatic ring and the methyl
group, respectively [26]. The negative peaks at 3660, 3740 cm ™! were
assigned to the stretching vibration of surface OH species [27]. After
turning on the light, an obvious new band was generated at ~ 1735
cm’l, which was referred as the v(C—=O0) vibration of aromatic aldehyde.
And the intensity of the peak was gradually increasing. The peak at
1300 cm™! was attributed to G—O—C stretching vibration of the an-
hydride species [27]. With the extension of reaction time, the peaks of
these intermediates enhanced, indicated their accumulation on photo-
catalysts. Compared to 1 % TizCy-TiO5 composite, the peaks intensities
of anhydride species (1740, 1296 cm’l) were more obvious in the TiOy
sample (1735, 1307 em™)). It can be inferred that more aromatic an-
hydride species accumulated on the surface of TiO, during photo-
catalytic degradation of o-xylene, which explained the less
mineralization for TiO, sample than 1 % Ti3Cy-TiO2 composite.
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Fig. 5. In situ DRIFTS spectra of adsorption and photocatalytic degradation processes of gaseous o-xylene over (a) TiO, and (b) 1 % Ti3C,-TiO, surface.

In order to further explore the influence of intermediates on the
performance of the photocatalyst, a series of experiments, including
XRD Raman, PL and photocurrent were carried out as shown in Fig. 6.
XRD spectra showed that the phase structure of the samples after four-
cycles did not change significantly, which indicated that the crystal
structure of the photocatalysts were not destroyed before and after the
reaction. The Raman spectra shown that there was a bulged peak at
1500 cm™ !, which confirmed the formation of carbonaceous sediments.
Moreover, the bulged peak intensity of 1 % Ti3Cy-TiO2 composite was
lower than that of TiO,, indicating that the intermediates on the surface
of 1 % Ti3Cy-TiO, were fewer. As shown in Fig. 6¢ and d, the TiO3 and 1
% TigCy-TiO4 after four cycles both exhibited lower PL intensity than
fresh TiO5 and 1 % Ti3Co-TiO2. The results of photocurrent responses in
Fig. 6e and f were consistent with that of PL. The essential reason may be
that the accumulation of intermediates led to the coverage of active sites
and hindered the generation of photogenerated carriers. However, the
photocurrent responses of TiO5 sample decreased more obviously than
that of 1 % Ti3Cy-TiO4, which indicated that the 1 % Ti3Cy-TiO2 pro-
duced less intermediates. The increased mineralization rate and the less
intermediates for 1 % Ti3Cy-TiO, contribute the enhanced

photocatalytic performance.
4. Conclusions

In summary, we successfully synthesized a series of TiO, coupling
with TizCy for photocatalytic degradation of gaseous o-xylene. The
composites showed superior photocatalytic degradation performance
and the capability of mineralization. The mineralization degree of 1 %
Ti3Cy-TiO2 composites was about twice than that of pure TiO,. The PL
and photocurrent experiments revealed that 1 % Ti3Cy-TiOy sample
exhibited lower recombination of charged carriers and higher photo-
current response in comparison to pure TiOy, which meant the 1 %
Ti3Cy-TiO2 possessed stronger photocatalytic oxidation ability. The re-
sults of in-situ infrared spectra revealed that more aromatic anhydride
species accumulated on the surface of TiO, which led to the reduction of
photogenerated carries. The four-cycle experiments also proved that the
photocatalytic activity of 1 % Ti3Cy-TiO2 sample was much better than
that of pure TiOy. In our work, the composite photocatalysts reduced the
production of toxic intermediates and preserved the active sites for
better stability. This work provides a reference for improving the
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mineralization ability of the photocatalysts and further promote the
design of photocatalysts with high efficiency.
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