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A B S T R A C T

In realistic Volatile organic compounds (VOC)-containing polluted air, VOCs often do not exist alone, but dif-
ferent VOCs coexist. The interaction between different VOCs affects their photodegradation. However, few
studies have focused on the photodegradation of mixed VOCs. Herein, rGO-TiO2 photocatalysts were synthesized
by a modified refluxing-solvothermal method, and applied to photocatalytic degradation of single VOC (p-xylene
and ethylene) and VOC mixture (containing benzene, toluene, p-xylene). It was found that rGO-TiO2 possessed
higher photocatalytic degradation activity for single VOC and VOC mixture than pure TiO2. The increased single
VOC adsorption capacity, more efficient light harvesting ability, and enhanced separation efficiency of electron-
hole were responsible for improved degradation performance of rGO-TiO2. In addition, superoxide radicals
played a more important role than hydroxyl radicals for removing both p-xylene and ethylene. Interestingly,
commercial TiO2 (P25) underwent decreased efficiency (80.0% to 63.8%) in photodegrading from single p-
xylene to p-xylene in VOC mixture, while it was remained unchanged (93.5%–93.0%) for T0.2G (0.2% mass ratio
of reduced graphene oxide to TiO2). This could be mainly attributed to sufficient adsorption sites provided by
rGO sheets to mitigate competitive adsorption. Simultaneously, its photocatalytic activity showed no obvious
decrease after five photodegradation cycles of mixed VOCs. These results suggested great potential of efficient
photodegradation of VOC mixture by rGO-TiO2.

1. Introduction

Volatile organic compounds (VOCs) are a major group of indoor air
pollutants, including various alcohols, aromatics (benzene, toluene,
xylene), aldehydes, and halocarbons. VOCs, which are released from
household products, have proven to be harmful to human health [1,2].
Several techniques have been developed to remove them, such as ad-
sorption [3,4], thermal catalysis [5,6], ozone oxidation [7], photo-
catalytic oxidation [8]. Photocatalytic oxidation, a green advanced
oxidation technology with low energy consumption and strong oxi-
dizing ability, has attracted increasing attentions in the degradation of
pollutants. TiO2-based photocatalyst [9–15] was the most widely used
in the field of photocatalysis because of its low cost, high stability, non-
toxicity and high reactivity, etc.

Recently, carbon materials, as a cocatalyst, are widely studied,
owing to excellent optical and electrical properties. Reduced graphene
oxide (rGO), a two-dimensional carbon material, possesses superior in-
plane electron transport capability, large specific surface area, and
abundant surface π bonds, which are beneficial to improve electron-

hole separation efficiency and adsorption capacity of target pollutant
molecules. So far, there have been a lot of researches about the pho-
todegradation of aqueous pollutants (methylene blue [16–18], Rhoda-
mine B [19–22], methyl orange [23,24], acetaminophen [25], 5-fluor-
ouracil [26], bisphenol A [27], phenol [28], Cr6+ [29]) by rGO-TiO2

composites. Their photocatalytic degradation activities were promoted
after adding optimal amount of rGO. It is suggested that rGO, as a co-
catalyst, shows great potential in promoting photodegradation of gas-
eous pollutants. Hemarj M et al. [30] synthesized anatase TiO2-gra-
phene oxide (GO) nanocomposites with different GO loadings and
evaluated their photocatalytic activity by the degradation of gaseous
benzene under UV light irradiation. They found that the existence of GO
enhanced photocatalytic degradation activity and attributed it to the
improved separation of photogenerated electron-hole pairs. Jungho
Ryu et al. [31] developed new hybrid geometry of TiO2 and reduced-
graphene oxides and tested its gaseous acetaldehyde oxidation. The
self-assembled composite showed advantages compared to other types
of graphene-TiO2, such as the stronger electronic coupling between rGO
sheets and TiO2, minimized light-shielding effect by rGO. Lin et al. [32]
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explored the adsorption and degradation of gaseous acetaldehyde and
o-xylene using rGO-TiO2 photocatalysts. The higher adsorption capacity
of o-xylene was observed under the same condition. They also revealed
the different roles of active species in the degradation of acetaldehyde
and o-xylene. Although many previous works about rGO-TiO2 for VOCs
removal were reported, there are a great variety of VOCs and their
properties are different. The mechanism of photodegradation of VOCs
by rGO-TiO2 needs to be explored. In reality, VOCs often do not exist as
single specie in polluted air, but several kinds coexist. The interaction
between different VOCs affects their photodegradation, thus, it is ne-
cessary to investigate photocatalytic degradation of VOC mixture by
rGO-TiO2.

Herein, rGO-TiO2 composites were synthesized through a modified
refluxing-solvothermal method. The light harvesting, electron-hole se-
paration, VOCs adsorption of as-synthesized samples were character-
ized. The photodegradation mechanism of two typical single VOC (p-
xylene and ethylene) were analyzed, and the potential application for
the degradation of VOC mixture (containing benzene, toluene and p-
xylene) was also investigated. The rGO-TiO2 composites showed an
enhanced photodegradation towards both p-xylene and ethylene than
pure TiO2. The improved VOC mixture degradation performance and
cyclic stability further indicate the potential for practical applications.

2. Experimental

2.1. Chemicals and materials

Tetrabutyl titanate (TBOT) and hydrochloric acid (HCl) were pur-
chased from Sinopharm Chemical Reagent CO., Ltd. Absolute ethanol
was supplied by Shanghai Zhenxing CO., Ltd. Deionized (DI) water was
produced by a Milli-Q system (R > 18.1MΩ). Graphene oxide
(SE2430W) was purchased from The Sixth Element (Changzhou)
Materials Technology CO., Ltd. P-benzoquinone (PBQ) and 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) were purchased from Aladdin
Industrial Corporation. All chemicals used in our study were of analy-
tical grade and used without further purification.

2.2. Photocatalysts synthesis

The few layers graphene oxide (GO) used in the experiment was
obtained by multiple centrifugation of commercial multilayer graphene
oxide. Briefly, 1 g of commercial multilayer graphene oxide was added
into 500ml H2O. Then the suspension was centrifuged at 8000 rpm for
several times, with obvious precipitate at the bottom of centrifuge tube
removed every time. The obtained GO aqueous suspension (1mg/mL)
was stored at room temperature and used for further experiments. The
preparation of composite samples of graphene oxide and titanium di-
oxide was based on the previous report [32]. Briefly, 5.0 g of TBOT was
added into a round bottom flask containing 400mL absolute ethanol.
Then 4mL deionized water was dropwise added into the solution, fol-
lowed by refluxing under magnetic stirring at 100 °C for 6 h. The as-
prepared amorphous TiO2 was washed first with absolute ethanol and
then deionized water. After that, amorphous TiO2 were dispersed into
the mixture of 50mL H2O and 25mL absolute ethanol, of which the pH
was adjusted to 4 by adding a few drops of hydrochloric acid. An ap-
propriate amount of GO aqueous suspension was dropped into it. The
suspension was stirred for 6 h and ultrasonicated further for 1 h. Then it
was transferred to a Teflon-lined stainless-steel autoclave (Volume
100mL) and kept at 180 °C for 4 h. The precipitate was washed with
absolute ethanol and deionized water and dried at 60 °C to obtain rGO-
TiO2 photocatalysts. The products were denoted as TxG, where x re-
presents the mass percent ratio of GO to TiO2. Pure TiO2 (T0G) was
prepared by the same solvothermal treatment without the addition of
GO. Degussa P25, commercial titanium dioxide, was also used for
comparison.

2.3. Characterization

The morphologies and structures of photocatalysts were character-
ized by transmission electron microscope (TEM, FEI Electron Optics,
Tecnai G2 F20). The X-ray diffraction (XRD) pattern were collected
using high resolution powder X-ray diffractometer (BRUKER AXS
GMBH, D8 ADVANCE) with Cu Ka radiation (λ=0.15418 nm, 2θ
varied from 20° to 80°, 8°/min). Raman spectra were collected by a DXR
Raman Microscope using a laser with an excitation wavelength of
532 nm at laser power of 7mW (Thermal Scientific Corporation, USA).
X-ray photoelectron spectroscopy (XPS) experiments were conducted
on a RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with MgKα
radiation (1253.6 eV). Fourier transform infrared (FTIR) spectra were
measured by a Thermal Scientific 5225 Verona Rd with the KBr pellet
technique. UV–vis diffuse reflectance spectra were obtained on a
Shimadzu UV-3600 spectrometer by using BaSO4 as reference.
Photoluminescence (PL) spectra of the photocatalysts were examined at
room temperature by an Edinburgh Instruments FLSP-920 fluorescence
spectrophotometer with an excitation wavelength of 320 nm.
Photocurrent response measurement of the as-synthesized photo-
catalysts was conducted using a CHI 660D electrochemical workstation
with a conventional three-electrode quartz cell. Before the measure-
ment, the suspension containing 50mg sample and 2ml absolute
ethanol was coated on FTO glass (1.0 * 2.5 cm) by spin coating for three
times, then it was measured as working electrode. Platinum plate and
Ag/AgCl electrode were used as counter electrode and reference elec-
trode, respectively. 1 mol/L NaCl was used as an electrolyte solution.
An AM1.5 G solar power system was used as light irradiation source. In
order to obtain a stable initial photocurrent, firstly it was tested without
light irradiation until the photocurrent is stable. Then turn on the light
for 10 s, turn off for 10 s for 4 cycles. The photocurrent-time curves
were measured at 0.2 V versus Ag/AgCl. Electron spin resonance (ESR)
signals of reactive species spin-trapped by 5,5-dimethyl-L-pyrroline-N-
oxide (DMPO) were collected on a JES-FA200 spectrometer.
Photocatalyst (5 mg) was added into DMPO/ethanol (30 μL/2mL) so-
lution and DMPO/H2O (30 μL/2mL) solution for detecting superoxide
radicals (·O2

−) and hydroxyl radicals (·OH), respectively. Then the so-
lution will be irradiated for 5min. under a 500W Xenon lamp before
starting measurement.

2.4. Dark absorption and photocatalytic degradation measurements

Both of dark absorption and photocatalytic degradation were car-
ried out in a flowing-mode gas phase photocatalytic online test system
same with the previous report [32], which consisted of a gas mixer, a
reaction chamber and gas chromatograph. First, 0.1 g photocatalyst was
coated on glass plate with 15*7.5 cm size. Then the glass plate was
placed into a reaction chamber and sealed with a quartz glass, with
flowing VOCs passed through. The concentration of single p-xylene is
25 ppm with the flow rate as 80ml/min and that of ethylene is 250 ppm
with the flow rate as 8ml/min. In VOC mixture, the concentration of all
three gaseous pollutants is 10 ppm with the flow rate as 80ml/min.
First, the gaseous pollutant is introduced into the reaction chamber
under dark condition, which is called as the dark adsorption process.
When the dark adsorption reaches adsorption-desorption equilibrium,
the Xenon lamp will be turned on and photocatalytic degradation will
begin at the same time. The distance of samples and light resource was
kept at 30 cm for all experiments. The 250W and 500W Xenon lamp
were used as light resource. The concentration of p-xylene or ethylene
in the reaction chamber was monitored by gas chromatography
(equipped with a flame ionization detector and methane reforming
furnace) in real time. The degradation efficiency of p-xylene or ethylene
was calculated by using the formula: (1− C/C0) ×100%, where C0 is
the initial concentration and C is the concentration of p-xylene or
ethylene at different time intervals. Cyclic stability measurement was to
carry out photocatalytic degradation measurement for 5 times on the
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same sample. The time interval between two cycles was 10 days. The
sample of cyclic stability measurement was just placed at ambient
temperature and pressure for next cycle.

2.5. TPD measurements

Temperature-programmed desorption (TPD) measurements of pho-
tocatalysts were conducted using ChemiSorb PCA-1200 (Builer, China).
Briefly, 0.1 g photocatalyst was placed into electric furnace and heated
at 393 K for 1 h with flowing high-purity N2. When the temperature
dropped to room temperature, the pollutant valve was opened and VOC
was passed through the quartz tube at a flowing rate of 40ml/min for
2 h. Then, the pollutant valve was closed, and the TCD signal of des-
orbed pollutant gas was monitored by increasing the temperature from
room temperature to 800 °C at a heating rate of 10 °C per minute in N2.

2.6. Scavenger experiments

The operation of scavenger experiments was basically the same as
the photocatalytic degradation process. The difference between the two
experiments lies in that the scavenger experiment needs to add corre-
sponding active species scavenger (2,2,6,6-tetramethylpiperidine oxide,
TEMPO, %OH scavenger and p-benzoquinone, PBQ, %O2

− scavenger).
During the test, 0.01 g TEMPO or PBQ was mixed with 0.1 g photo-
catalyst, then the mixture was coated onto a glass plate for scavenger
experiments. As a reference, sample without any scavenger was also
tested.

3. Results and discussions

3.1. Characterization of photocatalysts

Fig. 1 shows the TEM images of as-synthesized graphene oxide, TiO2

and T0.2 G. Graphene oxide with pleated sheet structure is observed
(Fig. 1a). Titanium dioxide particles, with a size around 10 nm
(Fig. 1b), are supported on graphene sheets (Fig. 1c–d). Further, the
interface of TiO2 and graphene oxide is shown by high resolution TEM,
which indicates that there is a certain interface coupling between gra-
phene oxide and TiO2. Besides, the lattice fringe spacing of 0.35 nm
corresponds to the (101) crystal plane of anatase TiO2 (Fig. 1d).

X-ray diffraction (XRD) was conducted to investigate the crystal
structures of pure TiO2 and graphene oxide composite samples as
shown in Fig. 2a. The typical peaks at 25.1°, 37.8°, 47.9° and 54.4°
indicate that TiO2 nanocrystals in all samples are crystallized in anatase
phase (JCPDS No. 21-1272). The rGO-TiO2 nanocomposites with dif-
ferent weight ratios of rGO exhibit a similar XRD pattern of anatase
TiO2, indicating that compounding rGO with TiO2 has no effect on its
phase structure. Moreover, there is no significant peak shift observed,
meaning that no doping occurred. Raman spectroscopy measurements
was also carried out to characterize crystal structure of these samples.
Fig. 2b displays the Raman spectra of TiO2 and rGO-TiO2 samples. The
typical peaks at 144 cm−1, 394 cm−1, 514 cm−1 and 636 cm−1 corre-
spond to anatase phase [33], consistent with the XRD results. In the
Raman spectra of rGO- TiO2, another two peaks (1350 cm−1 and
1600 cm−1) are observed, which is ascribed to the reduced graphene
oxide [34]. They are characteristic D band and G band of reduced
graphene oxide. In addition, as shown in the enlarged Raman spectra,
the peak at 144 cm−1 (Eg) is shifted to the higher wave number
(Fig. 2c). Because the Eg peak is mainly attributed to the symmetric
stretching vibration of OeTieO of TiO2, this means that there exists
interfacial interaction between the TiO2 and the rGO. The O1s of XPS
spectra is shown in Fig. S1, it is seen that the bind energy of surface O
shifts from 531.51 (T0G) to 531.62 eV (T0.2G), indicating the chemical
bond could be formed between the TiO2 and the rGO, which is con-
sistent with Raman spectra. The Raman spectra of D band and G band
before and after solvothermal reaction are presented in the Fig. 2d. D
band around 1350 cm−1 represents the presence of sp3 disordered
carbon and defects, whereas G band 1600 cm−1 represents the in-plane
vibration of ordered sp2 carbon atoms [35]. By comparison, the in-
tensity ratio of the D band and the G band is increased after sol-
vothermal treatment, which is due to the removal of oxygen functional
groups and subsequently leads to a decrease of ordered sp2 carbon
atoms and/or increase of sp3 disordered carbon and defects. The in-
tensity of G band of T0.2G is smaller than that of GO, meaning that the
in-plane C network is re-established [36]. And it has been reported that
reduction of GO would induce the increase of ID/IG ratio [18,24,25,27].
Therefore, these results imply that graphene oxide is reduced.

Table 1 gives the BET specific surface area of the as-prepared ma-
terials. Compared with T0G, T0.2G and T0.5G have the slight increased
BET specific surface area, and T1G has the basically same value, which

Fig. 1. TEM images of (a) GO, (b) T0G and (c) T0.2 G; HRTEM image of (d) T0.2 G.
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indicates the high content of rGO in composites will not increase spe-
cific surface area. The increase in the specific surface area of rGO-TiO2

could be mainly due to the high specific surface area of GO and im-
proved dispersion of TiO2 particles.

3.2. Dark absorption of single p-xylene and ethylene

Dark adsorption is an important step that is carried out before
photocatalytic degradation, which reflects the ability to adsorb specific
gas molecules. As shown in Fig. 3a, it is obvious that there is continuous
improvement in the amount of p-xylene adsorption with the increased
amount of reduced graphene oxide. In the case of ethylene, we set a
very slow flow rate (8 ml/min). The adsorption capacity is obviously
increased for the composite samples and shows an increasing trend
same with p-xylene. The inset figure of Fig. 3a–b displays histograms of
integral value of dark adsorption curves, corresponding to the adsorp-
tion capacity of all the samples. By comparison, it can be clearly seen
that the adsorption capacity of ethylene is significantly lower than that
of p-xylene, which could be attributed to the π-π interaction of gra-
phene and p-xylene. These results suggest that rGO is beneficial to
enhance the adsorption of VOCs and tends to adsorb aromatic VOCs.

To further prove enhanced absorption ability, temperature-pro-
grammed desorption measurement (TPD) was conducted. Fig. 3c shows
that more p-xylene desorbed from the surface of T0.2G, consistent with
the results of dark adsorption. Surprisingly, the T0.2G has three peaks

in the TPD curve, which might be ascribed to physically adsorbed p-
xylene on the surface of the composite for peak 1, chemically absorbed
p-xylene on the surface of TiO2 for peak 2 and π-π interaction of gra-
phene and p-xylene for peak 3. For ethylene, the amount of desorbed
ethylene gradually increases with temperature rising, however the
desorption signal begins to decrease when the temperature is at about
300 °C shown in Fig. 3d. Compared with the T0G, T0.2G exhibits a
larger amount of desorbed ethylene, indicating that the composite can
markedly enhance the adsorption of ethylene on the surfaces, especially
for the chemically adsorbed form. These results demonstrate the posi-
tive effect of reduced graphene oxide on the adsorption of VOCs.

3.3. Photocatalytic degradation of single VOC (p-xylene and ethylene) and
VOC mixture (containing benzene, toluene, p-xylene)

The photocatalytic activity of P25, pure TiO2 and rGO-TiO2 com-
posites was evaluated by monitoring the concentration change of
flowing gaseous p-xylene or ethylene during degradation process. For
eliminating the influence of photolysis of gaseous pollutants, the pho-
tocatalytic activity of blank sample (without photocatalyst) were also
tested. The degradation activity of p-xylene and ethylene is shown in
the Figs. 4 and 5. Without photocatalysts, no obvious photolysis of
ethylene and p-xylene occurred. The influence of light intensity on the
degradation has also been investigated. Under the irradiation of 500W
Xenon light, the degradation efficiency of p-xylene for the samples with
or without graphene ranges between 70% and 80% (Fig. 4a). However,
under 250W Xenon light, the enhanced photodegradation effect of
reduced graphene oxide is more prominent (Fig. 4b). The degradation
efficiency of T0.2G reaches 43.5% of p-xylene in 90min. irradiation
while P25, T0G, T0.5G and T1G only reaches 11.4%, 26.2%, 37.2% and
31.2%, respectively (Fig. 4c). These results illustrate that photocatalytic

Fig. 2. (a) XRD patterns of T0G and TxG; (b, c, d) Raman spectra of T0G, T0.2 G and GO.

Table 1
BET specific surface area of as-synthesized photocatalysts.

Sample T0G T0.2G T0.5G T1G

Specific surface area (m2/g) 174.06 190.72 189.94 174.07

Z. Wang, et al. Journal of Photochemistry & Photobiology A: Chemistry 384 (2019) 112029

4



degradation activity of p-xylene is improved within a certain range and
then exhibits a declined trend. In addition, P25 began to deactivate
after 10min of light-on irradiation. In Fig. 5, the degradation efficiency
for T0G, T0.2G, and T0.5G reaches 73.8%, 90.2% and 75.3% respec-
tively, in 120min, having consistent degradation trend with that of p-
xylene. And P25 just reaches 50.6% under the same experiment con-
dition. Photodegradation results of ethylene and p-xylene demonstrate
that rGO can enhance the photocatalytic activity of pure TiO2 and the
performance of T0.2 G is much better than commercial P25. Moreover,
there exists an optimal value for the added amount of graphene oxide.
When present in a high content, although reduced graphene oxide can
adsorb more gaseous pollutants and promote photogenerated electron-
hole pairs separation, it could disadvantageously occupy some active
sites of TiO2 and shield part of the light radiations illuminated to TiO2,
leading to the decreased photocatalytic activity [37,38].

Based on above experimental results, it has been known that the

composites are beneficial to improve the photocatalytic degradation
activity of two typical VOCs (p-xylene and ethylene). However, there
are more than one VOC in the realistic environment, so common gas-
eous benzene derivatives mixture (containing 10 ppm benzene, 10 ppm
toluene and 10 ppm p-xylene) are selected to further study the ability of
T0.2G to degrade VOC mixture and evaluate its cyclic stability. As
presented in Fig. 6a, T0.2G exhibits an excellent photocatalytic activity
(72.2% in 2 h), compared with P25 (27.1% in 2 h). The adsorption
difference of benzene derivatives is shown in Fig. 6b. The saturated
adsorption amounts of benzene, toluene and p-xylene are 172ml,
483.2 ml, 937.2ml, respectively. This indicates that the order of the
affinity toward T0.2 G surface is benzene < toluene < p-xylene,
which is in agreement with previous reports [39–42]. The difference
could be ascribed to the stronger dispersion interaction from the ad-
ditional methyl groups [40]. In mixed VOCs (Fig. 6c), the degradation
efficiencies of benzene, toluene and p-xylene are 30.6%, 85.4% and

Fig. 3. Adsorption of dynamic gaseous (a) p-xylene and (b) ethylene for different samples in dark condition and corresponding saturated adsorption capacity (inset of
(a) and (b)); (c) p-xylene-TPD and ethylene-TPD of T0G and T0.2 G, the inset (c): integrate area of TPD curve.

Fig. 4. Photocatalytic degradation of flowing gaseous p-xylene under (a) 500W and (b) 250W Xenon lamp irradiation and (c) comparison of degradation efficiency
of five different photocatalysts under 250W Xenon lamp irradiation.
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93.0%, respectively. The difference of degradation mainly comes from
two aspects: on the one hand, in the process of degrading VOCs, gas
adsorption has a great influence on the photocatalytic oxidation of
VOCs. Based on above adsorption data, adsorption affinity order toward
T0.2G surface is benzene < toluene < p-xylene, consistent with the
order of degradation on T0.2 G surface. This indicates that adsorption
could be the dominant factor responsible for degradation difference. On
the other hand, the different difficulty level of benzene, toluene and p-
xylene oxidation might also be responsible for difference of degrada-
tion. As we all know, benzene has a more stable aromatic structure with
respect to chemical or thermal attack because of higher C–H bond en-
ergy [43,44]. As for the oxidation of toluene and xylene, attacks oc-
curred more easily from methyl [45–47], p-xylene with two methyl is
relatively easier to be oxidized. In addition, Fig. 6d indicates that T0.2G
has improved degradation of three pollutants in mixed gas compared to
P25, in which benzene possesses the largest enhancement, then toluene,
and finally p-xylene. Comparison of conversion of single p-xylene and
p-xylene in mixed gas is shown in Fig. 6e. P25 undergoes decreased
efficiency (80.0% to 63.8% in 2 h) in photodegrading from single p-

xylene to p-xylene in VOC mixture, while it was remained unchanged
(93.5% to 93.0%) for T0.2G. This indicates T0.2G has stronger en-
vironmental adaptability, which is important for air purification. Be-
sides, Fig. 6f displays cyclic stability evaluation result, which suggests
that T0.2G is able to maintain a relatively high activity after 5 cycles
although there might be VOCs adsorbed on the surface [Fig. S2].
Moreover, Fig. S3 shows XRD of T0.2G before and after cyclic stability
test. After 5 cycles, there was no significant change in crystal structure,
indicating T0.2 G has excellent stability. Therefore, these results imply
the great potential of such composite photocatalyst in environment
remediation, especially for VOC mixture.

In order to investigate the intrinsic causes of improved photo-
catalytic degradation of single VOC (p-xylene and ethylene) and VOC
mixture (containing benzene, toluene, p-xylene) in composite samples,
we further characterized their optical properties, fluorescence emission,
photocurrent response.

The UV–vis diffuse reflectance spectra were measured to investigate
the optical properties of all the photocatalysts (Fig. 7a). Among them,
P25 has the weakest light harvesting ability. Specifically, with reduced

Fig. 5. Photocatalytic degradation of flowing gaseous (a) ethylene and (b) the comparison of degradation efficiency of four different photocatalysts under 500W
Xenon lamp irradiation.

Fig. 6. (a) Photocatalytic degradation curve of flowing mixed gaseous benzene, toluene and p-xylene, (b) dark adsorption and corresponding saturated adsorption
capacity (inset of (b)), (c) degradation curve of single gas in mixed gaseous pollutants by T0.2 G, (d) degradation efficiency of commercial P25 and T0.2 G (including
efficiency ratio in mixed gas), (e) comparison of conversion of single p-xylene and p-xylene in mixed gas, (f) cyclic stability of T0.2 G.
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graphene oxide increasing in the composite, the light absorption of
composite samples strengthens and the absorption edge shifts towards
longer length, which is ascribed to the formation of chemical bond
between TiO2 and rGO (Figs. 2c, S1), which reduces the bandgap en-
ergy of the TiO2/rGO composite. Such an analogous phenomenon is
also observed in previous research studies regarding TiO2/rGO nano-
composites, which can be attributed to the interfacial interaction be-
tween the TiO2 and the rGO [19,24,25,29,30]. The color change of
samples is consistent with these results, which indicate spectral ab-
sorption capacity of composites is upgraded by the introduction of re-
duced graphene oxide and spectral excitation range is broadened.
Fig. 7b displays the PL spectra of P25 and the as-prepared photo-
catalysts. Typically, photoluminescence (PL) analysis is conducted to
investigate the migration and separation efficiency of photogenerated
electron- hole pairs in a semiconductor, as the PL emission mainly
arises from charge-carriers combination [48]. The results show that PL
intensity of photocatalysts diminished as reduced graphene oxide in the
composite increased, which suggests reduced graphene oxide can ef-
fectively inhabit electrons and holes recombination in the composites
by electron transfer to reduced graphene oxide [49], which is critical
for subsequent generation of active species and surface reactions. In
addition, photocurrent response was measured in 10 s light on-off cy-
cles. To exclude the influence of oxidation of rGO, Raman spectra of
T0.2G before and after photocurrent measurement was measured (Fig.
S4). It is seen that there is no significant change in ID/IG. Generally, D
band around 1350 cm−1 represents the presence of sp3 disordered
carbon and defects, and G band 1600 cm−1 represents the in-plane
vibration of ordered sp2 carbon atoms. Therefore, it is considered to be
still reduced graphene oxide (rGO). Fig. 7c displays the photocurrent
response of T0G, T0.2G and T0.5G. Obviously, compared with T0G,
T0.2G presents higher photocurrent response, which indicates that

more electrons are transferred to the photoelectrode and higher se-
paration efficiency of the photogenerated electrons and holes of T0.2G.
Because, on the one hand, the Fermi level of rGO is more positive than
the conduction band of TiO2 [50], so that photogenerated electrons
tend to move toward the reduced graphene oxide, thereby suppressing
photogenerated electron-hole pairs recombination. On the other hand,
the high electrical conductivity of rGO enables these electrons to
transport in the two-dimensional π-conjugation structures of rGO rather
than recombination with holes that remain in the valence band of TiO2

[51]. Whereas T0.5 G has lower photocurrent response, which could be
due to shading effect of too much rGO [37,38].

3.4. Mechanisms of photocatalytic degradation of ethylene and p-xylene

To further explore the mechanism of photocatalytic degradation, we
conducted ESR and scavenger experiments to evaluate the ability of
composites to produce active species (%OH and %O2

−) and the role of
different types of active species in photocatalytic processes. The ESR
signals of DMPO-%OH and DMPO-%O2

− are shown in Fig. 8a–b. It can
be clearly informed that the signal intensity of superoxide radicals is
significantly greater than the signal intensity of hydroxyl radicals. This
indicates that the as-synthesized materials are capable of producing
more superoxide radicals under irradiation than hydroxyl radicals. In
Fig. 8a, it can be clearly seen that the amount of superoxide radicals
decreases with the addition and increased content of rGO. This could be
attributed to that photogenerated electrons migrating to the rGO layer
through the coupling interface are captured by the defects on the rGO
[32], leading to the decrease in the amount of %O2- formed (O2 + e-→ %

O2-). Whereas Fig. 8b displays that the amount of hydroxyl radicals
increases slightly with the addition of rGO and that of T0.2 G and
T0.5 G basically remains equal, which could be ascribed to longer

Fig. 7. (a) UV–vis diffuse reflectance spectra and photograph, (b) PL spectra at an excitation wavelength of 320 nm, (c) photocurrent curves of the as-prepared
samples.
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lifetime of holes because of transfer of photogenerated electrons to rGO
(H2O+h+→%OH + H+). In addition, we took 0.01 g of 2,2,6,6-tet-
ramethylpiperidine oxide (TEMPO, ·OH scavenger) and p-benzoquinone
(PBQ, ·O2

− scavenger), respectively, and incorporated them to 0.1 g of
T0.2 G composite and tested photocatalytic degradation activity of
ethylene and p-xylene. The results are shown in Fig. 8c–d. As can be
informed from the two figures, no matter it is ethylene or p-xylene, the
degradation efficiency of T0.2 G whose superoxide radicals are cap-
tured declined more than that of T0.2 G whose hydroxyl radicals are
captured, indicating that superoxide radicals have a more important
role in photocatalytic degradation process of these two VOCs. This re-
sult is also well supported by the ESR result.

Based on the above analysis, the possible mechanism of enhanced
photocatalytic degradation of p-xylene and ethylene by rGO/TiO2 could
be proposed as follows (Fig. 9). Under Xenon lamp irradiation, Tita-
nium dioxide generates photogenerated electrons and holes. Part of the
surface photogenerated electrons transfer to the reduced graphene
oxide sheet, which thus inhibit electrons and holes recombination. A
portion of the electrons transferred to the reduced graphene oxide sheet
are captured by defects on the reduced graphene oxide sheet, and a
portion of that react with oxygen and thus form superoxide radicals.
The photogenerated electrons of titanium dioxide itself also react with
oxygen to produce superoxide radicals [27]. Hydroxyl radicals are
generated mainly from the reaction of photogenerated holes with sur-
face hydroxyl and water. In the process of degrading p-xylene, p-xylene
adsorbed on the surface of composites is mainly degraded by hydroxyl
radicals and superoxide radicals, and superoxide radicals are the main
reactive radicals. As shown in Fig. S5, with the photocatalytic de-
gradation of p-xylene, carbon dioxide (up to 160 ppm) is also produced
simultaneously. Except for CO2 and H2O, Some intermediate products
such as terephthalic acid [52], toluene [53], etc. could also be formed
during the degradation process. In the process of degrading ethylene, in

addition to a similar degradation mechanism to p-xylene, ethylene
adsorbed on the surface of titanium dioxide might experience other
oxidation pathways (e.g. hole oxidation…) based on the scavenger
experiments. Similarly, in this process, it is also possible to form in-
termediates such as acetaldehyde or acetic acid [54].

4. Conclusion

Binary nanocomposites with interface coupling between reduced
graphene oxide and TiO2 were synthesized via a modified refluxing-
solvothermal method. With the addition of rGO, the photocatalytic
degradation activity of single p-xylene and ethylene was enhanced. And
0.2% mass ratio (of graphene to TiO2) had the optimal photocatalytic
efficiency. This could be ascribed to larger gas pollutant adsorption
capacity, more efficient light harvesting ability, and more importantly,
higher electron-hole pairs separation efficiency. In addition, superoxide
radicals played a more important role in degrading both p-xylene and
ethylene. In the degradation of VOC mixture, the photodegradation of
mixed VOCs was improved by 2.6 times compared with commercial
P25 and photodegradation efficiency decreased in the order of p-xy-
lene > toluene > benzene. Furthermore, P25 underwent decreased
efficiency (80.0% to 63.8% in 2 h) in photodegrading from single p-
xylene to p-xylene in mixed VOCs, while it was remained unchanged
(93.5% to 93.0%) for T0.2 G. Moreover, it could still remain excellent
photocatalytic activity after 5 cycles. Overall, our work explored pho-
todegradation activity and mechanism of different types of single VOC
and investigated photodegradation characteristics of mixed VOCs. It is
hoped that our work could offer a strong support for in-depth study of
rGO-TiO2 composites with improved photocatalytic activity and stabi-
lity in environment remediation.

Fig. 8. (a) Superoxide radicals (·O2
−) signal with DMPO as scavenger in ethanol (b) Hydroxyl radicals (·OH) signal with DMPO as scavenger in water; (c, d) Scavenger

experiments using PBQ and TEMPO as corresponding ·O2
− and ·OH scavenger.
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