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H I G H L I G H T S

• rGO-TiO2 for the photodegradation of
two types of gaseous pollutants.

• The different adsorption and photo-
degradation mechanism of acet-
aldehyde and o-xylene.

• Different roles of %O2
− and %OH in the

process of photodegradation.

• Sustainable photodegradation of gas-
eous VOCs in a wide range of flow
rates.

G R A P H I C A L A B S T R A C T

As-prepared rGO-TiO2 nanocomposites exhibited superior adsorptivity and photodegradation ability in the de-
gradation of acetaldehyde and o-xylene. Furthermore, this work firstly revealed the different roles of free ra-
dicals in the degradation of the two types of VOCs. %O2

− and %OH played similar roles in the photocatalytic
degradation process of o-xylene, while %O2

− was predominant radical in the degradation of acetaldehyde.
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A B S T R A C T

Two types of volatile organic chemicals (VOCs), acetaldehyde and o-xylene, were selected to probe the different
adsorption and photodegradation mechanism of gaseous photocatalysis. Reduced graphene oxide (rGO)-TiO2

nanocomposites were prepared by facile solvothermal process to perform the photocatalytic reactions. In the
experiments, the removal efficiencies of the acetaldehyde and o-xylene at 80mL·min−1

flow rate were only 15%
and 12% when P25 was applied, while the efficiencies were sharply increased to 42% and 54% by using 0.5 wt%
rGO-TiO2 as the photocatalyst, respectively. Interestingly, it is notable that the removal efficiency of o-xylene
was higher than that of acetaldehyde with identical rGO-TiO2 photocatalyst. Experiments suggested that there
were possibly two reasons. Firstly, the adsorbance of o-xylene was more than that of acetaldehyde owing to the
π-π conjugation between rGO and aromatic compounds, which was proved by adsorption equilibrium and TPD
tests. ESR tests proved that rGO can promote the generation of surface %OH radicals and depress the %O2

−

radicals formation. Compared with the dominant role played by %O2
− radicals in the degradation of acet-

aldehyde, an almost equal position of %O2
− and %OH radicals was observed in the degradation of o-xylene

according to the subsequent radical scavenger experiments. Moreover, the optimized rGO-TiO2 exhibited sus-
tainable photocatalytic activity at 40–120mL·min−1

flow rate through 160min tests, while P25 was deactivate
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only after 25min. This work demonstrated the different adsorption and degradation characteristics of two types
of VOCs, which could propel the target orientation design of photocatalyst in VOCs removal applications.

1. Introduction

Volatile organic chemicals (VOCs), which are detrimental to air
quality and human health, have attracted increasing attention in recent
years. Long-term exposure to VOCs will cause respiratory diseases, such
as lung cancer [1]. In addition, VOCs can accelerate the formation of
secondary organic aerosols that will turn into particles under oxidized
conditions through complex heterogeneous reactions [2,3]. Several
technologies have been applied for elimination of VOCs, including ad-
sorption, bio-filtration, thermal catalysis, photocatalytic oxidation and
so on [4–6]. Among these methods, photocatalysis is an effective
technology since it is non-toxic, low-cost and capable of removing
various gaseous pollutants under sunlight. Up to now, most reports
focus on the photodegradation of single pollutant in water [7] and
static gas [8]. Assadi and Bouzaza did some research about the pho-
tocatalytic oxidation of VOCs in a continuous flow mode and in-
vestigated the effect of different operating parameters [9–13]. How-
ever, there are various dynamic gaseous VOCs in the atmosphere,
including alkene, aromatics, aldehyde, and so on. The different struc-
tures lead to the differences in the degradation mechanisms. To the best
of our knowledge, reports about the difference between the photo-
degradation of different VOCs are still limited.

Titanium dioxide (TiO2) is a promising photocatalyst that has been
widely used in the photodegradation of different pollutants [14].
However, some intrinsic shortcomings of TiO2 limit its practical ap-
plication in the degradation of gaseous pollutants. Normally, TiO2

shows weak adsorptivity for gaseous pollutants and high recombination
rate of e−-h+ pairs. Up to now, various strategies have been proposed
to overcome these shortcomings. Zeolite, active carbon or other cellular
materials were combined with TiO2 in order to enhance its adsorption
ability [15]. Doping or the combination with various semiconductors
have been employed to inhibit the recombination of e−-h+ pairs
[16–18]. After coupling TiO2 with other semiconductors, the charge
carriers can be separated by interfacial transfer. Take the CdS-TiO2

nanocomposite for example [19], the photon-induced electrons gener-
ated in CdS could transfer to the conduction band of TiO2, while the
photogenerated holes in TiO2 accumulate in the valence band of CdS.
Through combining various semiconductors, including ZnO [20], WO3

[21], SnO2 [22,23], MnCO3 [24], Ag3VO4 [25], with TiO2, enhanced
photocatalytic activity in the degradation of VOCs have been achieved.
However, these strategies cannot facilitate the separation of charge
carriers and promote the adsorption ability simultaneously. Besides,
photocatalysis is a complex heterogeneous reaction with various kinds
of intermediates [26]. These intermediates will adsorb on the active
sites at the surface of TiO2, leading to the deactivation over time
[26–30]. Regenerated by heating at high temperature or by exposure in
clean air under UV light irradiation is possible, however needs a long
period of time and extra cost. Therefore, multifunctional materials have
to be identified to overcome these shortcomings simultaneously.

Graphene, a two dimensional material with large specific surface
area and remarkable electron mobility, should be a good choice. When
TiO2 is combined with graphene, the photo-generated electrons in the
valence band of TiO2 can transfer to graphene, prolonging the lifetime
of the photo-generated e−-h+ pairs [31–33]. This is a major importance
for the generation of different free radicals, which facilitate the oxi-
dation of pollutants and intermediates, and thus prolong the lifetime of
the photocatalyst. In addition, the π-conjugation structure on graphene
will effectively facilitate the adsorption of gaseous organic pollutants,
especially aromatics. Researchers have reported many methods to
synthesize TiO2-graphene composites [34–38]. These nanocomposites

exhibited an improved photocatalytic efficiency in the degradation of
pollutants in liquid phase, including methylene blue [39–41], rhoda-
mine B [42], bisphenol A [43], acetic acid [44] methylene orange [38],
malachite green [45], phenol solution [46], and others [47]. Besides,
the group of Huang demonstrated that the composite material showed
high photocatalytic activity during degradation of static gaseous for-
maldehyde [36]. The enhanced photocatalytic activity suggests that
this composite is a promising material in the degradation of dynamic
gaseous pollutants owing to its superior adsorptivity and excellent
charge separation properties.

Herein, we report the synthesis of hybrids of rGO with TiO2 pre-
pared by a facile solvothermal process. The photocatalytic activity of
as-prepared photocatalysts was evaluated by the photodegradation of
low concentration (at ppm level) dynamic gaseous o-xylene and acet-
aldehyde. O-xylene is a typical industrial pollutant that contains a
phenyl ring, while acetaldehyde is a common indoor air pollutant that
contains an aldehyde group. After combining with rGO, the photo-
catalytic efficiency was significantly improved. The underlying causes
of the improvement of the photocatalytic activity were further in-
vestigated by a series of characterizations. The differences between the
adsorptivity for o-xylene and acetaldehyde were analyzed by tem-
perature programmed desorption (TPD) and adsorption tests. Finally,
ESR and radical scavengers were used for further investigating the roles
of different active radicals and the mechanism of the photocatalytic
reaction. Overall, this work provides a promising photocatalyst with
promoted photocatalytic activity and demonstrates the different ad-
sorption and photodegradation mechanism of types of VOCs.

2. Experimental

All chemical agents used in our study were of analytical grade and
used without further purification. Tetrabutyl titanate and sulfuric acid
were purchased from Sinopharm Chemical Reagent CO., Ltd. Ethanol
absolute was supplied by Shanghai zhenxing CO., Ltd. Deionized (DI)
water was produced by a Milli-Q system (R > 18.1MΩ).

2.1. Preparation of samples

GO was synthesized by a modified Hummer’s method [48–50] and
the nanocomposites were synthesized by a facile solvothermal treat-
ment. In a typical preparation process, 5.0 g of tetrabutyl orthotitanate
was added to a round bottom flask containing 400mL absolute ethanol.
4 mL deionized water was dropwise added into the solution, followed
by refluxing at 351 K for 6 h. The as-prepared amorphous TiO2 was
washed three times with deionized water and absolute ethanol. Then
the TiO2 was isolated by centrifugalization. An appropriate amount of
GO and amorphous TiO2 were dispersed into the mixture of 50mL H2O
and 25mL ethanol, inside the pH was adjusted to 4 by adding a few
drops of dilute sulfuric acid. After being ultrasonicated for 1 h, the
suspension was stirred for further 2 h to obtain a homogeneous sus-
pension. Then the suspension was placed in a Teflon-lined stainless
steel autoclave (Volume 100mL) and kept at 433 K for 6 h. The pro-
ducts were defined as xwt% rGO-TiO2, in which xwt% represents the
mass ratio of rGO to TiO2. For comparison, the mixture of GO sheets
and amorphous TiO2 particles that has not been treated by a sol-
vothermal process after intimate mixing of the two materials was de-
fined as xwt% GO-TiO2. Pure TiO2 was prepared by the same sol-
vothermal treatment in the absence of GO.
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2.2. Characterization

Transmission electron microscopy (TEM, JEM-2100F) was applied
to characterize the microstructure and morphology. The X-ray diffrac-
tion (XRD) spectra were recorded using an X-ray diffractometer (Ultima
IV 2036E102, Rigaku Corporation, Japan). Raman spectra were re-
corded using a DXR Raman Microscope (Thermal Scientific
Corporation, USA). X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a Microlab 310F scanning Auger microprobe (VG
Scientific Ltd). The JES-FA200 spectrometer was applied to record the
electron spin resonance (ESR) signals of radicals. 5,5-dimethyl-1-pyr-
roline N-oxide (DMPO) was used as radicals trapper.
Photoluminescence (PL) spectra were recorded by an Edinburgh FL/
FS900 spectrophotometer with an excitation wavelength of 320 nm.
TPD analyses were performed using a ChemiSorb PCA-1200 (Builer,
China). During the test, 0.05 g of the sample was placed in a quartz tube
inside an electric furnace, heated at 393 K for 1 h in high-purity ni-
trogen gas in order to remove the adsorbed organics and hydrates. After
cooling to room temperature, acetaldehyde (or o-xylene, respectively)
was introduced into the tube at a flow rate of 30mL·min−1 for 2 h to
reach the adsorption equilibrium. Then high purity nitrogen was in-
troduced into the tube and the temperature was raised at a ramp of
10 K·min−1 to detect the desorption process of acetaldehyde (or o-xy-
lene).

2.3. Adsorption and photocatalytic performance

Both of the adsorption and photodegradation tests were carried out
in a real-time monitoring system (Scheme 1). The real-time monitoring
system contains a gas mixer, a reaction cell and a gas chromatograph
(GC). The reaction cell contains a rectangular chamber
(20 cm×10 cm×1.5 cm) and a 200W Xenon lamp that is 30 cm
above the chamber. During the test, 0.1 g photocatalyst, which was
uniformly coated on the glass pane with a surface area of 60 cm2, was
placed in the chamber and sealed with a quartz glass. The gaseous VOCs
mixed with dried air in the mixer. The mixed gas could flow into the GC
through valve 3 and valve 4 before starting the test and the con-
centration of acetaldehyde or o-xylene can be detected by the FID de-
tector of GC. The concentration kept at 25 ppm for all experiments.
During the adsorption and photodegradation tests, the mixed gas
flowed into the reaction cell through valve 3 and contacted with the
photocatalyst in the rectangular chamber. Then the residual gas in the
chamber will flow into GC through valve 5 and valve 4 to determinate
the concentration of the pollutants.

The adsorption capacity of the nanocomposite was tested in the
dark. The gaseous pollutants (acetaldehyde or o-xylene) was fed into
the chamber at a flow rate of 10mL·min−1 until an adsorption equili-
brium was achieved. Eq. (1) calculated the value of saturated ad-
sorbance (V (mL), which indicates the volume of the gas that containing
25 ppm of acetaldehyde or o-xylene). ν (mL·min−1) is the volume flux
of the gaseous pollutants. C0 and C (ppm) are the concentrations of the
reaction gas at the inlet and outlet of the chamber, respectively. T (min)
is the equilibrium time. The first part in the equation is the definite
integral of the adsorption curve for the as-prepared material. The
second part is the definite integral of the curve for the blank experi-
ment.

∫ ∫= ⎡
⎣

× − ⎤
⎦

−⎡
⎣

× − ⎤
⎦

v vV (1 C/C )dt (1 C/C )dt
0

T
0

sample 0

T
0

blank (1)

After reaching the adsorption equilibrium, the Xenon lamp was
turned on to test the photocatalytic activity. All tests were performed at
room temperature and atmospheric pressure. The relative humidity was
60%. Eq. (2) calculated the removal efficiency Y:

= − ×Y (C C)/C 100%0 0 (2)

3. Results and discussion

3.1. Characterization of photocatalysts

First, the morphology of GO, pure TiO2, and 0.5 wt%rGO-TiO2 was
observed by TEM. From the low magnification images (Fig. 1a–c), the
size of GO was determined to be about several microns, while typical
diameters of pure TiO2 particles were about 8–10 nm. The rGO sheet in
the composites retained the two-dimensional structure with wrinkles.
From the high resolution image shown in Fig. 1d, rGO sheets wrapped
the TiO2 particles in the as-prepared nanocomposites, which is mean-
ingful to optimize the adsorptivity of the material. As mentioned, GO
and TiO2 were mixed in an acidic solution during the final step of our
preparation process. The zeta (ζ) potential of TiO2 particles was posi-
tive, while the surface of the GO sheets was negatively charged. The
resulting electrostatic attraction facilitated the assembly of GO and
TiO2. Besides, the fringes spacing was found to be 0.35 nm, which can
be ascribed to the (1 0 1) crystal facet of anatase.

The phase structure was characterized by XRD (Fig. 2a). In line with
the expectation from HRTEM, the diffraction peaks in XRD patterns are
typical for crystal planes of anatase TiO2 (JCPDS PDF#: 00-021-1272).
The analogous patterns of as-prepared nanocomposites and pure TiO2

indicate that rGO has little influence on the crystallinity of the TiO2

nanoparticles. No typical peak of graphene was observed because of its
low content in the nanocomposite materials. The samples were also
characterized by Raman spectroscopy (Fig. 2b–d). The four bands at
low frequencies (100–650 cm−1) are typical peaks reported for anatase
TiO2 (Fig. 2c). After combining TiO2 with rGO, the peaks at 403.4,
518.2 and 640.5 cm−1 down-shifted to 398.8, 514.5 and 639.8 cm−1,
respectively. The peaks around 403.4 and 640.5 cm−1 represent the
stretching vibration of the OeTieO bond. The peak around 514.5 cm−1

represents the bending vibration of TieOeTi bond [51]. The red shift
indicates a lengthening of the Ti–O bond because of the formation of
TieOeC bond between rGO sheets and TiO2 particles. In addition, the
two bands located at 1351 and 1600 cm−1 (Fig. 2d) are the D and G
band of graphene, respectively. The D band is usually associated with
the sp3 defects, while the G band corresponds to the vibration of the sp2

hybridization [52,53]. Accordingly, the intensity ratio of D to G band
(ID/IG) is a measure of the relative ratio of local defects (or disorders) to
the sp2 hybridized graphene domains. It has been reported that the
reduction process leads to a decrease of sp2 hybridization, inducing an
increase in the ID/IG ratio [54–57]. As shown in Table 1, the value of ID/
IG increased from 0.87 to 0.98 upon solvothermal treatment, con-
firming the efficient reduction of GO.

In the next step, XPS was applied to further investigate the chemical
status of the atoms in 0.5 wt% GO-TiO2 and 0.5 wt% rGO-TiO2. As
shown by the XPS spectra (Fig. 3a and b), the chemical binding energies
around 458.6 eV (Ti 2p3/2), 523.0 eV (O 1s), and 285 eV (C 1s) are
characteristic for Ti, O and C elementals, respectively. The C1s XPS

Scheme 1. Real-time monitoring system.
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spectra were deconvoluted into three peaks. As shown in Fig. 3c and d,
the peaks around 285 eV, 286.6, and 289.2 eV are typical peaks for the
C]C, CeO and C]O bonds, respectively. For comparison, the relative
proportion of oxygen-containing species and the atomic ratio of O/C
were calculated according to the XPS spectra. As shown in Table 1, the
relative proportion of oxygen-containing species and the atomic ratio of
O/C in the composite decreased after solvothermal treatment, in-
dicating again the effective reduction of GO nanosheets. Additionally,
the proportion of the C]C bond increased from 50.4% to 75.9% after
reduction. This suggests that the sp2 bonded C atoms were restored
during the solvothermal treatment [58]. This restoration of C]C bond
can improve the conductivity of GO, which is important for the efficient
electron transfer.

3.2. Enhanced photocatalytic activity

The influence of the rGO content on the photocatalytic activity was
evaluated by the degradation of o-xylene and acetaldehyde at a flow
rate of 80mL·min−1, respectively. Adsorption equilibrium was first
reached before the photocatalytic process. Fig. 4a showed the de-
gradation result of o-xylene under UV light irradiation. Compared with
pure TiO2, the composite materials exhibited a clearly enhanced pho-
tocatalytic activity. The final photocatalytic efficiency first increased
with higher rGO content, followed by a decrease when the rGO mass
ratio exceeded 0.5 wt%. Thus 0.5 wt% rGO-TiO2 exhibited an optimum
activity with a photocatalytic efficiency of 54%. Noteworthy, in our
reference experiments, this was found to be 4.5 times higher than the
photocatalytic efficiency of P25 (12%) and 1.8 times higher than the
efficiency of pure TiO2 synthesized under solvothermal conditions
(30%). A similar result was found for the degradation of acetaldehyde,
which is shown in Fig. 4b. The photocatalytic efficiency was about 15%

with P25 and 28% with pure TiO2. In contrast, the optimum hybrid
material, 0.5 wt% rGO-TiO2 exhibited the highest photocatalytic effi-
ciency of 42%, and thus 2.7 times as high as P25 and 1.4 times as high
as pure TiO2. Again, a further increase of the rGO content (over 0.5 wt
%) caused a decrease in the photocatalytic efficiency. These results
indicate that the moderate addition of rGO can substantially facilitate
the photodegradation of dynamic gaseous o-xylene and acetaldehyde. It
is worth mentioning that the removal efficiency of o-xylene was higher
than that of acetaldehyde with identical as-prepared composite mate-
rial (Fig. 4c), while the removal efficiency of acetaldehyde was a little
higher than that of o-xylene with P25. Besides, the photocatalytic ef-
ficiency of 2 wt% rGO-TiO2, which was higher than that of pure TiO2 in
the degradation of o-xylene, was lower than that of pure TiO2 in the
degradation of acetaldehyde. It indicated that the rGO-TiO2 photo-
catalysts were more suitable for the photodegradation of o-xylene,
which will be discussed in the following.

The photocatalytic activity of 0.5 wt% rGO-TiO2 as optimum hybrid
material and P25 as technically relevant reference material were fur-
ther investigated by the degradation of gaseous o-xylene at different
flow rates. As shown in Fig. 5a and c, the photocatalytic efficiency of
0.5 wt% rGO-TiO2 decreased from 63% to 53% when the flow rate in-
creased from 40mL·min−1 to 80mL·min−1. When the flow rate reached
120mL·min−1, the photocatalytic efficiency was 29%. In contrast,
when P25 was applied (Fig. 5b and c), the photocatalytic efficiency was
15%, 10%, and 4% at a flow rate of 40mL·min−1, 80mL·min−1, and
120mL·min−1, respectively. The photocatalytic efficiency decreased
significantly with increasing flow rate. It is easy to understand that
polluted gases move faster at a high flow rate, thus the residence time of
the pollutant molecules in the reaction chamber becomes shorter, re-
sulting in strongly reduced contact (for adsorption) and reaction (for
chemical conversion) times for the different gases with the

Fig. 1. TEM images of (a) GO, (b) pure-TiO2 and (c) 0.5 wt% rGO-TiO2; HRTEM image of (d) 0.5 wt% rGO-TiO2.
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photocatalysts under investigation. The degradation efficiency for dy-
namic gaseous pollutants was higher at lower flow rate due to the
longer residence time, indicating that the photodegradation perfor-
mance can be optimized by prolonging the residence time when we
design the reactor in the practical application. Compared with P25, the
as-prepared nanocomposite showed higher photocatalytic activity at all
flow rates under investigation and the overall decrease was much more
pronounced in case of P25 than in case of 0.5 wt% rGO-TiO2. Moreover,
the photocatalytic efficiency of the nanocomposite was stable during
the whole test period lasting for 160min, while that of P25 already
decreased after 25min. Besides, the photocatalysts (0.5 wt% rGO-TiO2)
could remain activity in the 3-times cyclic experiments for the photo-
degradation of gaseous o-xylene at different flow rate (Fig. S1). This
indicates that the as-prepared nanocomposite is strongly superior to
commercial P25 for the elimination of dynamic gaseous VOCs.

To explore the underlying causes of the improvement of the pho-
tocatalytic activity, a series of characterizations were carried out.
Adsorption tests were performed to investigate the adsorptivity of the
as-prepared composite materials for gaseous acetaldehyde and o-xy-
lene. As shown in Fig. 6a and b, the concentration of o-xylene and
acetaldehyde decreased immediately when the gas flow entered the

reaction chamber. Parts of the o-xylene or acetaldehyde molecules
adsorbed on the surface of the photocatalyst. With the continuous feed
of replenishing gas, the concentration recovered until a final adsorption
equilibrium was reached. According to Fig. 6a, at constant volume flow
rate, the nanocomposite with higher rGO content took longer to reach
the adsorption equilibrium. In the meantime, the reversal peak area of
the adsorption curve increased with the rGO content, indicating that
the composite materials with higher rGO content can adsorb more o-
xylene molecules. Analogous conclusion can be drawn from Fig. 6b. The
derived value of the saturated adsorbance (V) is equal to the difference
between the reversal peak area of the blank curve and that of the ad-
sorption curve for as-prepared nanocomposites, which was shown in
Eq. (1). The reversal peak area of the adsorption curve was worked out
with the theory of definite integral. As shown in Fig. 6c and d, the
saturated adsorbance of o-xylene and acetaldehyde increased with rGO
content and the amount of adsorbed gaseous acetaldehyde was less than
that of gaseous o-xylene on the same composite material. Especially, the
mass ratio of rGO has stronger influence on the adsorption property of
o-xylene since the slope of o-xylene is greater than that of acetaldehyde.
These phenomena are mainly due to the π-π conjugation between rGO
sheet and o-xylene molecule.

The TPD tests were carried out to provide an insight into the in-
teractions between the nanocomposite and o-xylene (or acetaldehyde).
There were two distinguishable desorption peaks in the o-xylene-TPD
(Fig. 7a). The weakly bound o-xylene desorbed at around 393 K and the
strongly bound o-xylene desorbed at around 523 K. After combining
TiO2 with rGO, the area of both peaks increased, indicating that more o-
xylene desorbed from the surface of the photocatalyst. Besides, the
peaks shifted upward to the higher temperatures after the addition of
rGO, indicating the stronger adsorption affinity for o-xylene molecules.
A similar situation was found in the acetaldehyde-TPD (Fig. 7b). Thus,
we can draw the conclusion that rGO effectively enhances the ad-
sorptivity for o-xylene and acetaldehyde.

Fig. 2. (a) XRD patterns of pure TiO2 and xwt% rGO-TiO2; (b, c, d) Raman spectra of pure TiO2, 0.5 wt% GO-TiO2 and 0.5 wt% rGO-TiO2.

Table 1
Structural properties of 0.5 wt% GO-TiO2 and 0.5 wt% rGO-TiO2 were char-
acterized by Raman and XPS spectroscopy, respectively. (i) The ID/IG intensity
ratio in Raman spectra. (ii) The relative proportion of different oxygen-con-
taining species and the atomic ratio of O/C extracted from XPS spectra.

Samples (i) Raman spectra (ii) XPS spectra

ID/IG C]C (%) CeO (%) C]O (%) O/C
285(eV) 286.5(eV) 289.2(eV)

0.5 wt% GO-TiO2 0.87 50.4 39.8 9.8 2.16
0.5 wt% rGO-TiO2 0.98 75.9 18.8 5.3 1.35
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The specific surface area was measured and the data were listed in
Table S1. According to the Table S1, there was no noticeable difference
in the specific surface area of pure TiO2 and nanocomposites. It

indicated that the improvement of the adsorption capacity for as-pre-
pared nanocomposite was not caused by the changes in specific surface
area. Adsorption is a complicated processes controlled by many other

Fig. 3. The XPS survey spectra of (a) 0.5 wt% GO-TiO2 and (b) 0.5 wt% rGO-TiO2; the C 1s XPS spectra of (c) 0.5 wt% GO-TiO2 (d) 0.5 wt% rGO-TiO2.

Fig. 4. Photocatalytic degradation of flowing mode gaseous (a) o-xylene and (b) acetaldehyde on different samples under UV light at a flow rate of 80mL·min−1; (c)
comparison between removal efficiency of o-xylene and acetaldehyde.
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factors in addition to surface area, including the pore size, surface
chemical functional groups and so on. So different adsorbent exhibit
different adsorptivity even with the same SBET value. Previous research

[59] reported that the chemical functional groups played important
role in the adsorption. According to the XPS spectra (Fig. 3d), the rGO
was partly reduced and there were still some residual oxygen-

Fig. 5. Photocatalytic performances of (a) 0.5 wt% rGO-TiO2 and (b) P25 in the degradation of gaseous o-xylene at different flow rates; (c) comparison between the
removal efficiency of o-xylene by using 0.5 wt% rGO-TiO2 and P25 at different flow rates.

Fig. 6. Adsorption of dynamic gaseous (a)
o-xylene and (b) acetaldehyde for different
samples in dark condition; (c) saturated
adsorbance (mL) of 0.1 g as-prepared mate-
rials for gaseous o-xylene and acetaldehyde
(25 ppm); (d) relationship between the mass
ratio of rGO and the saturated adsorbance
(mL) of 0.1 g as-prepared materials for gas-
eous o-xylene and acetaldehyde. The con-
centration of both o-xylene and acet-
aldehyde was 25 ppm.
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containing groups on the rGO sheet. The rGO was attached with slightly
polar because of the present of oxygen-containing groups. Due to the
dipole-dipole interactions between the rGO and polar acetaldehyde, the
intermolecular potential energy will decrease to facilitate the adsorp-
tion. Previous report [60] has confirmed that the increase of surface
concentration of oxygen-containing groups will result in higher ad-
sorption capacity towards acetaldehyde. So it was reasonable that the
nanocomposites showed enhanced adsorption capacity for acet-
aldehyde. Besides, o-xylene molecules will adsorbed on the π-electron
rich region of rGO due to the π-π interaction, facilitating the adsorption
of o-xylene. As a result, the nanocomposite showed enhanced ad-
soptivity for acetaldehyde and o-xylene even with a low rGO content.

The PL emission spectrum is widely accepted to characterize the
trapping, immigration, and recombination of charge carriers in semi-
conductors. The signal quenches if the recombination of e−-h+ pairs is
inhibited. As shown in Fig. 8, the PL intensity diminished when the
mass ratio of rGO increased. 2 wt% rGO-TiO2 showed the lowest PL
intensity as compared with the others. This indicates that rGO can ac-
cept photo-generated electrons from TiO2, inhibiting the recombination
of charge carriers, which is significant for the generation of free radi-
cals.

ESR spectroscopy was used for detecting the superoxide radical
(%O2

−) and hydroxyl radicals (%OH). The quartet peaks with an in-
tensity ratio of 1:2:2:1(Fig. 9a) are typical for the DMPO-%OH. As can be
seen, the signal of DMPO-%OH for P25 was the weakest one. In case of
the hybrids, the signal intensity enhanced with the rGO content, in-
dicating that the composite with higher rGO content can generate more
%OH. In case of DMPO-%O2

−, the signal intensity for P25 was the
strongest one (Fig. 9b). In contrast to DMPO-%OH, the signal intensity
decreased with decreasing rGO content, indicating a decrease in %O2

−.
This is explained as follows: it has been widely accepted that the photo-
generated holes can oxidize H2O to generate %OH, and electrons will
reduce the adsorbed O2 to generate %O2

− [61]. In the composite ma-
terials, a part of the photo-generated electrons that transferred from the
conduction band of the TiO2 particles to the rGO sheets got trapped by
the defects in rGO sheets, which caused a decrease in electrons. In the
meantime, the lifetime of holes was prolonged relatively, leading to an
increase in %OH and a decrease in %O2

−.
To further investigate the contribution of %OH and %O2

− in the
oxidation process, respectively, 2,2,6,6-tetramethyl-piperi-dine-N-oxyl
(TEMPO, %OH scavenger) and p-benzoquinone (%O2

− scavenger) were
added in as-prepared photocatalyst (0.5 wt% rGO-TiO2). As shown in
Fig. 9c, the removal efficiency of o-xylene decreased from 54% to 21%
and 25% when p-benzoquinone and TEMPO was applied, respectively,
indicating that %O2

− and %OH played similar roles in the photocatalytic
degradation process of o-xylene. In the degradation of acetaldehyde
(Fig. 9d), the removal efficiency decreased from 41% to 15% and 26%

when p-benzoquinone and TEMPO was applied, respectively, which
suggested that %O2

− was the predominant radical in the degradation of
acetaldehyde. As aforementioned, the amount of %O2

− decreased with
increasing rGO content, which explain very well why the composite
materials did show a clearly higher photocatalytic efficiency for the
degradation of o-xylene than acetaldehyde.

3.3. Mechanism of enhanced photocatalytic activity

Based on our holistic findings on photocatalytic efficiency, struc-
tural analysis, and charge transfer as well as free radicals generation, a
proper mechanism is proposed to explain the internal causes of the
improvement of photocatalytic performance. As illustrated in Scheme
2, the photodegradation of gaseous pollutants can be divided into three
main steps. Firstly, the gaseous pollutant molecules in the ambient at-
mosphere adsorb on the surface of the photocatalyst. In the meantime,
electrons in the TiO2 are excited from the valence band to the con-
duction band under UV light irradiation, creating e−-h+ pairs [62].
Then, the charge carriers transfer to the molecules, including O2 and
H2O, which were adsorbed on the surface of the photocatalyst, gen-
erating different radicals (Eq. (3)). Finally, these radicals react with the
pollutants on the surfaces of the photocatalyst, leading to the final
degradation of pollutants. As reported previously, the effective ad-
sorption is the precondition for the further degradation of VOCs mo-
lecules [63–65]. However, the constant accumulation of adsorbed

Fig. 7. (a) Desorption of o-xylene during o-xylene-TPD on the surface of different samples; (b) Desorption of acetaldehyde during acetaldehyde-TPD on the surface of
different samples.

Fig. 8. PL spectra of pure TiO2 and xwt% rGO-TiO2.
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molecules might lead to the deactivation of absorbents [5] if they
cannot be degraded timely through the photocatalysis process. Ac-
cording to our adsorption tests (Fig. 6a and b), the adsorbed VOCs could

be further decomposed into CO2, H2O or other intermediates after the
adsorption equilibrium was reached, which kept the removal efficiency
of VOCs remaining at a high level during photocatalysis process (Fig. 4a
and b).

When rGO is combined with TiO2, the specific surface area and the
π-π bonds in graphene enhance the adsorptivity for organic compounds,
which has been confirmed by the results of TPD and adsorption tests.
Besides, the addition of rGO can facilitate the charge separation in TiO2.
According to the previous report [66], most of the charge carriers re-
combine and then release the energy as heat. In the composite material,
the calculated work function of graphene is 4.42 eV and the conduction
band position of anatase is about −4.21 eV with a band gap of 3.2 eV
[67]. Thus, as confirmed by PL spectra, photo-generated electrons in
TiO2 can transfer from the conduction band of the TiO2 nanoparticles to
the rGO sheets, prolonging the lifetime of photo-generated carriers.
Normally, the separated charge carriers can migrate to the surface of
the photocatalyst and react with O2, H2O or hydroxyl groups, which
adsorbed on the surfaces of TiO2, generating %OH and %O2

−. However,

Fig. 9. ESR spectra of pure TiO2 and as prepared nanocomposite materials under UV light irradiation in (a) aqueous dispersion and (b) methanol; photocatalytic
degradation of (c) o-xylene and (d) acetaldehyde gas on 0.5 wt% rGO-TiO2 nanocomposites with different kinds of scavengers.

Scheme 2. Schematic structure of the rGO-
TiO2 nanocomposite and the process of
photodegradation. (a) Different molecules
in the ambient atmosphere adsorb on the
surface of the nanocomposite. (b) Under UV
light irradiation, electrons in the TiO2 are
excited to the conduction band, creating e−-
h+ pairs. Then the charge carriers transfer
to O2 and H2O that adsorbed on the surface
of the photocatalyst, generating different
radicals. Finally, these radicals will react
with VOCs on the surfaces of the photo-
catalyst and degrade them.

Scheme 3. Possible photodegradation mechanism of (a) acetaldehyde and (b)
o-xylene.
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in the composite material, parts of the electrons were captured by the
defects in the rGO sheets, prolonging the lifetime of the holes. As a
result, the composite material generated more %OH while less %O2

− (Eq.
(4)). Holes and free radicals will react with o-xylene and acetaldehyde
that adsorbed on the surfaces of the photocatalyst, leading to the final
degradation.

% %+ + +− +
υ

H O O TiO
h

OH O H2 2
2

2 (3)

% %+ − + +− +
υ

H O O rGO TiO
h

OH (increase) O (decrease) H2 2
2

2 (4)

As aforementioned, as-prepared nanocomposites were efficient
photocatalysts to decompose dynamical gaseous acetaldehyde and o-
xylene. The improvement of photocatalytic activity was attributed to
the low recombination rate of photoinduced e−-h+ pairs and the ex-
cellent adsorptivity for pollutants, which were verified by PL spectra,
TPD profiles, and adsorption tests, respectively. Excessive rGO sheets
will cause the shielding effect. That is to say, rGO sheets can act as a
light filter, which can weaken the light intensity that irradiating on the
TiO2 particles, limiting the utilization of the light energy. Besides, the
amount of %O2

− decreases with increasing rGO content. These factors
led to a decrease of the photocatalytic efficiency when the rGO content
was higher than 0.5 wt%. Notably, the removal efficiency of acet-
aldehyde was higher than that of o-xylene when P25 was applied. It
could be that the small formula weight of acetaldehyde makes it easier
to decompose than o-xylene. After combining rGO with TiO2, the re-
moval efficiency of o-xylene was higher than that of acetaldehyde with
identical as-prepared composite material. It mainly relates to the dif-
ference between the adsorbance and photodegradation mechanism of o-
xylene and acetaldehyde. The composite material exhibits a better ad-
sorptivity for o-xylene owing to the π-π conjugation between rGO and
o-xylene. Besides, the different photodegradation mechanism may also
intensify the difference between acetaldehyde and o-xylene. The pos-
sible pathways way of acetaldehyde degradation are illustrated in
Scheme 3a according the previous research [18]. A part of acetaldehyde
could be oxidized into carbon dioxide and water by %O2

− (path a) or
%OH (path b) directly. The rest could firstly be oxidized into acetic acid
by %OH (path c1), and then oxidized into carbon dioxide and water by
%O2

− (path c2). With the addition of rGO, the amount of %OH increased,
facilitating step a and step c1. However, step b and step c2 might be
suppressed since the amount of %O2

− decreased. The photodegradation
process of o-xylene is much more complex than acetaldehyde and types
of intermediates have been detected. One of the possible pathway way
of o-xylene degradation is shown in Scheme 3b. The first step is the H-
abstraction of the methyl group under the action of %OH (path A1) [68].
Then it can be oxidized into toluene, formic acid or ortho-toluic acid by
O2 and %OH (path A2) [5,69]. After that, the three above oxidation
products will be further converted into a series of small molecular in-
termediates (path A3). Finally, these intermediates could be decom-
posed into carbon dioxide and water by oxidation reactions under the
combined action of %O2

− and %OH (path A4) [70]. With the addition of
rGO, those steps relating to %OH would be promoted, nevertheless, steps
relating to %O2

− might be suppressed due to the changes in the amount
of free radicals.

According to the degradation tests in different flow rates, the as-
prepared nanocomposites showed significantly higher and more stable
photocatalytic activity than P25 at a wide range of flow rates. The
photocatalytic activity of P25 decreased already after 25min, while the
nanocomposites showed sustainable photodegradation during the tests
(160min). According to the previous research [5,18,68–70], kinds of
intermediates were generated and adsorbed on the surface of P25
during the photodegradation process. The photocatalytic efficiency
decreased since the adsorbed intermediates cannot be further oxidized
timely. As-prepared nanocomposites showed stable activity during the
tests since they generated more %OH than P25. %OH was found to be one

of the main radicals for the mineralization of aromatic compounds. It
can facilitate the further oxidation of intermediates that adsorbed on
the active sites. As a result, the nanocomposites showed high de-
gradation efficiency and stable activity at a wide range of flow rate.

4. Conclusion

In this work, the hybrids of rGO-TiO2 were prepared through a facile
solvothermal treatment. The composite materials exhibited enhanced
adsorptivity for VOCs and prolonged lifetime of charge carriers si-
multaneously. As a result, as-prepared materials showed outstanding
photocatalytic activity in the degradation of low concentration (at ppm
level) dynamic gaseous acetaldehyde and o-xylene. Materials with op-
timized performance were achieved at a mass ratio of 0.5 wt%, re-
sulting in an efficiency of 42% for the degradation of acetaldehyde and
54% for the degradation of o-xylene. For comparison, the photo-
catalytic efficiency of P25 photocatalyst was only 12% for acetaldehyde
and 15% for o-xylene. The removal efficiency of o-xylene was higher
than that of acetaldehyde with identical composite material since o-
xylene and acetaldehyde showed different adsorption abilities and
photodegradation mechanisms. At a wide range of different gas flow
rates, the rGO-TiO2 nanocomposites exhibited a high and stable pho-
tocatalytic activity during the whole testing procedure. Moreover, the
photodegradation mechanism of acetaldehyde and o-xylene has been
proposed based on the above analysis. Overall, this work explored the
efficient adsorption and sustainable degradation of different types of
VOCs, which will be beneficial to design the high-efficiency and ultra-
stable photocatalyst materials.
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