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G
raphene is a rising star on the hori-
zon of materials science and con-
densed matter physics.1 This

strictly two-dimensional material exhibits

outstanding mechanical, thermal, optical,

and electrical properties and has indeed

spurred immense interest in designing

novel graphene-based materials for a vari-

ety of technological applications such as

nanoelectronics, biosensing, polymer com-

posites, H2 production and storage, interca-

lation materials, drug delivery, supercapaci-

tors, and catalysis.1�12 Titanium dioxide

(TiO2) is well-known and the most investi-

gated functional material in semiconductor

photocatalysis.13�18 It has been widely used

in degradation of environmental pollutants

in air or water, as well as selective organic

transformations to fine chemicals.13�22 An

appropriate integration of graphene and

TiO2 would give rise to a hybrid nanocom-

posite that combines desirable properties of

respective nanoscaled building blocks for

specific applications.23 As a result, the

photocatalytic activity of TiO2 could be im-

proved for target reactions.

It has been shown previously that the

composites of TiO2 and carbon, including

activated carbon, carbon nanotubes (CNTs),

and fullerenes, are able to exhibit enhanced

photocatalytic performance than TiO2

alone.24�36 However, some problems still

hinder further promotion of efficiency of

the present TiO2�C composites, such as the

weakening of light intensity arriving at cata-

lysts’ surface and the lack of reproducibility

due to the preparation and treatment varia-

tion.24 Graphene, as a “rising star” material

and another allotrope of carbon, has many

exceptional properties, such as high elec-

tron mobility, theoretically high surface area

of �2600 m2/g, and high transparency.1�12

Therefore, it seems reasonable to envision

that, in comparison with other carbon allot-

ropes, the integration of TiO2 with graphene
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ABSTRACT The nanocomposites of TiO2�graphene (TiO2�GR) have been prepared via a facile hydrothermal

reaction of graphene oxide and TiO2 in an ethanol�water solvent. We show that such a TiO2�GR nanocomposite

exhibits much higher photocatalytic activity and stability than bare TiO2 toward the gas-phase degradation of

benzene, a volatile aromatic pollutant in air. By investigating the effect of different addition ratios of graphene

on the photocatalytic activity of TiO2�GR systematically, we find that the higher weight ratio in TiO2�GR will

decrease the photocatalytic activity. Analogous phenomenon is also observed for the liquid-phase degradation of

dyes over TiO2�GR. In addition, the key features for TiO2�GR including enhancement of adsorptivity of pollutants,

light absorption intensity, electron�hole pairs lifetime, and extended light absorption range have also been

found in the composite of TiO2 and carbon nanotubes (TiO2�CNT). These strongly manifest that TiO2�GR is in

essence the same as other TiO2�carbon (carbon nanotubes, fullerenes, and activated carbon) composite materials

on enhancement of photocatalytic activity of TiO2, although graphene by itself has unique structural and electronic

properties. Notably, this key fundamental question remains completely unaddressed in a recent report (ACS Nano

2010, 4, 380) regarding liquid-phase degradation of dyes over the TiO2�GR photocatalyst. Thus, we propose that

TiO2�GR cannot provide truly new insights into the fabrication of TiO2�carbon composite as high-performance

photocatalysts. It is hoped that our work could avert the misleading message to the readership, hence offering a

valuable source of reference on fabricating TiO2�carbon composites for their application as a photocatalyst in the

environment cleanup.

KEYWORDS: graphene · TiO2 · nanocomposite · photocatalysis · volatile aromatic
pollutant
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could be much more promising to improve the photo-

catalytic performance of TiO2.

Most recently, it has been demonstrated that

TiO2�graphene shows an enhancement of photocata-

lytic activity for degradation of methylene blue in an

aqueous solution.37 The photocatalytic reduction of

graphene oxide nanosheets on TiO2 thin films leads to

a nanocomposite photocatalyst of TiO2�graphene,

which exhibits enhanced activity for degradation of

bacteria in an aqueous solution.38 However, in those re-

search works,37,38 significant and key fundamental is-

sues remain unaddressed completely because the ef-

fect of different addition ratios of graphene into the

matrix of TiO2 did not take into account changing of

the photocatalytic activity of TiO2. Thus, questions are

naturally raised. Is the TiO2�graphene composite truly

different from other TiO2�C (activated carbon,

fullerene, or carbon nanotube) composites on enhance-

ment of photocatalytic activity of TiO2? Can the

TiO2�graphene composite as photocatalyst truly pro-

vide new insights into the fabrication of TiO2�carbon

composite as high-performance photocatalysts?

Besides the unresolved fundamental issues as men-

tioned above, there is hitherto no report on applica-

tions of TiO2�graphene nanocomposite to the photo-

catalytic degradation of volatile organic pollutants

(VOCs) in the gas phase. Among VOCs, the monocyclic

aromatic benzene commonly occurs in urban ambient

air and is of significant concern regarding environmen-

tal health because of its toxic, mutagenic, or carcino-

genic properties.39�41 Benzene mainly comes from com-

bustion of liquid fuels in car engines and also from

combustion processes in energy production and do-

mestic heating and from such industrial sources as re-

fineries or cookeries. This air pollutant also contributes

to the formation of tropospheric ozone. Degradation of

toxic benzene into harmless CO2 by semiconductor-

based photocatalysis would present a green and ideal

route to eliminate the benzene pollution in air.25,42

Herein, we show for the first time that

TiO2�graphene (TiO2�GR) nanocomposite can be used

as a photocatalyst under ambient conditions with much

higher activity and stability toward the gas-phase deg-

radation of benzene than the bare TiO2. The influence of

graphene on the photocatalytic activity of TiO2�GR

Figure 1. Sample pictures from top to bottom represent the
suspensions of GO with different weight ratios dispersed in
the ethanol�water solvent, suspensions of P25�GO with
different addition ratios of GO before hydrothermal treat-
ment, suspensions of P25�GR after hydrothermal treatment
of P25�GO, and the final P25�GR solid product after wash-
ing, filtering, and drying process, in which, from left to right,
weight addition ratios are 0.2, 0.5, 1, 2, 5, 10, and 30% GR.

Figure 2. XRD patterns of the P25�GR nanocomposites, in which A is the anatase phase and R is the rutile phase.
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nanocomposites has been examined systematically by

considering different addition ratios of graphene. It is

found that the higher addition of graphene in TiO2�GR

nanocomposite leads to a decreased photocatalytic ac-

tivity. The same phenomenon is also observed in the

liquid-phase degradation of dyes over TiO2�GR nano-

composites. In addition, the key features for TiO2�GR

including the increased adsorptivity of pollutants, en-

hanced light absorption intensity and light absorption

range, and facile charge transportation and separation

have also been found previously in the nanocomposite

of TiO2 and carbon nanotubes (TiO2�CNT). Therefore,

more significantly, our present work strongly highlights

that TiO2�graphene is in essence the same as other

TiO2�carbon (carbon nanotubes, fullerenes, and acti-

vated carbon) composite materials on enhancement of

photocatalytic activity of TiO2, although graphene by it-

self has unique structural and electronic properties in

comparison with other carbon allotropes. In this regard,

it is hoped that our work could avert the misleading

message to the readership, hence offering a useful
source of reference on fabricating or designing
TiO2�carbon composites for their application as photo-
catalyst in environment remediation.

RESULTS AND DISCUSSION
A series of nanocomposites of P25 and graphene

(GR), denoted as P25�GR, have been obtained by a
simple hydrothermal treatment of P25 nanoparticles
and graphene oxide (GO) in the solvent of
ethanol�water. This treatment process under the sol-
vothermal condition will easily reduce GO to GR while,
simultaneously, the particles of P25 are dispersed on
the GR sheet.37,47 Figure 1 displays the sample pictures
of suspensions of GO, mixture of P25 and GO before hy-
drothermal treatment, mixture of P25 and GR after hy-
drothermal treatment, and the final solid nanocompos-
ite of P25�GR with different weight addition ratios of
GR. Clearly, with the increased weight addition of GR,
the color of P25�GR product changes from grayish to
black. Similar phenomenon is indeed also observed for

Figure 3. UV�vis diffuse reflectance spectra (DRS) of P25�GR nanocomposites (a), and the plot of transformed
Kubelka�Munk function versus the energy of light (b).
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other carbon�TiO2 composite materials, such as the

nanocomposite of carbon nanotube and TiO2

(TiO2�CNT).24�27

The XRD patterns of the as-prepared P25�GR com-

posites are shown in Figure 2. It is obvious that the

P25�GR nanocomposites with different weight addi-

tion ratios of GR exhibit similar XRD patterns. The peaks

at 2� values of 25.3, 37.8, 48.0, 53.9, 55.1, 62.7, 68.8,

70.3, and 75.0° can be indexed to (101), (004), (200),

(105), (211), (204), (116), (220), and (215) crystal planes

of anatase TiO2 in P25, respectively. In addition, charac-

teristic diffraction peaks at 27.4, 36.1, and 41.2° are

also observed, which are attributed to the (110), (101),

and (111) faces of rutile TiO2 in P25. Notably, no typical

diffraction peaks belonging to the separate GR are ob-

served in the P25�GR nanocomposites. The reason can

be ascribed to the fact that the main characteristic

peak of GR at 24.5° (Figure S2 in the Supporting Infor-

mation) might be shielded by the main peak of ana-

tase TiO2 at 25.4°.25

Figure 3a shows the UV�vis diffuse reflectance

spectra (DRS) of the P25�GR nanocomposites. The

presence of different amounts of GR affects the optical

property of light absorption for the P25�GR nanocom-

posites significantly. The addition of GR induces the in-

creased light absorption intensity in the UV region, as

observed in all of the P25�GR nanocomposites with

different addition ratios of GR. Meanwhile, in line with

previous work regarding using the P25�1% GR nano-

composite for liquid-phase degradation of methylene

blue,37 a red shift to higher wavelength in the absorp-

tion edge of P25�GR nanocomposites has also been

observed, therefore indicating a narrowing of the band

gap of P25. However, it is difficult to determine the

value for such a red shift because the background ab-

sorption ranging from 400 to 800 nm is increased upon

Figure 4. Time-online data for gas-phase photocatalytic degradation of benzene (a), and mineralization ratio (b) over the
P25�GR nanocomposites.
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the incorporation of graphene into the matrix of P25.
A plot of the transformed Kubelka�Munk function as
a function of energy of light is shown in Figure 3b, by
which the roughly estimated band gaps are 2.83, 3.02,
2.96, 3.17, 3.16, 3.19, 3.15, and 3.36 eV corresponding to
P25�30% GR, P25�10% GR, P25�5% GR, P25�2%
GR, P25�1% GR, P25�0.5% GR, P25�0.2% GR, and bare
P25, respectively. This supports the qualitative observa-
tion of a red shift in the absorption edge of P25�GR
nanocomposites as compared to the bare P25. Analo-
gous band gap narrowing of TiO2 is also found in the
case of TiO2�CNT composite materials,24�28 which
could be attributed to the chemical bonding between
TiO2 and the specific sites of carbon. In addition, the
presence of GR leads to a continuous absorption band
in the range of 400�800 nm, which is in agreement
with the black color of the samples. The stronger ab-
sorption intensity of light for the P25�GR nanocompos-
ites than bare P25 suggests that they could have higher
photocatalytic activity for a given reaction. This hypoth-
esis is confirmed by the following gas-phase degrada-
tion of benzene over the P25�GR nanocomposites un-
der ambient conditions.

The photocatalytic performance over the P25�GR
nanocomposites for gas-phase degradation of ben-
zene has been performed at room temperature and am-
bient pressure. Blank experiments at the same condi-
tions show that no activity is observed in the absence
of catalyst or light irradiation. The controlled blank ex-
periment over the bare GR also shows no photocatalytic
activity for degradation of benzene. The adsorption
equilibrium in the dark over P25�GR shows that the
higher addition amount of GR improves the adsorptiv-
ity of benzene (Figure S3), which is also observed in
other TiO2�carbon composites as photocatalyst for
degradation of pollutants.24�29,37 Figure 4 shows the
conversion of benzene, the amount of produced CO2,
and the mineralization ratio over the P25�GR photo-
catalysts and bare P25. It is clear to see from Figure 4a
that all of the P25�GR photocatalysts exhibit much
higher activity and stability than the reference catalyst
of bare P25. The photocatalytic efficiency, based on the
benzene conversion rate and produced CO2 amount,
follows the order P25�0.5% GR � P25�0.2% GR �

P25�1% GR � P25�2% GR � P25�5% GR � P25�10%
GR � P25�30% GR. Namely, the P25�0.5% GR nano-
composite shows the best photocatalytic performance
toward the degradation of benzene. Moreover, the min-
eralization ratio over these P25�GR photocatalysts
also shows the same trend, as displayed in Figure 4b.
It should be particularly noted that the higher addition
ratio of GR will lower the photocatalytic activity of the
P25�GR nanocomposite for degradation of benzene.
These results suggest a synergistic effect between the
GR sheet and TiO2 nanoparticles. Thus, in order to
achieve an optimal photocatalytic performance, it is
crucial to control the composition ratio in the nanocom-

posite of TiO2�GR. Analogous feature is also observed

in the TiO2�carbon nanotube (TiO2�CNT) composite

materials for the gas-phase degradation of acetone and

benzene, in which the addition weight ratio of the

CNT for obtaining the maximum photocatalytic activity

is generally not higher than 20%.25,27 The higher addi-

tion ratio of GR or CNT into the matrix increases the ad-

sorptivity of pollutants on one hand; however, on the

other hand, this also lowers the contact surface of TiO2

particles with the light irradiation, which would lead to

a decreased photocatalytic activity.

With regard to the best photocatalyst of P25�0.5%

GR, it has a very stable activity toward degradation of

benzene in the gas phase because the conversion of

benzene is maintained at 6.4%, nearly irrespective of

the reaction time. After 10 h of reaction, the produced

CO2 is maintained at an average amount of 67 ppm,

which corresponds to an average mineralization ratio

of 76.2%. No obvious deactivation is observed over

such a P25�0.5% GR nanocomposite in view of the

benzene conversion and produced CO2 amount. How-

ever, over the bare P25, it can be clearly found that the

Figure 5. ESR spectra of radical adducts trapped by DMPO in P25 and
P25�0.5% GR dispersions: (a) DMPO-O2

�● formed in irradiated metha-
nol dispersions; (b) DMPO-●OH formed in irradiated aqueous
dispersions.
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conversion of benzene significantly decreases from

5.8% at the initial stage to 1.2% with time on stream

for 28 h. Also, the produced amount of CO2 decreased

to only 12 ppm. This represents that the percentage of

decrease of activity over the bare P25 is around 76.9%.

The unstable photocatalytic performance of P25 for

gas-phase degradation of benzene can be attributed

to the blockage of photocatalytic active sites by stable

intermediates on the surface of TiO2 during the

reaction,25,48 thereby leading to the deactivation of

bare P25. In this sense, the addition of an appropriate

amount of GR is able to enhance the photocatalytic per-
formance of P25 effectively toward the gas-phase deg-
radation of benzene. In addition, it should be men-
tioned that the extended light absorption band by the
addition of GR into the matrix of P25 is not beneficial at
all for the gas-phase degradation of benzene under
the irridiation of visible light because only the trace con-
version of benzene is observed. Similar phenomenon
is also found in our previous study regarding the case
over the TiO2�CNT nanocomposites.25 Therefore, the
stable and higher photocatalytic performance over
P25�0.5% GR for the degradation of benzene under
the irradiation of UV light can be primarily attributed
to the three characteristic features associated with
P25�0.5% GR composite material. The first two factors
are the increased adsorptivity of pollutants and in-
creased light absorption intensity due to the addition
of GR into the matrix of P25, as mentioned above. An-
other key role of GR in the P25�GR nanocomposites is
able to trap and shuttle photogenerated electrons,49

which is similar to CNT in the TiO2�CNT composite
materials.24�29 For the P25�GR nanocomposite, the ex-
cited photogenerated electrons of TiO2 can transfer
from the conduction band to graphene by a percola-
tion mechanism.50 Furthermore, the two-dimensional
planar �-conjugation structure endows graphene with
the very excellent conductivity of electrons.51 These
lead to the fact that the presence of graphene in the
P25�GR nanocomposite can effectively inhibit the
electron�hole pair recombination. Consequently, the
lifetime of charge carriers over the photocatalyst is pro-
longed, which in turn causes the formation of the larger
amount of radical species with strong oxidation capabil-
ity, such as hydroxyl radical and superoxide radical spe-
cies, for the degradation of pollutant. This hypothesis
is faithfully confirmed by the electron spin resonance
(ESR) spectra analysis. As shown in Figure 5, the signal
of intensity of the formed hydroxyl radical and superox-
ide radical species in P25�0.5% GR is much stronger
than that in the bare P25, thus accounting for a higher
stable photocatalytic performance of P25�0.5% GR
than the bare P25 toward the degradation of pollutants.

To investigate the effect of hydrothermal treatment
time on the photocatalytic activity of the P25�GR
nanocomposite, we have synthesized the P25�0.5%
GR nanocomposites by the hydrothermal reaction of
P25 and GO for 3 and 12 h, respectively, which are used
to compare with the P25�0.5% GR nanocomposite by
the hydrothermal treatment for 24 h. Figure S4 shows
the photocatalytic data for the degradation of benzene
over these three P25�GR photocatalysts. It can be con-
cluded that the longer hydrothermal treatment of P25
and GO leads to a P25�GR nanocomposite with a
higher photocatalytic activity, which could be due to
the increased synergistic interaction (for example, the
enhanced chemical bonding) between TiO2 nanoparti-
cles and the two-dimensional GR sheet. This suggests

Figure 6. Typical SEM image of GO (a), TEM images of GR (b),
and the P25�0.5% GR (c) nanocomposite.
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that the photocatalytic performance of P25�GR can

be further improved by optimizing the detailed synthe-

sis conditions. To obtain the microscopic structure in-

formation, we have carried out the transmission elec-

tron microscopy (TEM) analysis of the P25�0.5% GR

nanocomposite along with the bare GO for compari-

son, as shown in Figure 6. It is clear that the two-

dimensional structure of GR sheets with micrometers-

long wrinkles is still retained after the hydrothermal

treatment of GO and P25 nanoparticles. In the

P25�0.5% GR nanocomposite, the GR sheets are well-

decorated by the TiO2 nanoparticles, which is in line

with previous observation on the P25�1% GR nano-

composite for liquid-phase degradation of methylene

blue.37

Let us give a brief summary of the above results for

characterization of the P25�GR photocatalyst and gas-

phase degradation of benzene. The addition of a certain

amount of graphene into the matrix of TiO2 can give

the P25�GR nanocomposite several excellent charac-

teristics: the increased adsorptivity of pollutants, im-

proved light absorption intensity and extended light

absorption range, and enhanced transportation of

photogenerated charge carriers. However, these features

have been well-observed previously in the composite of

TiO2 and carbon nanotubes (TiO2�CNT).24�28 Moreover,

similar to the composites of TiO2�C (CNT or activated

carbon or fullerene), we have also found that the higher

addition amount of GR is not beneficial to enhance

the photocatalytic performance of TiO2 in comparison

to the lower addition amount of GR. Indeed, similar ob-

servation can also be found obviously in the liquid-

phase degradation of methylene blue (MB) over the

P25�GR photocatalysts. Figure 7 displays the sample

pictures of the remaining solution of MB after reaching

the adsorption equilibrium in the dark over the bare

P25 and P25�GR photocatalysts. Similar to the case for

degradation of benzene, all of the P25�GR photocata-

lysts exhibit enhanced adsorptivity of MB as compared

to the bare P25, which is also observed in the TiO2�CNT

or TiO2-activated carbon composites for liquid-phase

degradation of dyes.24�26 The photocatalytic degrada-

tion efficiency of MB under both UV light and visible

light follows the order P25�5% GR � P25�10% GR �

P25�2% GR � P25�1% GR � P25�0.5% GR �

P25�0.2% GR � bare P25 � P25�30% GR, as shown

in Figure 8. Clearly, when the weight addition ratio of

GR is increased to 10%, the activity of P25�10% will

be lower than P25�5% GR, although it is higher than

bare P25. Further increase of the weight addition ratio

of GR will lead to a significant decrease of photocata-

lytic activity because the P25�30% GR nanocomposite

shows lower photocatalytic activity than bare P25 for

degradation of MB. Analogous activity trend for photo-

catalytic degradation of methyl orange (MO), another

well-known dye in industrial wastewater, is also ob-

served over the P25�GR nanocomposites (Figures S5

and S6). The greater enhancement of photocatalytic ac-

tivity under the irradiation of visible light for liquid-

phase degradation of dyes over P25�GR than the case

for gas-phase degradation of benzene as mentioned

above suggests that benzene is more difficult for

photocatalytic degradation, which could be due to its

more stable and inert chemical structure. Thus far, on

Figure 7. Top: bar plot showing the remaining methylene blue (MB) in solution after reaching the adsorption equilibrium in
the dark over the P25�GR nanocomposites. Bottom: pictures of the corresponding MB solution of each sample in the adsorp-
tion equilibrium.
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the basis of the results for gas-phase degradation of

benzene and liquid-phase degradation of dyes, we ar-

gue that the nanocomposites of TiO2�GR as photocat-

alyst are the same in essence as that other TiO2�carbon

(carbon nanotube, activated carbon, and fullerene)

composite materials on enhancement of photocata-

lytic activity of semiconductor TiO2, although graphene

by itself has unique structural and electronic proper-

ties in comparison with other carbon allotropes. In ad-

dition, a schematic illustration model for the photocat-

alytic gas-phase and liquid-phase degradation of

organic pollutants including benzene and dyes is pro-

posed in Figure 9, which is also similar to the case over

the photocatalyst of TiO2�CNT nanocomposites.25

In a recent study, Zhang and co-workers prepared

the photocatalyst of P25�1% GR for the liquid-phase

degradation of methylene blue (MB).37 For comparison,

a photocatalyst of P25�1% CNT was also prepared. Un-

der the irradiation of both UV light and visible light,

they observed a higher degradation efficiency of MB

by only ca. 15% over P25�1% GR than P25�1% CNT.

Figure 8. Liquid-phase photocatalytic degradation of methylene blue (MB) under the irradiation of (a) UV light and (b) vis-
ible light (� � 400 nm) over the P25�GR nanocomposites.

Figure 9. Proposed schematic illustration showing the reaction mech-
anism for photocatalytic degradation of organic pollutants (benzene
or dyes) over the P25�GR nanocomposites in which pink spheres and
black sheet represent TiO2 nanoparticles and GR, respectively.
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Accordingly, they claimed that TiO2�GR nanocompos-

ites could provide new insights in the fabrication of

TiO2�carbon composites as high-performance photo-

catalysts. In fact, the conclusion based on such an ob-

servation is not reasonable because, without investigat-

ing the different weight addition ratios of GR or CNT

into the matrix of TiO2 particles, a reasonable compari-

son of photocatalytic activity between P25�GR and

P25�CNT cannot be made reasonably; in other words,

it still remains unknown whether GR is truly different

from other carbon allotropes on enhancement of pho-

tocatalytic activity of TiO2. In addition, it should be reit-

erated that the key features observed in the TiO2�GR

composites as reported in the Zhang et al.’s work have

been indeed observed previously in the composites of

TiO2�CNT,24�29 namely, the increased adsorptivity of

pollutants, enhanced light absorption intensity and

light absorption range, and boosted transportation and

separation of photogenerated charge carriers.

To better understand this standpoint, using the simi-

lar synthesis condition to that in Zhang et al.’s work,

we have prepared a series of P25�CNT nanocompos-

ites with different addition ratios of CNT and studied

their photocatalytic performance for degradation of

MB. The data are shown in Figures 10 and 11. Similar

to the P25�GR photocatalysts, the higher addition of

CNT increases the adsorptivity of MB after reaching the

adsorption equilibrium in the dark over P25�CNT. Sec-

ond, regarding the degradation of MB over P25�CNT

under the irradiation of both UV light and visible light,

the activity trend is the same as that over the P25�GR

photocatalysts, that is, P25�5% CNT � P25�10% CNT

� P25�2% CNT � P25�1% CNT � P25�0.5% CNT �

P25�0.2% CNT � bare P25 � P25�30% CNT, although

the P25-GR nanocomposites exhibit slightly higher ac-

tivity for degradation of MB than their P25�CNT coun-

terparts. Similar to P25�GR, the extended light absorp-

tion range and increased light absorption intensity are

also observed for the P25�CNT nanocomposites (Fig-

ure S7). Furthermore, the efficient charge transporta-

tion and separation have also been well-reported re-

garding photocatalytic degradation of pollutants over

the TiO2�CNT composites.24�29,52 Therefore, all of

these strongly suggest that GR is in essence the

same as CNT on enhancement of photocatalytic per-

formance of TiO2.

CONCLUSIONS
In summary, we have prepared the nanocompos-

ites of TiO2�GR with different weight addition ratios

of GR by a facile hydrothermal treatment of GO and TiO2

nanoparticles in a solvent of ethanol�water. It has

been showed that the TiO2�GR nanocomposites can

be used as photocatalyst under ambient conditions to-

ward the gas-phase degradation of benzene, a volatile

organic pollutant in air. The results show that the

TiO2�GR nanocomposite is able to exhibit much higher

stability and activity than that of the bare TiO2. The in-

fluence of GR on the photocatalytic activity of TiO2�GR

nanocomposites has been examined systematically by

considering the different weight addition ratios of

graphene. It is found that the higher addition of

graphene in TiO2�GR leads to a decreased photocata-

lytic activity. The same phenomenon is also observed in

the liquid-phase degradation of dyes over TiO2�GR

photocatalysts. All of these features have also been

Figure 10. Top: bar plot showing the remaining methylene blue (MB) in solution after reaching the adsorption equilibrium
in the dark over the P25�CNT nanocomposites. Bottom: pictures of the corresponding MB solution of each sample in the ad-
sorption equilibrium.
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found in other TiO2�C composites as photocatalyst,
for example, TiO2�CNT composites. Thus, our present
work significantly suggests that TiO2�GR is in essence
the same as other TiO2�carbon (carbon nanotubes,
fullerenes, and activated carbon) composite materials
on enhancement of photocatalytic activity of TiO2, al-
though graphene by itself has unique structural and

electronic properties in comparison with other carbon
allotropes.

It is hoped that our current work could avert the mis-
leading message to the readership,37 hence offering a
useful source of reference on fabricating or designing
TiO2�carbon composites for their application as photo-
catalyst in environment remediation.

METHODS
Catalyst Preparation. First, graphene oxide (GO) was synthe-

sized by the modified Hummers’ method.43�46 The detailed syn-
thesis procedures are shown in the Supporting Information. Tita-
nium dioxide (TiO2) nanopowder is the commercial P25 (supplied
from Degussa Co., Ltd., Germany). To synthesize the
P25�graphene (P25-GR) nanocomposites with different addi-
tion ratios of graphene, a simple hydrothermal method using
methanol�water as solvent was used as the following (Scheme

1).37,47 Under such a solvothermal condition, the solvent of
ethanol�water has the strong power to reduce GO to GR.47

GO was ultrasonicated in a 60 mL of deionized water and 30
mL of anhydrous ethanol solution to disperse it well; after that,
0.6 g of P25 was added to the calculated amount of the above
GO solution to prepare 0.2, 0.5, 1, 2, 5, 10, and 30 wt % GR�P25
nanocomposite catalysts with different weight addition ratios of
GR in the nanocomposites of P25�GR. The mixing solution was
aged with vigorous stirring for 2 h to obtain a homogeneous sus-

Figure 11. Liquid-phase photocatalytic degradation of methylene blue (MB) under the irradiation of (a) UV light and (b) vis-
ible light (� � 400 nm) over the P25�CNT nanocomposites.
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pension. Then, this suspension was transferred to a 100 mL
Teflon-sealed autoclave and maintained at 120 °C for 24 h. By
this hydrothermal treatment, the reduction of GO to GR and the
deposition of TiO2 onto the GR sheet can be simultaneously
achieved.37,47 The resulting composite was recovered by filtra-
tion, washed by water, and fully dried at 60 °C in oven to get the
final P25�GR nanocomposite with different weight addition ra-
tios of GR.

Catalyst Characterization. The X-ray diffraction (XRD) patterns of
the samples were collected on a Bruker D8 Advance X-ray diffrac-
tometer with Cu K� radiation. The accelerating voltage and the
applied current were 40 kV and 40 mA, respectively. The optical
properties of the samples were analyzed by UV�vis diffuse re-
flectance spectroscopy (UV�vis DRS) using a UV�vis spectro-
photometer (Cary-500, Varian Co.), in which BaSO4 was used as
the background. The morphology of the samples was deter-
mined by a field emission scanning electron microscopy (FSEM)
on a FEI Nova NANOSEM 230 spectrophotometer. Transmission
electron microscopy (TEM) images were collected by using a
JEOL model JEM 2010 EX microscope at an accelerating voltage
of 200 kV. Electron spin resonance (ESR) spectra were measured
using a Bruker A300 EPR electron paramagnetic resonance spec-
trometer equipped with a quanta-Ray Nd:YAG laser system as
their radiation light source (� � 266 nm). The settings were the
center field at 3480.00 G, microwave frequency at 9.83 GHz, and
power at 6.35 mW.

Catalyst Activity. The photocatalytic gas-phase degradation of
benzene was performed in a tubular vessel microreactor operat-
ing in a continuous flow mode.25 The catalyst (0.3 g, 50�70
mesh) was loaded in the reactor surrounded by four 4 W UV
lamps with a wavelength centered at 254 nm (Philips, TUV
4W/G4 T5) as the light resource. A bubbler that contained ben-
zene was immersed in an ice�water bath, and benzene (about
250 ppm) bubbled with oxygen from the bubbler was fed to
0.3 g of catalyst at a total flow rate of 20 mL/min. All of the pho-
tocatalytic experiments were carried out only after the equilib-
rium absorption of benzene was achieved. The reaction temper-
ature was controlled at 27 	 1 °C by an air-cooling system.
Simultaneous determination of benzene and CO2 concentra-
tions was performed with an online gas chromatograph
(HP6890) equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). Conversion of benzene and
mineralization of benzene were defined as the following:

where C0 is the initial concentration of benzene and C is the con-
centration of benzene after photocatalytic reaction.

The liquid-phase photodegradation of dyes (methylene blue
and methyl orange) was carried out in a quartz tube under the ir-
radiation of UV light and visible light, respectively. In a typical
process for degradation of dyes under the UV irradiation, a 20
mg portion of catalyst was suspended in 160 mL of 10 ppm dyes
solution. Before irradiation, the suspensions were stirred in the
dark for 4 h to ensure the establishment of
adsorption�desorption equilibrium. Under ambient conditions
and stirring, the quartz tube was exposed to the UV irradiation
produced by a 500W Xe arc lamp equipped with a band-pass
light filter (365 	 15 nm). A 3 mL sample solution was taken at

a certain time interval during the experiment and centrifuged
to remove the catalyst completely. The solution was analyzed on
a Varian UV�vis spectrophotometer (Cary-50, Varian Co.). The
percentage of degradation is reported as C/C0. Here, C is the ab-
sorption of dyes solution at each irradiated time interval of the
main peak of the adsorption spectrum, while C0 is the absorption
of the initial concentration when the adsorption�desorption
equilibrium is reached. For the visible light photocatalytic degra-
dation of dyes, a UV cutoff filter (� � 400 nm) was used while
the other experimental conditions are the same as that of the
above-mentioned degradation of dyes under the UV light
irradiation.
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