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A series of TiO,-reduced graphene oxide (RGO) nanocomposites were prepared by a green one-pot hydro-
thermal reactions using P25 as the titania precursor and graphene oxide (GO). Our method provides the
notable advantages of a one-step reaction without employing toxic solvents, thereby providing a green,
simple and quick synthetic route to produce TiO,-RGO nanocomposites. The synthesized nanocomposites

showed enhanced photocatalytic activity compared to P25 under UV-vis illumination, it even can
degrade the Rhodamine (Rh) B in the dark conditions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Degradation of organic pollutants under irradiation of visible
light or photo-less has been a great challenge [1]. As an inexpen-
sive and environmentally benign material [2], TiO, has been exten-
sively investigated and widely used as a photocatalyst to
decompose organic contaminants for drinking water and indoor
air purification [3]. However, the photocatalytic activity of TiO, is
limited by its wide band gap energy (3.2 and 3.0 eV for anatase
and rutile phase, respectively), which is only sensitive to the UV
light with wavelengths shorter than 380 nm. On the other hand,
under solar light irradiation, electron-hole pairs (excitons) can be
generated in TiO,, but the rapid recombination of the photogener-
ated excitons becomes another factor limiting the efficiency of TiO,
[4]. Therefore, narrowing the band gap and prolonging the excitons
life are the most challenge in the photo-catalytic utilization of TiO,
though multiple strategies have been developed such as composit-
ing TiO, with noble metals, metal oxides and carbonaceous mate-
rials [5,6].

The highest fraction of undercoordinated atoms (fewer than
that of graphite) and the unusually polarized edge states of
Dirac-Fermi polarons (with binding energy at the Fermi level)
[7,8], graphene demonstrates extremely high carrier mobility
[9-11] and chemical reactivity [12,13]. These emergent attributes
enable graphene to be a promising candidate for applications in
photocatalysis and bioscience [14,15]. The capability of chemical
functionalization and mechanical flexibility also make graphene
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an ideal mechanical support and charge shuttle for photo sensitiz-
ers and catalysts [16].

Much effort has been made to incorporating graphene nano-
sheets into TiO,-based composite materials, which have enhanced
the photocatalytic activity in a number of studies [17-24]. How-
ever, most of the methods are based on nonaqueous synthesis,
using agent for reduction or dispersion. In addition to the unsatis-
factory catalytic efficiency, the tedious experimental procedure
limited their practical applications.

Herein, we report a facile method using green one-pot hydro-
thermal reaction to prepare TiO,-RGO nanosheets (TGNS) nano-
composites without any agent being involved. It means that after
the hydrothermal course the samples could be separated from
the colloidal suspension through centrifugation without any other
washing steps. So the course of reaction became much easier and
the reaction time was shorter. Most strikingly, the photocatalytic
activity of the composites is much higher than the conventional
TiO, photocatalyst, P25. The composites with the highest photocat-
alytic ability can even degrade the vast majority of Rh B in 30 min
in the dark room conditions. This method of preparation TiO,-RGO
nanocomposites offers a feasible advice for the production of fac-
tory. The TGNS composites have great potential for applications
in photocatalytic degradation, electrochemical energy storage,
and catalyst support and hydrogen evolution.

2. Experimental section
2.1. Materials

Graphite powder, 325 meshes, 99.9995% (metals basis), was
obtained from Alfa Aesar to prepare graphene oxide (GO), NaNO3
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(99.0%), H2S04 (98 wt%), H,0, (30 wt%), HCI (37 wt%), and KMnO4
(99.5%) were obtained from Tianjin Guangfu Chemical Reagent Co.
Unless otherwise specified, Rhodamine (Rh B) and other reagents
and materials involved were obtained commercially from the Bei-
jing Chemical Reagent Plant (Beijing, China). Deionized water
(water purifier, resistivity >18 MQcm) was used during the
experimental process.

2.2. Preparation of graphene oxide (GO)

GO reduction to graphene and hybridization between TiO,
nanoparticles and graphene was achieved in a one-step hydrother-
mal process. GO was prepared from graphite powder using a mod-
ified Hummers method [25-27]. In detail, 2 g of graphite was
added into a mixture of 1.5 g of NaNOs and 67.5 ml of concentrated
H,S04. Then in the ice-bath condition, 9 g of KMnO4 was added
slowly into the mixture. Then we kept the mixture stirred contin-
uously for 12 h in the ice-bath condition. After the ice-bath condi-
tion, we kept the mixture stirred continuously for 30 min at 35 °C,
then kept the mixture stirred continuously for 12 h at 50 °C, 200 g
of ice which made of deionized water was slowly added to dilute
the mixture. After that, we stirred the mixture for 2 h, and then
6 ml of 30% H,0, was added slowly till the mixture turn to lumi-
nous yellow. After stirred for 2 h, the obtained luminous yellow
suspension was exfoliated to produce single layer graphene oxide
using a sonicator, and the unexfoliated precipitation was removed
by centrifugation. After drying the product in a vacuum drying
oven at 60 °C for 24 h, we obtained a brown dispersion of homoge-
neously exfoliated graphene oxide finally.

2.3. Synthesis of TiO,-reduced graphene oxide (RGO)

The TiO,-RGO nanosheets (TGNS) were obtained via a hydro-
thermal method based on Zhang’s work with modifications [24].
Briefly, 80 mg of GO dissolved in a solution of distilled H,0O
(30 mL) by ultrasonic treatment for 1 h, and 0.1 g of P25 was added
to the obtained GO solution and stirred for another 1h to get a
homogeneous suspension. The suspension was then placed in a
40 ml Teflon-sealed autoclave and maintained at 180 °C for 6 h to
simultaneously achieve the reduction of GO and the deposition of
P25 on the carbon substrate. The ultimate suspension was centri-
fuged several times and the product was dried at room tempera-
ture. We also made some TiO,-reduced graphene oxide
nanocomposites with different content of RGO and different reac-
tion time to analysis the effected factors of photocatalytic
performance.

2.4. Synthesis of graphene nanosheets

For comparison, graphene nanosheets (GNS) were obtained by a
hydrothermal route under same conditions, but without the addi-
tion of P25. Briefly, 30 mg of GO dissolved in a solution of distilled
H,0 (30 ml), by ultrasonic treatment for 1 h to get a homogeneous
suspension. The suspension was then placed in a 40 ml Teflon-
sealed autoclave and maintained at 180°C for 6 h to simulta-
neously achieve the GNS. The ultimate suspension was centrifuged
several times and the product was dried at 60 °C in vacuum drying
oven.

2.5. Characterization

X-ray diffraction (XRD) experiments for the obtained samples
were performed to investigate their structures, having a Bragg-
Brentano diffractometer (D8 tools) in 0-20 configuration with a
Cu Ko line at 0.15418 nm as a source. The morphology of the prod-
ucts was characterized by scanning electron microscopy (SEM,

JEOL JSM-6700F operated at 8 kV), transmission electron micro-
scope and high-resolution transmission electron microscopy
(TEM and HRTEM, JEOL JEM-2100F operated at 200 kV). The Raman
spectrum was detected with a Renishaw 1000 microspectrometer
connected to a Leica microscope with an objective lens of 509
(NA =0.5). The spectra were obtained under a laser power of 5
mW, an accumulation time of 30 s, and an excitation wavelength
of 514.5 nm. The UV-vis absorption spectra were measured on a
UV-Vis spectrometer (UV-2500, Shimadzu, Japan). The Brunauer-
Emmett-Teller (BET) specific surface areas of the sample powders
were measured on ASAP 2020 V3.02 micromeritics surface and
porosity analyzer (USA) through nitrogen adsorption. The pH of
the Rh B solution was measured on Satorius PB-10 pH meter.

2.6. Measurements of photocatalytic degradation of Rh B

To examine the photocatalytic activity, the photodegradation of
Rh B, which is a typical dye resistant to biodegradation, was inves-
tigated. A 25 W UV lamp as the light source, 30 mg photocatalyst
was suspended, in an aqueous solution (50 mL) of 10 mgL~! Rh
B. Prior to the irradiation, the suspensions were magnetically stir-
red in the dark for 30 min to reach the absorption-desorption equi-
librium of the dye on the surface of the photocatalyst. The
photocatalytic reaction was started by turning on the UV lamp
(the wave crest at 365 nm), and during the photocatalysis, all other
lights were insulated and the photocatalytic reactions lasted for
2 h. Aliquots (3 mL) were sampled and filtered through a cellulose
filter (0.25 pm) to remove the suspended catalysts. The UV-visible
absorption spectrum of the filtered solution was measured using a
UV-Vis spectrometer (UV-2500, Shimadzu) and the dye concentra-
tion was estimated by recording variations of the maximum
absorption band (at 550 nm). The degradation efficiency R (%)
can be calculated as:

R = (Co — C)/Co x 100%

where (g is the initial concentration of dye and C is the revised con-
centration considering dye adsorption on the catalyst after UV
irradiation.

2.7. Measurement of pH about the remained Rh B solution

To prove the degradation of Rh B in the dark, we conducted a
specific experiment in the dark condition during the whole pro-
cess, which was similar to the photocatalytic experiment. 30 mg
TGNS was added into an aqueous solution (50 mL) of 10 mg L™}
Rh B, which was stirring during the whole process in the dark con-
dition. At given intervals (1 h), 7 mL aliquots were sampled and fil-
tered through cellulose filter (0.25 pm) to remove the suspended
catalysts. We used the pH meter to test the pH value of the ali-
quots. After 3 h, we added additional Rh B (0.5 mg) and water
(21 mL) into the original mixture solution to ensure there was
enough Rh B. Two consecutive cycles were tested.

3. Results and discussion

X-ray diffraction (XRD) measurements, as shown in Figure 1A,
confirmed the presence of peaks of GO, P25, and TGNS. The GO
peak at 20 =10.4° corresponds to a d-spacing of 0.95 nm, which
is much larger than that of the natural graphite at 0.335 nm. After
hydrothermal treatment of the TGNS, the diffraction patterns of
carbon species disappear. XRD profiles confirmed that the compos-
ites contain titania in both the anatase and the rutile phases and
the TGNS showed a similar XRD pattern to the pure P25. Therefore,
the hydrothermal process of the composite synthesis has no obvi-
ous impact on the original TiO, crystallization.
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Figure 1. (A) XRD patterns of GO, P25, TGNS and (B) SEM image of TGNS.

Morphological and structural features of the TGNS were exam-
ined using scanning and transmission electron microscopy (SEM
and TEM). Figures 1B and 2A showed that the TGNS retained the
two-dimensional sheet structure with micrometers-long wrinkles
after the hydrothermal reduction. Because of the distribution of
carboxylic acid groups on the GO, the P25 nanoparticles of
20-30 nm dispersed on the graphene support tend to accumulate
along the wrinkles and edges. Figure 2B depicts a high-resolution
TEM image of the TGNS. The fringe spacing of 0.37 nm ensures
the presence of anatase (101) planes.

Figure 3A shows the Fourier transform infrared spectroscopy
(FTIR) of the GO, TiO,, and TGNS. In the GO spectrum, the broad
absorption band centered at 3411 cm™! is attributed to the resid-
ual OH groups. The C=O0 stretching of the COOH groups at edges
of the GO sheets is observed at 1731 cm™'. The absorption peak
of epoxide groups are observed at 1052 cm™! and 1225 cm™'. The
absorption band appearing at 1624 cm ™' corresponds to the skele-
tal vibration of the graphene sheets, indicating the formation of
graphene during the hydrothermal reaction. In the TGNS spectrum,
the absorption by the C=0 group (1731 cm™!) and others decrease
obviously in intensity indicates the reduction of GO. In TGNS, all of
the trial characteristic peaks imply that the GO was not fully
reduced to graphene, and was instead reduced intermediately to
a RGO product, which contains residual oxygen-containing groups,
such as OH and COOH. For the TGNS, the broad absorption peak at
frequency lower than 1000 cm~! was attributed to the vibration of

Ti—O—Ti bonds in TiO,, similar to that presented in P25. However,
none of the appreciable difference between the peaks of the TiO,
and of the TGNS (below 1000 cm™~') has been resolved, which indi-
cates the absence of the Ti—C bond.

Figure 3B shows the Raman spectroscopy of the TGNS synthe-
sized for different reaction duration. The RGO spectra show typical
features D band located at 1348 cm™! and G band at 1608 cm™'. G
band provided information on the in-plane vibration of sp? bonded
carbon atoms, while the D band fingerprinted the presence of sp>
defects in graphene. After hydrothermal treatment at different
reaction duration, the positions of these peaks remain unchanged.
The D/G intensity ratios change from 0.9 to 1.07 and to 1.09 with
reaction duration increasing from 4 h to 6 h and 8 h, respectively.
The increase in the D/G intensity ratio indicates a decrease in the
average size of the sp? domains formed during the hydrothermal
reaction. This can be allowed only when newly formed graphitic
domains are smaller in size, while more in number as compared
to those present in GO before hydrothermal treatment, as reported
by Ruoff et al. [28]. All samples show a symmetric 2D and S3 band
(Figure S4), a symmetric 2D-band of TGNS at 2699 cm~! implied
that RGO is present as a single layer graphene in the nanocompos-
ites [29].

To investigate the porous structures and BET surface areas of
the GNS and TGNS samples, the nitrogen adsorption-desorption
isotherms and the corresponding pore size distribution curves
(inset) were obtained as shown in Figure 4. The nitrogen

Figure 2. (A) TEM image of TGNS and (B) HRTEM image of TGNS.
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Figure 3. (A) FTIR spectra of GO, TiO,, and TGNS, (B) Raman spectra of TGNS
obtained at different reaction durations.
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Figure 4. Nitrogen adsorption-desorption isotherms of GNS and TGNS samples.
Inset shows the corresponding pore-size distribution plots.

adsorption isotherms of the two samples were not the same. The
isotherm of GNS exhibits a type IV with a hysteresis loop according
to BDDT classification, reflecting the presence of a mesoporous
structure of the sample. The isotherm of TGNS could be classified
as type IlI, typical of nonporous structure. The GNS shows a larger
specific surface area (161 m? g!) than that of TGNS (96 m? g !).

The corresponding pore-size distribution curves of GNS and TGNS
are depicted in the inset of Figure 4, presenting a peak centered at
22 nm and 25 nm, respectively.

The photocatalytic activity of the specimens was evaluated in
terms of the degradation rate of Rh B under UV light excitation.
To measure the Rh B concentration in the solution as the time
elapsed, a small volume of solution was taken from the dark-aged
specimen and the absorbance was measured at the wavelength of
555 nm. The changes of normalized concentration (C/Cp) of the Rh
B with irradiation were assumed to be proportional to the normal-
ized maximum absorbance (A/Ap). Prior to photocatalytic experi-
ment, the dye solution with the catalyst was kept in the dark
room to attain the absorption-desorption equilibrium of the dye
with the catalyst. Figure 5A shows the degradation of the Rh B
by the TGNS with different content of GO being stirred in the dark
room for 30 min (t < 0 region). It was observed that most of the dye
molecules remained in the solution of bare P25, whereas a large
amount of dye molecules was removed by the TGNS. There are
some reasons that may explain the enhanced catalytic of the TGNS
nanocomposites. First of all, the enhancement in the photocatalysis
should be largely assigned to the great physical adsorption. The
BET specific area of TGNS-44% is 96 m? g~!, the larger specific area
can provide more active sites and adsorb more molecules of the
dye. Second, the two-dimensional giant m-m conjugation system
between Rh B and aromatic regions of the graphene which
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Figure 5. (A) Bar plot showing the remaining relative concentration of Rh B after
dark absorption by TGNS1-TGNS4 with different content of RGO, the content of RGO
is 9%, 16%, 38% and 44% respectively. (B) Photocatalytic activity of TGNS with
different content of RGO. The concentration of Rh B was 10 mg/L.
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certainly would lead to a strong adsorption. So the TGNS showed
better adsorption of Rh B than the conventional P25 due to its -
1 conjugation and the two-dimensional planar structure. Lastly,
the RGO in the nanocomposites can act as an electron acceptor,
so the photoexcited electrons of TiO, in the nanocomposites could
be transferred from the conduction band of TiO, to RGO quickly,
which would make the electron-hole recombination rate decrease.
So the photocatalytic activity of TGNS would be higher than P25.

Figure 5B shows that the dye concentration decreases with an
increase in the amount of RGO in the solution. The TGNS catalysis
proceeds much faster than the conventional P25 and the degrada-
tion speed depend on the TGNS concentration. The sample with
44% GO performed best, which removes the Rh B completely
within 60 min under UV irradiation. From Figure 5B, the 44% GO
sample also shows an excellent degradation performance without
light, the solution of Rh B was almost fully degraded by the sample,
and only with 10% Rh B remained before UV light excitation. We
thought that this phenomenon was not only due to the super
adsorbability of graphene, but also due to the degradation ability
of TGNS under dark conditions.

To prove above analysis, the dye adsorption ability of P25, mix-
ture of the TiO, and graphene, GNS and TGNS were obtained as
shown in Figure 6A. It was obvious that, after mixing in the dark
for 30 min, most dye molecules remained in the solution with
P25 and mixture and more than 70% dye molecules remained with
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Figure 6. (A) Bar plot showing the remaining relative concentration of Rh B after
dark adsorption for 30 min by P25, the mixture of RGO and TiO,, GNS and TGNS. (B)
The adsorption of Rh B in the dark condition with P25, mixture of P25 and graphene
which the content of P25 was same to the TGNS, GNS and TGNS. The concentration
of the Rh B was 30 mg/L, which was 3 times larger than used in Figure 6A.

GNS, whereas a large amount of dye molecules (90%) was adsorbed
by TGNS. As is well known, the graphene plays an important role in
the adsorption of Rh B because of its larger specific surface and
strong adsorbed capacity, thus, the more graphene we used the
more Rh B should be adsorbed. But it is so strange that the TGNS
(with little specific area, 96 m? g ') shows the more strong capac-
ity of adsorption than graphene (with larger specific area,
161 m2 g ). To explore the adsorption of TGNS and GNS, we did
another adsorption experiment and the dye concentration was
increased 3 times. The adsorption capacity of P25, mixture of P25
and graphene, TGNS and GNS in the dark condition was obtained
as shown in Figure 6B. During the four materials put into the Rh
B solution for 3 h in the dark condition, the P25 and mixture exhi-
bit much lower adsorption capacity than others, nearly all of the Rh
B was remained. While the TGNS and GNS still could adsorb some
Rh B, and the adsorption of TGNS was also more than GNS in con-
centrated dye solution. That means that some dye molecules
should be degraded by TGNS under dark condition in addition to
adsorption.

To ascertain the photo-less catalysis of TGNS, the measurement
of pH value experiments was performed. Under the action of pho-
tocatalyst, organic dye would be decomposed into water and car-
bon dioxide eventually. If the catalytic process happens in the
dark condition, the pH of the dye solution should be decreased con-
tinuously in the presence of catalyst because of CO, was solved in
the solution. As shown in Figure 7, the pH values of the Rh B and
TGNS mixed solution were decreased gradually as increasing time,
this means that some Rh B was decomposed into CO, in the dark
condition. After 3 h, another amount of dye was added into the
mixed solution, the pH values were still decreased as increasing
times.

As shown in Figure 6B, the content of Rh B was adequate and
the reaction time also was enough to get adsorption-desorption
equilibrium, but the content of Rh B was continued decreased. This
means that not all of the Rh B was adsorbed, some diminished Rh B
should be degraded to a certain extent. In this work, the hydrother-
mal reaction made the chemical reaction between TiO, and graph-
ene, this chemical reaction may be the reason why Rh B could be
degraded in the dark condition. As a consequence of the above,
besides the physical adsorption of the dye molecules, there may
be some other factors which would result to the enhanced catalytic
activity such as chemical bonding.
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Figure 7. The pH values of Rh B and TGNS mixture solution with a reaction time 6 h
in the dark condition.
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4. Conclusion

In summary, TGNS with extraordinarily high photocatalytic
ability have been synthesized using a more simple hydrothermal
reaction method with only water being involved. The best catalytic
activity is obtained with 44 wt% RGO at 180 °C reaction tempera-
ture for 6 h, which remove Rh B almost completely (only with
10% Rh B remained) without needing UV irradiation. The compos-
ites with the highest photocatalytic ability can even degrade the
some Rh B in the dark room conditions. This TGNS composite pre-
sents a new photo-less catalyst that should find applications in
organic pollutant degradation.
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