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TiO2 nanocrystals/graphene (TiO2 /GR) composite are prepared by combining flocculation
and hydrothermal reduction technology using graphite oxide and TiO2 colloid as precursors.
The obtained materials are examined by scanning electron microscopy, transition electron
microscopy, X-ray diffraction, N2 adsorption desorption, and ultraviolet-visible diffuse spectroscopy. The results suggest that the presence of TiO2 nanocrystals with diameter of about
15 nm prevents GR nanosheets from agglomeration. Owing to the uniform distribution
of TiO2 nanocrystals on the GR nanosheets, TiO2 /GR composite exhibits stronger light
absorption in the visible region, higher adsorption capacity to methylene blue and higher
efficiency of charge separation and transportation compared with pure TiO2 . Moreover, the
TiO2 /GR composite with a GR content of 30% shows higher photocatalytic removal efficiency of MB from water than that of pure TiO2 and commercial P25 under both UV and
sunlight irradiation.
Key words: TiO2 nanocrystals/graphene composite, Photocatalyst, Chemical adsorptivity,
Extended light absorption, Efficient charge separation

combination rate of photogenerated electron-hole pairs,
etc. [6, 8]. Therefore, it is of great significance to obtain
a TiO2 /C composite possessing photocatalytic activity
well beyond commercial P25, which could be potent in
environmental remediation [9].
Graphene (GR), a “Nobel” one of the carbon materials, exhibits outstanding mechanical, thermal, optical,
and electrical properties [10]. GR has indeed spurred
immense interest in designing novel GR-based materials for a variety of technological applications such as
nanoelectronics [11], biosensing [12], polymer composites [13], H2 production and storage [14], drug delivery
[15], electrochemical capacitors [16] and catalysts [17].
Thus, the combination of TiO2 and GR is promising
to possess excellent photocatalytic activity for effective photodegradation of pollutants. Some TiO2 /GR
composites with enhanced photocatalytic performance
have been reported [9, 18−20]. However, there was
few reported researches about TiO2 nanocrystals/GR
composites. It may be possible to obtain some exceptional properties as a result of the interaction of TiO2
nanocrystals and GR as well as the concerted effect.
In this work, we demonstrated a route to obtain TiO2 nanocrystals/graphene (TiO2 /GR) composite with high photocatalytic performance via combining
flocculation and hydrothermal reduction technology. In
the as-prepared TiO2 /GR composite, TiO2 nanocrystals were loaded uniformly on the platform of GR
nanosheets. The TiO2 /GR composite simultaneously
covered three excellent attributes which were crucial
to an excellent photocatalyst: the increased adsorptiv-

I. INTRODUCTION

Photodegradation of organic pollutants has attracted
increasing attention during the past few decades [1].
Among the various photocatalysts, TiO2 -based materials have been the most promising candidates for photodegradation decontamination [2]. Nevertheless, the
widespread using of TiO2 is impaired by its wideband
gap which requires ultraviolet irradiation for photocatalytic activation, the high recombination rate of photogenerated electron hole pairs that limits photodegradation efficiency, and its poor adsorptivity to the contaminants [3]. Some strategies, including narrow-gap
semiconductor coupling, metalion and nonmetal doping
[4, 5], have been proposed to solve the above problems.
Particularly, the composites based on TiO2 and carbon
are considered as potential photocatalysts in the purification of air and water [6]. Three kinds of TiO2 /C
composites with good photocatalytic activity, such as
TiO2 /mounted activated carbon, carbon-doped TiO2
and carbon-coated TiO2 have been investigated [7, 8].
However, there are several problems which still hinder
further promotion of efficiency of the present TiO2 /C
composites, such as the marked decrease of the adsorptivity during photodegradation, the weakening of the
light intensity arriving at catalysts’ surface, the high re-
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ity of pollutants, extended light absorption range, and
quick charge transportation and separation. In the photodegradation of MB under UV irradiation, TiO2 /GR
composite showed significant improvement compared to
those of the bare TiO2 and commercial P25. Moreover,
in comparison with the bare P25, it also exhibited a
higher photocatalytic activity under solar light. The
enhancement photocatalytic activity of TiO2 /GR composite was largely ascribed to its unique structure favorable for dye adsorption and charge transportation.
II. EXPERIMENTS
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(λ=0.154 nm), using an operation voltage of 40 kV
and current of 30 mA. A Beckman coulter-type nitrogen adsorption-desorption apparatus (ASAP 2020M)
was used to investigate the pore property degassing at
150 ◦ C for 12 h at pressure of 10−3 mmHg. A Quanta
200 environmental scanning electron microscope (SEM)
was used to observe the morphology of the obtained materials. Transmission electron microscope (TEM) images were collected by using a JEM-2100 microscope
working at 200 kV. Specimens for TEM observation
were prepared by dispersing the material powder into
alcohol by an ultrasonic treatment. A CHI600B electrochemical workstation (Shanghai, China) was used to
obtain the electrochemical impedance spectra (EIS).

A. Reagents

Crude flake graphite (carbon content: 99.9%) was
purchased from Qingdao Aoke Co., H2 O2 (30%), H2 SO4
(98%), KMnO4 , K2 S2 O8 , P2 O5 , HNO3 (98%), titanium
isopropoxide, acetylacetone were obtained from Chemical Reagent Ltd., China, in the analytical purity and
used without further purification. Deionized water was
used throughout the experiments.
B. Preparation of TiO2 /GR composite

Graphite oxide (GO) was fabricated from crude flake
graphite by a modified Hummers method [21]. The asprepared GO was then treated by ultrasonication treatment using a KQ 600kDE Digital Ultrasonic cleaning
device (600 W, 80% amplitude) in a water bath for 1 h,
and GO homogeneous dispersion (0.25 mg/mL) was obtained. The TiO2 sol was prepared according to the
reported method [22] by adding dropwise titanium isopropoxide (15 mL) with acetylacetone (10.19 mL) to
0.015 mol/L HNO3 aqueous solution (90 mL) with vigorous stirring for 6 h, followed by centrifuging the colloidal suspension at a speed of 2000 r/min for 10 min to
remove the solid and an orange TiO2 sol was obtained.
In a typical synthesis, 4 mL of TiO2 sol was added
to 400 mL GO dispersion (0.25 mg/mL) dropwise to
prepare TiO2 /GO composite. The obtained mixture
was vigorously stirring for 2 h. The obtained precipitate was filtrated with a nylon membrane (0.22 µm),
washed several times with distilled water and then dried
at ambient atmosphere. Finally, the obtained material
was redispersed in 100 mL H2 O and heated in autoclave
at 180 ◦ C for 12 h in order to obtain the TiO2 /GR
composite. Pure TiO2 and GR were prepared using
the same hydrothermal procedure for preparation. The
mass percentages of TiO2 nanocrystals in the composite were determined by comparing the difference in the
weight of pure TiO2 and TiO2 /GR composite.
C. Characterization

X-ray diffraction (XRD) measurements were carried
out by a D/Max-3c X-ray diffractometer with Cu Kα
DOI:10.1063/1674-0068/27/03/321-326

D. Electrochemical measurement

Electrodes used for EIS measurement were prepared
by mixing the electroactive material, acetylene black,
and polyvinylidene fluoride (0.02 g/mL, in N -methylketopyrrolidine) in a mass ratio of 75:20:5 to obtain
slurry. Then the slurry was pressed onto the nickel foam
current collector (2 cm2 ) and dried at 110 ◦ C for 12 h.
After drying, the coated mesh was uniaxially pressed
to completely adhere to the electrode material with the
current collector. The loading mass of the active material was about 3 mg. The EIS was performed in a
three-electrode cell using 1 mol/L Na2 SO4 aqueous solution as electrolyte, in which platinum foil and saturated calomel electrode (SCE) electrodes were used as
counter and reference electrodes, respectively.
E. Adsorption and photocatalytic experiment

Adsorption test was adopted to compare the adsorptivity of TiO2 /GR composite with GR and pure TiO2 .
In this test, 10 mg of catalyst (GR, TiO2 , and TiO2 /GR
composite) was dispersed in 10 mL of MB solution
(20 mg/mL) with stirring for 1 min and ultrasonication (480 W) for 10 min in the dark. Then the dispersion was centrifuged and the obtained MB solution
was taken to the UV-visible absorption measurement.
From the difference in the absorbance before and after
adsorption test, the amount of dyes adsorbed by the
catalyst could be estimated.
The photodegradation of MB dyes was observed
based on the absorption spectroscopic technique. In
a typical process, aqueous solution of the MB dyes
(20 mg/mL, 60 mL) and the photocatalysts (TiO2 /GR
composite, 1 mg/mL) were placed in a 100 mL beaker.
At 30 ◦ C and stirring for 10 min in the dark, the beaker
was then exposed to the UV irradiation produced by
an 18 W ultraviolet lamp with the main wave crest at
254 nm, which was positioned 10 cm away from the
beaker. The photocatalytic reaction was started by
turning on the ultraviolet lamp, and during the photocatalysis, all other lights were insulated. At given
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FIG. 1 Schematic of the preparation of the TiO2 /GR composite.

time intervals, the photoreacted solution was analyzed
by recording variations of the absorption band maximum (580 nm) in the UV-visible spectra of MB, using a UV-Vis spectrophotometer (TU-1901). In the
sunlight photocatalysis, a similar procedure was constructed with sunlight (at 10−12 am, from 2nd to 5th
of June, 2013, Xianyang). The photodegradation efficiency (D) was determined as follows:
D=

A0 − At
× 100%
A0

(1)

where A0 is the absorption band maximum of the initial
MB dye, and At is the absorption band maximum of the
initial MB dye in the given time.

III. RESULTS AND DISCUSSION
A. Characterizations of TiO2 /GR composite

Figure 1 shows the fabrication schematic of the
TiO2 /GR composite. Owing to the existence of the
acidic group, the GO nanosheets are negatively charged.
When GO dispersion was mixed with the TiO2 gel,
the electrostatic repulsive force operating between negatively charged GO layers and positive charged TiO2
nanoparticles caused the formation of TiO2 /GO composite. The TiO2 /GO composite was then heated at
180 ◦ C to reduce GO into GR and obtain the TiO2 /GR
composite.
The XRD patterns of the as-prepared GR, TiO2 /GR
composite, TiO2 and GO are shown in Fig.2. It can be
seen that the precursor GO has a layered structure with
a basal spacing of 0.80 nm, showing the complete oxidation of graphite into the GO [23]. When GO suspension is hydrothermally treated at 180 ◦ C for 12 h, the
characteristic peak at 10.6◦ which corresponds to (002)
plane of GO disappears, while the characteristic peaks
at 24.1◦ and 42◦ (corresponding to d spacing of 0.37 and
0.21 nm) which correspond to (002) and (100) planes
of GR are slightly observed, indicating that GO is reduced into GR by hydrothermal treating [24]. The very
broad reflection at about 24.1◦ suggests the formation of
poorly ordered graphite-like material. It is obvious that
TiO2 /GR composite is similar in patterns to pure TiO2 ,
suggesting the structure of TiO2 is nearly unchanged in
the TiO2 /GR composite. The peaks at 2θ values of
DOI:10.1063/1674-0068/27/03/321-326

FIG. 2 XRD patterns of pure TiO2 , TiO2 /GR composite,
GR, and GO.

25.3◦ , 37.8◦ , 48.0◦ , 53.9◦ , 55.1◦ , 62.7◦ , and 68.8◦ can
be indexed to (101), (004), (200), (105), (211), (204),
and (106) crystal planes of anatase TiO2 in TiO2 /GR
composite, respectively, suggesting the complete formation of anatase TiO2 during the hydrothermal process.
In addition, the characteristic XRD pattern of GR in
TiO2 /GR composite disappears, suggesting that TiO2
particles prevent the restacking of GR nanosheets, similar to other works reported in Refs.[25, 26].
The SEM and TEM analysis of the GR, TiO2 , and
TiO2 /GR composite were carried out to obtain the microscopic structure information. As shown in Fig.3(a),
GR shows a plate-like morphology with aggregates of
crumpled sheets. Large GR nanosheets (a few hundredsquare nanometers) are observed to be situated on the
top of the copper grid (Fig.4(b)), where they resemble
crumpled silk veil waves. They are transparent and exhibit a very stable nature under the electron beam. The
low- and high-magnification images of TiO2 /GR composite in (Fig.3 (b) and (c)) show a curled morphology,
consisting of a thin wrinkled “paperlike” structure, indicating that the overall structure is dominated by the
GR network. However, the shape of TiO2 is not observable at such magnification. As shown in the TEM image
of TiO2 /GR composite (Fig.4(a)), the two-dimensional
structure of GR sheets with micrometers-long wrinkles
is still retained after the hydrothermal treatment of GO
and TiO2 sol. The TiO2 nanocrtystals with diameter
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FIG. 5 N2 adsorption-desorption isotherms of GR, TiO2 ,
and TiO2 /GR composite
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FIG. 4 TEM images of (a) GR and (b) TiO2 /GR composite.

of about 15 nm, which is much smaller than those of
the GR-TiO2 composite reported previously [17, 18],
are anchored uniformly on the surface of GR. Smaller
sized particles not only can shorten the diffusion distance but also facilitate proton transport in the bulk
of metal oxide, increase the active specific surface area,
and enhance the electro-active site for charge transfer
[27]. Thus, the smaller the particle size, the higher the
photocatalytic performance and utilization efficiency.
The pure TiO2 is dominated by the disorderly and unsystematic blocks, suggesting an obvious aggregation
during the hydrothermal reaction.
High specific surface area (SSA) is crucial to an excellent catalyst. Figure 5 shows the N2 adsorptiondesorption isotherms of samples GR, TiO2 and
TiO2 /GR composite. Type IV isotherm for all the
samples is seen in Fig.5, indicating the presence of
mesopores in the samples [19, 28]. The BET SSA for
GR, TiO2 , and TiO2 /GR composite are 152, 235, and
313 m2 /g, respectively. After reduction of GO, GR
sheets are easy to aggregate due to the removal of oxygenate groups, resulting in the loss in SSA. However,
the decoration of both sides of GR with TiO2 nanocrtstals is an effective approach to prevent GR from aggregation and leads to the high BET SSA for TiO2 /GR
composite [19]. The BET SSA of TiO2 /GR composite
is also higher than those obtained by pure hydrothermal
DOI:10.1063/1674-0068/27/03/321-326

method reported previously [29, 30].
B. Photocatalytic activity

The photocatalytic activities of P25, TiO2 /GR composite, TiO2 and GR were measured by the photodegradation of MB as model reaction under UV and sunlight, and the results are shown in Fig.6. The photodegradtion efficiency (D) of MB during the photodegradation are proportional to the normalized maximum
absorbance (A/A0 ) and derived from the changes in
the dye’s absorption profile at a given time interval.
It is clear from Fig.6(a) that the TiO2 /GR composite
shows significant progress in the photodegradation of
MB compared to TiO2 and GR, and it also exhibits
higher efficiency than that of P25 by ca. 40%. Under UV light irradiation, 93% of the initial dyes are
decomposed by TiO2 /GR composite after 1 h. Contrastly, nearly 50% of the initial dye still remains in
the solution after the same time period for bare P25.
In addition, in the case of sunlight photodegradation
(Fig.6(b)), P25 shows rather poor photocatalytic activity due to its limited photoresponding range and only
35% of the initial contaminants diminished after 5 h,
whereas the TiO2 /GR composite photocatalyst shows
remarkable improvements in the photodegradation efficiency where 65% of the dye molecules are decomposed
after the same time period.
According to Ref.[9], three factors, including the adsorption of contaminant molecules, the light absorption, and the charge transportation and separation, are
crucial during the photocatalysis. TiO2 /GR composite
showed better adsorption strength compared with that
of pure TiO2 and the remaining concentration fraction
of MB after adsorption on the catalysts obtained from
UV-visible absorption spectra verified this assertion, as
shown in Fig.7. It was obvious that, after equilibrium
with stirring for 1 min and ultrasonication for 10 min
in the dark, most dye molecules (ca. 99%) remained in
the solution with bare TiO2 as the catalyst, whereas a
large amount of dye molecules was adsorbed on the surc
°2014
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FIG. 6 Photodegradation curves of MB under (a) UV light
and (b) sunlight over TiO2 /GR composite, P25, TiO2 , GR,
and without catalyst, respectively.

FIG. 7 Bar plot showing the remaining MB in solution after
reaching the adsorption equilibrium in the dark over the GR,
TiO2 , and TiO2 /GR composite.

face of GR and TiO2 /GR composite. TiO2 /GR showed
much more excellent adsorptivity than that of TiO2 /GR
composition in our previous study [31]. The excellent
adsorptivity of TiO2 /GR composite can be ascribed to
the following factors: (i) TiO2 /GR composite which can
offer more active adsorption sites exhibits higher SSA
than that of the pure TiO2 . (ii) A π-π stacking exists between MB and aromatic regions of the GR in
the TiO2 /GR composite, which was absolutely different from simple physical adsorption [9].
In order to investigate the efficiency of charge separation and transportation, EIS test was carried out.
As shown in Fig.8, the Nyquist plots of GR, TiO2 ,
and TiO2 /GR composite in the frequency range of
0.1 Hz−100 kHz at open circuit potential with an ac
DOI:10.1063/1674-0068/27/03/321-326
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FIG. 8 (a) EIS of GR, TiO2 , and TiO2 /GR composite measured at frequent range of 100 kHZ to 0.1 Hz. (b) The high
frequency parts of the EIS.

perturbation of 5 mV are similar to one another, which
are composed of an arc at the high frequency region
and a straight line at the low frequency region. The
arc at high frequency range corresponds to the chargetransfer resistance due to the charge transfer reaction on
the grain surface [32]. The line at low frequency region
making an angle 45◦ with the real axis is called the Warburg line and is a result of the frequency dependence of
ion diffusion in the electrolyte to the electrode interface.
It can be observed that the charge transfer resistance
of TiO2 /GR composite electrodes are larger than that
of GR electrode while smaller than that of pure TiO2
electrode due to the higher electron conductivity of GR
than that of TiO2 , suggesting that the electron conductivity of TiO2 /GR composite electrodes can be improved by adding GR nanosheets into TiO2 particles.
Overall, both the electron accepting and transporting
properties of GR in the composite could contribute to
the suppression of charge recombination, and thereby a
higher rate in the photocatalysis was obtained.
As mentioned above, the absorption range of light
plays an important role in the photocatalysis, especially
for the sunlight photodegradation of contaminants. As
shown in Fig.9, the adsorption edge of TiO2 due to the
existence of slight organic materials, is about 420 nm,
while TiO2 /GR composite exhibits much stronger light
absorption in the visible region (200−800 nm). It
is obvious that the extended photo responding range
should be ascribed to the introduction of GR [33], and
a more efficient utilization of the solar spectrum could
c
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FIG. 9 UV-Vis diffuse reflection spectra and photos of GR,
TiO2 , and TiO2 /GR composite.

be achieved for TiO2 /GR composite. The sunlight photoactivity of the TiO2 /GR composite is expected to facilitate its use in practical environmental remediation.
IV. CONCLUSION

TiO2 /GR composite with high photocatalytic performance has been prepared by combining flocculation
and hydrothermal reduction technology using GO and
TiO2 sol as processors. The composite possessed great
adsorptivity of dyes, extended photoresponding range,
and enhanced charge separation properties simultaneously. On the basis of these advantages, TiO2 /GR composite demonstrates significant advancement over pure
TiO2 and commercial P25 in the photodegradation of
MB dye under both UV and sunlight irradiation. The
enhanced photocalytic activity of the TiO2 /GR composite should be ascribed to the adding of the GR,
which facilitates a better platform for adsorption of dyes
and charge separation.
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