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a b s t r a c t
An efficient visible light-responsive TiO2/graphene composite was synthesized easily by grinding. 
The structure and morphology of the composite were characterized by powder X-ray diffraction, 
Raman spectroscopy, ultra-high-resolution transmission electron microscopy, and field emission 
scanning electron microscopy. The photocatalytic characteristics were studied by degrading meth-
ylene blue under different conditions such as pH, catalyst dosage, different wt.% ratios of TiO2/
graphene composites, irradiation time, and initial concentration of methylene blue. The results 
showed that the TiO2/2.0% graphene possessed much higher photocatalytic activities under visible 
light than pure TiO2, displayed high photochemical stability under repeated irradiation, and can also 
effectively and selectively degraded a mixture of methyl orange and methylene blue. The degrada-
tion of methylene blue followed the pseudo-first-order kinetics of Langmuir–HinShelwood model. 
In addition, the possible mechanism of photocatalytic degradation process was proposed.
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1. Introduction

TiO2 is one of the most popular photocatalysts in the 
degradation and oxidation of hazardous materials to non-
toxic compound [1]. It has been attracted a great deal of 
research interest due to the rapid development of dyestuff 
industry [2,3]. Unfortunately, the quantum efficiency of pho-
tocatalytic reaction is low because of the rapid recombina-
tion of electrons and holes [4,5]. Moreover, the pure TiO2 as 
photocatalyst has been restricted to the ultraviolet environ-
ment owing to its wide band gap (anatase, Eg = 3.2 eV) [6]. 
At present, the focal points on TiO2 photocatalytic materi-
als are to improve the visible light response and reduce the 
recombination probability of excited electron–hole pair [7,8].

In recent years, graphene (GR) has been widely used in 
various fields because of its large specific surface area, fast 
electron transmission, and high mechanical strength. Due 
to the conjugate structure of GR, it is favorable for charge 
separation in photocatalytic process [7]. The complexes of 
graphene oxide (GO)/TiO2 and reduced graphene oxide 
(RGO))/TiO2 have been reported [8–10]. However, most 
methods for preparing these complexes are high tempera-
ture processes, resulting in expensive preparation cost, 
high energy consumption [7–9,11]. Furthermore, they were 
limited to carry out in a small amount. Herein, an efficient 
visible light-responsive TiO2/GR composite was synthe-
sized simply by grinding on large-scale and characterized 
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by different techniques. The photocatalytic characteristics 
were investigated by degrading methylene blue (MB) and a 
mixture of methyl orange (MO) and methylene blue under 
different conditions such as pH, catalyst amount, different 
ratios of TiO2/GR, irradiation time, and initial concentration 
of the MB dye. Moreover, the kinetics of degradation process 
were also discussed.

2. Experimental

2.1. Materials and reagents

Methane (99.99%) and argon (99.99%) were purchased 
from Xi’an Tenglong Chemical Co., Ltd., in Xijing 3, Dianzi 
West Street, Yanta District, Xi’an, China. Titanium dioxide 
was purchased from Tianjin Yaohua Chemical Reagent Co., 
Ltd., in North side of Xuelian bridge, Jinbin Avenue, Dongli 
District, Tianjin, China. Sodium hydroxide, hydrochloric 
acid, methylene blue, and methyl orange in analytical purity 
were purchased from China Pharmaceutical Group Chemical 
Reagent Co., Ltd., in East Street, Beilin District, Xi’an, China.

2.2. Preparation of graphene

Graphene was synthesized by the chemical vaporous 
deposition (CVD) method. The temperature was chosen 
950°C with a temperature ramp-up rate of 20°C/min. Methane 
gas was used as a carbon precursor in the mixture of Ar 
and CH4 in the gas flow ratio of 1:2 for graphene deposition.

2.3. Preparation of TiO2/GR composite

GR and TiO2 were mixed in a certain proportion and 
ground for 3 h to produce the composite. The GR dop-
ing amounts were 0.5%, 1.0%, 1.5%, 2.0%, 2.2%, and 2.5%, 
respectively.

2.4. Characterization

The surface morphology and structure of TiO2/GR com-
posites were analyzed using field emission scanning electron 
microscopy (SEM, SU8220, Hitachi) and ultra-high-resolution 
transmission electron microscopy (HR-TEM, JEM-2100). The 
Raman spectroscopy (Raman Spectrometer, in Via Reflex 
Britain) were characterized under 532 nm. X-ray diffraction 
(XRD, Bruker, Germany) patterns were carried out by using 
a D8 advance X-ray diffractometer with Cu Ka radiation. 
The UV-vis diffuse reflectance spectra (UV-vis/DRS) in the 
range 200–800 nm were recorded on a UV-vis-NIR spectro-
photometer (Perkin-Elmer Inc., Lambda 1050) equipped with 
an integrating sphere using BaSO4 as a reference.

2.5. Photocatalytic activity testing

The photocatalytic activity of composites were estimated 
by degradating MB in a self-assembled apparatus with a 
homemade photoreactor which was equipped with 100 W 
tungsten lamp (Basda lighting appliances Co., Ltd.) as the 
radiation source. It was placed 1 cm above the solution. The 
visible-light (λ ≥ 400 nm) was obtained by the filter with a 
cut-off wavelength of 400 nm. The initial concentrations 
of the MB dye solution were 0.0550, 0.0749, 0.0949, 0.1150, 
and 0.1350 mmol/L, respectively. The reaction took place at 

room temperature. The pH of the solution was adjusted by 
0.5 mol/L HCl and 2.5 mol/L NaOH. All of solid particles 
in liquids were completely removed before measuring the 
UV-vis absorption of solutions. Four milliliters of liquid was 
sucked out with a pipette and monitored with a UV spec-
trometer (UVT6, Beijing Purkinje General Instrument Co., 
Ltd., China) from the absorbance at the wavelength of the 
main absorption peak (664 nm). The intensity of the absorp-
tion peak of the MB dye was referred to as a measure of 
the residual MB dye concentration (c).

The photocatalytic degradation efficiency (D%) of 
composites were calculated using Eq. (1) [12]:
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where A0, At represent the absorbency of the MB dye in 
the photocatalytic reaction solution before and after irra-
diation, c0 and ct (mmol/L) are the concentrations of the 
MB dye at an initial time and time t (min).

2.6. Recycling studies

In order to evaluate the stability and reusability of the 
TiO2/GR composites, a recycled photoactivity was carried 
out as follows. Typically, after photocatalytic reaction for 
60 min under visible light, the composite was separated 
from the reaction solution, washed with anhydrous etha-
nol, and dried in an oven. Then it mixed with the fresh MB 
solution to perform the second run photoactivity testing. 
The recycled photoactivities were done for five times.

2.7. Adsorption and photocatalytic degradation kinetics

Fifty milligrams of the TiO2/GR composite was added 
into 20 mL MB solution with different initial concentrations 
and pH 12. Then, the MB solution was stirred magnetically 
and performed photodegradation reaction. Five parallel 
experiments were conducted for each factor for different 
periods of time (10–60 min).

The photocatalytic degradation rate of the MB dye can 
be described follow a Langmuir–Hinshelwood apparent 
first-order-kinetics model, described by Eqs. (2) and (3) [13]:

r dc
dt

kc= = −  (2)

where r (mg/L/min) is the degradation rate of the reactant, 
k (1/min) is the reaction rate constant, t (min) is the visible 
light irradiation time and c (mmol/L) is the concentration of 
the dye at time t. When integrating Eq. (2) with the limit of 
c = c0 at t = 0, Eq. (2) can be simplified to an apparent first- 

order model [14]:
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where c0 and ct are the concentrations of the dye at an initial 
time and time t, ka is the apparent first-order rate constant 
of the photocatalytic degradation reaction.
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3. Results and discussion

3.1. Structural characterization

3.1.1. X-ray diffraction

The GR, TiO2, and TiO2/GR composites with different 
contents of GR were characterized by XRD, as shown in 
Fig. 1a. The diffraction peaks for GR at 2θ = 26.5° (d-spac-
ing = 0.34 nm) and 42.5° corresponded to the graphite crys-
tallinity (002) and (100) [15], respectively. The position of 
the main peak of as-prepared graphene at 2θ = 25.8° (002, 
d = 0.35 nm) was observed, indicating the two-dimensional 
ordering of GR [16]. The characteristic peaks can be observed 
in different diffraction patterns at 25.3°, 36.9°, 37.8°, 38.6°, 
48.0°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3°, and 76.0°, which cor-
respond to the (101), (103), (004), (112), (200), (105), (211), 
(204), (116), (220), and (301) crystal planes of TiO2 anatase 
(JCPDS # 21–1272), respectively [17,18]. It was obviously 
displayed that the XRD patterns of the TiO2/GR compos-
ites with different contents of GR were very similar and no 
diffraction peaks of GR because the diffraction peak of GR 
located at 25.8° was masked by the strong and sharp (101) 
diffraction peak of anatase phase TiO2 [19,20]. Compared 
with the pure TiO2, the characteristic diffraction peaks of 
anatase phase TiO2 in the composites were strengthened. 
It was indicated that the crystallinity of anatase titanium 
dioxide was increased [17,21]. In addition, the crystal size 

of titanium dioxide before and after doping graphene were 
calculated by the Debye–Scherrer equation formula as 
shown in Table 1. It was demonstrated that after graphene 
doping, the grain size of titanium dioxide becomes larger, 
which was consistent with the change of XRD diffrac-
tion peak intensity. All the above results indicated ana-
tase TiO2 had been loaded onto GR successfully.

3.1.2. Raman spectra

To further confirm the simultaneous presence of TiO2 
and GR in the composites, the samples were investigated 
by using Raman spectroscopy (Fig. 1b). For TiO2, there 
were the four typical peaks at approximately 141, 395, 
516, and 635 cm–1 corresponding to E1g, B1g, A1g + B1g, and 
E2g modes, respectively, which were similar to the reported 
values for anatase TiO2 [22]. For GR, the three characteris-
tic peaks which were the D band at 1,354 cm–1, the G band 
at 1,598 cm–1, and the 2D band at 2,750 cm–1 appeared in 
the Raman spectroscopy. They were consistent with the 
literature values [23,24]. The D band intensity provided 
an evidence of the presence of defects by ring vibrational 
mode of sp2 hybridized carbon atoms, which was attributed 
to the A1g vibration mode of nanocrystalline graphite [25]. 
G bond intensities of carbon materials were associated with 
the graphite lattice, representing the stretching of sp2 type 
C=C bond in hexagonal ring structure in graphite lattice, 
which can be assigned to the E2g vibration mode [26,27]. 
Another 2D peak was ascribed to the vibrational mode 
of two photon lattices [28]. For the TiO2/GR composites, 
the four peaks of anatase TiO2 still existed. It can be seen 
from the Raman spectra of 1,000–3,200 cm–1 that the typ-
ical Raman peaks at 1,342 (D band), 1,594 (G band), and 
2,740 cm–1 (2D band (insert of Fig. 1b) were similar with the 
spectrogram of graphene. Compared to the pure graphene, 
the D peak of the composites shifted to high wave numbers 
by increasing the content of GR. Meanwhile, the G peaks of 
the composites also shift about 20 cm–1 to high wave num-
ber, indicating the strong interaction of GR with TiO2. The 
intensity ratio of the D to G band (ID/IG) has been used to 
indicate the presence of defects in the structure of GR [29]. 
The ID/IG ratios for the GR, TiO2/0.5%GR, TiO2/1.0%GR, 
TiO2/1.5%GR, and TiO2/2.0%GR samples were 1.170, 
1.065, 1.104, 1.104, and 1.001, respectively. The ID/IG of GR 
decreased by doping GR into TiO2. The above results illus-
trated that more sp2 domains have been formed in TiO2/
GR composites. In addition, the sp2 hybridization of car-
bon atoms has the lone pair electrons, which can form large 

Fig. 1. (a) XRD patterns, (b) Raman spectra of GR, TiO2, and 
TiO2/GR with different contents of GR.

Table 1
Lattice size of TiO2 and TiO2–GC

Sample X-ray diffraction  
angle (°)

Half peak  
width (rad)

Lattice  
size (nm)

TiO2 12.73 0.0028 49.20
TiO2/0.5GR 12.71 0.0018 78.68
TiO2/1.0GR 12.70 0.0018 77.69
TiO2/1.5GR 12.68 0.0016 85.94
TiO2/2.0GR 12.70 0.0018 77.69
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the conjugative π system with other sp2 hybridization of 
carbon atoms. Thus, they can act as the rapid conduction 
electrons in the composites [30,31].

3.1.3. TEM and SEM

The morphologies of TiO2, GR, and TiO2/2.0%GR com-
posite were characterized by SEM and TEM, as shown in 
Fig. 2. For GR, there were flake-like shapes with lamella 
(Fig. 2a). While the image of pure TiO2 exhibited highly 
uniform nanocrystal structure (Fig. 2b). These two differ-
ent morphologies can be clearly observed from the images 
of the composite (Fig. 2c). From Figs. 2d–f, it can be seen 
that TiO2 was aggregated on GR sheets in the TiO2/2.0%GR 
composite. It revealed that the TiO2/GR composite was 
formed by grinding.

3.1.4. Diffuse reflectance spectroscopy

The UV-vis diffuse reflectance spectroscopy (DRS) was 
employed to investigate the optical properties of the TiO2/
GR composites. There was a typical strong absorption peak 
in the UV region less than 400 nm in Fig. 3, which was due 
to the transformation of electrons from the valence band 
(VB) of TiO2 to the conduction band (CB) [30]. Compared 
with the pure TiO2, the absorption intensity of the com-
posite significantly increased in the visible light region 
(400–800 nm), indicating the existence of C-doped TiO2 
[30,32]. It was shown that the GR enhanced the visible- 
light absorption of TiO2 and was expected to improve 
the photocatalytic activity [33].

3.2. Adsorption and photocatalytic degradation of MB

3.2.1. Effect of pH

The pH can significantly influence on the catalytic prop-
erties of the TiO2/GR composites. As shown in Fig. 4a, the 
MB removal rate gradually increased with increasing pH. 
When pH was 12, the degradation rate reached the maxi-
mum (98.18%). It was easier to degrade MB in alkaline con-
ditions because a large number of hydroxyl ions adsorbed 
on the surface of the catalyst were captured by photogene-
rated holes to form a large number of hydroxyl radicals 
[34] which was an extremely strong non-selective oxidant 
during the photocatalytic reaction. Moreover, depending on 
the point of zero charge of TiO2 (pHpzc 6.5) [8,35], the TiO2 
surface was positively charged at pH < pHpzc and negatively 
charged at pH > pHpzc. As a result, highly alkaline condition 
was favorable to the degradation of MB due to the colum-
bic attraction between the positively charged TiO2 and MB 
which belongs to cationic dye. The following experiments 
were examined at pH 12.

3.2.2. Effect of catalyst dosage

The amount of catalyst is one of the important factors 
in the photocatalytic reaction. The degradation rate of MB 
increased with increasing the amount of TiO2/2.0%GR com-
posite catalyst, as shown in Fig. 4b. However, when the 
amount of catalyst was more than 50 mg, the degradation rate 

of MB tended to be stable. The number of available adsorp-
tion and catalytic sites on the catalyst surface increased 
with increasing in catalyst dosage, resulting in the observed 
enhancement in photocatalytic degradation efficiency. 
However, a further increase of the catalyst dosage did not 
increase the rate of photodegradation because of agglom-
eration of catalyst particles and light scattering and screen-
ing effect [8]. The optimal dosage of TiO2/2.0%GR for the 
removal of MB was found to be 50 mg, which was 2.5 g/L.

3.2.3. Content of graphene doped with TiO2

It can be seen from Fig. 5 that under visible light irra-
diation, the photocatalytic activity of TiO2 was greatly 
improved from 72.89% to 98.18% by doping GR. Due to the 
characteristics of high carrier mobility (2 × 105 cm2/V s) [36], 
GR can rapidly migrate electrons into the lamellar structure 
of graphite, which effectively separated electrons and holes, 
thus improving the photocatalytic activity. In addition, the 
excited state energy of titanium dioxide in the TiO2/GR 
composite, which was characterized by DRS, was reduced. 
Therefore, the visible light photocatalytic efficiency of TiO2 
in TiO2/GR composites was improved. However, excessive 
GR content would reduce the photo-trapping efficiency 
of the photocatalyst and lead to the decrease of the cata-
lytic activity of the composite catalyst. The research sug-
gested that the optimum wt.% of GR in TiO2/GR composite 
was 2.0%.

3.2.4. Effect of initial MB concentration and kinetics 
of photocatalytic degradation

The effects of initial concentration of MB on pho-
tocatalytic degradation were studied from 0.0550 to 
0.1350 mmol/L. It can be seen that the photocatalytic degra-
dation efficiency of the TiO2/GR composite decreased with 
an increase in the initial concentration of MB, as shown in 
Fig. 6a. It was due to block of the active sites of the cata-
lyst and reduce the interaction of photons with these sites 
[8]. In addition, the degradation rate of MB increased until 
the reaction reached to the chemical equilibrium. The corre-
sponding adsorption kinetics of MB on different time were 
shown in Fig. 6b, confirming the applicability of the pseudo-
first- order kinetics with kapp from 0.0506 to 0.0144 1/min in 
the MB concentration range of 0.0550–0.1350 mmol/L. When 
the initial concentration of MB was 0.0550 mmol/L, the 
apparent rate constant of the TiO2/2.0%GR composite was 
2.75 times than the one of pure TiO2. It indicated that the 
TiO2/2.0%GR composite prepared by grinding possessed 
high catalytic activity. The apparent rate constant was cal-
culated and presented in Table 2. It decreased as the initial 
MB concentration increased. Therefore, the optimum reac-
tion time was 60 min under visible light irradiation, which 
was the same effect as reference reported in UV light [37].

3.2.5. Repetitive use of the catalyst

To investigate the repeatability of photo-catalyst activ-
ity, recycling experiments were carried out, which were 
completed under optimal conditions (TiO2/2.0%GR dos-
age 50 mg, pH = 12, irradiated by visible light 60 min). The 
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Fig. 2. TEM images of (a) GR, (b) TiO2, (c) TiO2/2.0% GR; SEM images of (d) GR, (e) TiO2, and (f) TiO2/2.0% GR.
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Fig. 3. UV-vis absorbance spectra of TiO2 and TiO2/GR 
composites.

Fig. 5. Degradation rate of MB with different wt.% doped 
graphene.

Fig. 6. Kinetics of MB photocatalytic degradation at different ini-
tial concentrations, (a) removal (%) vs. time, (b) ln(C0/C) vs. time 
(pH = 12).

Fig. 4. Effect of (a) pH and (b) catalyst dosage on the degradation 
rate of MB.
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results are shown in Fig. 7a. In comparison with the initial 
photo- degradation, the recovery efficiency of the TiO2/2.0%GR 
composite still exceeded 90% after the five cycles of the photo- 
degradation process. Although there was a slight decrease 
in the removal of MB (from 98.18% to 90.58%) after five 
cycles because the catalyst was contaminated by the gen-
erated by-products, the spent catalyst still possessed good 
photocatalytic activity. Hence, the TiO2/2.0%GR composite 
was a stable and reusable photo-catalyst for the effective 
removal of MB.

3.2.6. Photocatalytic performance under 
different lights irradiation

Considering the adsorption of TiO2 and graphene, the 
effects of three different light sources on the degradation 
rate were investigated, as shown in Fig. 7b. In the visible 
light, the TiO2/2.0%GR composite had the highest photo-
catalytic activity among TiO2/2.0%GR composite, TiO2, and 
GR. It demonstrated that the catalytic performance of TiO2 
was improved by doping GR into TiO2. Meanwhile, the 
photocatalytic activity of TiO2/2.0%GR composite under 
the visible light was the same as that under UV light. It was 
indicated that the energy which was used to excite TiO2 in 
the composite was reduced, and the visible light absorp-
tion of TiO2 was enhanced which was consistent with the 
one by DRS. In the dark environment, both TiO2 and GR 
had a certain capability to remove MB because they can 
absorb the dye, resulting in a decrease of MB concentration.

3.2.7. Degradation of mixed dyes

There is usually more than one dye in the actual factory 
wastewater. Methyl orange (MO) is an anion dye. Methylene 
blue (MB) is a cationic dye. They were selected as the rep-
resentative dye models. The degradation of the mixed dyes 
under different pHs was studied. The results are shown 
in Fig. 8a. The removal of MO decreased with increasing 
pH due to the columbic repulsion between the anion MO 
and negatively charged TiO2/2.0%GR at high pH. However, 
the degradation of MB in the mixed dyes increased with 
increasing pH, which was consistent with the above results 
(section 3.2.1 (Effect of pH)). The TiO2/2.0%GR composite 
can efficiently degrade anion dye MO under acidic con-
ditions and cationic dye MB under alkaline conditions. 
Therefore, the separation of anion and cation dyes in the 
mixed system can be realized by changing pH. In addi-
tion, when TiO2/2.0%GR catalyzed the mixed dyes which 

consisted of MO and MB with a molar ratio of 1:1 with-
out adjusting pH (pH 7.51), the degradation of the mix-
ture was also outstanding, as shown in Fig. 8b. Based 
above, TiO2/2.0%GR composite had good degradation 
effects on both MO and MB and can be applied in practice.

3.3. Photocatalysis mechanism

A proposed mechanism is shown in Fig. 9. Similar pho-
tocatalytic degradation mechanism diagrams have been 
reported [13,30]. In short, the enhanced photocatalysis 
performance of TiO2/GR can be attributed to the following 
three respects. Firstly, when the composite was exposed 
to the visible, the electrons (e–) on the valence band (VB) 
were excited and crossed the band gap into the conduction 
band (CB), resulting in an electron (e–) – hole (h+) pair [38]. 

Table 2
Kinetic model parameters for the photodecomposition of MB

c0 
(mmol/L) Pseudo-first-order kinetics

ka R2

0.0550 0.0506 0.9902
0.0749 0.0376 0.9895
0.0949 0.0335 0.9489
0.1150 0.0216 0.9752
0.1350 0.0144 0.9583

Fig. 7. (a) Results of recycling studies, (b) photodegradation 
rate of MB under UV light, visible light, and dark by TiO2/2.0% 
GR, TiO2, and GR catalysts, respectively.
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O2 molecules which were adsorbed on the surface of TiO2 
were very effective electron capture agents. Photoelectron 
(e–) reduced O2 to •O2

–. H2O and OH– adsorbed on the sur-
face of TiO2 were oxidized to •OH by TiO2 VB holes. These 
free radicals had a very high activity to catalyze the MB 
into non-toxic and harmless small molecules such as NH4

+, 
SO4

2–, H2O, CO2, etc. [39]. Secondly, excited electrons can 
rapidly be migrated into GR lamellar structure by dop-
ing GR into TiO2 because of its high carrier mobility. This 
can effectively inhibit the recombination of photo-gener-
ated electron–hole pairs, produce more highly active free 
radicals, and promote the degradation of MB. Thirdly, GR 
had a unique two-dimensional plane structure of mona-
tomic layer and a large number of π electrons, which can 
form π–π bonds with pollutants containing square rings 
[40] and adsorb more pollutants. Thus, it can improve 
the photocatalytic degradation efficiency.

4. Conclusion

The TiO2/GR composites were synthesized easily by 
grinding which can be done in a large scale. Studies have 
shown that the composites possessed the structural and 
morphology characteristics of TiO2 and GR, respectively. 

The catalytic efficiency of the TiO2/2.0%GR composite for 
degrading the MB reached 98.8% under visible light, which 
was much higher than one of pure TiO2. It also possessed 
good stability by the anti-fatigue study. The kinetic study 
showed that the apparent rate constant of the TiO2/2.0%GR 
composite was 2.75 times than the one of pure TiO2. In addi-
tion, the composite can selectively and rapidly degrade anion 
dye MO and cationic dye MB by adjusting pH. Therefore, 
TiO2/2.0%GR composite would be feasibly employed 
in dye wastewater treatment and have a great potential 
application in environmental pollution management.
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