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Reduced graphene oxide supported titanium dioxide (GO/TiO2) heterojunction composites as highly active
photocatalysts were synthesized via simple ultrasonic mixing and hydrothermal reaction using TiCl3 and GO as
precursors. Their structure and morphology were characterized by X-ray diffraction, Fourier transform infrared
spectroscopy, Raman spectra, UV-vis spectroscopy, and thermogravimetic analysis. The GO/TiO2 heterojunction
composites were used to degrade methyl orange (MO). The adsorption and photocatalytic degradation rate of
the prepared GO/TiO2 composites increased by nearly three times compared with that of pristine TiO2 or GO,
which reached up 90%, to degrade MO after 4 h, which provides a simple method to obtain photocatalytic
materials.

Introduction
Photocatalytic technology is one of the most effective methods

for wastewater treatment because of its low investment cost,

mild reaction conditions, and negligible secondary pollution

to the environment [1, 2, 3, 4, 5, 6]. Preparation of photo-

catalysts with high photocatalytic activity and photochemical

stability is the key factor to boost practical applications of

semiconductor photocatalysts [7, 8, 9, 10, 11, 12]. Among

well-known photocatalysts, titanium dioxide (TiO2) exhibits

excellent photocatalytic properties, long-term stability, non-

toxicity, chemical inertness, and low cost [13]. Therefore,

TiO2 has been widely used in photocatalytic studies [14, 15,

16, 17, 18, 19, 20]. However, some serious shortcomings still

need to be overcome. For example, TiO2 has a large band gap

(the rutile and anatase phases are 3.03 and 3.20 eV, re-

spectively), which can absorb only ultraviolet light (approx-

imately 5% of solar light) [21]. Meanwhile, its photogenerated

electron–hole pairs are easy to recombine. Many researchers

have focused on the modification of TiO2 to obtain new types

of highly active photocatalysts that can work under visible

light [22, 23, 24, 25, 26, 27]. Many attempts have been

performed to enhance the visible light photocatalytic effi-

ciency of TiO2, including metal or nonmetal doping [28, 29,

30, 31], dye sensitization [32], surface modification [33, 34],

and coupling with other semiconductor materials [35, 36, 37].

Among these methods, the coupling of TiO2 with guest

semiconductors is an effective way to improve its photo-

catalytic activity under visible light [21].

Graphene is a two-dimensional allotrope of crystalline

carbon formed by hexagonally arranging sp2-bonded carbon

atoms, which presents excellent optical properties, transpar-

ency, mechanical flexibility, and good thermal and chemical

stability [38]. Graphene oxide (GO), an oxidized derivative of

graphene, is a promising carbon material that has attracted

significant interest over the last decade. When graphene is

heavily oxygenated to generate GO, a number of functional

groups on its basal planes, such as hydroxyl and epoxies, in

addition to carbonyl and carboxyl groups located at the sheet

edges, are formed [39]. The presence of these functional groups

makes GO sheets strongly hydrophilic, allowing GO to readily

exfoliate in water or solvents to produce stable dispersions [40,

41]. GO sheets possessing oxygenated functional groups anchor
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active materials easily, and large surface areas focus some

potential supported materials on nanomaterials to prevent their

aggregation [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. TiO2-

RGO nanocomposites were fabricated using either isopropyl

(IsoprOH) or ethyl (EtOH) alcohol. The photocatalytic prop-

erties of the prepared materials using IsoprOH had smaller

crystallite size, narrower apparent band gap, smaller isoelectric

point, larger adsorption capacity, and higher photocatalytic

activity [53]. In Ag3VO4/C3N4/reduced TiO2 microsphere

ternary composites, the introduction of Ag3VO4 into g-C3N4/

r-TiO2 can effectively improve the photocatalytic activity of

degradation of methylene blue, compared with single com-

ponent and C3N4/reduced TiO2 binary composites, due to

a synergetic effect including the formation of a heterojunc-

tion, large surface area, improved light absorption, matched

energy band structure, and improved separation efficiency of

photogenerated charges coming from the dual Z-scheme

structure [54].

In this study, GO/TiO2 composites were synthesized using

TiCl3 and graphite as raw materials via hydrothermal reaction.

The phase composition, morphology, and thermal stability of

the prepared GO/TiO2 were investigated by X-ray diffraction

(XRD), Fourier transform infrared spectroscopy (FTIR), and

thermogravimetic analysis (TGA). In addition, their photo-

catalytic activities were evaluated via ultraviolet-visible (UV-

vis) spectroscopy based on degraded methyl orange (MO) dye.

The GO/TiO2 composites evidently degraded 90% of MO.

Results and discussion
The characterization of GO/TiO2 composites

Fig. 1(a) shows the FTIR spectra of GO and GO/TiO2

composites. In the GO spectrum, a broad band appears at

around 3423 cm�1, which is due to the O–H stretching

vibration, and a peak at 1730 cm�1, which could be assigned

to the carbonyl C5O stretching vibration. The peaks at

1620 cm�1 and 1226 cm�1 are attributed to C5C vibrations

and C–O–C stretching vibrations, respectively. The peak at

1049 cm�1 for the C–O stretching vibration appears due to the

presence of epoxide groups on the GO layer. However, the

Figure 1: (a) FTIR spectra, (b) Raman spectra, (c) XRD patterns, (d) TGA of GO and GO/TiO2 composites.
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strength of the vibration peaks of the main oxygen functional

groups of GO in GO/TiO2 composites is obviously weakened,

which indicates that GO has a certain degree of reduction

during the hydrothermal process.

For the Raman spectra of GO and GO/TiO2 composites

[Fig. 1(b)], it can be seen that the GO and GO/TiO2 have D

and G peaks at 1348 and 1586 cm�1, respectively. The peak

intensities of ID/IG for GO and GO/TiO2 are 0.925 and 0.921,

respectively. So, the GO/TiO2 exhibits a higher regularity than

GO due to the reduction of GO during the hydrothermal

process to decrease the oxygen content on the surface of GO. It

further indicates that the number of sp2 hybrid carbon atoms in

GO is more than that of sp3 hybrid carbon atoms in the GO/

TiO2 composites [55].

The TGA curves of GO and GO/TiO2 composites are

shown in Fig. 1(d) to evaluate their thermal stability. For the

two samples, the TGA curves have three weight loss stages.

For the GO, the first weight loss at about 25–120 °C is caused

by the volatilization of absorbed water in materials. The

content of combined water is about 12 wt% due to hydro-

philic groups. The second weight loss at about 120–210 °C is

sharp and caused by the decomposition of the oxygen groups

present such as C5O, C–O, and epoxy groups, which reaches

up to 14 wt%. The second weight loss at about 220–1000 °C is

due to the decomposition of the carbon and carbon skeleton

in GO. Their decomposition is serious due to the carboniza-

tion of a great amount of sp2 and sp3 hybrid carbon atoms

even after 1000 °C. In contrast, the GO/TiO2 composites

exhibit obvious thermal stability. The content of absorbed

water is about 5 wt%. The oxygen groups present only cause

about 5 wt% of decomposition. Decomposition of the carbon

and carbon skeleton is faint, and the GO/TiO2 composites

remain about 90 wt% after 1000 °C. These indicate that the

thermal stability of GO/TiO2 composites is higher than that

of GO. The decrease in the oxygen groups present results

from the loading TiO2 consuming oxygen groups and re-

duction of some containing oxygen groups after the hydro-

thermal treatment.

Fig. 1(c) shows the XRD spectra of GO and GO/TiO2

composites. There is a strong peak near 2h5 32°, which is the

diffraction peak of graphite surface (002). The sharp peak

near 2h 5 12° indicates that the structure of GO (001)

contains a lot of defects and containing oxygen groups. The

oxygen groups are beneficial to further load TiO2 nano-

particles. For the GO/TiO2 composites, the sharp peak near

2h 5 125° comes from the (002) face of anatase TiO2. So, the

prepared sample is anatase TiO2 with high photocatalytic

ability. In addition, the diffraction peaks corresponding to the

crystal faces of TiO2 (003), (004), (005), (006), (007), and

(008) are also found in the vicinity of 35–40°, 49–55°, 62–65°,

68–70°, and 75°, respectively. Therefore, TiO2 was formed on

the surface of GO by redox reaction with TiCl3 in solution.

However, the peaks of GO cannot be found because the

intensity of TiO2 is obviously higher than that of GO [56, 57,

58, 59, 60, 61, 62].

Figure 2: SEM images of GO (a, c) and GO/TiO2 composites (b, d).
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Fig. 2 is the scanning electron microscope (SEM) images

of GO and GO/TiO2. It can be seen from Figs. 2(a) and 2(c)

that the GO sheet has the obvious folds. A large number of

spherical particles are formed on the surface of partially

reduced GO [Figs 2(b) and 2(d)]. Combining with GO

[Figs 2(a) and 2(c)], it can be concluded that the addition

of graphene effectively inhibits the agglomeration of TiO2

particles, promoting uniform dispersion of TiO2 on the

surface of GO sheets.

The adsorption–desorption isotherm and the correspond-

ing BET pore diameter distribution curves of the sample are

shown in Fig. 3. It can be seen from Fig. 3(a) that the

adsorption increases with the increase in pressure. As shown

in Fig. 3(b), all the isothermal adsorption–desorption curves

show type-IV isotherms shape at a relative pressure range of

0.42–0.95. This clearly indicates that the samples are meso-

porous materials with multilayer adsorption.

Photocatalytic activity of GO/TiO2 composites

UV-vis spectroscopy is implemented to estimate the optical

absorption ability of GO/TiO2 nanocomposites. The UV-vis

spectra of GO and GO/TiO2 are given as Fig. 4(a). For the

GO, the absorption peak is at 235 nm. For the GO/TiO2

composites, the maximum absorptivity is at 240 nm, which

is a red shift, and their intensity is higher than that of GO. It

indicates the increased photocatalytic efficiency when the

TiO2 load onto the surface of GO. In addition, they also

have another absorption peak at 302 nm due to the photo-

catalytic activity of TiO2. Therefore, the composites are

expected to improve the photocatalytic activity, which will

be verified in the photocatalytic degradation of methylene

orange dye.

The degradation ratio of GO/TiO2 for MO is studied, as

shown in Fig. 4(b). First, the MO degradation efficiency of

GO/TiO2 composites in sunlight and under a 48W ultraviolet

light was determined. The degradation ratio of MO from

ultraviolet irradiation is 85.73%, while that in sunlight is 40%

[Fig. 4(b)], which is obviously lower than that in ultraviolet

light because it is difficult to excite electron-hole pairs at a low

energy in sunlight. Fig. 4(c) shows the MO degradation ratio

of three samples in ultraviolet irradiation for 4 h. However,

the GO and TiO2 display similar degradation ratios (36.8%

and 38.5%, respectively), and GO/TiO2 composites display

85.4% degradation ratios after 4 h. For GO, the degradation

ratio mainly depends on the adsorption of GO, and the

degradation ratio remains unchanged when the adsorption

reaches equilibrium. TiO2 nanomaterials eliminate the MO in

solution via degradation reaction of active groups under ul-

traviolet light. Therefore, the GO and TiO2 display lower

degradation ratios than GO/TiO2 composites. The degrada-

tion ratio of GO/TiO2 is the fastest within 1 h, resulting from

the adsorption of GO via p–p interaction between GO and

MO. The MO transfer from solution to the surface of

GO/TiO2 occurs in the first 1 h. The adsorption reaction

reached equilibrium after 1 h, so the degradation ratio in-

creased linearly with time. In addition, GO/TiO2 has a micro-

mesoporous structure, which further increases its specific

surface area, and also has physical adsorption on MO, and it

is multilayer adsorption. Finally, in the solution, the active

group produced by embedding TiO2 on GO surface can be

rapidly combined with MO, which can also promote the

degradation of MO.

In order to further increase the degradation ratio of MO,

2 mL hydrogen peroxide (H2O2) was added into the solution

to evaluate the influence of hydrogen peroxide on the photo-

degradation rate, which is shown in Fig. 4(d). The MO

degradation ratio of GO/TiO2 increased with the irradiation

time. Approximately 40% of MO was degraded by GO/TiO2

composites in the absence of H2O2 after 4 h. In comparison,

Figure 3: (a) Distribution of pore size and (b) adsorption–desorption curve of GO/TiO2 composites.
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90% of MO was degraded when hydrogen peroxide was

dripped into the solution. Hydrogen peroxide promotes the

rapid formation of OH radical groups to degrade more MO

dye. On the other hand, hydrogen peroxide can be used as an

electron remover, which can effectively inhibit the simple

combination of photogenerated electrons (e�) and photo-

generated holes (h1) on the surface of the catalyst, and

improve the reaction rate of photocatalytic degradation. This

may be due to the rapid formation of OH active groups on the

surface of GO/TiO2 by H2O2 to accelerate the degradation of

MO.

Equations (1)–(7) and Fig. 5 show the pathway of electron

transfer and mechanism of the degradation of MO dye by GO/

TiO2 composites. First, MO is adsorbed onto the surface of the

GO/TiO2 composites due to the p–p bond of graphene sheets.

The GO/TiO2 composites generate photogenerated electrons

(e�) and holes (h1) on their surface under the irradiation of

ultraviolet light. The water in the solution and the absorbed

OH� on the surface of composites are the capture agent of

photogenerated holes (h1) to form the hydroxyl radical (dOH).

The free oxygen absorbed on the surface of nanocomposites

react with photogenerated electrons (e�) to obtain the H2O2,

further forming dOH. The dOH is an active species and has

a strong oxidation ability, and therefore can directly decompose

the MO molecule. The GO promotes the contact between MO

and TiO2. In addition, GO, as the recipient of TiO2 photo-

generated electricity, effectively promotes the migration of

photogenerated electrons and prevents the recombination of

photogenerated electrons and holes. H2O2 as an electron

remover effectively inhibits the simple combination of photo-

generated electrons (e�) and photogenerated holes (h1) and

promotes the increase in the number of hydroxyl radicals. So,

the GO/TiO2 nanocomposites exhibit excellent photocatalysis

when adding H2O2, which can effectively decompose the MO

dye.

Figure 4: UV-vis spectra of GO and GO/TiO2 composites (a), photocatalytic degradation of MO in sunlight and 48-W UV light irradiation by GO/TiO2 composites
(b), photocatalytic degradation of GO, TiO2, and GO/TiO2 composites in 48-W UV light irradiation (c), influence of H2O2 on the degradation of MO with GO/TiO2

composites in sunlight (d).
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GO=TiO2 þ hv! hþ þ e� ; ð1Þ

hþ þ OH� ! �OH ; ð2Þ

hþ þH2O! Hþ þ �OH ; ð3Þ

e� þ O2 ! �O2� ; ð4Þ

2e� þ O2 þ 2Hþ ! H2O2 ; ð5Þ

e� þH2O2 ! �OHþ OH� ; ð6Þ

�OH=�O2� þ MO! CO2 þH2O

þ other degradation products :
ð7Þ

Conclusion
In this article, GO/TiO2 composites were prepared by the

hydrothermal method, and the adsorption and degradation

conditions of MO by GO/TiO2 were studied. The specific

surface area of GO/TiO2 is about 152.5 m2/g, the pore volume

is about 0.2199 cm3/g, and the pore size is 20–40 nm, which is

a micro-mesoporous material. The adsorption and degradation

rate of GO/TiO2 was 85.62% under ultraviolet lamp irradiation

for 4 h. Compared with the traditional photocatalyst TiO2, the

composite has a higher catalytic activity for MO under mild

conditions. Experimental results demonstrated that the adsorp-

tion and degradation efficiency of GO/TiO2 is higher than that

of TiO2. The H2O2 obviously improves the degradation

efficiency of MO. The adsorption and degradation of GO/

TiO2 dioxide consists of two parts: the first pathway is the

adsorption of MO molecules by GO/TiO2 and the second is the

chemical photodegradation of MO on GO surface.

Experimental section
Materials

MO was purchased from Sigma-Aldrich and was used without

further purification. TiCl3 (20–35%) was purchased from

NANO Co. H2O2 (30%) was obtained from Duksan Pure

Chemical company. Graphite powder, KMnO4, and H2SO4

were purchased from Kanto Chemical Co., Daejung Chemicals

& Metals Co., and Yakuri Pure Chemicals Co., respectively.

Preparation of GO/TiO2 nanocomposites

The synthesis of GO was conducted using the modified

Hummers method with graphite powder as the raw materials

according to the process described in the previous work [63,

64]. The synthetized GO was dispersed in 50 mL H2O by

ultrasonic treatment under ambient conditions to yield a brown

GO dispersion. The GO/TiO2 composites were fabricated by

a hydrothermal reaction method. The concrete procedures

were as follows. First, titanium tetrachloride (TiCl3) solution

(25–30%, 4 mL) was added into a three-neck flask, and then

NH3·H2O solution (37%, 5 mL) was added dropwise into the

TiCl3 solution with vigorous agitation at ambient temperature

to obtain a turbid solution. Subsequently, GO dispersion

(100 mg/L, 100 mL) was added rapidly into the above solution

to stir for 30 min. Then, the mixture was put into a hydrother-

mal reactor at 180 °C for 6 h. Finally, the product was filtrated

and washed several times with deionized water and dried at

80 °C to obtain GO/TiO2 composites. The preparation process

for GO/TiO2 nanocomposites was displayed in Fig. 6.

Characterization

The structure composition of samples was characterized by

a Fourier transform-infrared (FTIR) spectrometer (FTS2000)

with KBr pellets, scanning from 400 cm�1 to 4000 cm�1 at the

resolution of 1.5 cm�1 for eight times. The Raman spectra of GO

and GO/TiO2 composites were measured by using a RLX

Renishaw 1000 Raman spectrometer with 514 nm of excitation

wavelength. Thermalgravimetric analysis (TGA; Mettler Com-

pany, Jiangsu Science equipment Co., Ltd.) was conducted

at a temperature range of 25–1000 °C and a heating rate of

15 °C/min. The crystalline phase of GO/TiO2 composites was

tested by X-ray diffractometer (XRD; XRD-600, Japan Shimadzu

Co., Ltd.) scanning from 10° to 90° in the conditions of voltage

of 40 kV, current of 30 mA, and scanning rate of 8°/min,

respectively. The surface area and porosity measurements were

Figure 5: Pathways of electron transfer and mechanism of the degradation of
MO dye.

Figure 6: Synthetic scheme of GO/TiO2 composites.
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performed by N2 adsorption at 0–300 °C range with an

automated volumetric apparatus (ASAP2020, Micromeritics In-

strument Ltd., USA). The surface morphology and microstruc-

tures of the GO/TiO2 were investigated by using a scanning

electron microscope (SEM; Apollo 300). The photocatalytic

properties were tested by using an ultraviolet spectrophotometer

UV-vis-L6S. The range of the wavelength test is 200–900 nm.

Photocatalytic degradation of MO

0.1 g sample was added into 100 mL of MO (20 mg/L) solution

and the solution ultrasonic treated in the dark for 30 min. The

solution was placed under sunlight or a 48W UV lamp with

240 nm wavelength with a 6-cm distance between the lamp

tube and sample for different time periods. The solution was

gathered every half hour and then centrifuged for 10 min to

collect the supernatant used for measuring the absorbance by

UV-vis spectrophotometry (721E Vis spectrophotometer) to

detect the MO content. The degradation rate of MO was cal-

culated by drawing a standard curve and formula.

D ¼ C0 � C1ð Þ=C0 � 100% ;

where D is the degradation ratio of MO, C0 is the initial

concentration of MO in the solution, and C1 presents the

equilibrium concentration of MO after photocatalytic

degradation.
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