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Abstract−Thermally-reduced graphene oxide/TiO2 composites (TRGO/Ti) were prepared by the thermal reduction

of graphene oxide/TiO2 composite that was obtained from a simple, environmentally friendly, one-step colloidal blending

method. The changes in structural and textural properties as well as their corresponding photocatalytic activities were

investigated as a function of calcination temperature. The presence of stacked TRGO sheets significantly retarded both

the aggregation and the crystalline phase transformation of TiO2 as increasing the temperature from 200 to 600 oC. TRGO/

Ti composites exhibited higher photocatalytic activity for the degradation of methylene blue in comparison with pure

TiO2 due to the increase in specific surface area and the formation of π-π conjugations between dye compounds and

aromatic regions of TRGO. However, increasing the calcination temperature resulted in the lower photoactivity and

slower kinetics, which can be ascribed to the decrease in surface area, the reduction of oxygen vacancies, and the loss of

functional groups at the edges or on the basal planes of the TRGO sheets.
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INTRODUCTION

Wastewater produced in industrial processes including textile,

pharmaceutical, paint, leather, and paper manufacturing contains

several types of toxic and hazardous organic compounds, includ-

ing dyestuffs and dyes that are suspected to be human carcinogens

and strongly impact the environment [1]. Therefore, effective tech-

niques for remediating dye compounds are necessary. Heteroge-

neous photocatalysis, an advanced oxidation process (AOP) using

TiO2-based materials as catalysts, is widely studied as a promising

technology for water purification [2-5]. Work originating from the

synthesis of hybrids or composites containing TiO2 and carbon-based

materials [6-9] that is related to the preparation of graphene-based

composites with TiO2 for photocatalytic applications was recently

reported [10-14]. Graphene, a single atom-thick planar sheet of sp2-

bonded carbon atoms, has attracted scientific interest because of its

outstanding electronic, mechanical, thermal and optical character-

istics [15,16]. Graphene-based materials have been widely used as

transparent conducting electrodes, supercapacitors, optoelectronic

devices, composites, and catalysts [17-19]. Therefore, the prepara-

tion of reduced graphene oxide/TiO2 composites may cause a syn-

ergistic effect that may potentially enhance the photodegradation of

dye molecules due to the photoreactivity of TiO2 itself [2-5] and

the properties of reduced graphene oxide (RGO) [15-19].

Nevertheless, different variables that affected the structural and

textural properties as well as the photocatalytic activity of such com-

posites were well-investigated, including the precursor’s type or

concentration, graphene content, solvothermal temperature or time,

reducing agent, preparation method, etc. [10-14,20-22]. However,

to our best knowledge, the investigation of the effect of post-treat-

ment temperature on the structure and photodegradation efficiency

of the RGO/TiO2 composite has not been accomplished yet.

In the present study, thermally-reduced graphene oxide/TiO2 com-

posites (TRGO/Ti) were prepared in two consequent simple steps.

First, graphene oxide/TiO2 composite containing 5 wt% of graphitic

component was obtained by a colloidal blending method using com-

mercial P25 and graphene oxide as the Ti precursor and carbon-

aceous sources. This is an environmentally friendly and easy method

that preserves the interesting properties of TiO2 as well as combines

the fascinating properties of graphene oxide for stronger coupling

effect. Subsequently, the as-synthesized composites underwent cal-

cination to produce the thermally-reduced graphene oxide/TiO2 com-

posites. The composites’ properties and photocatalytic activity were

evaluated as a function of calcination temperature.

EXPERIMENTAL SECTION

The starting graphene oxide (GO) was prepared by a modified

Hummers method using the expanded graphite [23]. Expanded graph-

ite was produced by microwave-assisted heating the expandable

graphite (grade 1721, Asbury Carbon). The exfoliated sheets were

obtained during HCl-washing by deionized water and the final prod-

uct was in the paste form with the concentration of 8.4 mg mL−1.

The detailed procedure was described in a previous report [24] and

GO paste was then re-dispersed in 200 mL of deionized water. An

aqueous dispersion of TiO2 powder (Degussa, Germany) was added

to the GO solution in which the nominal content of GO was 5 wt%.

After sonication for 1.5 h and further stirring for 12 h at ambient

conditions, the resulting grey product was filtered and dried in a
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vacuum at 50 oC for 4 h before being thermally treated for 2 h under

Ar. The resulting samples were named TRGO/Ti-y, where “y” cor-

responds to the calcination temperature: 200, 400 and 600 oC.

The topography of starting GO material was observed by atomic

force microscope (AFM) using a Veeco Dimension 3100 SPM (USA)

with a silicon cantilever operated in the tapping mode. The struc-

ture, morphology and elemental distribution of the composites were

recorded by FE-SEM (JEOL, JSM-600F, Japan) equipped with an

energy-dispersive X-ray spectrometer (EDX) and high-resolution

transmission electron microscope (HR-TEM, JEOL, JEM-2100F,

Japan). Wide-angle XRD patterns were obtained on a Rigaku RAD-

3C diffractometer (Japan) at 20 mA and 35 kV at a scan speed of

2o/min. Infrared spectra were measured by a Nicolet 380 FT-IR spec-

trometer (Thermo Electron Co., USA) using KBr pellet technique.

The optical characteristics were obtained from UV-Vis-NIR spec-

trophotometer (HP 8453) using the normal incident transmittance.

The BET surface area and pore volume of the materials were deter-

mined by N2 adsorption/desorption measurement using a Micromer-

itics ASAP 2020 instrument (USA).

The photocatalytic activities were evaluated through the decom-

position of 50 mL of an aqueous methylene blue solution (MB, C
o
=

2.5×10−5 M, pH=5.85) in the presence of 10 mg of the composites.

After dark adsorption, the solution containing photocatalyst was

irradiated by four 20 W black lights (λ
max

=352 nm) and four day-

light (λ
max

=545 nm) lamps (Alim Industry Co., Korea). The MB

concentrations were determined by a UV-Vis absorbance micro-

plate spectrophotometer (Spectra Max® Plus 384) with λ
max

=664 nm

as a function of irradiated time.

Fig. 1. (a) AFM topography image and (b) line profile of starting
GO sheets deposited on silicon wafer from dispersion in
water.

Fig. 2. (a) FE-SEM image, (b) EDX spectrum, and (c) mapping of the TRGO/Ti-600 sample.
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RESULTS AND DISCUSSION

The starting GO dispersion in water was observed by AFM analy-

sis as shown in Fig. 1. The topography image clearly illustrates the

exfoliation of individual GO layer and the size of these large sheets

is up to a few micrometers (Fig. 1(a)). The corresponding line profile

reveals the thickness of a single-layer sheet ranging from 1.3 to 1.6

nm. The result is quite larger than that of individual pristine graphene

sheet, ~0.34 nm, due to the presence of abundant oxygen-contain-

ing functional groups on the basal plane or at the edge of GO sheets

[25]. The microstructure of the composites prepared from such GO

sheets was characterized by electron microscope techniques. Fig.

2(a) shows representative FE-SEM images of the TRGO/Ti-600

composites, in which a crumpled stacking structure of TRGO/Ti-

600 with wrinkles and folds, and abundant TiO2 nanoparticles with

sizes of 30-40 nm attached to it was observed. The elemental com-

position and distribution were analyzed by EDX spectra and map-

ping as displayed in Fig. 2(b) and 2(c). The Ti, O, and C compo-

nents were distributed homogeneously and the C content was much

less than the Ti and O contents in the composites.

The XRD results clearly indicated that the crystalline phase of

TiO2 was retained upon thermal treatment (Fig. 3). The lack of GO

diffraction in the XRD patterns remarkably confirmed the exfolia-

tion of TRGO sheets in the material. No remarkable differences in

the intensities of the characteristic reflections, (101) and (200) for

anatase with the I41/amd structure (JCPDS 21-1272), as well as (110)

and (101) for rutile indexing a symmetry group of P42/mnm (JCPDS

21-1276) were observed. The anatase/rutile compositions, typically

dominantly ~80% of anatase, also remained despite various thermal

treatment temperatures. Herein, it clearly demonstrates that the pres-

ence of TRGO significantly inhibited TiO2 aggregation and sup-

pressed the phase transformation at high temperature that usually

occurs with calcined TiO2 nanoparticles [26-28]. These results are

well consistent with the observation from HR-TEM analysis dis-

played in Fig. 4, in which the unchanged particle size of TiO2 in

the composites was obtained as increasing the temperature from 200

to 600 oC. Additionally, TiO2 particles in irregular geometry, includ-

ing quasi-cubic and granular shapes, were realized in Fig. 4(b) and

the lattice spacing of 0.35 nm was assigned to the (101) plane of

highly crystalline anatase phase, being in good agreement with the

XRD results aforementioned.

The changes in the functional groups upon heat treatment were

confirmed in the FT-IR spectra (Fig. 5), in which broad peaks at

~3,400 cm−1 and in the range of 400-1,000 cm−1 were observed in

Fig. 3. XRD patterns of the TRGO/Ti-y samples.

Fig. 4. HR-TEM images of (a), (b) TRGO/Ti-200 and (c) TRGO/Ti-600 composites.

Fig. 5. FT-IR spectra of the TRGO/Ti-y samples.
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all samples, implying the existence of surface O-H stretching vibra-

tion and Ti-O-Ti/Ti-O-C bonding, respectively. The absorption band

at 1,710 cm−1, characteristic of C=O stretching of the carboxylic

groups at the edges of the TRGO sheets, was observed in the TRGO/

Ti-200 sample but not in the other samples. Similarly, small traces

of tertiary C-OH and epoxy C-O at 1,385 and 1,230 cm−1, respec-

tively, existed only in the TRGO/Ti-200 sample. All oxygen-con-

taining functional groups disappeared after thermal reduction at 400

and 600 oC. Additionally, the new broad peaks in the range of 1,550-

1,670 cm−1, which slightly shifted to the shorter region at higher

temperature, can be assigned to the indicative skeletal vibration of

reduced graphene, denoted as conjugated C=C [11].

Fig. 6 illustrated the UV-Vis-NIR absorption spectra of TiO2 and

TRGO/Ti-y composites. It can be seen that the absorption edges of

the composites remarkably red-shifted from 400 nm to 440 nm in

comparison with pure TiO2, demonstrating the narrowing of the band

gap energy of TiO2 by TRGO incorporation that generates Ti-O-C

chemical bonding in the composites. However, gradually increas-

ing the heat treatment temperature resulted in the blue-shift from

440 nm to 430 and 415 nm, proposing the weaker utilization of visible

light for TRGO/Ti-400 and TRGO/Ti-600.

Beside the changes in optical properties, the influence of calci-

nation temperature on the textural characteristics of the composites

was also proven. The specific surface areas and pore volumes of

Fig. 7. Photodecomposition results of MB using pure TiO2 and
TRGO/Ti-y composites under (a) UV and (b) visible illu-
minations.

Fig. 6. UV-Vis absorption spectra of TiO2 and TRGO/Ti-y.

Table 1. Porosity characteristics and kinetic parameters of MB photodegradation with irradiated TRGO/Ti-y composites

Sample
SBET

(m2 g−1)a
Vt

(cm3 g−1)a
X (%)b kapp (min−1) (×10−3)c Rd

UV Vis UV Vis UV Vis

TiO2 43.99 0.1501 40.86 21.99 8.48 3.48 - -

TRGO/Ti-200 72.92 0.4739 67.76 27.11 18.66 4.90 2.22 1.41

TRGO/Ti-400 64.92 0.4359 49.43 22.91 10.76 3.63 1.27 1.04

TRGO/Ti-600 59.44 0.3984 44.97 22.29 9.37 3.50 1.13 1.01

aSpecific surface area and pore volume as determined by N2 sorption analysis
bFinal conversion X(%)=[1−(C/Co)]*100 where Co and C are the initial MB concentration and the concentration at the irradiation time t, respec-

tively
cApparent first-order rate constant (min−1) evaluated from the slope of the plot of ln(C/Co)=−kappt
dSynergy factor, R=kapp(TRGO/Ti-y)/kapp(TiO2)

the composites were determined by N2 sorption measurements. As

seen in Table 1, the porosity of TRGO/Ti-y gradually decreased

with increasing calcination temperature, but was much higher than

that of pure TiO2. The TRGO/Ti-200 composites exhibited the larg-

est specific surface area and pore volume of 72.9 m2 g−1 and 0.4739

cm3 g−1, respectively, which can be attributed to the strict and tight

stacking of TRGO nanosheets due to the van der Waal forces at

high temperature, the increase in hydrophobicity, and the gradual
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loss of oxygen-containing functional groups at the edges or on the

surfaces of graphitic layers. Otherwise, as mentioned above, numer-

ous studies demonstrated that the heat treatment significantly reduced

TiO2 surface area and broadened the particle size due to the aggre-

gation phenomenon [26-28]. However, in the present study, which

relied on HR-TEM and XRD results, the porosity suppression was

negligibly affected by TiO2 themselves and the most important factor

that influenced the porosity of the composites is the thermal reduc-

tion of GO to TRGO.

Subsequently, the effects of heat treatment on the photocatalytic

activities of the TRGO/Ti-y composites were evaluated with the

decomposition of an aqueous MB solution. Fig. 7(a) shows the pho-

tocatalytic degradation of MB under UV irradiation after dark ad-

sorption. The MB photocatalytic activities over the composite cata-

lysts were higher than MB photocatalytic activities over pure TiO2

and decreased with increasing calcination temperature. This finding

may be explained by the effective role of TRGO in MB decolori-

zation. Typically, about 70% of the MB was decomposed with the

TRGO/Ti-200 sample within 1 h of UV-exposure, whereas about

50-60% of the MB remained when using pure TiO2 and the other

composites as the photocatalysts. The removal activity gradually

decreased with increasing the calcination temperature. However, no

different efficiency was observed irrespective of pure TiO2 or com-

posite materials in the case of using visible source, although ~30%

of MB was decolorized after 1 h (Fig. 7(b)), indicating that the com-

posites did not work well at longer wavelength region.

As seen in Fig. 8(a), the linear transformation of ln(C/Co)=−kappt

clearly demonstrates that the net UV-photodegradation behavior of

TiO2 and TRGO/Ti-y composites follows the Langmuir-Hinshel-

wood pseudo-first-order kinetic model [29-32]. The apparent reac-

tion rate constant (kapp) values achieved from the slope of the linear

regression analysis are given in Table 1. The photocatalytic degra-

dation rate decreased in the order of TRGO/Ti-200>TRGO/Ti-400>

TRGO/Ti-600>TiO2, in which the fastest rate was about 18.66×

10−3 min−1 that are comparable to the previous studies [11-14,20-

22]. However, low correlation coefficients were attained from the

linear plots of the materials which worked under visible illumina-

tion although the same trend was found for the decomposition order

(Fig. 8(b)). It implies that both pure TiO2 and the prepared compos-

ites do not obey the first-order kinetic model as the case of visible

light-irradiation. The results are quite consistent with the optical

properties observed before. Moreover, a synergy factor (R) defined

as R= kapp(xGO/Ti)/kapp(TiO2) was also estimated to quantify the

extent of the synergy effect of TRGO/Ti-y composites compared

to pure TiO2 [29]. The apparent rate constant has been chosen as

the basic kinetic parameter to compare the different systems because

it is independent of the concentration and, thus, enables one to deter-

mine the photocatalytic activity independently of the previous adsorp-

tion period in the dark [29]. Correspondingly, as described in Table

1, the estimated R value decreased from 2.22 and 1.55 for TRGO/

Ti-200 to 1.13 and 1.09 for TRGO/Ti-600 irradiated under UV light,

indicating a decrease in the synergistic effect of TRGO upon heat

treatment.

The experimental results demonstrate the additive function of

TRGO in photocatalytic applications, in which the presence of TRGO

sheets enhances the specific surface area to facilitate the efficient

diffusion, adsorption, and subsequent decomposition of MB. The

decrease in MB photodegradation with the TRGO/Ti-y compos-

ites with increasing calcination temperature can be attributed to a

reduction in porosity and, therefore, to a decrease in adsorbability.

Moreover, as illustrated in Fig. 9, the loss of oxygen-containing func-

tional groups as GO was transformed into thermally-reduced GO,

Fig. 9. Proposed interactions between TiO2/thermally-reduced GO
and MB (violet - TiO2 particles, black - TRGO sheet, blue -
MB molecules).

Fig. 8. Plots of the apparent first-order linear transform ln(C/C
o
)

vs. the illumination time upon (a) UV and (b) visible lights.
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likely enhancing the hydrophobicity as well as weakening the ionic

interactions and formation of π-π conjugations between the dye and

TRGO nanosheets. Those phenomena negatively impacted the pho-

todecomposition over the composites calcined at higher tempera-

ture. The photodegradation can also be attributed to the generation

of oxygen vacancies formed in a vacuum environment due to the

interactions between free carbon and oxygen in TiO2 [12,33]. Because

the GO : TiO2 mass ratio was unchanged, increasing the calcination

temperature resulted in a lower carbon content due to a higher reduc-

tion efficiency of GO to TRGO, thus reducing the oxygen vacan-

cies in the TRGO/Ti-y composites. These oxygen defects act as elec-

tron traps, retarding the recombination of electron-hole pairs and

thus enhancing photodegradation. Fewer vacancies were generated

with higher calcination temperatures, leading to decreases in removal

efficiency.

CONCLUSIONS

Thermally-reduced graphene oxide/titania composites were syn-

thesized using a simple, environmentally friendly, one-step colloi-

dal blending method. The presence of stacked TRGO sheets sig-

nificantly suppressed the aggregation and crystalline phase transfor-

mation of TiO2 as the calcination temperature increased. The TRGO/

Ti-y composites exhibited higher photocatalytic degradation of MB

compared to pure TiO2. Lower decomposition efficiencies and slower

kinetics were obtained at higher calcination temperatures.
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