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ynthesis  of  TiO2 nanorod-decorated  graphene  sheets  and  their  highly  efficient
hotocatalytic  activities  under  visible-light  irradiation
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The  titanium  dioxide  (TiO2) nanorod-decorated  graphene  sheets  photocatalysts  with  different  TiO2

nanorods  population  have  been  synthesized  by  a simple  non-hydrolytic  sol–gel  approach.  Electron
microscopy  and  X-ray  diffraction  analysis  indicated  that the  TiO2 nanorods  are  well-dispersed  and  suc-
cessfully  anchored  on  the  graphene  sheet  surface  through  the  formation  of  covalent  bonds  between  Ti  and
C  atoms.  The  photocatalytic  activities  are  evaluated  in  terms  of  the  efficiencies  of  photodecomposition  and
adsorption  of  methylene  blue  (MB)  in  aqueous  solution  under  visible-light  irradiation.  The  as-synthesized
TiO2 nanorod-decorated  graphene  sheets  showed  unprecedented  photodecomposition  efficiency  com-
iO2

raphene
hotocatalysis
hotoelectrochemistry
ethylene blue

pared to  the  pristine  TiO2 nanorods  and  the  commercial  TiO2 (P-25,  Degussa)  under  visible-light.  It is
believed  that  this  predominant  photocatalytic  activity  is  due  to the  synergistic  contribution  of  both  a
retarded  charge  recombination  rate caused  by  a high  electronic  mobility  of  graphene  and  an  increased
surface  area  originated  from  nanometer-sized  TiO2 nanorods.  Furthermore,  photoelectrochemical  study
is  performed  to give  deep  insights  into  the  primary  roles  of  graphene  that  determines  the  photocatalytic
activity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Photocatalyst, which accelerates light-driven chemical reac-
ions, has been paid a great attention due to fascinating properties
uch as quantum confinement and enhanced reactivity. The pho-
ocatalytic materials could be applied for the potential fields
ncluding self-cleaning surface, water splitting, and air/water
urification. The most important application field in photocatalysts

s in the purification field, such as degradation of organic pollutants
n water at ambient conditions with the use of inexpensive and
lean solar light and atmospheric dioxygen as the energy source
nd oxidant, respectively.

Up to date, diverse photocatalytic materials have been intro-
uced, including TiO2, ZnO, CdS, Fe3O4, SnO2, V2O3, and WO3 [1–5].
mong them, TiO2 and its derivatives have stimulated a great deal
f interest because of their advantages, which include low cost, reli-
bility, strong oxidization power, environmental nontoxicity, high
tability, and chemical/biological inertness [6–9].
Graphene, an atomic sheet of sp2-bonded carbon atoms
rranged in a honeycomb structure [10,11], as recently been high-
ighted as a promising composite material with TiO2 due to the

∗ Corresponding author. Tel.: +82 2 880 7069; fax: +82 2 888 1604.
E-mail address: jsjang@plaza.snu.ac.kr (J. Jang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.033
following advantages. First, the retarded charge recombination
is useful because the high electronic conductivity of graphene
leads to facile charge transportation and separation. Second, it has
increased reaction sites because the high surface to volume ratio
with the two-dimensional planner structure of graphene creates
a large specific surface area. The third advantage is an expanded
light absorption range because the facile control of the energy
bandage modified by carbon-doping enhances broad light absorp-
tion. Finally, these composites have an enhanced dye-quenching
efficiency because the strong interaction from the �–� stacking
between aromatic regions of graphene and pollutant molecules
leads to high affinity and fast adsorptivity. Nevertheless, few
reports have focused on the preparation of TiO2/graphene com-
posite materials for visible light-driven photocatalytic applications
due to the difficulty of TiO2 treatments [12,13]. However, most of
the previous researches were conducted using lengthy experimen-
tal anchoring steps as well as with TiO2 nanocrystals anchored
on a limited region of graphene layers [14–16].  Therefore, it is
imperative to develop the simple and reliable methodology for
TiO2/graphene nanocomposite photocatalyst.

Herein, we  present the simple synthetic route for the fabrication

of TiO2 nanorod-decorated graphene sheets (TNGSs) via a non-
hydrolytic sol–gel reaction. The population of TiO2 nanorods can
be controlled easily by changing the concentration of GO (wt%),
and the photocatalytic activities are evaluated in terms of the

dx.doi.org/10.1016/j.jhazmat.2011.12.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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fficiencies of photodecomposition and adsorption of methylene
lue (MB) in aqueous solution under visible-light irradiation. Fur-
hermore, photoelectrochemical study is performed to give deep
nsights into the primary roles of graphene sheets that determine
he photocatalytic activity.

. Experimental

.1. Materials.

Graphite powder, titanium (IV) chloride, oleylamine (70%) and
oluene (99.5%) were purchased from Aldrich Chemical Co. Com-

ercial TiO2 (P25) was purchased from Degussa. Methylene blue
MB) was obtained commercially from Aldrich Chemical Co. Unless
therwise specified, other reagents and materials involved were
btained commercially from Aldrich Chemical Co. And used as
eceived without further purification.

.2. Preparation of graphene oxide (GO)

The graphite oxide was  synthesized from natural graphite pow-
er based on Hummers method [17]. In detail, 1 g of graphite was
ut into a mixture of 1.5 mL  of concentrated H2SO4, 0.5 g of K2S2O8,
nd 0.5 g of P2O5. The solution was heated to 80 ◦C and kept stir-
ing for 5 h. Then the mixture was diluted with 500 mL  of deionized
ater and the product was obtained by filtering water until the

olution is completely neutralized. Finally, the product was  dried
n air at overnight.

.3. Synthesis of TiO2 nanorods decorated graphene sheets
TNGSs)

TNGSs were fabricated via a non-hydrolytic sol–gel reaction
18]. A variable amount of GO was dispersed in 30.5 mL  of oley-
amine solution. The weight concentration of GO varied in the range
f 1–10 wt%. For a complete exfoliation of GO, the mixture was
ltrasonicated for 3 h. Next, the exfoliated GO solution was  trans-
erred into a three-neck round-bottom flask and heated to 290 ◦C
ith nitrogen purging. TiCl4 (0.5 mL)  was then injected into the

olution under vigorous stirring. The color of the solution changed
rom dark purple to yellow during the reaction, indicating that TiO2
anorods were formed by the non-hydrolytic sol–gel reaction. After
5 min, the reaction was quenched by the addition of 6 mL  toluene
nd then the reaction mixture was allowed to cool to room temper-
ture. The resultant product was separated from the surfactants by
entrifugation using an excess of acetone. The products were ulti-
ately retrieved and allowed to dry in a vacuum oven for 12 h.

inally, the products were calcinated for 2 h at 500 ◦C under a N2
tmosphere to achieve high crystallinity [19].

.4. Characterization of the TiO2 nanorods decorated graphene
heets

The TEM images were taken with a JEOL EM-2000 EX II micro-
cope. To observe TEM images, the TNGSs diluted in toluene were
eposited on a carbon film coated copper grid. TNGSs were char-

cterized by high-powder X-ray diffraction (XRD, M18XHF-SRA
Mac Science Co.)) with a Cu K� radiation source (� = 1.5406 Å) at
0 kV and 300 mA  (12 kW), and field emission scanning electron
icroscopy (FE-SEM, JEOL-6700) equipped with energy dispersive
-ray spectroscopy (EDS). The spectra of X-ray photoelectron spec-

roscopy (XPS) were obtained by Sigma probe (Thermo). Lamda 35
Perkin–Elmer) provided the spectra of UV–vis spectroscopy.
terials 219– 220 (2012) 13– 18

2.5. Photocatalytic activity

Photocatalytic activities of TNGSs were measured by the pho-
todecomposition of methylene blue with concentration at 30 �M.
As a controlled sample, Degussa P25 was prepared. For the pho-
todecomposition, 0.030 g of photocatalyst was suspended in a
40 mL of methylene blue aqueous solution and the solution was
stirred in a dark room for 2 h to complete the absorption equi-
librium. Visible light irradiation to the solution was performed
Osram XBO 150-W xenon arc lamp installed in a light-condensing
lamp housing (PTI, A1010S). A 455 nm cut-off filter was used and
the temperature of the solution was  maintained at room tem-
perature by water jacket during the overall degradation process.
Moreover, UV light irradiation to the solution was  performed by a
mercury lamp (300 W),  characterized by a main emission peak of
365 nm.

2.6. Photoelectrochemistry

Photoelectrochemical characterization was  carried out using
a standard three compartment cell, consisting of a working
electrode, a platinum wire (counter electrode) and an Ag/AgCl
electrode (reference electrode). The as-synthesized TNGSs were
mixed with 15 wt% acetylene black (AB) as an electron conduc-
tor and 10 wt%  poly(vinylidene fluoride) (PVDF) solution dissolved
in N-methyl-2-pyrrolidone (NMP) as a binder. The TNGSs elec-
trodes were made by dispersing 90 wt%  active materials and 10 wt%
PVDF binder in NMP  solvent. The resultant slurries were spread
on a copper mesh, dried at 110 ◦C under vacuum overnight to
remove the NMP, and then pressed into a sheet. The electrolyte
was 0.1 M tetrabutylammonium tetrafluoroborate (NBu4BF4) in
acetonitrile (AN). The illumination source was a 300 W mer-
cury lamp, characterized by an emission peak of 365 nm.  A
Keithley 2400 SourceMeter and a Wonatech WBCS 3000 poten-
tiostat were employed for recording the I–V and amperometric
characteristics.

3. Results and discussion

3.1. Fabrication of TNGSs

To determine the morphology, crystallite size and composition
of the as-synthesized TNGSs, the TEM, SEM, mapping, and EDS were
analyzed in Fig. 1. The TEM observation revealed that the TiO2
nanorods exhibited dimensions of 25 nm (length) × 4 nm (diame-
ter) (L/D ratio ≈ 6).

Importantly, these TiO2 nanorods (NRs) showed a consider-
ably uniform dispersion on the graphene sheets surface. The EDS
mapping images of TNGSs also showed Ti and C atoms are well-
dispersed.

The EDS analysis indicated the presence of C (5.57%), O (49.81%),
and Ti (44.62%), which presented that TiO2 NRs were uniformly dis-
persed on the carbonaceous graphene sheets. The surface decorated
TiO2 NRs result in a relatively lower intensity of carbon content
compared to higher intensity of titanium content.

The TNGSs were further characterized by XRD and UV–vis
absorption spectrum as shown in Fig. 2. In the XRD spectrum
of pristine TiO2 NRs and TNGSs, the diffraction patterns show
a large peak centered at 2� = 26.5◦, which corresponds to the
anatase (1 0 1) interlayer spacing of 3.5 Å. As a result, the XRD
patterns of TiO2 NRs and TNGSs clearly confirmed crystalline

anatase TiO2. The UV–vis absorption spectra of TiO2 NRs and TNGSs
are shown in Fig. 2b. A redshift of about 20 nm was observed
in the absorption edge of the TNGSs compared to that of pris-
tine TiO2 NRs, which was attributable to the narrowing of the
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Fig. 1. (a–c) TEM images of as synthesized TNGSs with various magnification. (d) EDS mapping of titanium (Ti), carbon (C), and merged atoms(Ti + C) of TNGSs (scale bar:
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 �m).  EDS analysis on selected area of TNGSs.

andgap by the chemical bonding between TiO2 NRs and graphene
20]. Accordingly, the introduction of graphene to TiO2 NRs could
xpand the light absorption range for the broad visible light-driven
hotocatalysts.

X-ray photoelectron spectroscopy (XPS) was  utilized to investi-
ate the reduction of GO as well as the hybridization of graphene
nd TiO2 NRs (Fig. 3a, b). The characteristic peaks of GO in the
econvoluted C1s region appeared at 285.0, 286.1, and 289.2 eV,
hich were assigned to the C C, C O, and C O functional groups,

espectively. In contrast, in the case of the TNGSs, low-intensity
xygen peaks were confirmed, indicating a higher degree of reduc-
ion. Moreover, the band at 283.7 eV was assigned to the presence
f the Ti C bond [21,22].

In the case of the Ti2p XPS spectra in Fig. 3b, two bands were
ocated at binding energies of 464.5 and 458.9 eV, which were
ssigned to Ti2p1/2 and Ti2p3/2, respectively. The peak deconvo-
ution of the Ti2p spectrum confirmed two low-intensity peaks
entered at 465.8 and 460.2 eV, which were assigned to the
i–C bond [21,22].  On the basis of these results, one may  con-
lude that TiO2 NRs chemically anchored onto graphene sheets
ere prepared successfully through the non-hydrolytic sol–gel

eaction.

.2. Photocatalytic activity of TNGSs
To investigate the photocatalytic activity for the as-prepared
NGSs, the photodegradation of MB  was carried out under visi-
le light irradiation (� > 455 nm)  as a model reaction. The reaction
kinetics for the photocatalytic degradation of MB  was analyzed
by the Langmuir–Hinshelwood model. The rate equation for MB
degradation can be written as follows [23,24]:

rMB = kpIaKMBcMB

1 + KMBcMB
(1)

where KMB is the adsorption equilibrium constant for MB.  kp is the
overall rate constant which includes various parameters. Ia is the
light intensity which is constant. CMB is the concentration of MB.
Considering the competitive adsorption by solvent, intermediates
and pollutants, Eq. (1) can be rewritten by kap as follows:

rMB = kpIaKMBcMB

1 + KMBcMB,0
= kapcMB (2)

where

kap = kpIaKMB

1 + KMBcMB,0
(3)

The integral form of the rate equation is

ln
(

c0

c

)
= kt (4)

The rate constant for MB  degradation over P25, TiO2 NRs, and
TNGSs was  determined in Fig. S4.  It was indicated that the pho-
todegradation of MB over the all the samples roughly follow the

pseudo-first-order reaction after 6 h illumination, and the rate con-
stant for MB  degradation over P25, TiO2 NRs, and TNGSs was
determined to be 0.8531, 0.2627, and 0.1877 h−1, respectively. It is
obvious that TNGSs exhibited the superior photocatalytic activity
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Fig. 2. (a) XRD patterns of TiO2 NRs (black line) and TNGSs (red line) [star indicates
crystalline anatase phase of TiO2]. (b) UV–vis absorption spectrum patterns of TiO2

NRs (black line) and TNGSs (red line). The absorption edge of TNGSs indicates red
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the benzene ring of graphene and MB  molecules [27]. Moreover,
we confirmed that the efficiency of MB  dye photodegradation (Ed)
increases significantly (3.2-fold) after the TiO2 NRs are anchored

Table 1
Efficiencies of adsorption and degradation of MB catalyzed by various samples under
visible light.

Sample Cp
a (%) C0

b (%) C2h
c (%) Ea

d (%) Ed
e (%)

P25 100 96.4 71.8 3.6 25.5
TiO2 NRs 100 96.2 61.7 3.8 35.9
TNGSs (GO 1 wt%) 100 81.3 36.3 18.7 51.2
TNGSs (GO 5 wt%) 100 62.1 11.5 37.9 81.5
TNGSs (GO 10 wt%) 100 37.5 25.5 62.5 32.0

a Pristine concentration of MB  aqueous solution without catalysts (the aqueous
solution of MB  dyes 3 × 10−5 M).

b MB concentration after 2 h reaction in the darkness for the complete adsorption
equilibrium. This value is relative MB  concentration when Cp is 100% (the weight of
catalysts 30 mg).
hift ca. 20 nm compared with those of TiO2 NRs. (For interpretation of the references
o  color in this figure legend, the reader is referred to the web version of the article.)

or the degradation of MB.  Fig. 4 depicts the change in optical den-
ity of MB  as a function of visible light irradiation time. Importantly,
0% of the primary MB  was decomposed by TNGSs (GO 5 wt%)
ithin 2 h. Based on this result, the photocatalytic activity of TNGSs

GO 5 wt%) was about threefold higher than that of the commercial
25. To the best of our knowledge, this result represents the highest
hotocatalytic activity based on graphene/TiO2 composite materi-
ls [12,14,25].  This high photocatalytic activity can be ascribed to
he nanometer-sized TiO2 NRs and the strong anchoring of TiO2
Rs on whole graphene layers. The MB  degradation rates of TNGSs
repared with various concentration of GO (wt%) are illustrated in
ig. 4a. The MB  degradation rate was confirmed to increase sig-
ificantly up to GO 5 wt% and then decrease gradually with higher
oncentration of GO (wt%). This tendency of MB  degradation rate in
oncentration of GO (wt%) is consistent with the result of UV light
rradiation (see the Supporting Information, Fig. S1). The decrease
n photocatalytic activity with high concentration of GO (wt%) can
e explained by the increased light absorption into the graphene,
s well as the lower relative content of TiO for the generation of
2
adicals [26].

To clarify whether the adsorption or degradation behavior by
atalysts was responsible for the degradation of MB, the efficiency
Fig. 3. XPS peak deconvolution of graphene oxide (GO) and TNGSs at (a) the C1s
core  level and (b) at the Ti2p core level.

of adsorption and photodegradation were determined by measur-
ing the evolution of MB  dye concentration (Table 1). The efficiency
of MB  dye adsorption (Ea) corresponds to the increase of GO weight.
This result is consistent with the �–� stacking interaction between
c MB concentration under visible light irradiation for 2 h (� > 455 nm).
d The efficiency of MB  dyes adsorption onto catalysts.
e The efficiency of MB  dyes photodegradation under visible light irradiation for

2  h.
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rate. Accordingly, the limited charges can generate “ OH” radicals
and “O2

−” intermediate species by reacting with absorbed H2O
molecules for the photodecomposition of MB.  Consequently, in
the case of the TNGSs, because the graphene acts as an electron
Scheme 1. Schematic illustration of methylene blue phot

n graphene sheets. Taking these results into account, it is con-
luded that graphene sheets and nanometer-sized TiO2 in TNGSs
GO 5 wt%) give the highest combined or synergistic contribution
o superior photocatalytic activity of MB  degradation.

The schematic illustration of the enhanced adsorption and pho-
odecomposition process by TNGSs compared to pristine TiO2 NRs

s summarized in Scheme 1. In the case of TiO2 NRs, most photo-
enerated charges are limited in separation and transportation
nto the surface of TiO2 NRs due to the high charge recombination

ig. 4. (a) Photodegradation of MB  catalyzed by commercial Degussa P25 (black
ine), TiO2 NRs (red line), and TNGSs (GO 5 wt%, blue line) under visible light
rradiation (� > 455 nm)  (inset: the MB  photodegradation rate ((C0 − C)/C0 × 100%)
atalyzed by the TNGSs prepared with various concentration of GO (wt%) under 2 h
isible light illumination). (b) Photographs of the MB  solution under visible light
rradiation. (For interpretation of the references to color in this figure legend, the
eader is referred to the web  version of the article.)
adation process with (a) pristine TiO2 NRs and (b) TNGSs.

•

Fig. 5. (a) Linear sweep voltammograms, collected at a scan rate of 10 mV/s from 0
to  +1.2 V for P25 (blue) and TNGSs (red). (b) Amperometric I–t curves of the P25 and
TNGSs at an applied voltage of +1.0 V with 3 min  light on/off cycles. (For interpreta-
tion  of the references to color in this figure legend, the reader is referred to the web
version of the article.)



1 ous Ma

a
c
g
s
g
i
T

3

c
s
c

o
c
a
w
t
f
s
c
r
t
o
h
p
r

4

n
h
w
w
t
c
w
p
t
i
p
c
o

A

g
t

A

t

R

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

8 E. Lee et al. / Journal of Hazard

cceptor with high electronic conductivity, photo-generated
harges can be separated efficiently and transported to the
raphene layer for radical generation [28,29]. Furthermore, the
trong �–� stacking interaction between aromatic regions of
raphene and MB molecules creates a high affinity and adsorptiv-
ty of MB  [27]. Therefore, in the photodegradation of MB,  the use of
NGSs can show significant improvement over pristine TiO2 NRs.

.3. Photoelectrochemistry of TNGSs

It is anticipated that the TNGSs have improved photoelectro-
hemical properties compared to the pristine TiO2 because of the
ynergic incorporation of nanometer-sized TiO2 NRs and excellent
harge transport behavior of graphene sheets [30].

Fig. 5 represents the linear sweep voltammograms and amper-
metric I–t curves of the P25 and TNGSs under UV irradiation
ondition. When the current density of P25 reached 0.41 mA/cm2

t 1.0 V, the as-synthesized TNGSs reached 3.0 mA/cm2 at +1.0 V,
hich is about 6-fold higher photocurrent density. We  believe that

he large current enhancement exhibited by TNGSs is due to two
actors [31,32]; (i) the large contact surface area of nanometer-
ized and well-dispersed TiO2 NRs and (ii) the integration of high
onductive graphene reduce the charge resistance and the charge
ecombination rate. We  also collected amperometric I–t curves
o study the photoresponse of P25 and TNGSs. With three light
n/off cycles, distinct changes of photocurrent by P25 and TNGSs
ave been showed in Fig. 5b. Furthermore, large enhancement of
hotocurrent with light irradiation was shown, which is well cor-
espond to the results of the linear sweep voltammograms.

. Conclusions

In conclusion, a facile method for the fabrication of TiO2
anocrystals/graphene composites was demonstrated using a non-
ydrolytic sol–gel reaction. The as-prepared TNGSs indicated that
ell-dispersed TiO2 nanorods (diameter 4 nm × length 25 nm)
ere anchored on the graphene sheets. Furthermore, the popula-

ion of TiO2 on the graphene sheets were controlled by adjusting the
oncentration of GO. Interestingly, the incorporation of graphene
ith TiO2 expanded the light absorption, in addition, enhanced the
hotocatalytic decomposition of methylene blue molecules. From
he photoelectrochemical analysis, the primary role of graphene
n TNGSs was confirmed as an electron conductor, enhancing the
hotocurrent density. The developed methodology may  provide a
onvenient way for the incorporation between graphene and vari-
us metal oxides.
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