I APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Green Synthesis of Biphasic TiO,—Reduced Graphene Oxide
Nanocomposites with Highly Enhanced Photocatalytic Activity

Md. Selim Arif Sher Shah,” A Reum Park,” Kan Zhangft Jong Hyeok Park,"* and Pil J. Yoo

¥School of Chemical Engineering and *SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon

440-746, Republic of Korea

© Supporting Information

ABSTRACT: A series of TiO,—reduced graphene oxide
(RGO) nanocomposites were prepared by simple one-step
hydrothermal reactions using the titania precursor, TiCl, and
graphene oxide (GO) without reducing agents. Hydrolysis of
TiCl, and mild reduction of GO were simultaneously carried
out under hydrothermal conditions. While conventional
approaches mostly utilize multistep chemical methods wherein
strong reducing agents, such as hydrazine, hydroquinone, and
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sodium borohydride are employed, our method provides the notable advantages of a single step reaction without employing toxic
solvents or reducing agents, thereby providing a novel green synthetic route to produce the nanocomposites of RGO and TiO,.
The as-synthesized nanocomposites were characterized by several crystallographic, microscopic, and spectroscopic
characterization methods, which enabled confrimation of the robustness of the suggested reaction scheme. Notably, X-ray
diffraction and transmission electron micrograph proved that TiO, contained both anatase and rutile phases. In addition, the
photocatalytic activities of the synthesized composites were measured for the degradation of rhodamine B dye. The catalyst also
can degrade a colorless dye such as benzoic acid under visible light. The synthesized nanocomposites of biphasic TiO, with RGO
showed enhanced catalytic activity compared to conventional TiO, photocatalyst, P25. The photocatalytic activity is strongly
affected by the concentration of RGO in the nanocomposites, with the best photocatalytic activity observed for the composite of
2.0 wt % RGO. Since the synthesized biphasic TiO,—RGO nanocomposites have been shown to effectively reduce the electron—
hole recombination rate, it is anticipated that they will be utilized as anode materials in lithium ion batteries.
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B INTRODUCTION

Semiconductor nanocrystals have drawn great attention
because of their outstanding physicochemical properties and
strong potential for applications in energy conversion devices,
supercapacitors, and photocatalysis."”> Among them, TiO, has
been considered as one of the most promising material because
of its superior photocatalytic performance, easy availability,
long-term stability, and nontoxicity.”* Since the first demon-
stration of water splitting over TiO, by Fujishima and Honda in
1972, the photocatalytic properties of TiO, have been
extensively studied.’ However, the photocatalytic activity of
TiO, is limited by its wide band gap energy (3.2 and 3.0 eV for
anatase and rutile phase, respectively), which renders a limited
capability of absorbing only the UV region of the solar
spectrum. Under irradiation of solar light, electron—hole pairs
that are responsible for its photocatalytic activity can be
generated in TiO,. However, the photogenerated electron—
hole pairs have a flash recombination time on the order of 107°
s, while the time scale of chemical interactions of TiO, with the
adsorbed dye or chemicals is in the slower range of 107*~10
s.° This discrepancy between two time scales results in an
unintended recombination of electron—hole pairs, leading to
decreased efficiency in the photocatalytic activity of TiO,.
Therefore, besides its high band gap energy, another
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challenging issue in the photocatalytic utilization of TiO, is
overcoming the quick recombination of the photogenerated
electrons and holes.

A number of strategies have been proposed to challenge
these limitations. One important approach is to employ metal-
ion or nonmetal doping to the crystalline TiO,. This strategy
can decrease the electron—hole pair recombination rate, which
substantially enhances the interfacial charge-transfer reaction
rate.”~® However, the synthesized materials typically suffer
from a low concentration of doped ions and/or show low
stability against photocorrosion.'”"! Synthesis of TiO,—based
composites via the incorporation of noble metal nanoparticles
is known to enhance the photocatalytic performance, since
noble metals can lock the photogenerated electrons. Sub-
sequently, the electron transfer rate at the interface increases,
which leads to an increase in the photocatalytic activity of
TiO,."*"® Another popular means is to make composites of
TiO, with other metal oxides, such as SnO,, MoOs;, WO;, and
Fe,0,."*"" However, this strategy has the shortcoming of
multistep reaction pathways. Moreover, the composite system
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Figure 1. Reaction scheme of synthesizing TiO,—reduced graphene oxide nanocomposites.

often leads to a decrease in the photocatalytic activity due to
the partial loss of active surface sites of the photocatalyst.'®

As an innovative new material, graphene has recently been
shown to exhibit many extraordinary physical properties, such
as high chemical stability, notably high specific surface area
(~2600 m* g™'), excellent mobility of charge carriers (20,000
cm? V™! s71) and relatively good optical transparency.'”~*' On
the basis of this understanding, composites of graphene and
TiO, have shown advantageous enhancement of photocatalytic
activity in a number of studies because the graphene can
facilitate charge separation and do a function when used as an
electron carrier in composite materials.”>~>> Several synthetic
techniques such as chemical reduction using hydrazine, UV-
assisted photoreduction, sol—gel method, atomic layer
deposition (ALD), or solvothermal method have been
employed for the preparation of TiO,—graphene compo-
sites.”*">* Notably, in most reported methods, the P25
nanoparticles was used as a counter-component to the
graphene in the composites.””***° However, this tactic severely
limits the tunability of the composite properties since one
species is already fixed in the binary composites. In other cases,
titanium alkoxides are widely employed as a TiO, precursor.>!
Owing to the high reactivity of alkoxides, however, sophisticate
control over reaction conditions is essential during solution-
based synthesis.>

Herein, we report a facile and robust one-step synthesis of
TiO,—graphene composite and its performance in photo-
catalytic applications. The most notable aspect of our approach
is the use of an aqueous solution and lack of harsh chemicals
(such as hydrazine) during synthesis. The reduction of graphite
oxide, hydrolysis of TiCl,, and the crystallization of the
produced TiO, are concurrently carried out in a single-step
reaction by hydrothermal treatment. We therefore effectively
exclude the use of titanium alkoxides as highly reactive reagent
or hydrazine as a toxic reducing agent, which have been
encountered in synthetic conditions in conventional sys-
tems.”** Accordingly, the proposed approach is highly
energy-efficient and environmentally benign, making it truly
green. In addition, in the synthesized catalysts, TiO, is present
in both anatase and rutile phases, whereas the reported
methods have mainly dealt with a single phase.> >® The
catalysts show enhanced photocatalytic activity toward the
degradation of the rhodamine B dye and benzoic acid under
visible light irradiation.
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B EXPERIMENTAL SECTION

Materials. Graphite powder (<20 pm, synthetic) and titanium
tetrachloride (TiCl,) were purchased from Sigma-Aldrich. NaNO,
(99.0%) was obtained from Yakuri Pure Chemicals Co. Ltd. Japan.
H,S0, (95.0%), KMnO, (99.3%), and H,0, (34.5%) were purchased
from Samchun Chemical Co. Ltd., Korea. The commercial P25 TiO,
supplied by Degussa Corporation was used for comparison. All the
chemicals were used as received and without further purification. In all
experiments deionized water of resistance 18.2 MQ was used.

Synthesis of Graphene Oxide. Graphene oxide (GO) was
prepared from graphite powder using a modified Hummer’s
method.**¢ In brief, first, 0.5 g of powdered flake of graphite and
0.5 g of NaNO; were added into 24 mL of H,SO, and were stirred
until dissolved. Then, 3 g of KMnO, was added slowly, preventing the
temperature of the suspension from exceeding 20 °C. After the
mixture was stirred continuously for 1 h at 35 °C, 40 mL of distilled
water was slowly added to dilute the mixture and the temperature was
raised to 90 °C. To reduce the residual permanganate and manganese
dioxide to colorless soluble manganese sulfate, 5 mL of 34.5% H,0,
was added and the suspension was filtered with distilled water until pH
7.0. The obtained yellow-brown suspension was exfoliated to produce
single layer graphene oxide using a sonicator, and the unexfoliated
precipitation was removed by centrifugation. Finally, we obtained a
brown dispersion of homogeneously exfoliated graphene oxide.

Synthesis of Titania-Reduced Graphene Oxide (RGO)
Composites. The synthesis of titania—RGO composites is shown
in Figure 1. In a typical reaction, the water dispersion of graphene
oxide was sonicated for 15 min under cold conditions. The resulting
dispersion was centrifuged at 6000 rpm for S min and the supernatant
was collected and kept in a refrigerator. Then, 0.2 mL of TiCl, was
added to the 31.0 mL of ice-cooled solution under vigorous stirring.
After stirring for 1.5 h at room temperature the brown solution (total
volume 31.2 mL) was transferred to a S0 mL Teflon lined stainless
steel autoclave for hydrothermal reaction at 180 °C for 8 h. The
autoclave was cooled naturally. The resulting black product, was
collected by centrifugation and washed with deionized water and
ethanol. It was then dried at 60 °C. In this way, nanocomposites of
graphene and titania were synthesized where both anatase and rutile
phases of titania were present. Meanwhile, individual titania and RGO
for control were synthesized separately following the same procedure.

Photocatalytic Experiment. The photocatalytic activity of the as-
prepared catalysts was measured by the photodegradation of a
rhodamine B (RhB) solution under the illumination of visible light at
ambient temperature. In a typical reaction, 30 mg of the catalyst was
dispersed in SO0 mL of a 2 X 10 M RhB solution under
ultrasonication for 1 min. Before illumination, the mixture was
magnetically stirred for 1 h in the dark to establish adsorption—
desorption equilibrium of the dye with the catalyst. A solar simulator
with Xe lamp (LS-150-Xe, Abet Technologies, Inc., USA) was used as
the visible light source. The experimental solution was placed in a
quartz cuvette and placed at a distance of 100 mm from the light
source. At given intervals, 3 mL of the suspension was withdrawn and

dx.doi.org/10.1021/am301287m | ACS Appl. Mater. Interfaces 2012, 4, 3893—3901



ACS Applied Materials & Interfaces

Research Article

centrifuged to remove the dispersed catalyst powder. The concen-
tration of the clean transparent solution was determined by measuring
the absorbance of RhB at 553 nm using a spectrophotometer (UV-
3600, Shimadzu, Japan). A benzoic acid (BA, Sigma Aldrich)
degradation experiment was also carried out following the same
procedure, except, the initial concentration of BA was 1.31 X 10™* M
and it was stirred with the catalyst of TiO,—5 wt % RGO in the dark
for 2 h.

Characterization. Powder X-ray diffraction (XRD) patterns were
obtained (D8 Focus, Bruker instrument, Germany) with Cu Ka
radiation (1 = 1.5406 A) in the 26 range from 3 to 80° with a step size
of 0.02° s™". The accelerating voltage and the applied current were 40
kV and 40 mA, respectively. Transmission electron microscopy (TEM,
JEM-3010, JEOL, Japan) was carried out with an acceleration voltage
of 300 kV. FTIR measurements (IFS-66/S, Bruker instrument,
Germany) were carried out in the transmittance mode in the spectral
range 400—4000 cm ™' with a resolution better than 0.1 cm™". UV—
visible absorption spectra were collected from the UV—vis—NIR
spectrophotometer (UV-3600, Shimadzu, Japan). Raman spectra were
taken using a Micro-Raman spectrometer system (ALPHA 300M,
WITec, Germany). The sample was loaded on silica wafer and focused
using a 50X objectives. The spectra were taken in the range 1—-3000
cm™!, The Brunauer—Emmett—Teller (BET) specific surface areas and
porosity of the samples were evaluated on the basis of nitrogen
adsorption isotherms measured at —196 °C using a gas adsorption
apparatus (ASAP 2020, Micromeritics, USA). All the samples were
degassed at 180 °C before nitrogen adsorption measurements. The
BET surface area was determined using adsorption data in the relative
pressure (p/p,) range of 0.06—0.2. X-ray photoelectron spectroscopy
(XPS) characterization was performed (ESCA 2000 instrument, VG
Microtech, United Kingdom) with Al Ko X-ray source. All binding
energy values were corrected by calibrating the C 1s peak at 284.6 eV.
High resolution peaks were deconvoluted using Gaussian—Lorentzian
functions with identical full width at half maxima (fwhm) after a Shirly
background subtraction.

B RESULTS AND DISCUSSION

In Figure 2, the XRD pattern of GO shows a major peak at 20 =
10.4°, corresponding to a d-spacing of 0.95 nm, which is much
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Figure 2. X-ray diffractograms of GO, RGO, TiO,, and TiO,—RGO.

larger than the d-spacing of natural graphite at 0.335 nm. This
change indicates that graphite is oxidized to form GO.>’ After
hydrothermal treatment, this peak disappears and a new peak
centered at 20 = 24.5°, corresponding to the d-spacing of
graphene at 0.377 nm appears, indicating the reduction of GO
to RGO.>® As shown in the diffractogram, pure titania
synthesized by the hydrothermal route shows good crystallinity.
The peaks of 26 values at 25.3, 37.9, 48.0, 54.4, 56.6, 62.8, and
68.9° can be indexed to (101), (004), (200), (105), (211),
(204), and (116) planes of anatase titania, respectively.’”~*' On
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the other hand, the characteristic diffraction peaks at 26 values
27.4/27.8, 36.1, and 41.3 are assigned to (110), (101), and
(111) crystal faces of rutile TiO,.***" The peaks corresponding
to the anatase and rutile phases are denoted by “a” and “r”,
respectively. Therefore, it is clear from the XRD patterns that
the nanocomposites have titania in both the anatase and the
rutile phases, which is unique to our synthesized materials.
Whereas, previously reported methods in which titania were
synthesized (not P25) mostly dealt with a single phase of
anatase. The relative composition of the anatase and rutile
phase can be determined by comparing the intensities of the
anatase (101), A, and rutile (110), A, . reflection planes
by applying the following equation:**

-1
Xratile — (1 + ]
(1)

Using eq 1, the content of rutile and anatase modifications in
the synthesized materials are calculated as presented in Table 1.

anatase

1.26A

rutile

Table 1. Estimated Relative Composition of Anatase and
Rutile Phases in the Synthesized Materials

samples anatase® (%) rutile (%)
P2s 85.2 14.8
TiO2 65.8 342
TiO,—1 wt % RGO 75.8 24.2
TiO,—2 wt % RGO 75.5 24.5
TiO,—S wt % RGO 81.6 184
TiO,—10 wt % RGO 87.9 12.1

“Relative weight fraction.

The as-synthesized TiO,—RGO nanocomposite shows a
diffraction pattern similar to that of pure titania. It should be
noted that there is no separate peak for RGO in the TiO,—
RGO composite, possibly due to the low amount and low
intensity of RGO. Moreover, the characteristic peak of RGO at
24.5° may be screened by the main peak of anatase TiO, at
25.3°* It is noticeable in Table 1 that the amount of anatase
phase generally increases with an increase in the concentration
of RGO, although there is no clear difference in the amount of
this phase at a low amount of RGO. The same observation has
been reforted for the composites of TiO, and activated
carbon.** 1t is attributed to the high surface area of graphene,
which suppresses the phase transformation from anatase to
rutile.

Morphological and structural features of the synthesized
powders were examined by TEM. Figure 3A shows a TEM
micrograph of RGO. Figure 3 panels B and C confirm that the
TiO,—RGO composites consist of large amounts of TiO,
nanoparticles with sizes ranging from 12—16 nm. Notably,
intraparticle aggregation forms a mesoporous structure, which
is further confirmed by nitrogen adsorption—desorption
analysis (details below). Figure 3D depicts a high resolution
TEM (HRTEM) image of the TiO,—RGO nanocomposites.
The observed fringe spacings of 0.35 nm ensures the presence
of anatase (101) planes, whereas the spacing of 0.32 nm
indicates rutile (110) planes are present.*

Figure 4A shows Fourier transform infrared spectroscopy
(FTIR) spectra of the synthesized TiO,, RGO and TiO,—RGO
nanocomposite. The FTIR spectra of the synthesized TiO,
show a broad band below 1000 cm™!, which is attributed to the
Ti—O-Ti stretching and bending vibrational modes. It also
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Figure 3. Typical TEM micrographs of (A) RGO, (B and C) TiO,—
RGO nanocomposites. (D) HRTEM image of TiO,—RGO nano-
composites exhibiting mixed phases of anatase and rutile.
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Figure 4. (A) FTIR characterization of TiO,, RGO, and TiO,—RGO
nanocomposites. (B) UV-—visible absorption spectra of (a) p25,
(b)TiO,, (c) TiO,—10 wt % RGO, (d) TiO,—8 wt % RGO, (e)
TiO,—5 wt % RGO, (f) TiO,—2 wt % RGO, and (g) TiO,—1 wt %
RGO.

shows a broad band at around 3400 cm™!, which is due to the

O—H stretching frequency from the surface hydroxyl groups.

The peak at 1632 cm™ originates from the hydroxyl groups of

molecular water.*” In the spectrum of RGO, the absorption
band appearing at 1550 cm™' is ascribed to the skeletal

vibration of RGO sheets, indicative of the formation of RGO
during hydrothermal treatment of GO.* This peak is also
observed in the spectrum of titania—RGO composite. The
FTIR spectrum of RGO also shows absorption bands at 1630
and 1746 cm™), which are attributed to the stretching vibration
of C=C and C=O0 groups of the residual COOH groups of
RGO, respectively.*® Peaks at 2854 and 2921 cm™! in the
spectrum of RGO are due to the CH, stretching vibration. The
broad absorption band centered at 3425 cm™ is attributed to
the residual OH groups of RGO. All of the characteristic peaks
of RGO are present in the TiO,—RGO composite, as shown in
the corresponding spectrum. These results imply that GO was
not reduced completely to graphene, and was instead mildly
reduced to a RGO product, which contains residual oxygen-
containing functional groups, such as —OH and —COOH.
Therefore, TiO, can be susceptible to the interactions with
these functional groups of RGO in the nanocomposites.
However, unlike in Zhang et al, any appreciable difference
between the peaks of TiO, and TiO,—RGO composites below
1000 cm ™! has not been observed, indicative of no formation of
a Ti—C bond.”

To investigate possible change in the band gap of TiO,—
RGO composite, the UV—visible absorption spectra of P25,
synthesized TiO,, and its composites with RGO were obtained
as shown in Figure 4B. The absorption edge of each sample is
determined by the extrapolation of the linear part of the plot to
the x-axis. At least qualitatively, the TiO,—RGO nano-
composites show a red shift in the absorption edge compared
to those of P25 or synthesized titania. A red shift in the
absorption edge is further evidenced by the degradation of a
colorless dye, benzoic acid by the TiO,—RGO composite (will
be discussed later). However, any particular trend or
quantitative change in the shift of absorption edges has not
been observed or determined. The same observation was
reported by Zhang et al.** The shift of the absorption edge of
the TiO,—RGO composites was possibly ascribed to be due to
the interaction between TiO, and RGO, which is established by
XPS analysis as described in what follows.

The chemical composition of the TiO,—RGO nano-
composite is characterized by Raman spectroscopy as depicted
in Figure 5. GO shows a Raman shift at 1344 and 1587 cm™
corresponding to the D- and G-bands, respectively.*”** After
hydrothermal treatment, the positions of these peaks did not
change (red). However, in the TiO,—2 wt % RGO composite
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Figure S. Representative Raman spectra of GO, RGO, and TiO,—
RGO.
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(blue), the G-band shifted to 1599 cm™ and D-band remained
unaltered. The D/G intensity ratio of GO is 0.99; however, this
value increases to 1.08 in RGO and 1.10 in TiO,—RGO. The
increase in the intensity of D/G ratio indicates a decrease in the
average size of the sp> domains formed during a hydrothermal
reaction. This can be allowed only when newly formed
graphitic domains are smaller in size, while more in number
as compared to those present in GO before hydrothermal
treatment, as reported by Ruoff et al (see Supporting
Information 1 for crystallite size calculation).*” Apparently,
the reduction of GO to RGO is visualized by the color change
of the product, in which the brownish reactant turns black. The
Raman spectra of TiO,—RGO further shows the presence of
peaks at 158, 210, 408, 513 cm™! for Ey, Ey By and Ay
respectively, for the anatase phase, whereas, the rutile phase is
characterlzed by the modes By, and A, at 158 and 630 cm -
respectively.’>>' The green line in Figure S shows the Raman
spectrum of the catalyst TiO,—2 wt % RGO after use. There
was almost no change in the D and G-band position as
compared to the case before use (blue line). The I/I; ratio of
the catalyst after use has an increased value of 1.15 compared to
the catalyst before use (1.10). It is attributed to the generation
of new carbonaceous defects created by the photocatalytic
degradation of the RGO by TiO, in the composite.
Photocatalytic degradatlon of RGO by TiO, is discussed in
the XPS analysis section.”> All the samples, especially TiO,—
RGO composite shows a symmetric 2D and S3 band. The inset
in Figure S shows a symmetric 2D-band of TiO,—RGO
composite at 2679 cm™', implying that RGO is present as a
single layer graphene in the nanocomposites.>”

Next, to determine the specific surface area of the porous
structured RGO—TiO, nanocomposites, a nitrogen adsorp-
tion—desorption isotherm is measured as depicted in Figure 6.
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Figure 6. A typical nitrogen adsorption—desorption isotherm of
TiO,—RGO nanocomposites. Inset shows typical plot of the pore size
distribution.

The isotherm exhibits a type IV with a H1 hysteresis loop
according to the IUPAC classification, reﬂectmg the presence of
a mesoporous structure of the composites.”® The synthesized
TiO, shows a larger specific surface area (81.8 m?/g) than that
of P25 (39.0 m*/g). All of the composites exhibit increased
surface areas in accordance with the added amounts of RGO,
presumably due to the hlgh theoretical specific surface area
(2600 m*/g) of RGO.>" The pore-size distribution is also
estimated using the Barrett—Joyner—Halenda (BJH) method
from the desorption branch of the isotherm. A representative
pore-size distribution curve is depicted in the inset of Figure 6,
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presenting a peak centered at 11.1 nm. The specific surface area
and pore size distribution of different samples are summarized
in Table 2.

Table 2. Parameters Obtained from N, Desorption Isotherm
Measurements

“surface area pore volume average pore

samples (m* g") (cm® g7) size (nm)
P2s 39.0 0.13 27.9
TiO, 81.8 0.43 15.8
TiO,—1 wt % RGO 99.2 0.26 11.5
TiO,—2 wt % RGO 115.0 0.28 9.3
TiO,—S wt % RGO 158.7 0.34 7.6
TiO,—8 wt % RGO 169.1 0.20 4.0

“BET specific surface area was calculated from the linear part of the
corresponding BET plot. YBJH desorption cumulative pore volume
between 1.7 to 300.0 nm diameter. “Average pore diameter was
estimated from the BJH formula.

To elaborate the chemical states of the elements present in
the synthesized TiO,, RGO, and TiO,—RGO composites, XPS
characterization is employed, and the spectra are shown in
Figure 7. Figure 7A shows the Ti core level XPS spectra of as
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Figure 7. Representative X-ray photoelectron spectroscopy of TiO,—
RGO, (A) core level spectra of 2p of TiO, and TiO,—2 wt % RGO,
(B) core level spectra of 1s of C.

synthesized TiO, and TiO,—5 wt % RGO. The Ti core-level
XPS spectrum of TiO, shows two peaks centered at 464.0 and
458.3 eV, which are assigned respectively to the Ti 2p1 and Ti
2ps, spin—orbital splitting photoelectrons in the Ti** state.”">*
For TiO,—RGO composite, these two peaks arise at 464.4 and
458.7 €V, respectively.”>> In each sample, the splitting
between the two Ti-bands is 5.7 eV. These findings imply the

dx.doi.org/10.1021/am301287m | ACS Appl. Mater. Interfaces 2012, 4, 3893—3901



ACS Applied Materials & Interfaces

Research Article

presence of the normal state of Ti** in the TiO, and TiO,—
RGO composites. The difference of 0.4 eV between the Ti peak
positions of the as-synthesized TiO, and TiO,—RGO nano-
composite may be attributed to the interactions of Ti with
oxygen centers of RGO. As oxygen is a highly electronegative
element, it withdraws the electron density from Ti of TiO,—
RGO composites. As a result, the binding energy of Ti in
TiO,—RGO composites increases compared to that of Ti in the
as-synthesized TiO,.>* To investigate the carbon states in the
composites, C 1s core levels are measured, as shown in Figure
7B. Deconvolution of the C 1s peak shows the presence of four
different peaks. The peak centered at the binding energy at
284.6 eV is assigned to the presence of C—C, C=C, and C—H
bonds of sp* carbon of RGO. The peaks at the binding energies
285.7, 287.1, and 289.0 €V are due to the presence of C—OH,
C=0, and HO—C=0. However, we did not observe any peak
corresponding to the Ti—C bond at ~282 eV (C 1s) or at
466.0 and 460.3 eV for Ti 2p;/, and Ti 2p;,, respectively,
suggesting no carbon doping in the lattice of TiO,.”> However,
Akhavan et al. observed the formation of the Ti—C bond in
TiO,—graphene oxide after postannealing at 400 °C.*' No
formation of Ti—C bond in the present system is possibly due
to the relatively lower synthetic temperature.

C 1s core level XPS spectra of GO, RGO, and the best
photocatalyst, TiO,—2 wt % RGO, after photocatalytic
degradation of RhB were depicted in the Supporting
Information 2. Comparison of the area of oxygenated peak
(Ac_o) against graphitic peak (Ac_c) gives relative elemental
compositions of the samples. Table 3 shows the peak area ratio

Table 3. Peak Area Ratio of the Oxygenated Carbon to the
Non-oxygenated Carbon and the Total Carbon Band to the
Ti band Obtained from XPS Analysis

XPS Raman

sample “Ac_o/Acc bAc/Ar In/Ig

GO 1.44 0.99
RGO 0.70 1.08
TiO,—2 wt % RGO 0.78 0.17 1.10
TiO,—2 wt % RGO used 0.44 0.13 1.15

“C—0 = C—OH + C=0 + OCOH. YA, = Ac_c + Ac_o + Ac_ou +
AOC—OH‘

of oxygen-containing carbon to the nonoxygenated graphitic
carbon (Ac_o/Ac—c) and the total carbon band to the titanium
band (Ac/Ar;) obtained from XPS measurements. GO and
RGO have Ac_o/Ac_c ratios 144 and 0.70, respectively.
Therefore, it is clear that upon hydrothermal treatment over
50% removal of oxygen containing groups occurs from GO.
This result is comparable with the TiO, photocatalztic
reduction of GO, but it is less than the hydrazine reduction.*®*’
However, in the TiO,—RGO composites, the extent of GO
reduction is less (Ac_o/Ac_c = 0.78) than that in the RGO
under the same reaction conditions. The Ac_q/Ac_¢ ratio
(0.44) for the catalyst after photocatalytic degradation of RhB
shows that further reduction of RGO occurs during dye
degradation. Simultaneously, it was observed that Ac/Ar; ratio
decreased from 0.17 to 0.13. This observation suggests that the
TiO, nanoparticles degrade RGO after further reduction of it.>*
The same observation was proven by the Raman spectroscopy.
The reduction followed by photocatalytic degradation of RGO
by TiO, has also been reported, which is reasonably
comparable with our results presented here.>”
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Finally, to evaluate the photocatalytic activity of TiO,—RGO
nanocomposites obtained in this work, a model reaction of RhB
is employed for photodegradation experiments under visible
light exposure. Prior to photocatalytic experiment, the dye
solution with the catalyst was kept in the dark to attain the
absorption—desorption equilibrium of the dye with the catalyst.
Figure 8A shows the absorption of RhB by different composite
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Figure 8. (A) Bar plot showing the remaining relative concentration of
RhB after dark absorption by TiO,—RGO nanocomposites. For
comparison, the initial concentration of the dye is indicated. (B)
Photodegradation of the RhB dye under visible light irradiation of (a)
without catalyst and over the catalyst (b) P25, (c) TiO,, (d) TiO,—0.5
wt % RGO, (e) TiO,—1 wt % RGO, (f) TiO,—2 wt % RGO, (g)
TiO,—5 wt % RGO, (h) TiO,—8 wt % RGO, and (i) TiO,—10 wt %
RGO.

catalysts in the dark (see the experimental procedure) as
obtained by the UV—visible absorption measurement of the
corresponding samples. The result clearly shows that the dye
absorption increases with an increase in the amount of RGO in
the catalyst, which is associated with the increased surface area
of the catalyst as revealed in Table 2. Dye also may be absorbed
by 7—r interactions between the aromatic region of RGO and
the dye molecules.”

Figure 8B displays the photodegradation efficiencies of RhB
with different catalysts after 80 min of visible light exposure at
room temperature and ambient pressure. For comparison, the
photocatalytic activity of commercial TiO, (P25) is measured
under the same reaction conditions. Without the use of a
catalyst, the concentration of RhB changes only very slightly
(around 6% during 1 h exposure). A similar phenomenon is
displayed by RhB in the presence of RGO (not shown).
Therefore, RGO does not act as a photocatalyst independently.
However, in the presence of a TiO,—RGO nanocomposite
catalyst, photodegradation is remarkably enhanced. The
photocatalytic efficiency is maximized at the optimal RGO
content in the catalyst. The catalyst with a RGO-concentration
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of 2 wt % (TiO,—2 wt % RGO) shows the best catalytic
activity. After 80 min, 98.8% of RhB is photocatalytically
degraded by the catalyst. Further continuation of the
degradation experiment displays almost no absorption peak of
RhB at 553.5 nm (For more details, see Figure S2 in the
Supporting Information 3 and the explanation therein). The
TiO,—1 wt % RGO catalyst shows similar photocatalytic
activity. However, below this concentration (e.g, 0.5 wt % of
RGO), the catalytic activity is observed to decrease. The same
phenomenon was reported by Zhang et al** Notably, all
catalysts including the synthesized TiO, are photocatalytically
more active than conventional P25 for the degradation of RhB.
This observation is ascribed to the higher surface area (see
Table 2) of the synthesized TiO, and its nanocomposites with
RGO compared to P25. The explanation for the RGO-
concentration dependence of photocatalytic activity of the
nanocomposites is elucidated in the following. In the
nanocomposites, dye molecules are adsorbed by both
components TiO, and RGO. As confirmed by the BET surface
area measurement, the surface area of the synthesized TiO, and
its nanocomposites with RGO are higher than that of P2S.
Higher surface area promotes increased dye adsorption (see
Figure 8A). At the same time, some active sites of the catalyst
(TiO,) are disadvantageously occupied by RGO. This leads to a
decrease in the number of the active sites of the catalyst,
resulting in reduced photocatalytic activity. These two
competing factors are compromised with each other upon 2
wt % loading of RGO, at which the screening of active sites
counterbalances the effect of increased surface area. Therefore,
the nanocomposite of TiO,—2 wt % RGO shows the best
photocatalytic activity. On the other hand, below 1 wt %
concentration, the contribution of dye adsorption by RGO may
not be sufficiently high as compared to the case of TiO,—1 wt
% RGO composite. Therefore, the photocatalytic activity
decreases for reduced RGO loading below 1 wt %.

The photodegradation reaction of RhB with the catalysts
agrees well with the pseudo-first-order kinetics (considering the
first four points). An integrated rate equation is suggested as
follows: In(Cy/C,) = kt, where C, and C, are the initial
concentration and concentration at time ¢ of RhB and k is the
apparent degradation rate constant. Rate constants of the
degradation reaction for catalysts TiO,, TiO,—0.5 wt % RGO,
TiO,—1 wt % RGO, and TiO,~2 wt % RGO are 0.006, 0.021,
0.031, and 0.027 min~’, respectively. In contrast, the rate
constant for the commercial TiO,, P25, is 0.003 min~!. Unlike
the previously described TiO,-graphene composites, in which
only the anatase phase was synthesized, a mixture of both
anatase and rutile in our synthesized TiO, is more active than
the P25, which renders an enhanced photocatalytic activity with
an order of magnitude difference. Three reasons may account
for the enhanced catalytic activity of the TiO,—RGO
nanocomposites. First, composites with substantially enhanced
specific surface area can provide more active sites and adsorb
more reactive species. Second, due to its two-dimensional 7-
conjugation structure, RGO can act as an electron acceptor,
thereby allowing for the photoexcited electrons of TiO, in the
composites to be quickly transferred from the conduction band
of TiO, to RGO. This eventually decreases the rate of
recombination of the photogenerated electron—hole pairs,
which vyields an enhanced photocatalytic activity of the
composites.’® Lastly, the recombination of photogenerated
electron—hole pairs can be mitigated via accepting electrons by
surface hydroxyl groups in both TiO, and RGO. The
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mechanism of dye degradation mainly follows two
routes.”>*>*” The following section is devoted to the studies
of the mechanism of dye degradation.

TiO, can lose oxygen leading to the vacancy formation on
the surface as well as in bulk.’® Oxygen vacancies can also be
created in TiO, because of the doping of other elements such
as C, N, or F species to form the partially reduced product of
TiO, 4> In XPS discussion, it was proven that no carbon
doping occurred in TiO,. It also excludes the presence of Ti**
and Ti*". However, since the vacancy formation in TiO, is a
natural phenomenon, it is possible that the concentration of
Ti** and Ti** is too low to be detected by XPS measurement.
Oxygen vacancies can generate some localized states in TiO, 5
as much as 1.18 eV below its conductance band.* To verify this
phenomenon, photocatalytic degradation of benzoic acid (BA)
was carried out by TiO,—5 wt % RGO under visible light
irradiation. BA was chosen as it does not absorb in the visible
region (A, = 227.2 nm). The result was observed by the UV—
visible absorption spectra of the reaction mixture at different
time intervals during the degradation process (for more details,
see Figure S3 in the Supporting Information 4). It is evidently
shown that BA was degraded by the catalyst. This experimental
observation proves that RhB degradation occurs due to the
excitation of TiO,—RGO rather than the photoexcitation of the
dye, 224058

Following the above discussion, the proposed mechanism of
dye degradation is shown in Figure 9. By the visible light,

Figure 9. Schematic of proposed mechanism of Rhodamine B dye
degradation.

valence electrons of TiO, excited to the conduction band. RGO
can act as electron trap and the photogenerated electrons can
be transferred to the RGO.®° The trapped electrons on RGO
can react with the dissolved oxygen to form reactive oxygen
species.’’ In this way, electron—hole recombination rate
decreases. The photogenerated electrons on the TiO, surface
could also be trapped directly by the dissolved oxygen to form
reactive oxygen species, which react with water to give hydroxyl
radicals. The dye is then degraded by the hydroxyl groups. On
the other hand, holes on the valence band of TiO, react with
absorbed water or hydroxyl groups to form surface hydroxyl
radicals which then degrade dye. The holes can oxidize the dye
molecules directly. The main reactions are shown below.”**

TiO,/RGO 2% TiO,(K) — RGO(e")
RGO(e”) + O, — RGO + O,~
TiO,(h") + H,0/OH™ — TiO, + -OH
‘OH + RhB — degradation products
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B CONCLUSIONS

TiO,—RGO nanocomposites are synthesized by a simple and
environmentally benign one-step hydrothermal method. TiO,
is present in both anatase and rutile phases in the nano-
composites. The advantage of this method is that it does not
require toxic solvents or chemicals to reduce graphite oxide.
However, due to the mild synthesis conditions, graphite oxide
is not completely reduced as verified by the FTIR results.
Notably, TiO,—RGO nanocomposites show good photo-
catalytic activity toward the degradation of RhB dye under
irradiation of visible light. The photocatalytic activity increases
with decreasing concentrations of RGO in composites. The
best catalytic activity is observed with 2 wt % RGO, resulting in
RhB degradation of 98.8 wt % after 80 min under visible light.
In addition, TiO,—RGO nanocomposites exhibit an accelerated
value (k = 0.031 min™") of the degradation rate constant, which
is greater by an order of magnitude than that of P25 (k = 0.003
min~"). We anticipate that our green synthetic route to TiO,—
RGO nanocomposites will be beneficially utilized in applica-
tions for solar cells and energy storage devices.
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