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G
raphene is an attractive material
for fabricating graphene contain-
ing inorganic composites because

of its unique electronic property,1 high
transparency,2 flexible structure, and large
theoretical specific surface area.3 Several
methods have been used to synthesize
graphene, and one method consisting of
oxidization of graphite, subsequent exfolia-
tion, and reduction of graphite oxide, is
widely used.4�6 In most cases, partially oxi-
dized graphene is favorable for its tunable
optical, conductive, and chemical proper-
ties. Graphene oxide (GO) could be re-
garded as graphene functionalized by car-
boxylic acid, hydroxyl, and epoxide groups,7

and the properties of graphene are sensi-
tive to chemical doping, adsorbed or bound
species, and structure distortion.8 Generally
an electron energy gap could be opened by
oxidation of graphene,9 and the value of
the energy gap depends on oxidization de-
gree of graphene and species of oxygen
containing groups.9 It means GO could
change from conducting to insulating by
tuning the C/O ratios.9,10 Moreover,
graphene oxide has been found to be
either a p-type or n-type semiconductor.11,12

In addition, oxidation of graphene could
cause structure distortion of graphene.13

Therefore different oxidation degrees of
graphene would result in a diverse energy
gap and structure distortion, and then
cause different chemical properties of
graphene. Literatures show that decorating
inorganic materials with modified graphene
could enhance their electronic,3,10

electrocatalytic,4,14 and photocatalytic6,15

properties.
TiO2 has been widely studied in the

fields of energy conversion16,17 and pollut-

ant degradation18 owing to its effective-
ness, cheapness, and chemical stability. In
recent years much effort has been exerted
on constructing visible-light driven TiO2 be-
cause of its obvious merit on the solar en-
ergy utilization. Modifying TiO2 with a car-
bonaceous substance on the surface can
induce visible light responsive activity.19�21

Various types of carbon, such as graphitic or
coke-like carbon20,21 or carbonate structural
fragments bonding with titanium22 are pro-
posed as the origin of the visible light activ-
ity. Therefore, it can be inferred that or-
dered nanostructure carbonaceous
materials with tunable property could be
used to modify the TiO2 surface to contrive
visible-light responsive materials. If this can
be realized, it will facilitate explicit and sys-
tematic study on the mechanism of action
of carbon coated on the TiO2 surface.
Graphene and graphene oxide with tun-
able property shed new light on this. How-
ever, as far as we know, the reported litera-
tures about graphene or graphene
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ABSTRACT Graphene oxide/TiO2 composites were prepared by using TiCl3 and graphene oxide as reactants.

The concentration of graphene oxide in starting solution played an important role in photoelectronic and

photocatalytic performance of graphene oxide/TiO2 composites. Either a p-type or n-type semiconductor was

formed by graphene oxide in graphene oxide/TiO2 composites. These semiconductors could be excited by visible

light with wavelengths longer than 510 nm and acted as sensitizer in graphene oxide/TiO2 composites. Visible-

light driven photocatalytic performance of graphene oxide/TiO2 composites in degradation of methyl orange was

also studied. Crystalline quality and chemical states of carbon elements from graphene oxide in graphene oxide/

TiO2 composites depended on the concentration of graphene oxide in the starting solution. This study shows a

possible way to fabricate graphene oxide/semiconductor composites with different properties by using a tunable

semiconductor conductivity type of graphene oxide.

KEYWORDS: graphene oxide · titanium dioxide · p/n heterojunction · visible
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oxide/TiO2 composites only focus on photogenerated
electron transfer between TiO2 and graphene/graphene
oxide,6,23�25 Li-ion insertion/extraction,10 and effect of
graphene adsorption property on TiO2 photocatalytic
performance.6,26

There is still little work focusing on using tunable
chemical properties of graphene oxide to construct
graphene oxide/TiO2 composites (GOT) for visible light
driven photocatalytic or photoelectrochemical applica-
tion. Herein we synthesize GOT by using graphene ox-
ide and TiCl3 as reactants with different GO concentra-
tion in starting solution. Either p type or n type
semiconductor behavior has been observed for GO in
composites, which could act both as sensitizer and elec-
tron carrier. The composite is shown in Scheme 1. Exist-
ence of a p/n heterojunction in GOT has been found.
The effect of the starting solution compositions on
photoelectronic and photocatalytic activity of GOT has
been studied in detail.

RESULTS AND DISCUSSION
Characterization of GOT and GO. The self-assembly

method10 reported elsewhere with some modification
was used to prepare graphene oxide/TiO2 composites.
TiCl3 and graphene oxide were used as reactants. The
starting solution composition is known to play an im-
portant role in material property. Therefore, starting so-
lutions with different graphene oxide concentrations
were used during preparation of graphene oxide/TiO2

composites. The obtained composites were named

from GOT-A to GOT-E as the concentration of GO in
the starting solution increased. According to element
analysis, carbon element contents of GOT-A, GOT-B,
GOT-C, GOT-D, and GOT-E are 0.14, 0.15, 0.13, 0.25, and
0.51 wt %, respectively.

Atomic force microscopy (AFM) was used to ana-
lyze GO (Figure 1). The height of GO is about 0.8 nm
from cross sectional analysis (Figure 1b). This value is al-
most the same as the interlayer spacing (0.78 nm) of
GO measured by X-ray powder diffraction (XRD) (Sup-
porting Information Figure S1). These results suggest
that exfoliation of graphite oxide down to single-layer
sheets (GO) is successfully achieved.27,28 XRD patterns of
GOT-A, GOT-B, GOT-C, GOT-D, and GOT-E (Figure 2) sug-
gest pure anatase phase of TiO2 (JPCDS card: 73-1764).
Crystal sizes calculated with Scherer formula based on
the full width at half-maximum of the peak at 25.4° are
in the range from 6 to 8 nm.

Raman is a powerful tool to characterize the crystal-
line quality of carbon.8,29 The Raman spectrum of GO
(inset graph in Figure 3A) shows the presence of D, G,
and 2D bands at 1340, 1585, and 2701 cm�1, respec-
tively. G band is common to all sp2 carbon forms30 and
provides information on the in-plane vibration of sp2
bonded carbon atoms.31 The D band suggests the pres-
ence of sp3 defects.32 The 2D band, which originates
from a two-phonon double resonance Raman process,32

provides information on the stacking order33 of gra-

Scheme 1. Graphene oxide/TiO2 composites (GOT) with
graphene oxide existing as either n type or p type semicon-
ductor.

Figure 1. Tapping-mode AFM image of graphene oxide (a) and corresponding height profiles (b). The upper inset and lower
inset in graph b correspond to topography height profiles along the white line and green line in graph a, respectively.

Figure 2. XRD patterns of graphene oxide/TiO2 composites
(GOT).
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phitic sp2 materials. The intensity of D band is stron-
ger than that of G band and this indicates32 the pres-
ence of high density of defects and structural disorder
in GO. The shape of the 2D band is sensitive to the num-
ber of layers34 of graphene and chemical doping.35

Moreover, the weak and broad 2D band also suggests
the existence of disorder.36 When GO combines with
TiO2, the crystal structure of carbon changes obviously.
Magnified Raman spectra of GOT-A and GOT-B (Figure
3B) show weak D and G bands. The G bands shift up-
ward (25 cm�1), and humps between 1750 and 3200
cm�1 (Figure 3B) centering around 2500 cm�1 are also
observed. Although the center of these humps is differ-
ent from that of the 2D band of graphene oxide, we ten-
tatively ascribe these humps to 2D bands. It has been
reported that chemical doping could cause shift of 2D
band, however, the shift might not be so large, which is
smaller than that of G band.35,37 It is reported that stress
could cause larger peak shift of 2D band compared
with that of G band.37 Therefore, it can be inferred that
stress induced by TiO2 nanocrystals grown on surface
would result in the peak shift (around 200 cm�1). How-
ever, this conclusion does not exclude the contribution
of chemical doping on the peak shift. Raman spectra
of GOT-C, GOT-D, and GOT-E show D band and G band
around 1325 and 1600 cm�1, respectively. It can be seen
that D bands and G bands in GOT-C, GOT-D, and GOT-E
shift downward and upward compared with that of

GO, respectively. However, 2D bands could not be ob-
served. Different Raman spectra of GOT suggest differ-
ent crystalline qualities of carbon in GOT. In addition,
peaks around 144, 399, 513, and 639 cm�1 ascribed to
anatase TiO2

38 are also observed in Raman spectra of
GOT.

The high resolution-transmission electron micro-
scopy (HRTEM) image of GO shown in Figure 4a dis-
plays flake-like shapes of GO29 with wrinkles. The TEM
image of GO with high magnification (inset of Figure 4a)
confirms the disordered nature of GO as described else-
where.29 Selected area electron diffraction (SAED) pat-
terns of GOT-A and GOT-E show that crystal lattice
fringes observed in Figure 4b and Figure 4c originate
from anantase TiO2.

UV�vis diffuse reflectance spectra (DRS) of GOT
have been recorded (Figure 5) and converted into cor-
responding absorption spectra by using the
Kubelka�Munk function. The absorption edges of
GOT-A, GOT-B, GOT-C, GOT-D, and GOT-E are almost
the same and at around 400 nm, which are still in the ul-
traviolet light region. The corresponding band gap en-
ergy is about 3.1 eV. By comparing this band gap en-
ergy with that of P25 (3.2 eV),39 it can be found that GOT
composites do not show obvious band gap energy
narrowing.

The chemical state of elements in GOT has been ana-
lyzed by X-ray photoelectron spectroscopy (XPS), and

Figure 3. Raman spectra of (A) graphene oxide/TiO2 composites (GOT) and graphene oxide and (B) magnified Raman spec-
tra corresponding to the region marked with dash lines in graph A.

Figure 4. TEM images of graphene oxide and graphene oxide/TiO2 composites (GOT): (a) graphene oxide, (b) GOT-A, and (c) GOT-E.
The insets in graphs b and c show corresponding selected area electron diffraction patterns of GOT.
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the results are shown in Figure 6. The obtained data

were all calibrated by using contaminant carbon at

binding energy of 284.6 eV. No observable difference

in binding energies of Ti or O elements among GOT-A,

GOT-E, and P25 has been found (Supporting Informa-

tion S2). The C 1s XPS spectrum of GO shows two peaks

at 284.6 and 286.6 eV. The binding energy at 284.6 eV

could be either assigned to the adventitious carbon

contamination adsorbed from the ambient or assigned

to the C�C bond (sp2) of graphene.31,40 The peak at

286.6 eV is ascribed to C�O bond,23,31 and the O 1s XPS

spectrum of GO also suggests the existence of C�O

bond (Supporting Information S2), suggesting the exist-

ence of defects in GO. C 1s XPS spectra of GOT-A and

GOT-E show different chemical states of carbon com-

pared with that of GO. Two peaks (284.6 and 287.6 eV)

and three peaks (284.6, 287.3, and 291.8 eV) were found

for GOT-A and GOT-E, respectively. Peaks located at

binding energies of 287.3 and 287.6 eV could be as-

signed to the existence of CAO bond.41,42 It has been

reported that the peak at 291.8 eV could be ascribed to

the �¡�* satellite of the phenyl ring in the lubricant

piperonyl end group,43 one kind of oxygen modified

phenyl rings. It is known that graphene oxide is com-

posed of small aromatic conjugated domains modified

with carboxylic acid, hydroxyl, and epoxide groups.7

Therefore the peak at 291.8 eV suggests the existence
of a partially modified � structure in the sample GOT-E.

These results suggest that there is a great effect of start-

ing solution composition on the chemical states of car-

bon in GOT.

Photoelectrochemistry of GOT. Transient photocurrents

of GOT and P25 under irradiation with wavelength

longer than 510 nm, wavelength longer than 400 nm,

and full spectrum of light source have been analyzed

(Figure 7). When irradiated with wavelengths longer

than 510 nm, GOT-A, GOT-B, and GOT-C possess a ca-

thodic photocurrent (Figure 7A), which is the p-type

photoresponse.44 GOT-D and GOT-E possess anodic

photocurrent44 (Figure 7A), which is the n-type photo-

response. This phenomenon suggests different kinds of

semiconductor conductivity types of graphene oxide

Figure 5. UV�vis absorption spectra of graphene oxide/
TiO2 composites (GOT).

Figure 6. C 1s core-level XPS spectra of GO and graphene
oxide/TiO2 composites (GOT) GOT-A and GOT-E.

Figure 7. Transient photocurrents of graphene oxide/TiO2

composites (GOT) and P25 (A) irradiated with a wavelength
larger than 510 nm; (B) transient photocurrents of GOT-A,
GOT-E, and P25 under different kinds of irradiation with an
electrode potential of 0 V vs Ag/AgCl; (C) transient photo-
currents of GOT-A, GOT-E, and P25 under irradiation above
400 nm with different electrode potential vs Ag/AgCl.
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in GOT. In the following transient photocurrent tests,
GOT-A, GOT-B, and GOT-C show an almost similar be-
havior, while GOT-D and GOT-E show another similar
behavior. The results of GOT-A and GOT-E are represen-
tatively selected and shown in Figure 7B,C for the fol-
lowing discussion about GOT. When the irradiation
wavelength extended to the ultraviolet light region,
photocurrent conversion (Figure 7B) from cathodic to
anodic was found for GOT-A, and no photocurrent con-
version was found for GOT-E (Figure 7B). Wavelength
dependent photocurrent conversion of GOT-A suggests
formation of a p-n heterojunction.44,45

When GOT-A was illuminated with wavelengths
longer than 400 nm or full spectrum of light source, ca-
thodic sharp spike and anodic sharp spike appeared as
light was switched on and off, respectively. This phe-
nomenon suggests faster photocurrent generation ki-
netics of GO than that of TiO2. When the light was
switched on, the faster photoresponse of p-type GO
caused cathodic photocurrent. Then this photocurrent
was offset by anodic photocurrent generated by rela-
tive slow photoresponsive TiO2 with the time of illumi-
nation. It is a piece of evidence that the p-type GO pos-
sess an excellent hole conductivity, which might
facilitate the separation of carriers photogenerated by
GOT-A during photocatalytic reaction. When the light
was switched off, cathodic photocurrent due to p-type
GO could disappear faster than anodic photocurrent of
TiO2. Therefore an anodic overshoot was observed.

All kinds of GOT possess photocurrent direction con-
version as electrode potential ranges from �0.4 V to
�0.4 V vs Ag/AgCl (Figure 7C) when irradiated with
wavelengths longer than 400 nm. In this situation, the
existence of p/n heterojunction could be used to ex-
plain photocurrent direction conversion of GOT-A.44

However, this could not be the reason for photo-
current direction conversion of GOT-E. It can be in-
ferred that graphene oxide in GOT-E facilitates this photo-
current conversion. The work function of graphene has
been computed to be 4.42 eV,46 which signifies possible
electron transfer from the TiO2 conduction band to
graphene.3 No literature has reported the work func-
tion of graphene oxide as far as we know. Oxidative
treatment on carbon nanotubes, which could be seen
as rolled up graphene sheets with a nanoscale diam-
eter, is found to increase the work function of carbon
nanotubes.47 Therefore, we assume that graphene ox-
ide possesses a higher work function than graphene,
which makes it more possible for electrons to transfer
from TiO2 to graphene oxide. And graphene oxide has
been proven to accept photogenerated electrons of
TiO2.24 When GOT-E was irradiated, part of the photo-
generated electron of TiO2 would transfer from TiO2 to
graphene oxide. The existence of �-bands in GOT-E fa-
cilitates charge transfer along the � system48 either to
electrode or to solution. Application of a negative bias
as �0.4 V vs Ag/AgCl electrode potential would prevent

electron transfer from GOT-E to the electrode, but facili-
tate electron transfer from GOT-E to solution. There-
fore, cathodic photocurrent could be observed, as
shown in Figure 7C.

Considering the self-assembly synthesis method
used in this study,10 TiCl3 on the surface of graphene ox-
ide is considered to undergo TiO2 crystalline formation
and crystalline growth processes. The scheme of reac-
tion has been illustrated elsewhere.10 It is reported that
depositing metal oxides on graphene followed by an-
nealing could induce defects and stress37 to graphene
and then change the chemical properties of graphene.
GO is structurally seen as an atomically thin layer, al-
most similar to that of graphene. We infer that TiO2

nanocrystals grown on the GO surface could also cause
stress to GO. When the concentration of GO in the start-
ing solution varies, the amount of TiO2 nanocrystals
grown on the surface of GO might change and the
stress induced by TiO2 to GO might change. The electri-
cal and optical properties of GO are reported to de-
pend on its chemical and atomic structure,36 therefore
it is inferred that the chemical property of GOT varies as
the concentration of GO in the starting solution varies,
and the variation of the chemical property might be the
reason why semiconducting properties of GOT-A and
GOT-E are different. Different Raman, XPS, and the fol-
lowing photocatalytic activity analysis results between
GOT-A and GOT-E also prove the chemical property
variation.

Photocatalytic Activity of GOT. Photocatalytic activity of

GOT in decolorization of MO under irradiation above

400 nm (Figure 8) has been studied. It can be seen that

visible-light photocatalytic performance of GOT and

P25 decreases in the order GOT-A � GOT-B � GOT-C

� GOT-D � P25 � GOT-E, and GOT-E possesses the

best adsorption performance. When GOT complexes

were irradiated by light longer than 400 nm, both TiO2

and semiconductor formed by GO could be excited. Al-

though P25 possesses the largest photocurrent com-

pared to GOT (Figure 7B), the photocatalytic perfor-

Figure 8. Degradation of methyl orange with graphene ox-
ide/TiO2 composites (GOT) and P25 (curves with open sym-
bols) under irradiation above 400 nm and adsorption of
methyl orange on GOT (curves with solid symbols) without
irradiation (1 g/L of catalyst, 12 mg/L methyl orange).
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mance was smaller than that of GOT-A, GOT-B, and

GOT-C. Therefore it is inferred that the semiconductor

formed by GO with a band gap narrower than 2.43 eV

in GOT (Figure 7A) plays an important role in the visible-

light photocatalytic performance of GOT. The band

gap was calculated based on the irradiation wavelength

(longer than 510 nm). The p-type semiconductor

formed by GO in GOT-A, GOT-B, and GOT-C might act

as a sensitizer and enhance the photocatalytic perfor-

mance of GOT-A, GOT-B, and GOT-C. Although an

n-type semiconductor was formed by GO in GOT-D

and GOT-E (Figure 7A), the photocurrent generated

was negligible, and this sensitizer would not obviously

enhance the visible-light photocatalytic performance of

TiO2. The results suggest a great effect of starting solu-

tion compositions during catalyst preparation on the

photocatalytic performance of GOT.

CONCLUSION
Different kinds of semiconductor formed by

graphene oxide (GO) in graphene oxide/TiO2 compos-
ites (GOT) were synthesized in this study. These semi-
conductors formed by GO possessed band gap energies
narrower than 2.43 eV. When GO formed a p-type semi-
conductor, a p/n heterojunction could be clearly ob-
served. Photocatalytic activity tests showed that the
semiconductors formed by GO on the surface of GOT
could act as a sensitizer and enhance the visible-light
photocatalytic performance of GOT. The fabrication of
GOT with different kinds of sensitizers could be simply
realized by changing the GO concentration in the start-
ing solution during preparation of GOT. Although only
TiO2 is used in this study to form composites with
graphene oxide, this study suggests the possibility for
fabrication of hybrid semiconductors with graphene ox-
ide and semiconductors.

METHODS
Synthesis of Graphene Oxide. Graphene oxide was synthesized

from oxidation of graphite by using the Hummers method,49

and 0.5 g of graphite is used as reactant during the synthesis of
graphene oxide. The obtained graphite oxide was then dis-
persed in 500 mL of water and exfoliated by using a JY92-2D ul-
trasonic crasher (Ningbo Scientz Biotechnology Co. Ltd.) (400
W) for 40 min. Unexfoliated graphite oxide in suspension after ul-
trasonication was removed by using 15 min centrifugation at
3000 rpm. The obtained suspension with graphene oxide (1.3
g/L) was then used for the following synthesis of graphene ox-
ide/TiO2composites.

Synthesis of Graphene Oxide/TiO2 Composites. Graphene oxide/TiO2

composites were synthesized by using the self-assembly method
reported by Wang et al. with some modification.10 The synthesis
method can be described as follows: graphene oxide (1.3 g/L)
was diluted by water, then sodium dodecylsulfate (SDS, 0.05
mol/L) was added into the graphene oxide-containing solution.
The amount of graphene oxide, water, and sodium dodecysul-
fate in the mixture for different kinds of graphene oxide/TiO2

composites were listed in Table 1. Then 50 mL of TiCl3 (0.12
mol/L) was added to the suspension under modest stirring. Sub-
sequently the suspension solution was stirred for another 1 h.
Then 10 mL of Na2SO4 (0.6 M) and 5 mL of H2O2 (1 wt %) were
added to the solution in sequence. The obtained suspension so-
lution was then stirred at 90 °C for 16 h. The precipitates were
separated, washed with water and ethanol, dried at 70 °C, and
then calcined in air at 400 °C with a heating rate of 5 K/min for
2 h. Then the obtained composites were treated with a cleaning
process involving three cycles of centrifugation/washing/redis-
persion in water and dried at 70 °C in air.

GOT Characterization. The AFM images were obtained by using
a NanoscopeIIIa scanning probe microscope (Digital Instru-
ments, Santa Barbara, CA, USA) on a new cleaved mica surface
in tapping mode in air. X-ray diffraction patterns were measured
on a Rigaku D/Max-2200/PC X-ray diffractometer. Raman spec-
tra were detected using a LabRam-1B Raman microspectro-

meter at 632.8 nm (Horiba Jobin Yvon, France). The morphol-
ogy and structure were observed by a JEM-2100F high
resolution-transmission electron microscope (HRTEM) (JEOL) op-
erated at 200 kV. The point resolution of HRTEM is 0.19 nm.
X-ray photoelectron spectroscopy measurements were carried
out on a RBD upgraded PHI-5000C ESCA system (Perkin-Elmer).
UV�vis diffuse reflectance spectra were measured on a TU-1901
UV�vis spectrophotometer (Beijing Purkinje General Instru-
ment Co., Ltd., China). The carbon element contents were re-
corded by a Vario EL III elemental analyzer (Elementar, Germany).
Photoelectrochemical test systems were composed of an CHI
600D Electrochemistry potentiostat, a 500 W xenon lamp with
or without cutoff filters (� � 400 nm or � � 510 nm), and a
homemade three-electrode cell using platinum as counter elec-
trode, Ag/AgCl as reference electrode, and Na2SO4 (0.5 M) as
electrolyte. GOT and P25 electrodes were prepared by deposit-
ing suspensions made of GOT or P25 and absolute ethanol (con-
centration of GOT or P25 is 100 g/L) onto fluorine-doped tin
oxide-coated glass (FTO) using the doctor-blade coating method
with a glass rod and scotch tape as a frame and spacer, respec-
tively. Electrodes were dried and then calcined at 300 °C for 2 h.
During measurements, the electrodes were pressed against an
O-ring of an electrochemical cell with a working area of 3.14 cm2.

Photocatalytic Activity. Visible-light photocatalytic activity of
GOT and P25 was evaluated by degradation of methyl orange.
The optical system for the test consists of a 1000 W xenon lamp
and a cutoff filter (� � 400 nm). In a typical test for MO degrada-
tion, 0.05 g of catalyst powder was added into 50 mL of methyl
orange solution (12 mg/L). The suspension was then treated with
ultrasonic waves for 5 min and stirred in the dark for 15 min.
Then the suspension was placed under visible-light irradiation,
and samples were taken, separated, and analyzed at regular time
intervals with a UNICO UV-2102 spectrometer at 464 nm. The
control experiment without irradiation was also conducted in or-
der to test the adsorption performance of the catalyst.

Acknowledgment. This work is financially supported by Sate
Key Laboratory of Urban Water Resource and Environment, Har-
bin Institute of Technology (No. QAK201101) and National Natu-
ral Science Foundation of China (No. 20907031). The authors
are grateful to Limin Sun of the Instrumental Analysis Center of
Shanghai Jiao Tong University for AFM measurements and Wen-
feng Shangguan of School of Environmental Science and Engi-
neering, Shanghai Jiao Tong University for DRS measurements.

Supporting Information Available: XRD pattern of GO, Ti 2p
core-level XPS spectra of GOT-A, GOT-E, and P25, O 1s core-

TABLE 1. Amount of GO, SDS, and H2O Added in Starting
Solution for Preparation of GOT

GOT GOT-A GOT-B GOT-C GOT-D GOT-E

GO (mL) 1.85 3.7 7.4 18.5 37
SDS (mL) 0.11 0.22 0.44 1.10 2.20
H2O (mL) 71.88 69.92 66 54.24 34.64
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level XPS spectra of GOT-A, GOT-E, P25, and GO. This material is
available free of charge via the Internet at http://pubs.acs.org.
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