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H
eterogeneous photocatalytic oxida-
tion of organic compounds by tita-
nium dioxide (TiO2) has received

much attention as a promising technology
for pollution remediation due to strong UV
light absorption, strong oxidation property,
and excellent photostability of TiO2. The
efficiency of the photocatalytic process is
measured by quantum yield (φ), which is
defined as the number of events occurring
per photon absorbed.1 In an ideal system, φ
is proportional to a simple relationship:

φ� kCT=(kCT þ kR)

where kCT is the rate of the charge transfer
processes and kR indicates the electron�
hole recombination rate (both bulk and
surface). The above equation reveals that
preventing the electron�hole recombina-
tion of TiO2 under illumination would be
critical for improvement of the quantum
yield, and a plausible way is to combine
the semiconductor with some electron
acceptors.2 Among them, graphene (GR)
has been confirmed to be a good candidate
to form the composites with TiO2 as the
photocatalyst.3

Since isolated in 2004,4 graphene had
captured the attention of scientists because it
is oneof the thinnest andstrongestmaterials in
the world. Furthermore, GR is highly transpar-
ent, possesses high electrical and thermal con-
ductivity, and has a large specific surface
area.5�7 Owning to these superior properties,
GR and its composites have been extensively
investigated for a variety of applications includ-
ing supercapacitors,8�10 fuel cells,11 batteries,12

catalysis,13,14 photovoltaics,15,16 chemical
and biosensors,17�21 photonics,22 and opto-
electronics.23

Graphdiyne (GD), another 2D carbon allo-
trope that contains both sp and sp2 carbon
atoms, was predicted by Baughman in
1997.24 Li and co-workers successfully syn-
thesized large-area graphdiyne films on the
surface of copper via a cross-coupling reac-
tion using hexaethynylbenzene precursors
in 2010.25 The resultant GD showed semi-
conducting property with a measured con-
ductivity of 2.516 � 10�4 S/m and was
predicted to be the most stable structure
among various diacetylenic non-natural car-
bon allotropes because of the dialkyne
between the benzene rings.26 Also, Malko
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ABSTRACT The chemical structure and electronic properties of two-dimensional (2D) carbon-supported TiO2,

TiO2�graphdiyne, and TiO2�graphene composites have been studied by first-principles density functional theory.

Calculation results show that TiO2(001)�graphdiyne composites possess superior charge separation and oxidation

properties, having the longest lifetimes of photoexcited carriers among all of the 2D composites containing TiO2 of

different facets. Our experimental results further proved that TiO2(001)�graphdiyne composites could be a

promising photocatalyst. For photocatalytic degradation of methylene blue, the rate constant of the TiO2(001)�
graphdiyne composite is 1.63 ( 0.15 times that of the pure TiO2(001) and 1.27 ( 0.12 times that of the

TiO2(001)�graphene composite.
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predicted that some GD allotropes, which do not
have hexagonal symmetry and two self-doped non-
equivalent distorted Dirac cones, could possess elec-
tronic properties superior to that of graphene.27 How-
ever, these reports are purely based on the theoretical
prediction without sufficient experimental support.
Density functional theory (DFT) calculations pre-

dicted that graphdiyne is a narrow direct band gap
material. Remarkably, the calculated intrinsic charge
mobility of a graphdiyne sheet is up to 105 cm2 V�1 s�1

at room temperature in some allotropes,28 which is
similar to the value of graphene.29,30 Such a high
change mobility suggests that GD should have excel-
lent electron transport property, which may be utilized
in the composites to improve the photocatalytic per-
formance of TiO2. This hypothesis was partially con-
firmed by our previous work that the P25�GD
nanocomposite gave a good catalysis performance.31

Nevertheless, understanding the charge transfer me-
chanism at the interface of TiO2 and graphdiyne was
found to be difficult due to the complicated phases
and facets of the loaded P25 samples.
In this article, DFT calculation is employed to inves-

tigate charge transfer actions between 2D carbon
materials and anatase TiO2 of different crystal facets.
The surface free energies of anatase TiO2 crystals with
different facets can vary significantly32,33 because of
the distinctive surface atomic arrangements. In gen-
eral, {001} and {110} facets of anatase TiO2 have high
surface energy34,35 compared with the most com-
monly obtained {101} facets.36 Herein, we chose the
aforementioned three anatase TiO2 facets to compo-
site with GD and GR, respectively. For DFT calculation,
the supercells of six composites were built and geo-
metrically optimized. The results of calculation and
experiment show that the TiO2(001)�GD has the most
effective charge separation capacity, the most abun-
dant impurity levels, and the highest oxidation ability,
exhibiting an oxidative degradation rate constant of
1.63 times that of pure TiO2(001) and 1.27 times that of
TiO2(001)�GR composites.

RESULTS AND DISCUSSION

The density functional theory (DFT) employing a
Dmol3 code was used to calculate the electronic
structure of different types of 2D TiO2�carbon compo-
site materials. The supercells of six composites (defined
as TiO2(001)�GD, TiO2(101)�GD, TiO2(110)�GD, TiO2-
(001)�GR, TiO2(101)�GR, and TiO2(110)�GR) were built,
and the optimized structures are shown in Figure S1 of
the Supporting Information. For TiO2(101)�GR and
TiO2(110)�GR composites, the equilibrium distances be-
tween graphene and TiO2 are so large that even the
nearest C atoms were as far as 3.185 and 3.34 Å to the
TiO2 planes, indicating the weak interaction between GR
and the TiO2 surface. For TiO2(101)�GD, TiO2(110)�GD,
and TiO2(001)�GR composites, thanks to the strong

adsorption between carbon atoms and the TiO2

support,37 numbers of new C�O bonds are formed
fromO in TiO2 and atop C in GD or GR. Especially for the
TiO2(001)�GD composite, besides C�O bonds, the
new Ti�C bonds are also obtained. Those new bonds
demonstrated the chemisorbed situation between
TiO2 and GD or GR.38 In the case of GR, only chemical
bond formation with {001} facets could occur; how-
ever, more active GD could be chemisorbed with every
facets of TiO2, giving rise to strong electron hybridiza-
tion. The calculated results also indicate that the short-
est C�O bond (ca. 1.354�1.433 Å) is formed in the
TiO2(001)�GD system among the entire composites,
suggesting the strongest C�O bond formation com-
pared to the other five composites (Table S1).
In detail, the formation of C�O�Ti and C�Ti bonds

can be observed by the electron density differences
(Figure 1a,b). For the TiO2(001)�GR composite, the
C�O σ bond is formed by O and atop C atoms, which
plays a bridge role in the charge transfer at the interface
between TiO2 and GR. Moreover, for the TiO2(001)�GD
composite, besides the C�O bond, another Ti�C π
bond is also formed (top right pictures in Figure 1a).
This particular bond would make TiO2 anchor to the GD
layer tightly, which is beneficial for the charge transfer.
The bonding formation can also be observed from the
experimental results of X-ray photoelectron spectro-
scopy (XPS) and Fourier transform infrared (FTIR)
spectra in the following discussion (Figure 2d and
Figure S4).
To further demonstrate the charge transfer ability,

we calculated the Mulliken charge for the surface of
TiO2(001)�GD and TiO2(001)�GR (Figure 1c). It can be
seen that the GD or GR surface has a positive Mulliken
charge, forming a large opposite interface dipole at the
interface,39,40 leading to a strong built-in electric field
throughout the superlattice. In this case, with light
excitation, the tendency of electron transport to carbon
would be high, prolonging the holes' lifetime at the
valence bandof TiO2. This feature suppresses the charge
recombination and thus improves the photocatalytic
activity. Since themagnitude of charge accumulation in
GD is larger than the GR surface, stronger electrons'
capture ability of TiO2(001)�GD composites could be
expected compared to TiO2(001)�GR composites.
Because the {001} facets possess the strongest bond

formation with carbon materials, we chose TiO2 with
exposed {001} facets in the following experiments to
verify the calculation results. In a typical experiment,
the anatase TiO2 nanosheets with exposed {001}
facets were synthesized by a hydrothermal method
according to Lou's report.41 Scanning electron micro-
scopy (SEM) images confirm that the sample contains
very large carpet-like structures with a side length of
several micrometers and a thickness of ca. 30 nm
(Figure S3a). These 2D structures are formed via the
lateral aggregation of smaller TiO2 nanosheets. The
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transmission electronmicroscopy (TEM) images further
confirm the morphology characteristics of nanosheets,
and the highly symmetric selected area electron dif-
fraction (SAED) pattern can be indexed as [001] zone
(Figure S3b,d).42 In addition, the high-resolution TEM
(HR-TEM) image clearly shows the continuous (100)
atomic planes with a lattice spacing of ca. 3.7 Å,
corresponding to the {100} planes of anatase TiO2

single crystals (Figure S3c).43 The X-ray diffraction
(XRD) patterns of the products are presented in
Figure 2c. All of the identified peaks can be unambigu-
ously assigned to anatase TiO2 (JCPDS card no. 21-1272;

space group I41/amd; a0 = 3.7852 Å, c0 = 9.5139 Å). The
Raman spectrumalso shows the typical peaks of anatase
phasewithout any rutile phase, and the typical vibration
of GD and GR can also be distinguished from their
composites (Figure S4).
A series of TiO2(001)�GD and TiO2(001)�GR com-

posites with different ratios of GD or GR to TiO2 are
obtained by a simple hydrothermal treatment of the
2D TiO2 and 2DGDor 2DGR in amixture of ethanol and
water. No typical XRD diffraction peaks of GR and GD
could be observed from the composite samples
(Figure 2c), which is reasonable because the sharp

Figure 1. Plots of electron density difference at the composites interfaces: (a) TiO2(001)�GD, (b) TiO2(001)�GR. Isosurface
values for electron density difference plots are �0.08 and 0.08 e/Å3, where the accumulation and depletion of electrons are
represented in blue and yellow, respectively. (c) Mulliken charge of GD or GR surface in the composites.

Figure 2. HR-TEM images of (a) TiO2(001)�GD and (b) TiO2(001)�GR composites. (c) XRD pattern of different materials.
(d) C 1s XPS spectra of TiO2(001)�GD and TiO2(001)�GR.
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peak of anatase TiO2 shielded the main characteristic
peak of GR and GD.31 Figure 2a,b shows the HR-TEM
images of the TiO2(001)�GD and TiO2(001)�GR com-
posites, respectively. The revealed lattice fringes are
assigned to the TiO2 nanosheets, and the amorphous
morphology is attributed to graphdiyne (Figure 2a).
Also, the few curving fringes correspond to the few-
layer graphene (Figure 2b). Figure 2a,b indicates a
perfect connection between TiO2 and 2D carbon
sheets. It should be noted that such connections are
not only the physical attachment but also the chemical
bonding. The high-resolution C 1s XPS spectra of the
composites (Figure 2d) reveal that the carbonmaterials
are successfully bound with TiO2. The C 1s XPS spec-
trum of TiO2(001)�GR indicates the presence of three
types of carbonbonds at 284.9, 286.4, and 288.8 eV that
can be assigned to a C 1s orbital of C�C, C�O, and
O�CdO, respectively.44 Notably, an additional peak at
284.1 eV is discerned from the spectrum of TiO2(001)�
GD, corresponding to the presence of a Ti�C bond in
the TiO2(001)�GD sample.45 Besides, the C�C bond
could be fitted to C�C(sp) and C�C(sp2) located at
285.2 and 284.5 eV, respectively, which is ascribed to
the benzene rings' similar structure by diacetylenic
linkages in GD.25 These results are also supported by
the DFT calculation results (Figure 1).
The C�O�Ti bond formation is also explored by FTIR

spectroscopy (Figure S5). For both TiO2(001)�GD and
TiO2(001)�GR, the broad absorption at ca. 500 cm�1

represents the Ti�O�Ti stretching vibrations,46 while the
new bands near 1150 cm�1 are assigned to the Ti�O�C
stretching modes.47 The DFT simulation also matches the
characterization results perfectly (Figure 1a,b).
The above theoretical calculations and structural

characterizations suggest that TiO2(001)�carbon
bonds have superior charge transport properties that
would enhance the photocatalytic activity. The photo-
catalytic degradation ofmethylene blue (MB) is used as
a model system to validate this prediction (Figure 3).
The normalized temporal concentration change (C/C0)
of MB during the photocatalytic degradation experi-
ment is found to be proportional to the normalized
maximum absorbance (A/A0), which is derived from
the changes in the dye's absorption profile (λ =
663 nm) at a given time interval.
It is found that the degradation efficiency is depen-

dent on GD or GR loading in the composite (Table 1).
According to a previous report,48 the decomposition of
dye could be assigned to a pseudo-first-order kinetics
reaction with a simplified Langmuir�Hinshelwood
model when C0 is low.

49 That is

ln(C0=C) ¼ kt

where k is the apparent first-order rate constant. For
the pure TiO2(001), the obtained k value is estimated to
be 0.0152 min�1. While for a TiO2(001)�GD composite
of 0.4 wt % GD, k is highest and up to 0.0247 min�1,

which is 1.62 times that obtained from the pure TiO2-
(001). For the TiO2(001)�GR composites, a weight ratio
of 0.6% GR loading gives the highest rate constant of
0.0195 min�1, 1.28 times that of pure TiO2(001). For all
of the cases investigated, the 2D carbon-based TiO2

composite shows higher photocatalytic efficiencies
than that of the pure TiO2 nanosheets, which should
be attributed to the synergetic charge transfer effect of
the composites. The effect of GD andGR loading on the
performance of the resultant composites would be
explained based on the balance between the benefit
of synergetic charge transport and reduced light utili-
zation efficiency. Because both GD and GR of strong
light absorbance reduce the light utilization efficiency,
excess amount of GD or GR loading would overwhelm
the benefit of synergetic charge transport, resulting in
a decreased efficiency. The lower GD loading to reach
such a critical point is because the GD is relatively
thicker and difficult to be dispersed than that of GR.25

Meanwhile, considering that all three samples have
similar specific surface areas (Figure S6), the higher dye
absorption amount of the TiO2(001)�GDand TiO2(001)�
GRcomposites is attributed to theπ�π stackingbetween
dye molecules and 2D carbon sheets. Interestingly, in
comparison of TiO2(001)�GD and TiO2(001)�GR com-
posites, the GR composite shows the better adsorptivity
because of the largeπ-conjugation structures (Figure S6),
whereas the GD composite performs better in the follow-
ing photodegradation process, which should be attrib-
uted to its electronic properties. In detail, the excellent
photocatalytic activity of the TiO2(001)�GD composites
could be ascribed to the following reasons.

Figure 3. Photocatalytic degradation of MB over TiO2(001),
TiO2(001)�GD, TiO2(001)�GR composites, and the blank ex-
periment (without any photocatalyst).

TABLE 1. Photocatalytic Degradation Reaction Kinetics

over TiO2 Nanosheets with Different GD and GR Loading

Content

loading (wt %) 0 0.2 0.4 0.6 0.8

k/10�2 min�1 GD 1.52 2.24 2.47 2.34 2.30
GR 1.52 1.58 1.66 1.95 1.65
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TiO2�GD Composites Possess Improved Charge Separation
Ability. In the TiO2�carbon composite materials, the
photogenerated electrons from TiO2 can be captured
by the π-conjugated structure of carbon via a percola-
tion mechanism. Hence, both GD and GR act as the
electron acceptors in the TiO2�carbon system, effec-
tively suppressing the charge recombination and leav-
ing more holes to form reactive species that promote
the degradation of dyes. On the basis of analysis with
DFT method and XPS (Figures 1 and 2), the GD has the
strongest bonding and the largest dipole with the
{001} facet of TiO2, which is able to promote the
charge separation, retard the recombination, and in-
crease the photocatalytic ability.

TiO2�GD Composites Possess Abundant Impurity Levels. To
gain insight into the electronic structure of composites,

the band structures and partial density of states (PDOS)

of the six TiO2�carbon composites are illustrated in
Figure 4 and Figure S2.

Figure S2 shows that there are no isolated energy
levels in the band gap of TiO2(101)�GR or TiO2(110)�GR
composites. While due to the strong hybridization and
bond formation, many isolated energy levels localized
between the valence band maximum (VBM) and con-
duction bandminimum (CBM) can be discerned for both
TiO2(001)�GR and TiO2(001)�GD composites (Figure 4
and Figure S2).50 According to the electron energy band
structure theory, the impurity levels near the VBMbelong
to p-type doping, while those close to the CBM are
considered as n-type doping. Attributing the hole and
electron as the donor for the p-type and n-type doping,
respectively, we can deduce from Figures 4 and S1 that
both positive and negative charges are introduced into
the composites. Carbon atoms are reported to show

Figure 4. Band structure and partial density of states (PDOS) for the composites. Band structures of (a) TiO2(001)�GD and (b)
TiO2(001)�GR. PDOSof (b) TiO2(001)�GDand (d) TiO2(001)�GR. The Fermi level is set to zero. The red lines represent the CBM
and VBM position of the composites.

Figure 5. (a) XPS VB spectra and (b) CB, VB position of different composites. TiO2�GD composites always have lower VB
positions with respect to TiO2�GR composites.
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different valences of the (�2,þ4) prices51,52 when GD or
GR is mixed with TiO2. In this case, the impurity level is
independent and it is not recombined, resulting in the
electron transfer from VBM to an isolated energy level or
from an isolated energy level to CBMmore easily. Mean-
while, with these isolated levels, the electrons are more
difficult to fall back from CB to VBM, which retards the
corresponding recombination.53 The electronic excita-
tion energy from the occupied isolated energy levels to
the CBM is also smaller than the energy from the VBM to
CBM, which makes the electrons excited more easily.
Here, we conclude that, because GD introduces the
impurity levels to TiO2 more easily, while GR can only
reactwith the TiO2(001) facet, GD canbe considered as a
better material for property modification compared
with GR. Furthermore, the (001) facet of TiO2 is the
active facet so that it is easier to bemodified byGR. Also,
the TiO2(001)�GD composites have the most impurity
levels among all of the composites (Figures S2 and
Figure 4), so there aremoredonor andacceptor impurity
levels for the electrons and the recombination will be
prevented more efficiently.

It is noted that, for all TiO2�GD composites, the
valence band is formed by the hybrid of C 2p and O 2p
orbitals. The shallow impurity level that is close to the
VBM of the composites is obtained by the O 2p orbital
and C 2p orbital, while the deep impurity level ismainly
constituted by the C 2p orbital. As a comparison, for the
TiO2(001)�GR composites, the valence band is also
formed by the hybrid of C 2p and O 2p orbitals, but
both the shallow and deep impurity states only origi-
nate from C 2p electrons (Figure 4 and Figure S2). In
both TiO2(001)�GD and TiO2(001)�GR composites,
continuum states near the VBM are formed rather than
an isolated state, which can benefit enhancing the
lifetime of the photoexcited carriers.54 The magnitude
of PDOS of the continuum states of TiO2(001)�GD is

stronger than that of TiO2(001)�GR, revealing that the
lifetime of the photoexcited carriers in TiO2(001)�GD is
longer than that in TiO2(001)�GR.

TiO2�GD Composites Possess Higher Oxidation Ability. X-ray
photoelectron valence band spectra (Figure 5a)
show that the VB maxima of all three materials have
some differences. The VB values of pure TiO2(001) are
ca. 1.95 eV lower than the Fermi level, which is consistent
with the former report.55,56 For the TiO2(001)�GD and
TiO2(001)�GR, theVBvalues are ca.1.62and1.88eV lower
than their Fermi levels, respectively, which are similar to
the simulation results (Table 2). We also identify the
valence band position of the composites by analyzing
their band structure and the partial density of states in
Figure 4, Figure 5, and Figure S2. The calculation results
based on Figure 4 and Figure 5 show that, accompanying
the shift of the Fermi level, the valence band positions
for the TiO2(101)�GD, TiO2(110)�GD, TiO2(001)�GD,
TiO2(101)�GR, TiO2(110)�GR, and TiO2(001)�GR compo-
sites are�7.64,�6.75,�6.85,�6.04,�5.62, and�6.63 eV,
respectively. It proves that the TiO2�GD composites al-
ways have the lower VB positions with respect to the
corresponding TiO2�GR composites. The more negative
VB values would have higher oxidation ability.57 In other
words, compared to TiO2�GR composites, TiO2�GD
composites always show higher oxidation ability, which
leads to a higher photodegradation performance.

CONCLUSION

In conclusion, the chemical structure and electronic
properties of TiO2�GD and TiO2�GR composites with
different TiO2 facets are calculated by first-principles
density functional theory. The results disclose that the
TiO2(001)�GD composite exhibits the most outstand-
ing performance in rich electronic structure, charge
separation, and the oxidation ability compared with
pure TiO2(001) or TiO2(001)�GR composite, which
makes it an excellent photocatalyst candidate with
high efficiency. Our experiment further confirms the
theoretical prediction that the TiO2(001)�GD compo-
site shows the highest photocatalysis performance
compared with other 2D carbon-based TiO2 compo-
sites, even including TiO2(001)�GR. As a result, we can
expect that graphdiyne will become a superb compe-
titor among the different types of 2D carbon materials
in the applications of photocatalysis and photovoltaics.

METHODS

Reagents. Titanium isopropoxide was purchased from J&K
Company. HF (>48%) was purchased from Aladdin Reagent
Company. Flake graphite with 4 μm average particle diameter
was purchased from Qingdao Tianhe Graphite Co. Ltd., China.
Unless otherwise specified, MB and other reagents and materi-
als were obtained commercially from the Beijing Chemical
Reagent Plant (Beijing, China) and used as received without

further purification. The experiments were carried out at room
temperature and humidity.

Synthesis of TiO2 with (001) Facets Exposed. TiO2wassynthesizedby
following Lou's method.41 Briefly, 3 mL of 48%HFwas slowly added
into10mLof titaniumisopropoxide ina100mLTeflon-linedstainless
steel autoclave undermild stirring, and then it was heated at 180 �C
for 24 h. After being cooled naturally to room temperature, the
white productwas harvested andwashed thoroughlywith DIwater
and ethanol by filtration, which was then dried at 60 �C overnight.

TABLE 2. Calculated Fermi Energy and VB and CB Positions

of the TiO2(001)�GD or TiO2(001)�GR Composites

EFermi (eV) ΔEcalcd/exptl (eV) VBa (eV) CB (eV)

TiO2(001)�GD �5.19 1.66/1.62 �6.85 �5.08
TiO2(001)�GR �4.82 1.81/1.88 �6.63 �5.03

a VB = EFermi� Ecalcd/exptl; Eexptl is the value between VB and Fermi level from the
XPS data.
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Synthesis of Graphene Oxide (GO). GO was synthesized from
flake graphite by a modified Hummer's method.15 Briefly,
graphite powder (5 g) and NaNO3 (3.75 g) were placed in a
flask. Then, concentrated H2SO4 (375mL)was added slowlywith
stirring in an ice�water bath. KMnO4 (22.5 g) was added
gradually under stirring over 1 h, and the mixture was kept
stirring for another 2 h. After stirring vigorously for 5 days at
room temperature, the mixture was stirred at 35 �C for 2 h and
then diluted with 5 wt % H2SO4 aqueous solution (700 mL) over
1 h. After being stirred at 98 �C for 2 h, when the temperature
was reduced to 60 �C, 30 wt % H2O2 (30 mL) was added and the
mixture was stirred for 2 h at room temperature. The mixture
was centrifuged andwashedwith an aqueous solution of 3wt%
H2SO4/0.5 wt % H2O2 (2 L) 15 times. Then the precipitate was
washed with 3 wt % HCl (2 L) aqueous solution by a similar
procedure and once using H2O (2 L). After adding another 2 L of
deionized water and dispersing the solid using vigorous stirring
and bath ultrasonication for 30 min, the final water solution was
treated with a weak basic ion-exchange resin to remove the
remainingHCl. The final solutionwas concentrated to7.5mgmL�1.

Synthesis of GD25. GD was synthesized on the surface of
copper via a cross-coupling reaction using hexaethynylbenzene
as the precursors. In brief, themonomer of hexaethynylbenzene
was synthesized in good yield (62%) by addition of tetrabuty-
lammonium fluoride (TBAF) to a THF solution of hexakis-
[(trimethylsilyl)ethynyl]benzene for 10 min at 8 �C. The GD was
successfully grownon the surfaceof copper foil in thepresenceof
pyridine by a cross-coupling reaction of the monomer of hex-
aethynylbenzene for 72 h at 60 �C under a nitrogen atmosphere.
In the process of forming GD, the copper foil was not only the
catalyst for the cross-coupling reaction but also the substrate for
the growing GD film.

Synthesis of Composite Photocatalysts. The TiO2(001)�GD and
TiO2(001)�GR composites were obtained via a hydrothermal
method. Briefly, GD or GOwas dissolved in a solution of distilled
H2O (20mL) and ethanol (40mL) by ultrasonic treatment for 1 h,
and a proper weight of TiO2 was added to the obtained solution
which was stirred for another 2 h to achieve a homogeneous
suspension. The suspensionwas then placed in a 100mL Teflon-
sealed autoclave andmaintained at 120 �C for 3 h to achieve the
composite of TiO2 and carbon. Finally, the resulting composite
was recovered by filtration, rinsed with ethanol several times,
and dried at room temperature. On the basis of the XPS data
(Figure S7), the content of oxygen in GO samples was about
33%, while after the reduction, there was only 8% oxygen left in
the sample of the reduced graphene oxide. If we assumed that
the amount of C element could not be lost during the reduction
process, the weight loss of graphene oxide after the reduction
was estimated to be around 27%basedon the simple calculation.
Note: the graphene amount in the composite was calculated
on the reduced graphene oxide (0.6% loading represented that
the composite contained 0.6 mg of reduced graphene oxide and
99.4 mg of TiO2).

Photocatalytic Experiments. Photodegradation of MB was ob-
served by using UV�vis absorption spectroscopy. In a typical
process, 30 mg of photocatalyst was added into an aqueous
solution of MB (0.01 g L�1, 2.7 � 10�5 M, 40 mL) placed in a
50 mL cylindrical quartz vessel, ultrasonic dispersion before
being stirred in the dark for 30 min. At given time intervals, the
photoreacted solution was analyzed by recording variations of
the absorption band maximum (663 nm) in the UV�vis spectra
of MB. Under ambient conditions, 300 K recirculated water, and
stirring, the photoreaction vessel was exposed to the AM 1.5
solar simulator illumination (Xe lamp, 100 mW/cm2).

Characterization. The XRD patterns were obtained by using an
X'Pert PRO MDP instrument with Cu KR radiation (λ = 1.5405 Å)
at 30 mA and 40 kV. SEM images were obtained using a JEOL
JSM-6700F scanning electron microscope at 3.0 kV. TEM and
SAED images were obtained on a JEOL-1011 at 100 kV. HR-TEM
images were obtained on an FEI Tecnai F20 instrument at an
acceleration voltage of 200 kV. FTIR spectra were recorded on a
Bruker EQUINOX55 FTIR spectrophotometer. UV�vis spectra
were recorded on a Hitachi model U-4100 spectrophotometer. XPS
VB data were obtained with an ESCALab220i-XL electron spectro-
meter from VG Scientific using 300 W Al KR radiation. The binding

energies obtained in theXPS analysiswere correctedwith reference
to C 1s (284.8 eV). Raman spectra were measured on a Renishaw-
2000 Raman spectrometer at a resolution of 1 cm�1 by using an
argon ion laser of the 514.5 nm line as the excitation source. The
nitrogen adsorption and desorption isotherms at the temperature
of liquid nitrogen (77 K) were measured on a Quantachrome
Autosorb-1 sorption analyzer. Multipoint BET surface area was
estimated at the relative pressure range from 0.05 to 0.2.

Computation Details. We performed DFT calculations using
the Dmol3 code with the generalized gradient approximation
(GGA) and PW91. Double numerical plus polarization (DNP)with
a real-space cutoff of 5.2 Å had been employed during the
geometry optimization and single-point energy calculation.
DFT semicore pseudopots were implemented for relativistic
effects, which replaced core electrons by effective potentials of
Ti elements; all-electron was used as the core treatment for O
and C elements. The maximum energy change convergence
threshold for self-consistent field (SCF) was 1 � 10�6 Ha/atom;
atomic relaxationwascarriedoutuntil all componentsof the residual
forces were less than 0.002 Ha/Å, and the maximum displacement
was within 0.005 Å. Monkhorst-Pack k-point mesh was used for
geometry optimization and electronic property calculations.

Because of the different lattice parameters of GD, GR, and
TiO2, we chose different supercells to make sure that the
mismatch of the TiO2�GR or GD surfaces was less than 5.31%.
A vacuum layer larger than 15 Å was used to avoid the spurious
interactions between two adjacent layers, and the optimized
structure of the composite is shown in Figure S1.
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