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Introduction

With the increase of global energy demands, the search for
sustainable energy sources is one of the most important emer-
gent research fields.[1] Based on current research status, the ar-
tificial photosynthesis is one of the most promising strategies
for solving the global energy problem.[2] Photocatalytic water
splitting for H2 production has been considered a promising
approach for clean, environmentally friendly and economical
chemical fuels since its discovery in 1972.[3, 4] TiO2, as the most
classic photocatalyst, has been thought one of the best poten-
tial materials for photocatalytic H2 production from water split-
ting.[5] However, the drawbacks of TiO2 are obvious and many
strategies have been developed for improving its photocatalyt-
ic performances. One of the key disadvantages of TiO2 is the
fast recombination of photo-generated electrons and holes.[6, 7]

Most of the absorbed energy is wasted through the recombi-

nation of electrons and holes, leading to low efficiency in con-
verting solar energy. Therefore, prolonging the life-time of
charge carriers becomes a very important strategy to achieve
high activity in H2 production.

Several strategies have been proposed to improve the
charge separation in TiO2-based photocatalysts. Through prep-
aration of composite materials, the photo-generated electrons
or holes can be trapped, resulting in the decrease of recombi-
nation. In previous studies, the building of semiconductor het-
erojunctions and loading of noble metals or noble metal oxide
co-catalysts was widely used.[8–11] With the help of p–n junc-
tions, electrons and holes are parted by the electric filed.[11]

However, the performances of semiconductor heterojunctions
in electron–hole separation need to be further improved.[12, 13]

Considering the limited reserves and high prices of noble
metals or noble metal oxides, it is of great importance to de-
velop non-precious or metal-free co-catalysts for H2 production
catalyzed by TiO2.[14, 15] Recently, graphene, a two-dimensional
carbon material with very high mobility of charge carriers was
used to synthesize TiO2–graphene nanocomposites for photo-
catalytic water splitting of methanol solution.[16–20] Generally,
electrons can transfer from TiO2 to graphene through interfa-
cial charge-transfer, as a consequence of which, the electrons
and holes are separated.[21, 22] The photocatalytic performances
of TiO2–graphene nanocomposites are affected by many fac-
tors. Choi and his co-workers have shown that increasing the
contact area between TiO2 and graphene can significantly im-
prove the interfacial charge-transfer rate.[23] What’s more, the

In this work, TiO2–graphene nanocomposites are synthesized
with tunable TiO2 crystal facets ({100}, {101}, and {001} facets)
through an anion-assisted method. These three TiO2–graphene
nanocomposites have similar particle sizes and surface areas;
the only difference between them is the crystal facet exposed
in TiO2 nanocrystals. UV/Vis spectra show that band structures
of TiO2 nanocrystals and TiO2–graphene nanocomposites are
dependent on the crystal facets. Time-resolved photolumines-
cence spectra suggest that the charge-transfer rate between
{100} facets and graphene is approximately 1.4 times of that
between {001} facets and graphene. Photoelectrochemical
measurements also confirm that the charge-separation efficien-
cy between TiO2 and graphene is greatly dependent on the
crystal facets. X-ray photoelectron spectroscopy reveals that

Ti�C bonds are formed between {100} facets and graphene,
while {101} facets and {001} facets are connected with gra-
phene mainly through Ti�O�C bonds. With Ti�C bonds be-
tween TiO2 and graphene, TiO2-100-G shows the fastest
charge-transfer rate, leading to higher activity in photocatalytic
H2 production from methanol solution. TiO2-101-G with more
reductive electrons and medium interfacial charge-transfer rate
also shows good H2 evolution rate. As a result of its disadvan-
tageous electronic structure and interfacial connections, TiO2-
001-G shows the lowest H2 evolution rate. These results sug-
gest that engineering the structures of the TiO2–graphene in-
terface can be an effective strategy to achieve excellent photo-
catalytic performances.
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morphology of TiO2 also has an effect. TiO2 nanowires support-
ed on graphene show much better photoactivity than TiO2

nanoparticles on graphene.[24]

Although there are already some studies on photocatalytic
properties of TiO2–graphene, some fundamental questions re-
lated to the TiO2–graphene nanocomposites are still unan-
swered. Since the TiO2 and graphene are connected by chemi-
cal bonds,[25] the structures of TiO2–graphene interfaces show
significant effects on the interfacial charge-transfer process.[26]

Because of different atomic structures of different TiO2 crystal
facets, the photocatalytic activities of TiO2–graphene nanocom-
posites may be dependent on the crystal facets of TiO2.[27] In
previous studies, little attention was paid to the crystal-facet
engineering of TiO2 nanomaterials in the synthesis of TiO2–gra-
phene composite materials. Mostly, several crystal facets exist
simultaneously in one TiO2–graphene sample, which makes it
hard to distinguish the interaction between graphene and spe-
cific crystal facet. Therefore, it is important to investigate the
interface charge-transfer processes between graphene and dif-
ferent TiO2 crystal facets.

In this work, we develop a facile method to synthesize TiO2–
graphene composites with different exposed crystal facets.
TiO2 nanocrystals (with {101}, {100}, and {001} facets exposed)
are anchored on graphene through hydrothermal reaction,
during which the growth direction of the TiO2 seeds is con-
trolled by capping anions, so that TiO2 nanocrystals with differ-
ent exposed crystal facets are formed. Structural characteriza-
tions show that Ti�C bonds are formed between {100} facets
and graphene, while {101} facets and {001} facets are connect-
ed with graphene mainly through Ti�O�C bonds. Through
time-resolved photoluminescence (PL) spectra and photoelec-
trochemical tests, the charge-transfer rates between graphene
and TiO2 crystal facets follow this order: graphene-{100} facet>
graphene-{101} facet> facet graphene-{001} facet. The photo-
catalytic activities of these TiO2–graphene nanocomposites are
also tested. Due to the fast interfacial charge transfer, TiO2–gra-
phene with {100} facets exposed shows the best performance
in H2 production under UV light. Based on this work, we can
develop highly active TiO2–graphene nanocomposites photo-
catalysts by engineering the TiO2–graphene interface.

Results and Discussion

The TiO2–graphene nanocomposites were synthesized accord-
ing to Figure 1. Graphene oxide and Ti precursors were firstly
mixed with graphene oxide (GO). After adding precipitation
agent, a composite of GO and amorphous Ti(OH)4 was formed
(Figure S1 a). Then this composite was transferred to a mixture
of isopropanol–water and capping anions.[28] At the starting
stage, driven by the high temperature, Ti(OH)4 changes into
anatase TiO2 seeds on GO (Figure S1 c, Figure S1 e). With pro-
longed reaction time, the growth direction of TiO2 seeds is
controlled by capping anions, leading to the formation of TiO2

nanocrystals with different crystal facets exposed. Simultane-
ously, GO can be reduced to rGO by isopropanol under hydro-
thermal reaction. Consequently, TiO2–graphene nanocompo-
sites with different TiO2 crystal facets exposed can be obtained.

For comparison, TiO2 nanocrystals without graphene are also
prepared without addition of GO.

The morphologies of the as-prepared TiO2–graphene nano-
composites are investigated by TEM. As shown in Figure 2 a,
Figure 2 c, and Figure 2 e, well-defined TiO2 nanocrystals are
dispersed on graphene sheets, implying that strong binding in-
teractions may exist between TiO2 nanocrystals and graphene.
HRTEM (high resolution TEM) is used to study the exposed
crystal facets of TiO2 nanocrystals. When no capping agent is
added, octahedral TiO2 nanocrystals are obtained. From Fig-
ure 2 b, the crystal lattice is 0.35 nm, which corresponds to
{101} facets, suggesting that TiO2 nanocrystals with {101} facets
exposed are formed. When F� is used as capping agent, TiO2

nanosheets are formed on graphene sheet. According to the
HRTEM image (Figure 2 d), the dominant crystal facet of TiO2

nanosheets is the {001} facet. In another TiO2–graphene
sample, TiO2 nanorods can be seen on graphene when SO4

2� is
used as capping agent. The HRTEM image (Figure 2 e) shows
that {100} facets are the dominant crystal facets in these TiO2

nanorods. To the best of our knowledge, this is the first prepa-
ration of TiO2–graphene nanocomposite with {100} facets ex-
posed. Based on the TEM results, TiO2–graphene nanocompo-
sites with different TiO2 crystal facets exposed are prepared.
The morphological information of pure TiO2 nanocrystals is
shown in the Supporting Information (Figure S2). TiO2 nano-
crystals with the same kinds of crystal facets exposed and of
similar sizes are synthesized. According to Wullf construction,
the percentages of these crystal facets in the as-prepared
TiO2–graphene and pure TiO2 samples can be calculated. The
analysis results are summarized in Figure S3. We can see that
the percentages of the dominant crystal facets are higher than
68 %, which suggests that these catalysts are suitable model
catalysts to study the effect of crystal facet on the photocata-
lytic properties of TiO2–graphene nanocomposites. In addition,
it should be emphasized that the anions used in the synthetic
procedure can be removed by washing with aqueous NaOH,
which is confirmed by X-ray photoelectron spectroscopy (XPS)
and X-ray fluorescence spectroscopy (XRF).

Figure 1. Schematic illustration of the synthesis of TiO2–graphene nanocom-
posites with controllable TiO2 crystal facets exposed.
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The phase structures of as-prepared TiO2–graphene nano-
composites were characterized by XRD and Raman spectra.
From the XRD patterns (Figure 3), these six samples all show
the typical diffraction patterns of anatase TiO2 without other
peaks. TiO2 nanocrystals and TiO2–graphene nanocomposites
show similar Raman features of anatase TiO2 (Figure 4 a), which
is consistent with their XRD patterns. The positions of the
Raman peaks of TiO2 nanocrystals and TiO2–graphene nano-
composites are almost the same. These results reveal that the
formation of TiO2–graphene nanocomposites does not affect
the phase structures of TiO2 nanocrystals. Interestingly, the rel-
ative intensities of the Raman peaks (such as the peaks at
393 cm�1, 514 cm�1, and 638 cm�1) of TiO2 and TiO2–graphene
nanocomposites also show relationships with the exposed
crystal facets.[29] This is caused by the different Raman scatter-
ing intensities on different crystal facets. In GO, the peaks lo-
cated at 1355 cm�1 and 1594 cm�1 are characteristic signals of
the D band and G band of sp2 and sp3 carbon, respectively.[30]

As for TiO2–graphene samples, the D band and G band are
shifted to 1345 cm�1 and 1584 cm�1, suggesting the reduction
of graphene oxide during the hydrothermal synthesis.[31] The
intensity ratio of the D band to G band (ID/IG) is proposed to
be an indication of disorder in GO or rGO caused by defects.
As displayed in Figure 4 b, ID/IG is decreased from 1.1 to about

1.0 after hydrothermal reaction
during the synthesis of TiO2–
graphene nanocomposites, con-
firming the reduction of GO to
rGO.[32] The BET surface areas of
TiO2 nanocrystals and TiO2–gra-
phene nanocomposites are also
measured. As we can see in
Table S1, the surface areas of
these six samples are similar.
The addition of graphene re-
sults in negligible effects on the
surface areas of TiO2 nanocrys-
tals.

The electronic structures of
TiO2–graphene nanocomposites
with different TiO2 crystal facets
are studied by UV/Vis absorp-
tion spectra. In Figure 5 a,
TiO2–graphene nanocomposites
show broad background ab-
sorption in the visible-light
region, while TiO2 nanocrystals
only show absorption to UV
light (<400 nm). The absorption
edges of six samples are also
analyzed, as displayed in the in-
serted graph. As we can see,
the absorption edge is affected
by the crystal facets of TiO2

nanocrystals. The cut-off wave-
length of TiO2 nanocrystals can
be ranked as: TiO2-101<TiO2-

001<TiO2-100. This order is different from some previous re-
ports, in which {100} facets show the highest band gap.[33] For
TiO2, its band gap is related with the particle size.[34] In this
work, TiO2 is in the form of nanocrystals with a size of tens of

Figure 2. TEM and HRTEM images of : a,b) TiO2-101-G , c,d) TiO2-001-G, and e,f) TiO2-100-G.

Figure 3. XRD patterns of TiO2 nanocrystals and TiO2–graphene nanocompo-
sites.
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nanometers, while the TiO2 in the work of Ye et al.[33]

is in the form of microcrystals. Due to this large dis-
crepancy in size, the order of energy band gap of
different crystal facets may be different. Notably, the
absorption edge of TiO2-001-G is almost the same as
that of the corresponding TiO2 nanocrystals, indicat-
ing that carbon atoms are not incorporated into the
lattice of TiO2-001 to change its band gap.[35] For
TiO2-101-G and TiO2-100-G, the absorption edges are
shifted to red, indicating the narrowing of the band
gaps of TiO2-101 and TiO2-100. What’s more, TiO2-
100-G shows a more obvious red shift compared
with TiO2-101-G, implying that a stronger interaction
between TiO2-100 and graphene may exist.

Furthermore, we also employ XPS valence spectra
to measure the positions of valence bands in the
above samples. From Figure 5 b, TiO2 nanocrystals

and TiO2–graphene nanocompo-
sites show identical positions of
valence bands. Based on the re-
sults in Figure 5 a and Figure 5 b,
we can draw band gap struc-
tures of TiO2 nanocrystals with
different facets exposed and of
the corresponding TiO2–gra-
phene composites. As displayed
in Figure 6, pure TiO2 nanocrys-
tals show a higher minimum po-
tential of the conduction band
than TiO2–graphene nanocom-
posites (TiO2-001 is equal to
TiO2-001-G). Among them, TiO2-
101 shows the higher potential,
whereas TiO2-100-G shows the
lowest potential. Since the re-
duction ability depends on the
potential of the conduction
band, the photocatalytic proper-
ties and interfacial charge-trans-
fer process between TiO2 nano-
crystals and graphene may also
be related to the band gap
structures.

The chemical states of carbon
in TiO2–graphene nanocompo-
sites are measured by XPS. As
shown in Figure 7, GO shows
three peaks located at 284.6 eV,
286.5 eV, and 288.5 eV, respec-
tively. These three peaks can be
ascribed to elemental carbon,
C�O in hydroxyl or epoxy
groups, and O=C�O. For TiO2–
graphene nanocomposites, the
peaks containing oxygen (C�O
and O=C�O) are dramatically
weakened, indicating the reduc-

Figure 4. Raman spectra of TiO2 nanocrystals and TiO2–graphene nanocomposites.

Figure 5. a) UV/Vis spectra and b) XPS valence spectra of TiO2 nanocrystals and TiO2–graphene nanocomposites.
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tion of GO in hydrothermal reaction. For TiO2-101-G and TiO2-
001-G, only three peaks can be observed in the C 1s spectra,
suggesting that TiO2 nanocrystals with {101} and {001} facets
exposed are connected with graphene through C�O�Ti
bonds.[35] The C�O�Ti bonds are formed from Ti(OH)4 and GO
during the hydrothermal synthesis. Notably, except for the pre-
vious three peaks, a new peak located at 283.4 eV is found in
TiO2-100-G, which corresponds to Ti�C bonds.[36, 37] Since the
atomic structures of (100), (101), and (001) facets are quite dif-
ferent, formation of Ti�C bonds may be facilitated between
graphene and (100) facets due to the stepped surface structure
with both Ti and O atoms exposed.[38] According to previous
studies, creating a well-defined TiO2–graphene contact is an ef-
ficient strategy to improve the photoactivities of TiO2–gra-
phene composites. Ti�C bonds have been shown to facilitate
the interfacial charge-transfer between TiO2 and graphene.[39, 40]

Therefore, the different contacts between different exposed
TiO2 crystal facets and graphene may have an influence on
their photocatalytic activities.

The photocatalytic properties of TiO2–graphene composites
are greatly dependent on the interfacial charge transfer pro-
cess between TiO2 and graphene. In this work, the interfacial
charge-transfer between graphene and different TiO2 crystal
facets is investigated through time-resolved PL spectra. The
pure TiO2 nanocrystals and TiO2–graphene nanocomposites are
excited by a 350 nm-laser pulse, resulting in emission of pho-
toluminescence through the recombination of electrons and

holes. A sample with efficient charge separation
shows a slow PL signal decay due to the long life-
time of photo-generated holes and electrons.[41, 42] As
displayed in Figure 8, TiO2 nanocrystals with different
crystal facets exposed show fast decay of PL signals,
suggesting that recombination of photo-generated
electrons and holes is quite fast. After grafting these
TiO2 nanocrystals onto graphene, the decay of the
PL signals is significantly prolonged; TiO2-100-G

shows the slowest decay. The half-life of PL signals can be ob-
tained by fitting these curves. The half-life of PL signals of
TiO2–graphene nanocomposites are much longer than those of
pure TiO2 nanocrystals, indicating that the recombination of
photo-generated electrons and holes is suppressed.[40] Elec-
trons can move from TiO2 nanocrystals to graphene through
interfacial charge-transfer, so as to prolong the lifetime of pho-
toluminescence. According to the half-life of the PL signals in
Table 1, we can estimate the charge-transfer rates between
TiO2 nanocrystals and graphene. To calculate the charge-trans-
fer rates, we make the assumption that the only difference in
the kinetic behaviors of photo-generated electrons in pure
TiO2 nanocrystals and TiO2–graphene nanocomposites is the in-
terfacial charge-transfer process between TiO2 and graphene.

Figure 6. Band structures of TiO2 nanocrystals and TiO2–graphene nanocompo-
sites.

Figure 7. XPS spectra of C 1s region of GO and TiO2–graphene nanocompo-
sites.

Figure 8. Time-resolved PL spectra of TiO2 nanocrystals and TiO2–graphene
nanocomposites.

Table 1. Fitting parameters of time-resolved PL spectra of TiO2 nanocrys-
tals and TiO2–graphene nanocomposites and the charge-transfer rates be-
tween different TiO2 crystal facets and graphene.

Sample Decay [ns] Charge-transfer rates [109 s�1]

TiO2-100 0.312 –
TiO2-001 0.326 –
TiO2-101 0.328 –
TiO2-100-G 1.896 2.67
TiO2-001-G 0.818 1.93
TiO2-101-G 1.366 2.34
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Therefore, we can write the apparent electron trans-
fer rate as Equation (1).[44, 45]

kET ¼
1

tðTiO2Þ
� 1

tðTiO2-GÞ ð1Þ

Using this equation, we can estimate the interfa-
cial charge transfer rates, as listed in Table 1. TiO2-
100-G has the highest kET, while kET of TiO2-001-G is
the lowest. kET(TiO2-100-G) is almost 1.4 times
kET(TiO2-001-G). Clearly, the charge-transfer rates are
greatly dependent on the crystal facets of TiO2 nano-
crystals. Previous studies show that creating an inti-
mate contact between TiO2 and graphene is an effec-
tive strategy to improve the photocatalytic perform-
ances of TiO2–graphene composites.[23, 46] According
to the results of XPS, TiO2-100-G shows a more inti-
mate TiO2–graphene contact through formation of
Ti�C bonds. For TiO2-101-G, although no Ti�C bonds
are formed, from the red shift in UV/Vis spectra, we
can surmise that the interaction between graphene
and {101} facets of TiO2 nanocrystals is stronger than that be-
tween graphene and {001} facets. Because of their different
surface structures, the contact interface between the different
TiO2 nanocrystals and graphene are distinct from eachother, re-
sulting in the following order of interfacial charge-transfer
rates: kET(TiO2-100-G)>kET(TiO2-101-G)>kET(TiO2-001-G).

The photocatalytic performances of TiO2–graphene nano-
composites with different TiO2 crystal facets exposed are mea-
sured through H2 production from methanol solution. It should
be pointed out that Pt is not added as a cocatalyst to enhance
the H2 evolution rate because we intend to investigate the ef-
fects of the interfacial charge transfer between graphene and
different TiO2 crystal facets on their photocatalytic activities. As
presented in Figure S4 and Figure 9, due to the lack of cocata-
lysts (such as Pt), pure TiO2 nanocrystals show low H2 evolution
rates as a result of fast recombination of photo-generated elec-
trons and holes. Notably, the H2 evolution rates of TiO2–gra-
phene nanocomposites are dramatically improved compared
to pure TiO2. TiO2-100-G shows an excellent H2 evolution rate
as high as 193 mmol h�1, and TiO2-001-G shows a lower H2 evo-
lution rate (125 mmol h�1). The apparent quantum efficiency of
TiO2-100-G at 365 nm is about 7.5 %, which is higher than that
of TiO2-101-G (5.7 %), TiO2-001-G (3.9 %), and that observed in
some previous reports on TiO2–graphene composite cata-
lysts.[35, 47] Graphene is an efficient cocatalyst for H2 production
because of its redox potential, which is more negative than
the H+/H2 potential.[48] The photo-generated electrons can
transfer to graphene through interfacial charge-transfer pro-
cess, and reduce H+ to H2 on graphene. The order of the H2

evolution rates are: TiO2-100-G>TiO2-101-G>TiO2-001-G,
which is same as the order of the interfacial charge-transfer
rates. This agreement implies that the interfacial charge-trans-
fer rate is the key factor affecting the photocatalytic perform-
ances.

Photoelectrochemical measurements have also been carried
out to understand the origin of the photocatalytic properties

of TiO2–graphene nanocomposites. Transient photocurrent re-
sponses of TiO2 nanocrystals and TiO2–graphene nanocompo-
sites are shown in Figure 10. Fast and reversible photocurrent
responses can be observed for these samples under UV irradia-
tion. TiO2 nanocrystals with different crystal facets exposed
show similar photocurrents, which is consistent with their simi-
lar H2 evolution rates. When these TiO2 nanocrystals are cou-
pled with graphene, the photocurrents are significantly en-
hanced by 5 to 10 times. Since the photocurrent originates
from the electron flow excited by UV light in TiO2 nanocrystals,
the efficiency of separation of electrons and holes plays a key
role in the photocurrent response. Based on the current values
in Figure 10, the charge separation efficiency in TiO2–graphene
nanocomposites follow this order: TiO2-100-G>TiO2-101-G>
TiO2-001-G. This order is also well consistent with the charge-
transfer rates obtained from time-resolved PL spectra. To shed
light on the charge transport performance of TiO2 nanocrystals

Figure 9. H2 evolution rates from methanol solution catalyzed by TiO2 nanocrystals and
TiO2–graphene nanocomposites.

Figure 10. Transient photocurrent responses of TiO2 nanocrystals and TiO2–
graphene nanocomposites under UV irradiation at 0.5 V vs. Ag/AgCl.
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and TiO2–graphene composites, electrochemical impedance
spectroscopy is used to characterize the charge-carrier migra-
tion. As presented in Figure 11, the semicircles of the Nyquist
plots corresponding to TiO2–graphene nanocomposites are re-
duced compared with TiO2 nanocrystals. The charge-transfer
resistance across the solid–liquid interface is decreased by the
high electron conductivity of graphene.[49] Furthermore, the
TiO2-100-G shows the shortest semicircle among the three

TiO2–graphene samples, indicating that it performs best in
terms of electron transport. TiO2-001-G shows a larger charge-
transfer resistance, suggesting that the structure of TiO2–gra-
phene interface is an important factor that cannot be ignored.
Combining the electrochemical measurements, it can be
shown that the crystal facet of TiO2 nanocrystals has an impact
on the electron transport properties of TiO2–graphene nano-
composites.

Based on the above characterizations and photocatalytic
tests, we can discuss the crystal-facet effects on the photocata-
lytic properties of TiO2–graphene nanocomposites. Previous
works have proposed that the energy of the photo-excited
electrons plays an important role in the H2 evolution reac-
tion.[33, 50] According to the UV/Vis spectra (Figure 5 a), TiO2-101-
G shows the highest conduction band position, which sug-
gests that the electrons in TiO2-101 nanocrystals have the high-
est reduction ability. This high reduction ability will contribute
to the reduction of water for H2 evolution. As reported in
some literature studies, {101} facets of anatase TiO2 show
a better H2 evolution activity compared with {001} facets.[51] In
this work, the conduction band position of TiO2-100-G is lower
than that of TiO2-101-G, but TiO2-100-G shows the highest H2

evolution rate, which implies that another factor exerts an in-
fluence on the H2 evolution rate.

Time-resolved PL spectra and photoelectrochemical studies
show that the interfacial charge-transfer process between TiO2

nanocrystals and graphene is greatly dependent on the crystal
facet of TiO2. From XPS, we know that the connection between

TiO2 and graphene varies with the crystal facet. Ti�C bonds are
formed between {100} facets and graphene, while {101} and
{001} facets are connected with graphene through Ti�O�C
bonds. Therefore, it is probably the chemical environments be-
tween TiO2 nanocrystals and graphene that determine the in-
terfacial charge-transfer rates. Because of the highly efficient
charge-separation between {100} facets and graphene, TiO2-
100-G shows excellent activity in the H2-evolution reaction.
Considering that the electron reduction ability in TiO2-100-G is
lower than in TiO2-101-G, the interfacial charge-transfer seems
to play a dominant role in promoting the photocatalytic activi-
ty. Because of its disadvantageous electronic structure and in-
terfacial electron-transfer process, TiO2-001-G shows the lowest
photoactivity among the three samples. A schematic illustra-
tion on the explanation is presented in Figure 12. Different
atomic structures of different TiO2 crystal facets result in the
differences in electronic structures and interfacial connections.
Thus, the photocatalytic activities of TiO2–graphene nanocom-
posites can be tuned by engineering the structures of TiO2–
graphene interfaces.

Conclusions

TiO2–graphene nanocomposites are synthesized with tunable
TiO2 crystal facets ({100}, {101}, and {001} facets) through an
anion-assisted method. Band structures of TiO2 nanocrystals
and TiO2–graphene nanocomposites are dependent on the
crystal facets. In addition, the interfacial charge-transfer rates
from TiO2 to graphene are also affected by the crystal facets of
TiO2. The charge-transfer rate between {100} facets and gra-
phene is about 1.4 times that between {001} facets and gra-
phene. With Ti�C bonds between TiO2 and graphene, TiO2-100-
G shows the highest photocatalytic activity in H2 evolution
from methanol solution. TiO2-101-G with more reductive elec-
trons and medium interfacial charge-transfer rate also shows
a good H2 evolution rate. As a result of its disadvantages in
terms of electronic structures and interfacial connection, TiO2-
001-G shows the lowest H2 evolution rate. These results sug-
gest that engineering the structures of TiO2–graphene interface
can be an effective strategy to achieve excellent photocatalytic
performances. This method can be extended to other gra-
phene-based materials for building more efficient photocata-
lytic materials.

Experimental Section

Sample preparation : TiO2-101-G and TiO2-100-G were prepared
using TiCl4 as precursor. In order to synthesize TiO2-101-G and
TiO2-100-G nanocrystals, we first prepared Ti(OH)4–graphene as
precursor. An aqueous HCl solution (50 mL, 0.43 mol L�1) was pre-
pared. GO (96 mg, Nanjing JicangNano Co. Ltd) was ultrasonically
dispersed in the HCl aqueous solution. Then, TiCl4 (6.6 mL) was
added to the aqueous HCl solution drop by drop under strong stir-
ring in an ice bath to obtain an aqueous TiCl4 solution. This TiCl4-
GO aqueous solution was then added to a NH3·H2O solution
(5.5 wt %, aqueous) drop by drop under stirring. Light blue
Ti(OH)4–graphene precipitate was formed during the process. Af-
terwards, approximately NH3·H2O (10 mL, 4 wt % aqueous) was

Figure 11. EIS spectra of TiO2 nanocrystals and TiO2–graphene nanocompo-
sites.
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added to adjust the pH value to 6~7. After ageing at room tem-
perature for 2 h, the suspension was centrifuged and the precipi-
tate was washed with water twice and ethanol once. To obtain
crystalline TiO2-101-G, fresh Ti(OH)4–graphene precursor (2.0 g) was
dispersed in a mixture of water (15 mL) and isopropanol (15 mL).
After stirring and ultrasonic treatment, a suspension was obtained.
Then, the suspension was transferred to a 50 mL Teflon-lined auto-
clave, and heated for 24 h at 180 8C. After the reaction, the prod-
ucts were collected by centrifugation and washed with deionized
water three times and ethanol one time. For the preparation of
TiO2-100-G, (NH4)2SO4 (0.3 g) was added to the mixture of water
and isopropanol. Then, fresh Ti(OH)4-graphene precursor (2.0 g) is
dispersed in the above mixture solution. The subsequent proce-
dure is similar to the preparation of TiO2-101-G.

TiO2-001-G was prepared using Ti(OC4H9)4 as precursor. In a typical
synthesis, GO (23.5 mg) was dispersed in ethanol (20 mL). Then,
Ti(OC4H9)4 (5 mL) was added to the suspension drop by drop under
stirring. After stirring for 15 min, HF (0.5 mL, 47 wt %, aqueous) was
added slowly and carefully. Then, the suspension was stirred for
30 min before transferring to a 50 mL Teflon-lined autoclave. After-
wards, it was heated for 24 h at 180 8C. After the reaction, the
products were collected by centrifugation and washed with etha-
nol three times.

TiO2 nanocrystals with different crystal facets exposed can also be
synthesized according to the above method without the addition
of GO. The procedure is the same as for the preparation of TiO2–
graphene nanocomposites.

To exclude the effects of anions on the photocatalytic properties of
TiO2 nanocrystals and TiO2–graphene composites, they were
washed with aqueous NaOH (0.05 mol/L) and water to remove
those anions. XRF and XPS confirmed that those anions were re-
moved.

Characterization : X-ray diffraction (XRD) measurement patterns
were recorded on a Philips X’pert Pro diffractometer using Ni-fil-
tered CuKa1 radiation (l= 0.15 nm). The X-ray tube was operated
at 40 kV and 40 mA.

Raman spectra were recorded by using a Renishaw invia spectrom-
eter. Raman excitation at 514.5 nm was provided by Ar+ laser. A
laser power of 20 mW at the sample was applied.

Brunauer–Emmet–Teller (BET) surface areas were measured by ni-
trogen adsorption at 77 K on a Micrometrics ASAP-2020 adsorption
apparatus. Before each adsorption measurement, approximate

0.15 g of a catalyst sample was degassed in a N2/He mixture at
200 8C for 4 h. The BET surface area was determined by a multipoint
BET method using the adsorption data in the relative pressure (P/
P0) range 0.05–0.3.

XRF analysis was operated on ARL ADVANT’X instrument, using
RhKa radiation operating at 3600 W. The X-ray tube was operated
at 60 kV and 120 mA.

Transmission electron microscopy (TEM) images were taken on
a JEM-2100 instrument at an acceleration voltage of 200 kV. The
samples were crushed and dispersed in ethanol (A.R.) and the re-
sulting suspensions were allowed to dry on carbon film supported
on copper grids.

XPS analysis was performed on a PHI 5000 VersaProbe system,
using monochromatic AlKa radiation (1486.6 eV) operating at 25 W.
The sample was outgassed overnight at room temperature in
a UHV chamber (<5 � 10�7 Pa). All binding energies (BE) were refer-
enced to the C 1s peak at 284.6 eV. The experimental errors were
within �0.1 eV.

UV/Vis diffuse reflectance spectroscopy (UV/Vis-DRS) were recorded
in the range of 200–900 nm by a Shimadzu UV-2401 spectropho-
tometer with BaSO4 as reference.
Time-resolved PL spectra of the solution were obtained using the
FLS920 spectrometer (Edinburgh Instruments). The excitation
wavelength was 280 nm, and the probe wavelength was 468 nm.
Photoelectrochemical measurements : Photocurrent was mea-
sured on an electrochemical analyzer (CHI660C Instruments) in
a standard three-electrode system using the prepared samples as
the working electrodes with an active area of approximately
1.0 cm2, a Pt wire as the counter electrode, and Ag/AgCl (saturated
KCl) as a reference electrode.
Low power UV-LEDs (3 W, 365 nm) was used as a light source.
0.5 m Na2SO4 aqueous solution was employed as the electrolyte.
The working electrodes were prepared as follows: 0.25 g of the
sample was grinded with 0.06 g polyethylene glycol (PEG, molecu-
lar weight: 20 000) and 0.5 mL ethanol to make a slurry. Then, the
slurry was coated onto a 2 cm � 1.2 cm F-doped SnO2-coated glass
(FTO glass) electrode by the doctor blade technique. Next, these
electrodes were dried in an oven and calcined at 350 8C for 30 min.
All investigated electrodes had a similar film thickness.
The electrochemical impedance spectroscopy (EIS) measurements
were carried out on a PARSTAT 2273 potentiostat/galvanostat (Ad-
vanced Measurement Technology Inc. , USA) by using three-elec-

Figure 12. Schematic illustration of atomic structures of interfaces between graphene and different TiO2 crystal facets and the photocatalytic process by TiO2–
graphene nanocomposites. a) TiO2-100-G, b) TiO2-101-G, and c) TiO2-001-G.
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trode cells. The resultant electrode served as the working elec-
trode, with a platinum wire as the counter electrode and a Ag/
AgCl (saturated KCl) electrode as the reference electrodes. The
measurement was performed in the presence of
a 2.5 mm K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as a redox probe in
0.1 m KCl solution. The impedance spectra were recorded with the
help of ZPlot/ZView software under an alternating current pertur-
bation signal of 5 mV over the frequency range of 1 MHz to 100
mHz.
Photocatalytic test : The photocatalytic reactions were performed
on a Pyrex reaction cell connected to a closed gas circulation and
evacuation system. The light source was a 300 W Hg lamp with
a wavelength of approximately 365 nm. Typically, the photocatalyst
(100 mg) was dispersed in an aqueous solution containing H2O
(80 mL) and CH3OH (20 mL). The products were H2 and CO2. The
amount of H2 evolved was determined with an online gas chroma-
tograph (GC-14C, Shimadzu, Japan, TCD, nitrogen as a carrier gas
and 5 � molecular sieve column.)
The apparent quantum efficiency (QE) was measured under the
same photocatalytic reaction conditions. Four low-power UV-LEDs
(5 W, 365 nm) (Shenzhen LAMPLIC Science Co. Ltd. China), which
were positioned 1 cm away from the reactor in four different direc-
tions, were used as light sources to trigger the photocatalytic reac-
tion. The focused intensity and areas on the flask for each UV-LED
was approximately 110 mW cm�2, and 1 cm2, respectively. The QE
was measured and calculated according to the following equation:

QE½%�¼ number of reacted electrons
number of incident photons� 100 %

¼ 2� number of evolved H2 molecules
number of incident photons� 100 %

ð2Þ
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