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A  series  of  graphene/titanate  nanotubes  (TNTs)  photocatalysts  using  graphene  and  nanoscale  TiO2 or
P25 as  original  materials  were  fabricated  by  hydrothermal  method.  Both  low  hydrothermal  temperature
and proper  amount  of  graphene  are  propitious  to  better  photoactivity.  The  photocatalytic  activities  of
these  nanocomposites  far exceed  that  of  P25,  pure  TNTs  and  reported  TiO2-based  nanocomposites  for  the
degradation  of  Rhodamine-B  under  visible-light  irradiation.  These  prepared  photocatalysts  were  char-
acterized  by  TEM,  XRD,  XPS,  BET,  FTIR  and  UV–vis  diffuse  reflection  spectra,  and  the  results  indicate  that
the outstanding  photoactivities  in  visible-light  region  result  from  sensitization  effect  of  graphene  rather
hotocatalysts
raphene
itanate nanotubes
ensitization

than  impurity  level  in  the  band  gap  of  TNTs.  Furthermore,  large  BET  surface  areas  of  these  photocatalysts
(almost  10  times  larger  than  that  of  previously  reported  graphene/TiO2 nanoparticles)  evidently  enhance
their absorption  abilities  and  photocatalytic  performances  (the  rate  constants  of  degrading  Rhodamine-B
are  at  least  5 times  higher  than  that  of  previously  reported  photocatalysts).  These  photocatalysts  show
good  stability,  and  their  photoactivities  do  not  obviously  decrease  after  four  times  of  repeated  uses.  A
detailed  photocatalytic  mechanism  is  suggested,  as  well.
. Introduction

Graphene, a semi-metal material with zero band gap, has
ttracted intense attention since it was discovered by Geim et al.
n 2004 [1].  The novel two-dimensional material possesses excel-
ent electrical and optical properties, large specific surface area
nd outstanding mechanical property [2,3]. Recently, Peak et al.
roved that graphene nanosheets can play as electronic conduc-
ive channels to improve the electrochemical performance of the
raphene–SnO2 composite [4].  Seger and Kamat demonstrated that
raphene is an effective support material to disperse Pt nanopar-
icles [5].  Therefore, graphene is expected to serve as a scaffold to
nchor nanoscale semiconductor photocatalyst and as a photosen-
itizer to enhance their photocatalytic activity under visible-light
llumination at the same time.

TiO2 and titanate nanotubes (TNTs) have been widely studied
n some fields including photolysis of organic pollutant, hydro-
en production and dye-sensitized solar cell [6–9]. In recent
ears, increasing interests have been focused on constructing

isible-light driven TiO2 owing to its obvious advantage on uti-
ization of solar energy. One method is metal/nonmetal doping,

hich introduces an impurity level in the band gap and increases
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visible-light absorbance [10–17].  However, the foreign dopant may
act as a combination center for photogenerated electron-hole pairs
[10–12]. Another approach to extend the optical response of TiO2
into visible-light region is coating, such as noble metal coating,
dye coating [18,19].  Carbonaceous material coated TiO2 has always
attracted much attention for its excellent photocatalytic activ-
ity. Recently, due to unique merits of graphene, modifying TiO2
with graphene has attracted a great deal of attention. Zhang et al.
synthesized graphene–TiO2 nanocomposite to derive hydrogen by
splitting water [20]. Compared to that of P25, the amount of hydro-
gen evolution is 1.9 times larger by using this photocatalyst. Zhang
et al. prepared P25–graphene nanocomposite to degrade methy-
lene blue [21]. The photocatalytic performances demonstrated that
graphene could obviously enhance photocatalytic activity of P25
under both visible and UV light illumination.

Numerous researches on extending the optical response of TiO2
to visible-light have been made. However, similar reports on TNTs
were rare. In fact, the unique physical properties of TNTs, includ-
ing open mesoporous morphology and high BET surface area, are
benefit to adsorbability as well as photocatalytic performance.
However, to the best of our knowledge, no paper on graphene
hybridized TNTs has been reported. Herein, we  synthesized a series

of graphene/TNTs nanocomposites with hydrothermal method
by using graphene and nanoscale TiO2 or P25 as original mate-
rials. These prepared photocatalysts possess large BET surface
areas and outstanding photocatalytic activities to decompose

dx.doi.org/10.1016/j.jhazmat.2011.10.012
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hugx@sjtu.edu.cn
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hodamine-B (RB) under visible-light illumination. Moreover, no
bvious decreases in the photoactivities were observed for the
ecycled photocatalysts. The BET surface areas of prepared pho-
ocatalysts are almost 10 times larger than that of previously
eported graphene–TiO2 photocatalyst [20]. After breaking the
NTs by sintering the as-prepared samples at high temperature, the
ET surface areas and photocatalytic activities decreased signifi-
antly, indicating the importance of BET surface area. The influences
rom the graphene content and hydrothermal temperature are also
iscussed. Furthermore, a detailed photocatalytic mechanism is
uggested, as well.

. Experimental

.1. Materials and chemicals

Nanoscale TiO2 was purchased from Shanghai Jianghu indus-
rial Co., Ltd. P25 (20% rutile phase and 80% anatase phase) was
urchased from Degussa. Natural graphite power was obtained by
lfa Aesar Co. RB and sodium dodecyl sulfate (SDS) were obtained
ommercially from the Beijing Chemical Reagent Plant. Deionized
ater (resistivity 18 M� cm)  was utilized to prepare all aqueous

olution and to rinse the specimens.

.2. Preparation of photocatalysts

These photocatalysts are denoted as 120 ◦C G/T, 150 ◦C G/T,
80 ◦C G/T (graphene and nanoscale TiO2 as starting materials at
20 ◦C, 150 ◦C and 180 ◦C hydrothermal treatment, respectively)
nd 120 ◦C G/P, 150 ◦C G/P, 180 ◦C G/P (graphene and P25 as start-
ng materials at 120 ◦C, 150 ◦C and 180 ◦C hydrothermal treatment,
espectively). Moreover, G/T-X and G/P-X represent samples con-
aining X wt% (X = 1, 5, 10) graphene.

Firstly, modified Hummers’ method was used to prepare
raphene oxide (GO) [22,23] and then hydrazine was adopted to
chieve the reduction of GO to graphene in 98 ◦C water bath for 2 h.
n a typical procedure for preparing 120 ◦C G/T-5 and 120 ◦C G/P-5,
0 mg  graphene was added to 2 mL  (1 mol/L) SDS solution. Subse-
uently, 38 mL  deionized water was added and then the mixture
as treated with ultrasonic for 1 h. The SDS was  used to stabilize

he graphene in aqueous solution [24]. After ultrasonic process-
ng, 1 g nanoscale TiO2 (or P25) was added to the solution under

odest stirring. Then 40 mL  (20 mol/L) NaOH aqueous solution was
dded under stirring. At last, the mixture was transferred to an
utoclave, followed by hydrothermal reaction at 120 ◦C for 18 h.
imilarly, 10 mg  and 100 mg  of graphene were used to prepare the
/T(P)-1 and G/T(P)-10, respectively. After hydrothermal reaction,

he product was purified (centrifugation, washing with water and
e-dispersion for 4 cycles, washing with 0.1 mol/L HCl, washing
ith water until the washing solution achieved pH 7) and then

rinded to powder after dried in oven at 80 ◦C for 5 h. The pure
NTs were prepared by similar process without adding graphene.

.3. Characterization and photocatalyst measurements

The TEM images were carried out using JEM-2100F at 200 kV.
he BET surface areas were measured on a Nova 100 by using
2 as the adsorption gas. UV–vis diffuse reflectance spectra were

ecorded on a TU-1901 UV–vis spectrophotometer. X-ray diffrac-
ion (XRD) patterns were recorded on Bruker D8 Advance (Cu K�
adiation 0.154 nm). Fourier transform infrared spectroscopy (FTIR)
urves were measured on IR Prestige-21 system (PerkinElmer).

-ray photoelectron spectroscopy (XPS) measurements were per-

ormed on a RBD upgraded PHI-5000C ESCA system (Perkin Elmer).
lectron paramagnetic resonance (EPR) results were recorded on
PR-8 (Bruker BioSpin Corp., Germany).
us Materials 198 (2011) 78– 86 79

The photocatalytic reaction system consists of a 500 W xenon
lamp and a cutoff filter (1 mol/L NaNO2 solution in an enclosed
vessel (� > 400 nm)  or another cutoff filter (� > 610 nm)). Visible-
light photocatalytic activities of all photocatalysts were evaluated
by degradation of RB. In a typical process, 15 mg photocatalyst was
dispersed into 50 mL  RB solution (10 mg/L). The suspension was
treated with ultrasonic for 10 min  and stirred for another 60 min  in
dark to reach an adsorption balance. The resulting suspension was
irradiated under visible-light, and the concentration of RB solu-
tion was monitored by UV-721 spectrometer at 553 nm at regular
time intervals. Typically, 2 mL  solution was taken and centrifuged
(4000 rpm for 10 min). After removing the sediment (photocatalyst
particles), the supernatant was  used to analyze.

3. Results and discussion

3.1. Decomposition of RB

The concentration changes of RB in the presence of different
photocatalyst as a function of visible-light irradiation time are
shown in Fig. 1. Therein, the C0 represents the remaining concentra-
tion of RB after the adsorption equilibrium before light illumination,
while Ct represents the remaining concentration of RB after light
illumination with a specific time. As shown in Fig. 1a, attributed to
their wide band gaps, both P25 and pure TNTs can hardly decom-
pose RB under visible-light irradiation for 40 min. We  found that
65% and 61% RB were degraded by using P25 and pure TNTs when
the irradiated time of visible-light is extended to 4 h, respectively
(see Fig. S1a of Supplementary material). Therefore, the result
demonstrates that the self-photolysis effect (dye sensitization) of
RB is not obvious in a short time (40 min). However, more than
70% RB were degraded by using any G/T or G/P after 40 min  visible-
light irradiation, and the rate constants are at least 5-fold faster
than that of previously reported TiO2-based photocatalysts (the
rate constants are shown in Table 1) [16,25–27].  In order to rule
out the self-photolysis of RB, we have adopted another cutoff fil-
ter (� > 610 nm)  to do the degrading experiment (the maximum
absorption wavelength of RB is around 553 nm). We  found that
RB could not be degraded by using pure TNTs under visible-light
illumination for 7 h, while about 80% RB was  degraded by using
G/T (G/P) under the same conditions (see Fig. S1b of Supplemen-
tary material). Therefore, the visible-light responses of G/T and G/P
result from the sensitization of graphene, which will be further
discussed in Sections 3.2, 3.4 and 3.6.  Based on detailed observa-
tion of Fig. 1a–c, both G/T-5 and G/P-5 possess best photocatalytic
activities, and more than 90% RB were degraded within 40 min
visible-light irradiation (except 88% and 86% for 180 ◦C G/T-5 and
180 ◦C G/P-5, respectively). As for G/T(P)-1 and G/T(P)-10, about 55
and 65 min  are needed to degrade 90% RB under visible-light illumi-
nation, respectively. The inset of Fig. 1a clearly demonstrates that
the photocatalytic performances of 120 ◦C G/T(P)-5 are better than
that of 120 ◦C G/T(P)-1 and 120 ◦C G/T(P)-10 (the 150 ◦C and 180 ◦C
samples demonstrate similar results). The reason can be explained
as follows: insufficient graphene (1 wt%) could not provide enough
photogenerated electrons and electron transportation channels to
TNTs, while excessive graphene would shield the light reaching the
surface of the TNTs (increased absorbance and scattering of pho-
tons by phonons of graphene). Therefore, the results indicate the
synergetic effect of graphene and TNTs.

Moreover, the photocatalytic performances of these photocata-
lysts decrease in the order 120 ◦C samples > 150 ◦C samples > 180 ◦C

samples, indicating that the photoactivity is related to the
hydrothermal temperature (the lower hydrothermal temperature
is good for better photoactivity). It is necessary to consider the sta-
bilities of these photocatalysts in the practical water purification
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Fig. 1. Degradation of Rhodamine-B under visible-light illumination with (a) P25, nanoscale TiO2, G/T-5 and G/P-5 prepared at varied temperatures, and the inset shows the
influence on photocatalytic performances from graphene contents, (b) pure graphene, G/T-1 and G/P-1 prepared at varied temperatures, (c) G/T-10 and G/P-10 prepared at
varied  temperatures, (d) photoactivity stability test of 150 ◦C G/T-5; 1–4 represent first to fourth cycle, respectively.

Table 1
Rate constants of P25, nanoscale TiO2, as-prepared photocatalysts and previously reported TiO2-based photocatalysts on degrading Rhodamine-B under visible-light illumi-
nation  (� > 400 nm)  are shown.

Photocatalysts Reaction time (min) RB degradation efficiency (%) Rate constant (min−1)

P25 40 8 <2.03 × 10−3

Nanoscale TiO2 40 6 <1.54 × 10−3

Pure TNTs 40 10 <2.63 × 10−3

120 ◦C G/T-1 40 89 5.52 × 10−2

120 ◦C G/P-1 40 88 5.30 × 10−2

120 ◦C G/T-5 40 97 8.76 × 10−2

120 ◦C G/P-5 40 96 8.05 × 10−2

120 ◦C G/T-10 40 80 4.02 × 10−2

120 ◦C G/P-10 40 77 3.67 × 10−2

150 ◦C G/T-1 40 86 4.92 × 10−2

150 ◦C G/P-1 40 84 4.58 × 10−2

150 ◦C G/T-5 40 90 5.76 × 10−2

150 ◦C G/P-5 40 93 6.65 × 10−2

150 ◦C G/T-10 40 75 3.47 × 10−2

150 ◦C G/P-10 40 72 3.18 × 10−2

180 ◦C G/T-1 40 81 4.15 × 10−2

180 ◦C G/P-1 40 74 3.38 × 10−2

180 ◦C G/T-5 40 88 5.30 × 10−2

180 ◦C G/P-5 40 86 4.92 × 10−2

180 ◦C G/T-10 40 68 2.85 × 10−2

180 ◦C G/P-10 40 71 3.09 × 10−2

DBS–TiO2 [25] 40 51 1.7 × 10−2

Fe(0.5%)–TiO2 [26] 240 20 ∼1 × 10−3

Fe(0.1%)/Co(0.4%)–TiO2 [26] 240 64 4.26 × 10−3

Activated carbon–TiO2 [27] 100 50 (1 ± 0.2) × 10−2

H2O2–TiO2(ultrasonic) [28] 120 80 1.5 × 10−2
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ig. 2. UV–vis diffuse reflectance spectra of 150 ◦C G/T-10, 120 ◦C G/P-10, 150 ◦C
/T-5, 120 ◦C G/P-5, 150 ◦C G/T-1, 120 ◦C G/P-1, P25 and pure TNTs.

eld. The stabilities of these samples were tested and the result of
50 ◦C G/T-5 is shown in Fig. 1d (the similar results of other pho-
ocatalysts were shown in Fig. S1c–e of Supplementary material).
he results suggest that all the G/T and G/P are stable after 4 times
epeated uses. The G/T-5 and G/P-5 were chosen for further analysis
ainly because of their better photocatalytic performances.

.2. Optical properties of photocatalysts

The optical properties of the 150 ◦C G/T-5 (1,10), 120 ◦C G/P-5
1,10), P25 and pure TNTs are shown in Fig. 2. A significant increase
n the absorption at the wavelength shorter than 400 nm can be
een for all the samples, which is assigned to the intrinsic band
ap absorption of TiO2 and TNTs. The results indicate that no car-
on atom doped into the lattice of TNTs because impurity level
ould shift the absorption edge to the higher wavelength. On the

ther hand, compared with pure TNTs and P25, the presence of
raphene obviously enhances visible-light absorption [20,28,29].
he increased absorbance in 400–850 nm with increasing amount

f graphene (G/T(P)-10 > G/T(P)-5 > G/T(P)-1) is due to the colors
ecoming darker (see Fig. 8). Therefore, the high photocatalytic
ctivities of these photocatalysts under visible-light illumination

ig. 3. XRD patterns of (a) pure TNTs, 180 ◦C G/T-10, 150 ◦C G/T-5, 150 ◦C G/P-5 and 120 ◦C
/T-5  and as-prepared 150 ◦C G/T-5.
us Materials 198 (2011) 78– 86 81

are attributed to the sensitization of graphene rather than impurity
level in the band gap of TNTs.

3.3. XRD results

Fig. 3a shows the XRD patterns of 180◦ G/T-10, 150◦ G/T-5, 150◦

G/P-5, 120◦ G/P-1 and pure TNTs. It is obvious that the photo-
catalysts with different amounts of graphene exhibit similar XRD
patterns. The diffraction peaks around 9◦, 25◦–28◦ and 47◦ can
be assigned to tubular structure, (1 1 0), (0 0 3) and (0 2 0) crystal
planes of TNTs, respectively [30,31]. Moreover, no typical diffrac-
tion peaks belonged to graphene can be found in these curves,
which is in agreement with early reports [20,21,29,24].  The rea-
son can be attributed to the disappearance of the layer-stacking
regularity of graphene after reduction by hydrazine [32]. The XRD
curves of nanoscale TiO2, P25, the as-prepared 150 ◦C G/T-5, 350 ◦C
and 600 ◦C sintered 150 ◦C G/T-5 are shown in Fig. 3b, respec-
tively. Only pure anatase type (JCPDS card: 84-1286) can be found
in nanoscale TiO2, while both anatase and rutile phases (JCPDS
card: 21-1276) can be seen in P25. The characteristic peaks of
TNTs disappeared and were replaced by anatase TiO2 peaks in sin-
tered samples, meaning that the TNTs collapsed and transformed
to anatase phase TiO2 during the high temperature. Based on these
results, it was  found that: (1) similar structures of G/T and G/P
indicate that the diversities of original materials (different crystal
structures of nanoscale TiO2 and P25) do not influence the reassem-
bling process during the hydrothermal reaction; (2) the presence
and amount of graphene do not affect the formation of TNTs during
the hydrothermal reaction; (3) the temperatures of hydrothermal
reaction do not obviously influence the structures of these photo-
catalysts.

3.4. FTIR measurement

The FTIR spectra of pure TNTs, pure graphene, all G/T-5 and
G/P-5 are shown in Fig. 4. In these patterns, the low frequency
absorption below 1000 cm−1 is assigned to the Ti–O–Ti vibra-
tion [33], while the broad absorption from 3000 to 3700 cm−1 is
attributed to the O–H stretching vibration of the surface hydroxyl
from adsorbed water [21]. The absorption around 1600 cm−1 of
pure graphene and all prepared photocatalysts clearly shows the
hybridization of graphene in these photocatalysts [34]. Compared
with that of pure TNTs (in order to compare these curves clearly, the
pattern size of the pure TNTs was  doubled), the absorption bands

 G/P-1, (b) P25, nanoscale TiO2, 600 ◦C sintered 150 ◦C G/T-5, 350 ◦C sintered 150 ◦C
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ig. 4. FTIR curves of pure graphene, TNTs, 180 ◦C (150 ◦C, 120 ◦C) G/T-5 and G/P-5.

orresponding to Ti–O–Ti vibration (below 1000 cm−1) become
ider in all G/T-5 and G/P-5. In the previous report, this peak is

uggested as a combination of Ti–O–Ti and Ti–O–C vibrations [35],
ndicating that the chemical bonds were built between graphene
nd TNTs through the residual surface hydroxyl groups of graphene
36,37]. No typical absorption bands belonging to Ti–C or C–O vibra-
ion can be found in these photocatalysts, suggesting no doped
arbon existing in TNTs. The conclusion is in agreement with UV–vis
iffuse reflectance spectra results.

.5. TEM analysis

The TEM images of G/T-1, G/T-5, G/P-5, G/P-10 and 350 ◦C
intered G/T-5 (all photocatalysts were prepared with 150 ◦C
ydrothermal reaction) are shown in Fig. 5a–e. The Fig. 5a–d shows
epresentative TEM images of TNTs with different concentrations
f graphene, and wrinkled graphene loaded on the TNTs surface
TNTs possess an average diameter of ∼9 nm,  samples prepared at
80 ◦C and 120 ◦C show similar results). Based on detailed analy-
is of the TEM images, the TNTs can be identified clearly in Fig. 5a
ecause of the low content of graphene (1 wt%). On the contrary,
he excess graphene (10 wt%) covered two sides of TNTs, so no TNTs
ere revealed obviously (Fig. 5d). Both TNTs and graphene can be

een in G/T-5 and G/P-5 from Fig. 5b and c (see inset of Fig. 5c),
uggesting the proper proportion of graphene (5 wt%). From the
bove discussions, we can infer that G/T-5 and G/P-5 are more likely
o exploit the merits of TNTs and graphene simultaneously, which
s proved by degradation of RB. After 350 ◦C calcinations (G/T-5)
or 2 h, TiO2 nanoparticles instead of tubular TNTs can be seen in
he Fig. 5e, which is in line with the XRD results. In some early
eports, the TNTs keep tubular structure after high temperature
rocess (400 ◦C). The different phenomenon in present work is due
o the appearance of graphene. The different thermal expansivities
etween TNTs (positive value) and graphene (negative value) lead
o a big stress in TNTs under high temperature. The stress broke the
NTs into nanoparticles and nanofragments during the sintering
rocess. The typical high resolution TEM images of the G/T-5 and
50 ◦C sintered sample were shown in Fig. 5f and g. The TNTs with
9 and ∼7 nm in outer and inner diameters and several hundred
m in length are shown in Fig. 5f. The lattice fringes with 0.35 nm

layer spacing) showed in Fig. 5g are assigned to the (1 0 1) plane of
he anatase TiO2, which is proved by select area electron diffraction
esults (inset of Fig. 5g). The EDS results in Fig. 5h and i further con-
rm the effective hybridization of graphene in G/T and G/P (Fig. 5h
us Materials 198 (2011) 78– 86

and i represents G/T-1 and G/P-10, and the content of carbon obvi-
ously increased for G/P-10. The sign of copper is originated from
copper grid). Moreover, the pure TNTs possess similar appearance
as G/T-1 (see Fig. S2 in Supplementary materials),  indicating that
the additional graphene scarcely influences the formation of TNTs
in hydrothermal reaction.

3.6. XPS results and photocatalytic mechanism

XPS was  used to investigate the chemical states of C, O and Ti in
the prepared photocatalysts. Fig. 6a–c shows the narrow scans of C,
O and Ti of 120 ◦C G/T-5, 150 ◦C G/T-5 and 180 ◦C G/P-5, respectively.
As shown in the XPS curves of C 1s (Fig. 6a), the strong single peak
located at 284.7 eV is ascribed to the elemental carbon [28], while
the weak shoulder peak centered at 288.9 eV is assigned to the
absorbed CO2 or residual hydroxyl functional groups of graphene
[38]. The result is in excellent agreement with early reports on
graphene–TiO2 nanocomposites [20,39]. Further more, the absence
of Ti–C bond around 281 eV again proved that the carbon atoms did
not enter into the lattice of the TNTs. Fig. 6b shows O 1s narrow
scan spectrum, and the peaks around 530.1 eV and 531.5 eV are
attributed to the Ti–O and –OH adsorbed on the sample surface,
respectively [40]. As for Ti 2p core level photoelectron spectrum,
the peaks located at 458.7 eV and 464.5 eV are assigned to Ti 2p3/2
and Ti 2p1/2, respectively [41]. The results demonstrated that no
Ti–C bonds are detected in these photocatalyst. The absence of peak
around 457 eV implies that no Ti3+ ions are detected [42]. The exis-
tence of titanium only as Ti4+ ions means no doped carbon species
in these photocatalysts. The doped carbon atoms always exist as
substitutional carbon for oxygen or interstitial carbon, and the sub-
stitutional carbon would reduce the Ti–O bonds to yield the Ti3+

ions as well as the shift of Ti bond energy to lower value. Moreover,
both substitutional and interstitial carbon species would yield C–O
bonds and a new peak at 286–287 eV [39,43],  which was denied by
the results of C 1s curve. The XPS curves of 350 ◦C sintered 150 ◦C
G/T-5 were shown in Fig. 6d. The profiles of O 1s and Ti 2p are sim-
ilar with that of as-prepared photocatalysts (before calcinations),
while some differences can be seen among the C 1s curves of them.
The shoulder peak at 288.9 eV decreases significantly after calcina-
tions, resulting from the removal of residual hydroxyl functional
groups of graphene during the high temperature process.

Based on TEM, UV–vis diffuse reflectance spectra, FTIR and XPS
results, we  can infer that graphene loaded on the TNTs surface
and carbon atoms did not dope into the lattice of TNTs. Therefore,
the visible-light photoactivities of all prepared samples are due
to the sensitization of graphene rather than impurity levels from
doped carbon atoms. The photocatalytic mechanism of the G/T and
G/P is suggested as follows: under visible-light irradiation, � state
electrons were excited in the graphene by absorbing visible-light.
Owing to the �–d conjugate, the � state electrons were subse-
quently injected into the conduction band of TNTs [29]. The high
carrier mobility of graphene makes the photogenerated electrons
transfer to TNTs quickly, which is in favor of utilizing efficiency of
photogenerated electrons and high photoactivity. These electrons
transferred to the surface of TNTs and reacted with oxygen to yield
superoxide and hydroxyl radicals as follows [25,44]:

O2+e−
CB → O−

2 (1)

2O−
2 +2H++e−

CB → OH•+OH−+O2 (2)

The resulting radicals oxidize RB to yield CO2, H2O and other
mineralization. The photocatalytic process was  shown in Fig. 7.

In order to further confirm this process, ESR analysis was used
to detect the presence of O2

− and OH• radicals (5,5-dimethyl-
1-pyrroline-N-oxide (DMPO) is a proper material to trap these
radicals). As shown in Fig. 8a, four obvious peaks belonged to
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Fig. 5. TEM images of 150 ◦C hydrothermal reaction products. (a) G/T-1, (b) G/T-5, (c) G/P-5, graphene and TNTs can be seen and marked in the inset, (d) G/P-10, (e) 350 ◦C
sintered G/T-5, (f) HRTEM image of G/T-5, (g) HRTEM image of 350 ◦C sintered G/T-5, (h and i) EDS of G/T-1 and G/P-10, respectively.
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Fig. 6. XPS of the 120 ◦C G/T-5, 150 ◦C G/T-5 and 180 ◦C G/P-5. (a) C 1s, (b) O 1s, (c) T

Fig. 7. Photocatalytic mechanism of all G/T and G/P, e−
g , e−

CB and RH2 represent
the photogenerated electrons of graphene, conduction band electrons of TNTs and
reductant organic solute specifically absorbed on the photocatalysts surface, respec-
tively.
i 2p, (d) 350 ◦C sintered G/T-5 (prepared with 150 ◦C hydrothermal reaction).

DMPO–OH• can be seen by using 120 ◦C G/T-1 (5,10) under visible-
light irradiation, while no peak can be detected by using pure TNTs.
The similar results of DMPO–O2

- were shown in Fig. 8b. Therefore,
the visible-light responses of prepared photocatalysts originate
from the added graphene. The intensities of both DMPO–OH• and
DMPO–O2

− peaks for G/T-5 are stronger than that of G/T-1 (10),
indicating both the amounts of the produced OH• (O2

−) radicals
are highest by using G/T-5 (150 ◦C and 180 ◦C samples show similar
results). The results are in great line with the degrading exper-
iments. Moreover, separated graphene (without TNTs) does not
degrade RB directly (see Fig. 1b), meaning that graphene is not a
photocatalyst. Therefore, the graphene acts as sensitizer in these
photocatalysts because the photogenerated electrons originated
from it (the self-photolysis of RB can be ignored in our experiments
which we have discussed in Section 3.1).

3.7. BET surface area

The BET surface areas of 120 ◦C G/T-5, 150 ◦C G/T-5 and 180 ◦C
G/P-5 are almost 10 times larger than that of graphene–TiO2
nanocomposite [20] and 6 times larger than graphene–P25
nanocomposite in previous reports (see Table 2) [21]. The large
specific surface area is propitious to adsorption capacity as well
as photocatalytic activity. Compared to P25 and nanoscale TiO2,
the adsorbabilities of G/T and G/P are greatly improved (Fig. 9).
After 350 ◦C calcinations, the specific surface area of 150 ◦C G/T-5

decreased to 29 m2 g−1, and the adsorbability and photocatalytic
activity degrade obviously (Fig. 9 and Fig. 1S in Supplemen-
tary materials).  Based on above results, we can see that (1) TNTs
is a promising photocatalyst to hybridize with graphene because
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Fig. 8. EPR spectra of radical adducts trapped by DMPO in G/T-1 (5,10) and pure TNTs: (a) DMPO–OH• forming in visible-light irradiated aqueous dispersions; (b) DMPO–O2
-

forming in visible-light irradiated methanol dispersions.

Table 2
BET surface areas of pure TNTs, P25, nanoscale TiO2, 120 ◦C G/T-5, 150 ◦C G/T-5, 180 ◦C G/P-5, 120 ◦C G/T-1, 120 ◦C G/T-10 and previously reported graphene–TiO2 photocatalysts
are  demonstrated.

TNTs/P25 Nanoscale
TiO2

120 ◦C
G/T-5

150 ◦C
G/T-5

180 ◦C
G/P-5

120 ◦C
G/T-1

120 ◦C
G/T-10

350 ◦C sintered
150 ◦C G/T-5

TiO2–GSs
(1–10%)20

P25–GR/CNTs21

0.433

o
t
m
(
f
t

F
G
t

SBET (m2 g−1) 276.574/49.757 85.626 330.267 299.894 28

f its unique morphology and large BET surface area (larger than
hat of P25 and nanoscale TiO2). (2) Low temperature hydrother-

al  method is in favor of bigger specific surface area to G/T and G/P.

3) Combining the results of Section 3.1,  the distinctions of BET sur-
ace areas between these photocatalysts may  be a partial reason for
he differences of their photocatalytic performances. (4) Moreover,

ig. 9. Top: bar plot demonstrate the remaining Rhodamine-B in solution after reaching th
/T-5,  120 ◦C G/P-10 and 350 ◦C sintered 150 ◦C G/T-5 sintered material. Bottom: the digit

he  amount of graphene is increased.
 292.107 301.612 29.258 15.2–37.0 54.2/51.0

the removal of residual hydroxyl functional groups of graphene
(350 ◦C sintered sample), which act as the bridges of graphene
and TNTs, is another reason (except for the decreased BET sur-

face area) for the severely degraded photoactivity. In another word,
the synergy effect between graphene and TNTs is important to the
photoactivity.

e adsorption equilibrium in the dark over nanoscale TiO2, P25, 150 ◦C G/T-1, 120 ◦C
al images of these photocatalysts. The colors of photocatalysts become darker when
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. Conclusion

A series of graphene/TNTs photocatalysts were fabricated by
ydrothermal method at varied temperature. The unique tubular
tructures and large BET surface area of TNTs make it a promising
isible-light driven photocatalyst after hybridizing with graphene.
he UV–vis diffuse reflectance spectra, FTIR and XPS results confirm
hat the visible-light responses of these prepared photocatalysts are
ue to the sensitization of graphene rather than impurity level. The
hotocatalytic performances of them decrease in the order 120 ◦C
amples > 150 ◦C samples > 180 ◦C samples, which is partially due
o the decreased BET surface areas with increased hydrothermal
emperatures. Moreover, the photocatalysts with proper amount
f graphene (such as 5 wt%) combine the merits of graphene (sen-
itization effect and excellent carrier mobility) and TNTs (tubular
tructures and large BET surface area) well.
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