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Boron doped graphene nanosheets (B-GR) as a p-type semiconductor, provides much more edges to
facilitate the loading of TiO2 nanoparticles (P25). Highly-dispersed P25/B-GR nanosheets with the size of
20-50 nm, are successfully synthesized by the vacuum activation and ultraphonic method. The nanosized
morphology can decrease the local density of defects which are induced by the boron substitutional doping,
andmake the B-GR keeping excellent conductivity and p-type transport property. Ti-O-C bonds are formed
during the mixing process, which could efficiently transfer the electrons from TiO2 to B-GR and the holes
from B-GR to TiO2. The tunable bandgap of B-GR determines the large potential application of P25/B-GR
in the photoreduction of CO2 and other gaseous organic pollutants.

A
s one of the gases to cause the global-warming effects, CO2 is very stable and inertia, which makes it
difficult to be activated, thus, a harsh reaction condition and a high energy consumption are needed to
achieve its conversion to the clean fuels and value-added chemicals. Since the successful works in 1979 by

Fujishima et al.1 to report the photoelectrocatalytic reduction of CO2 to form organic compounds such as formic
acid, formaldeyde, methyl alcohol and methane, in the presence of photosensitive semiconductor powders
suspended in water as catalysts, many studies have been focused on the modification of TiO2 in order to exploit
its application to the CO2 photoreduction

2–7. As an ideal photocatalyst, nanoscaled TiO2 was widely used in the
photodegradation of organic pollutants8,9, due to its inexpensive, non-toxic, high stability, and other advan-
tages10–13. However, there are some major obstacles that hinder its industrialization, such as: (1) pure TiO2 can
only absorb the ultraviolet light, which is inefficient use of solar energy; (2) it has a high recombination rate
between photo-excited holes and electrons, and a low quantum efficiency14. The composite comprised of TiO2

and carbon materials is expected to break the above mentioned application bottlenecks of TiO2
13,15, which is

considered to be one of the most development potential of photocatalytic material types.
Compared with some other carbon materials such as nanotubes and fullerenes, graphene (GR) has excellent

conductive property, mechanical property and chemical stability16,17. Its special monoatomic layers of two-
dimensional structure and high surface area, allow it to become a much more ideal multifunctional material
with excellent performance of carrying and passing electrons and holes, compared with other carbon materi-
als18,19. However, the investigation towards the effect of graphene size on supramolecular response has remained
challenging, because of the predominantly micrometer-sized and polydisperse nature of chemically exfoliated
graphene oxide (GO)20,21, and there is less report on successful preparation of dispersed graphene nanosheets,
whose size are controlled within 20, 50 nm, up to now. In order to further improve the electronic properties of
graphene, many researches have been focus on doping graphene with impurity atoms, such as boron and
nitrogen22–27. For instance, boron doping in GR sheets could achieve the tuning of bandgaps and cause the B-
GR sheets showing p-type transport properties25. However, the boron doping also could introduce a large number
of defects in the skeleton of large-scaled GR sheets, which indeed reduced the electronic transmission of GR.
Hence, controlling the graphene size in nanoscale is considered as a useful method to decrease the topical defects
density in GR sheets. The decrease size of GR can not only efficiently reduce the local density of defects but also
increase the exposure of ZZ-edges to improve the semimetallic property of B-GR, which induces enhanced
electrical conductibility28–30.
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On the other hand, despite various reports on composites of TiO2-
graphene15,31,32, however, in those research works, some significant
and key issues remain unaddressed completely32, and some questions
are naturally raised. How do the TiO2 and graphene connect
together? What induces the visible light absorption range of com-
posite, sensitization of graphene or introduction of impurity level
inside TiO2? What is the effect of impurity elements doping on the
electrons transfer capacity of graphene? Besides the unresolved
above mentioned questions, there is hitherto less reports on applica-
tion of TiO2-graphene composite to the photoreduction of CO2.
Herein, we employed a simple vacuum reduction and ultraphonic

method to prepare a graphene and a boron doped graphene with
nanoribbons structure according to our previous report28, by using
GO as the precursor and boric acid as the boron source, which were
denoted as GR and B-GR, respectively. The boron doped graphene
nanoribbons give the semimetallic properties with low impedance
owing to the exposure of ZZ-edges28–30. The B-GR loaded with TiO2

nanocomposite was synthesized through an ultraphonic mixing
method, using the commercial TiO2 nanoparticles of P25 as the
raw material, which was denoted as P25/B-GR. After loading with
P25, the B-GR nanoribbons were fully cut into highly-dispersed
nanosheets, and the increase expose of edges determines the semi-
metallic property of B-GR. The GO and GR loaded with TiO2 nano-
composites were prepared by using the micrometer-sized GO sheets
as the precursor, through a similar method and denoted as P25/GO
and P25/GR, respectively. Compared with the conventional micro-
meter-sized GR, nanometer-sized B-GR could greatly enhance the
electron locality and achieve the directional transfer of photo-
produced electrons on the graphene, as well as the contact chance
between the graphene and the target molecules, hence improving the
photocatalytic efficiency of the P25/B-GR.

Results
Figure 1 shows the TEM images of GR, B-GR and P25/B-GR. Our
previous work has found that the GO presents a polydispersed
micrometer-sized structure and exhibits some wrinkles28. After
vacuumed reduction and ultraphonic treatment, the GR maintains
the decreased micrometer-sized structure, while after boron doping,
the large scaled graphene sheets are cut into nanoribbons (Figure 1a,

b)28. Our previous work has reported that the macro-residual stress
induced by the boron substitutional doping is responsible for the
formation of nanoribbons28, which is very similar to the cutting of
carbon nanotubes into graphene nanoribbons by the reoxidation and
hydrothermal method33,34. It is noteworthy some ZZ-edges and AC-
edges are exposing with the cutting of graphene sheets (Figure 1b)28.
The doping of boron successfully achieve the decrease of the size of
GR sheets and the improvement of the conductivity of B-GR (Figure
S1, the impedance comparison among GO, GR and B-GR)28.
Interestingly, when the P25 nanoparticles are mixed with B-GR
and followed by an ultraphonic treatment, the nanoribbons structure
is further cut into the smaller nanosheets, as shown in Figure 1c.
Although the B-GR nanoribbons were cut into smaller nanosheets
after loading with TiO2 nanoparticles, they still maintain the ZZ-
edges as well as the semimetallic properties. The TiO2 nanoparticles
are highly-dispersed loading on B-GR nanosheets surface, rather
than aggregated on micrometer-sized graphene surface reported by
others15,31,32,35. The TiO2 particle size is about 10–20 nm and the size
of B-GR nanosheet is approximately 20–50 nm, seen from the
HRTEM image in Figure 1d. The interdistance of lattice plane of
0.351 nm is indexed to the (101) plan of TiO2, and the adjacent
nanosheets is the B-GR. The XRD spectra for different P25-graphene
composites indicate that the ultraphonic mixing cannot change the
crystal form of P25 (Figure 2), and all the TiO2 exhibit anatase and
rutile mixed crystal and the crystal size also remains constant in the
range of 10–20 nm, which is accordance with the HRTEM results.
In order to study the formation of B-GR nanosheets after loading

with TiO2, the interaction between TiO2 and B-GR are investigated
by the analysis of XPS results of graphene and P25/B-GR, as shown in
Figure 328. Our previous work on boron doped graphene nanorib-
bons has demonstrated the formation of B4C and BC3 structures in
B-GR, which indicates the substitutional doping of boron into the
skeleton of graphene28. The C1s XPS spectra of different samples are
given to prove the existence of Ti-O-C (Figure 3a). The decrease of
the peaks at 285.7 and 286.8 eV indicates the successful reduction of
GO in the process of vacuum activation. Compared with the GR,
after the addition of H3BO3, the characteristic peaks of C-OH and C-
O-C on B-GR have an obviously decrease, indicating that the sub-
stitutional doping of boron could improve the reduction of GR

Figure 1 | TEM images of samples. Low magnification TEM and high-resolution TEM (HRTEM) images of GR (a), B-GR (b)28, and P25/B-GR (c, d).
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(Figure 3a). Hence, it is expected to have a high conductivity for the
B-GR. And a new peak of C-B generated at 285.3 eV in Figure 3a,
suggests the interaction between boron and graphene28. After loading
with TiO2 nanoparticles, there is appearing a new peak at approxi-
mately 285.5 eV with a strong intensity, owing to the formation of
Ti-O-C bonds. And another new peak at 289.4 eV can be ascribed to
the Ti-O-C5O structure. During the stirring and ultraphonic pro-
cess, the OH- groups on P25 are reacted with the residual OH- and
OH-C5O bonds on B-GR to form the Ti-O-C and Ti-O-C5O
structures. Thatmeans the occurrence of intermolecular dehydration
between Ti-OH and these oxidation groups on the edge of B-GR to
form the Ti-O-C structures. The Ti2p XPS spectra presented in
Figure 3b also demonstrate the generation of Ti-O-C structures.
The Ti2p3/2 shifts from 458.2 to 458.8 eV after loading with B-GR,
indicating that some Ti-O-Ti bonds were replaced by Ti-O-C due to
higher electronegativity of C than Ti. In addition to generate the Ti-
O-C on P25/B-GR, the loading of TiO2 nanoparticles on the surface
of B-GR also has a possibility to produce the Ti-O-B bonds, which
also can cause a similar red-shift of Ti2p3/2 peaks in Figure 3b.
Thereby, in order to eliminate the formation of Ti-O-B, the O1s
XPS spectra for P25/GR and P25/B-GR are given in Figure 3c.
There is an obvious characteristic peak of Ti-O-C at 531.2 eV in
the O1s XPS spectra of P25/GR and P25/B-GR, and the absence of
the peak at 532.7 eV indicates the absence of Ti-O-B in P25/B-GR36.
All the abovementioned XPS results confirm that the simple stirring-
ultraphonic treatment can produce some Ti-O-C bonds to streng-
then the interaction between TiO2 and graphene. Different from

other TiO2-graphene composites prepared by the chemical synthesis
methods15,31,37,38, we use a simple stirring-ultraphonic method to suc-
cessfully load the TiO2 nanoparticles on graphene surface by the
connection bonds of Ti-O-C rather than Ti-C generated in other
reports31,39–42. Zhang et al.43 found that the P25/GO composite pre-
pared by a stirring mixed method showed an enhanced photocata-
lytic activity under the solar light irradiation, which implied the
interaction between GR and TiO2 during the stirring-ultraphonic
process. The chemical bonds between P25 and B-GR play an import-
ant role in the cutting of nanoribbons into nanosheets, which intro-
duce amacro-residual stress on the surface of B-GR nanoribbons and
cut it into smaller pieces. It is well known that the macro-residual
stress induced by the foreign impurity can cause the anisotropic
lattice contraction28. The loading of TiO2 on GR surface exhibits a
distinct pressure stress, which causes the rupture of C-C bonds close
to Ti-O-C in B-GR nanoribbons, by a shear force from the ultra-
phonic treatment (Figure 4). Our previous work has found that the
ultraphonic energy can cut some large-scaled GR into smaller sheets
only when the ultraphonic time is prolonged to 6 h (Figure S2a)28.
When the ultraphonic time is limited in 1 h, there is only less
nanosheets presence in B-GR (Figure S2b). However, in the presence
of TiO2 nanoparticles, the B-GR can be completely cut into highly-
dispersed nanosheets after ultraphonic for 1 h (Figure 1c). That
means the macro-residual stress induced by the loading of TiO2 is
the major reason for the formation of nanosheets.
In addition to the loading of TiO2, there is also another important

factor to determine the formation of highly-dispersed nanosheets,
that is, the doping of boron in GR. The TEM images of P25 mixed
with GR (P25/GR) are shown in Figure 5. Although the macro-resid-
ual stress induced by the loading of TiO2 can cut the large-scaled GR
sheets into much smaller sheets, there are also some large-scaled
sheets found in Figure 5, and the dispersion of P25/GR nanosheets
is much poorer compared with that of the P25/B-GR (Figure 1c). An
obvious aggregation can be found in the TEM image of P25/GR
(Figure 5). It is because that the boron doping has cut the large-scaled
GR sheets into some nanoribbons (Figure 1b), and the further load-
ing of TiO2 nanoparticles facilitates the cutting of nanoribbons into
smaller nanosheets (Figure 1c, d), which induces the formation of
the highly-dispersed and lowly-aggregated B-GR nanosheets. The

Figure 2 | XRD spectra for different samples.

Figure 3 | XPS analysis. C1s (a), Ti2p (b) and O1s (c) XPS spectra for different samples.

Figure 4 | Schematic diagram of the cutting of B-GR nanoribbons into
nanosheets in the presence of TiO2 nanoparticles.
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studied GR without boron doping is prepared by using the micro-
meter-sized GO sheets as the precursor. After loading with P25,
although the size of GR in Figure 5 has a certain degree of reduced,
it is still too large to expose enough edges and to give a semimetallic
property. Instead of that, GR is more likely to be a semiconductor44.
Compared with other reported large-scaled GR sheets/TiO2 compo-
sites15,31,32,35, our prepared nano-sized B-GR presents decreased
topical defects density, much lower impedance, and excellent con-
ductivity (Figure S1, impedance spectra for different samples)28,
which determine the large potential application of P25/B-GR in
the photocatalysis. Additionally, the P25/B-GR can produce the elec-
trons and exhibit a high photocurrent response under the simulated
solar light irradiation, as shown in Figure 6.
The solar-driven photocatalytic activity of P25/B-GR nanocom-

posite was measured by monitoring the methane generation during
photocatalytic reduction of CO2, as shown in Figure 7a. After boron
substitutional doping into graphene, the B-GR has a p-type semi-
conductor property25, which can connect with the n-type semi-
conductor of TiO2 to form the n-p junction. When a n-p junction
is formed in a photocatalytic system, the photo-generated hole-
electron pairs can be immediately separated under internal electro-
static field in the p-n junction region45–47. The electrons will move to
the p-type semiconductor of B-GR and the holes will transfer to the
n-type semiconductor of TiO2 to minimize the recombination rate
and increase the quantum yield46. However, in the photo-reduction
system such as water splitting and CO2 reduction, the addition of
hole scavenger is still very important to the photo-reduction effi-
ciency of electrons47, owing to the presence of recombination
between holes and electrons in the bulk of n-type semiconductors.
Some studies have reported that the ethanol or sodium carbonate is
used as the sacrificial hole scavenger in the p-n junction system for
the water splitting or photoreduction of hexachloroplatanic acid46,47.
For instance, Meng et al.47 prepared the n-p junction of MoS2/nitro-
gen doped graphene, which also needed the ethanol as the sacrificial
hole scavenger in the water splitting. Hence, although the presence of
B-GR is beneficial to the transfer of holes, the addition of sacrificial
hole scavenger in the CO2 photoreduction process is still necessary to
further improve the photo-reduction efficiency of electrons.
In addition to CO2, some reports have found that the graphene or

other carbon species also can be photoreduced by the TiO2 to gen-
erate carbonate products under the light irradiation48,49. In order to
confirm the existence of CO2 photoreduction in our investigation,
the blank photocatalytic test of P25/B-GR in the absence of CO2 is
given in Figure 7a. Obviously, there is only a little CH4 (, 0.35 mmol/
g) generated after 120 min solar light irradiation. On the other hand,
the P25/B-GR shows the highest photogenration of CH4 (.
2.50 mmol/g), which is much higher than that of the P25/B-GR in
the absence of CO2. Thereby, we can conclude that the generated
CH4 has its origin on the photoreduction of CO2 rather than the

photodegradation of graphene. In all the composites, the P25/B-GR
shows the highest photoreduction efficiency of CO2. The photore-
duction of CO2 includes two basic procedures: first is the CO2mole-
cules adsorbed on the reaction sites of photocatalyst; second is the
reaction conversion between CO2 and photo-excited electrons and
holes. Hence, the interaction between graphene and TiO2 plays an
important role in the transfer of electrons. In addition, although all
the TiO2/graphene composites exhibit a little enhancing adsorption
capacities of methyl orange (MO) compared with the pure P25
(Figure S3), the P25/B-GR has substantial activity in the photocata-
lytic degradation of MO under visible light irradiation, as shown in
Figure 7b. Under the solar light irradiation, the photo-excited elec-
trons on CB of TiO2 are injecting into the B-GR, and the photo-
excited holes located on B-GR transfer into the VB of TiO2 through
the Ti-O-C bonds, owing to the p-type property of B-GR25,50, as
shown in Figure 8a. Finally, the electrons are concentrating upon
the B-GR nanosheets, and the holes are concentrating upon the TiO2

nanoparticles, which are authentically realizing the separation of
photoproduced electrons and holes.

Discussion
It is a remarkable fact that, compared with micrometer-sized gra-
phene loaded with TiO2 (P25/GR), the nanometer-sized structure of
graphene could effectively reduce the transmission distance and
induce the occurrence of scattering by the further boron doping. In
fact, the electronic property of graphene oxide is similar with that of
graphite oxide28, and both of them are semiconductors51,52. And the
GR can also be considered as a reduced GO, due to its incomplete
reduction in the vacuum at a relative low temperature. That is to say
theGR is also a semiconductor. However, further doping with boron,
the graphene exhibits a semimetallic property. Some studies on GR
have reported that the edges in GR sheets and few-layer graphene
nanoribbons have highly reactive sites, which can exhibit metallic
and semiconductor properties simultaneously28,44. The exposure of
ZZ-edges on nanoscaled graphene is easier to give a semimetallic
property29,30. In our investigation, the P25/B-GR nanosheets are pre-
pared by using boron doped graphene nanoribbons as the precursor
which has demonstrated to expose many ZZ-edges in our previous
work28. Thereby, the photo-produced electrons of B-GR make its
Fermi level (E9f-B-GR nanosheets) being higher than the conduction
band (EC-GR sheets) of GR sheets (from Ef-B-GR nanosheets to E9f-B-GR
nanosheets in Figure 8b). The level of E’f-B-GR nanosheets just falls in
between the conduction band (CB) of TiO2 and the relevant redox
potentials of CO2/CH4

5, which is beneficial to the transfer of photo-

Figure 5 | TEM images for P25/GR.

Figure 6 | Photocurrent spectrummeasurement. Transient photocurrent
responses of P25/GO, P25/GR and P25/B-GR in 0.5 M Na2SO4 aqueous

solution under solar irradiation.
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generated electrons, as shown in Figure 8a. Different from B-GR, the
GR sheets have a relative lower CB under the level of redox potentials
of CO2/CH4. The low reductive capacity of GR sheets determines the
lower CO2 conversion efficiency of P25/GR than that of P25/B-GR.
The excellent electron-accepting and transporting capacities of B-GR
could improve the electrons transfer efficiency and the reaction sites
on its surface, resulting in the acceleration of the reaction conversion
between CO2 and photo-excited electrons, as summarized in reac-
tion (1). Simultaneously, in the photo-degradation of MO, the
absence of sacrificial hole scavenger promotes the collective holes
on TiO2 VB reacting with H2O molecules to generate many mobile
freeOH radicals (Figure 8a). A large number of generatedmobile free
OH radicals are responsible for the high photocatalytic activity of
P25/B-GR for the degradation of MO under the visible light irra-
diation.

CO2z8Hzz8e�?CH4z2H2O ð1Þ

In conclusion, smaller sized B-GR nanosheets were successfully
prepared for the first time, through a simple vacuum reduction fol-
lowed by an ultraphonic method. TiO2 nanoparticles were loaded on
the surface of B-GR nanosheets by a simple ultraphonic-stirring
mixing method, which exhibit a high efficiency of CO2 photoreduc-
tion and photodegradation for MO. The macro-residual stress
induced by the formation of Ti-O-C bonds between TiO2 and gra-
phene is responsible for the cutting of B-GR sheets into smaller size
of nanosheets. The excellent electron transporting capacities of B-GR
were beneficial to the separation of photoproduced electrons and
holes, resulting in the enhancement of CO2 reduction and the gen-
eration of free OH radicals. Our results open the way to further
implementation of graphene-based materials as photocatalysts that
can be used in the photoreduction of CO2 and photodegradation of
other organic pollutants in the gas phase. In addition, it would be nice
to explore the boron-concentration dependence photocatalytic activ-
ity of B-GR/TiO2 hybrid materials in the future research work.

Methods
Preparation of GO, GR and B-GR. Graphite oxide (GO) was synthesized from
natural graphite powder using a modified Hummers methods53. The detail
experimental procedures were referring to the report published by Zhangpeng Li
et al.17 The preparation of B-GR is according to our previous work28. 5 ml GO was
dispersed into 20 mL double distilled water and ultraphonic for 1 hour, and then
0.4 g H3BO3 was added to the above solution and vigorous stirring for 1 hour. The
solution was drying at 60uC for 12 h. Obtained brown flaky solid was heated at 300uC
for 3 hours in the vacuum condition. The color of flaky solid was changed from
brown to black. This black solid was dispersed into 20 mL double distilled water again
and ultraphonic for 1 hours. 30 ml HCl (1 M) was added to the above mentioned
solution and stirring for 15 hours to washing out the boron oxides coverage on the
surface of graphene. After HCl washing, the solid products were washed by the double
distilled water for 5 times and dispersed into 5 mL double distilled water. Finally, it
was transferred to a plastic bottle and denoted as B-GR. The GR was prepared by the
above similar method without the adding of H3BO3.

Synthesis of TiO2-graphene composites. 4 mL B-GR was added into 40 mL double
distilled water and ultraphonic for 1 hour, and then 0.5 g P25 (Degussa) was added to
the solution. The mixture solution was treated with ultraphonic for 1 hour and
vigorous stirring for 5 hours. The mixture was dried under 80uC and denoted as P25/
B-GR. In the same way, 4.0 ml B-GR was replaced to GO and GR to obtain the P25
loaded with GO and GR composites, which were denoted as P25/GO and P25/GR,
respectively.

Characterization. X-ray diffraction (XRD) patterns of all samples were collected in
the range 10–80u (2h) using a Rigaku D/MAX 2550 diffractometer (Cu K radiation,
l5 1.5406 Å), operated at 40 kV and 100 mA. Themorphologies were characterized
by transmission electronmicroscopy (TEM, JEM2000EX). The instrument employed
for X-ray photoelectron spectroscopy (XPS) studies was a Perkin-Elmer PHI 5000C

Figure 7 | Photocatalytic activities of different samples. Simulated solar light induced CO2 reduction (The dark yellow line is the data of the blank

photocatalytic test of P25/B-GR in the absence of CO2) (a), and visible light induced photocatalytic activities for degradation of MO (b).

Figure 8 | Structural model of energy states. Schematic diagram of

photo-excited electrons and holes transfer among TiO2 nanoparticles and

B-GR nanosheets (a). Schematic diagram of photo-generated electrons

transfer between TiO2 and graphene materials (b).
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ESCA systemwith Al Ka radiation operated at 250 W. The shift of the binding energy
due to relative surface charging was corrected using the C1s level at 284.6 eV as an
internal standard. All the electrochemical experiments included electro-chemical
impedance spectroscopy and photocurrents measurements were carried out on an
electrochemical analyzer (CHI 660 D electrochemical station, CHI Instruments Inc.)
at room temperature. A standard three-electrode system consisting of a working
electrode (as-prepared samples as the working electrodes with an active area of ca.
0.5 cm22), a Pt wire as the counter electrode and a saturated Ag/AgCl as the reference
electrode was employed.

Photocatalytic Activities. CO2 photoreduction reaction was carried out in a home-
made photocatalytic reactor. 0.1 g catalyst was added in 5 mL CO2 saturated double
distilled water. 0.1 g NaSO3 was added in the solution as a hole scavenger. A 300 W
Xe lamp (Newport) was used as a light source to simulate the solar light. At the given
time intervals, the produced CH4 were taken from the mixture and immediately
measured by gas chromatography (Techcomp GC-7890II) with a flame ionization
detector (FID).

Visible light-driven photocatalytic activity of each sample was evaluated in terms of
the degradation of methyl orange (MO, 10 mg/L). The photocatalyst (0.07 g) was
added into a 100 mL quartz photoreactor containing 70 mL of an organic pollution
solution. The mixture was stirred for 120 min in the dark in order to reach the
adsorption–desorption equilibrium. A 500-W tungsten halogen lamp equipped with
a UV cut-off filters (l. 420 nm) was used as a visible light source. At the given time
intervals, the analytical samples were taken from the mixture and immediately cen-
trifuged, then filtered through a 0.22 mmMillipore filter to remove the photocatalysts.
The filtrates were analyzed by recording variations in the absorption in UV-vis
spectra of MO using a Cary 100 ultraviolet visible spectrometer.
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