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ABSTRACT: Titanium dioxide (TiO2) nanoparticles-functionalized N-doped graphene (NGR) composites (NGR/TiO2) were
prepared through solvothermal treatment approach using exfoliated NGR and tetrabutyl titanate as the staring materials. The
composites were characterized by transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, UV−vis
diffuse reflectance spectra, photoelectrochemical, and electrochemical measurements. Nitrogen doping provides favorable
nucleation and anchor sites for TiO2 nanocrystals formation on NGR sheets, helping to form an intimate interfacial contact
between NGR and TiO2 nanoparticles. Moreover, NGR has higher electrical conductivity than the reduced graphene oxide
(RGO) due to the recovery of the sp2 graphite network and decrease of defects, resulting in more effective charge transfer and
charge separation in the NGR/TiO2 composite. NGR/TiO2 nanocomposite demonstrated a higher photocatalytic activity for
hydrogen production as compared to its counterpart, TiO2-functionalized RGO composite (RGO/TiO2). This work provides
new insights to design new more efficient graphene-based nanocomposite photocatalysts for solar energy conversion.
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1. INTRODUCTION

Graphene has shown great promise for applications in
electronics,1 biosensor,2 catalysis,3−5 energy storage and
conversion6,7 due to its extraordinary electronic, thermal, and
mechanical properties.8,9 It has been widely reported that
graphene incorporated semiconductor photocatalysts show
enhanced photocatalytic performance for hydrogen generation
because graphene performed as an excellent supporting matrix
for semiconductor as well as an electron acceptor/transporter
in the catalysts,10−13 and thus efficiently reduced the
recombination of the photogenerated electron−hole pairs and
led to high photoconversion efficiency.4,14,15

TiO2 as a photostable, inexpensive, and nontoxic photo-
catalyst has been widely explored in the field of solar energy
conversion devices.16 Incorporation of graphene or the reduced
graphene oxide (RGO) with TiO2 improved the photocatalytic
activity for H2 evolution.

17−21 However, the defects and some
oxygen-containing groups remaining on RGO sheets not only
reduce the electrical conductivity but also can become the

recombination center of the photoexcited charges. Besides, the
poor interfacial interaction between graphene and TiO2 is
another crucial factor that affects photocatalytic activity.22 To
solve these problems, Liang et al.23 used the solvent-exfoliated
graphene as a graphene precursor to minimize the defects of
graphene/TiO2 composite and to enhance the photocatalytic
performance for CO2 reduction. Xu’s group24 used poly-
vinylpyrrolidone-modified solvent-exfoliated graphene to pre-
pare graphene/TiO2 composite for both decreasing defects of
graphene and improving the interfacial contact between
graphene and TiO2.
Both theoretical and experimental studies have revealed that

nitrogen doping provides an effective approach to tailor the
electronic property and chemical reactivity of the graphene.25,26

N-Doped graphene (NGR) can anchor the metal nanoparticles
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for use in catalytic reactions27 or directly participate in catalytic
reactions.28 Some methods, including the arc discharge,29

chemical vapor deposition,30 NH3 plasma treatment,31 the
solvothermal reaction,32 and thermal annealing graphene oxide
(GO) with NH3,

33 have been developed to produce NGR. We
have also recently reported a simple approach to produce NGR
by the thermal solid-state reaction of GO and urea.34 In this
thermal solid-state reaction process, N-doping is accompanied
by the reduction of GO. NGR demonstrated great enhance-
ment of electronic conductivity due to the recovery of the sp2

graphene network and the decrease of defects within the plane
associated with nitrogen incorporation.35 As a semiconductor
supporter, NGR has shown higher photocatalytic performance
for hydrogen generation than the undoped one. For example,
Jia et al.36 demonstrated NGR/CdS photocatalyst displayed
higher photocatalytic activity than RGO/CdS and GO/CdS
due to the enhanced electron transportation from CdS to
NGR.37 Pei et al.38 reported that the photocatalytic efficiency of
NGR/N-TiO2 composite under ultraviolet irradiation was
improved greatly as compared to that of commercial P25. In
addition, NGR/MoS2

39 and NGR/ZnSe40 photocatalysts also
exhibited remarkably enhanced photocatalytic activities. These
results suggest NGR as a cocatalyst of semiconductor is a more
promising candidate to improve photocatalytic performance.
However, it has rarely been reported the interfacial interaction
between NGR and semiconductor nanoparticles relative to the
nitrogen doping and its effects on the photoinduced charge
transfer and photocatalytic performance.
In this work, we use solvent-exfoliated NGR as a supporting

matrix to prepare NGR/TiO2 nanocomposite for photocatalytic
hydrogen generation from water. NGR has better electrical
conductivity than RGO; moreover, our experimental results
suggest nitrogen atoms in graphene can serve as favorable
nucleation and anchor sites for TiO2 nanocrystals to realize an
intimate interfacial contact between NGR and TiO2 nano-
particles. The photocatalytic activity test indicated that high
photocatalytic activities for hydrogen generation were achieved
by NGR/TiO2 rather than pure TiO2 and the RGO/TiO2
composite. Furthermore, NGR enhances the photocatalytic
stability of platinum nanoparticles-modified NGR/TiO2
composites.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. GO was synthesized from purified

natural graphite flakes using a modified Hummers method,41 and then
was annealed with urea at 700 °C to obtain NGR with ∼10 at. %
nitrogen content according to our previous method.34,42 NGR/TiO2
photocatalysts were synthesized in two steps using NGR and tetrabutyl
titanate (TBOT) as the starting materials. Take the preparation of
NGR/TiO2 nanocomposite with 1 wt % NGR loading, for example:
First, 7 mg of NGR was dispersed into 20 mL of water with sonication
for 1 day, resulting in a metastable gray dispersion. The dispersion was
then allowed to settle overnight. The precipitates at the bottom were
removed (about 3.7 mg), and 80 mL of ethanol was then added to the
remaining dispersion. The mixture was then sonicated for an
additional 1 h, resulting in a stable suspension that did not show
precipitation for weeks. Next, 426 mg of TBOT mixed with 10 mL of
ethanol was added dropwise to 30 mL of the above NGR suspension
(0.033 mg mL−1) under magnetic stirring. After being stirred for 2 h,
the mixture was transferred into a stainless steel autoclave with a 100
mL Teflon liner and kept at 180 °C for 10 h. The resulting precipitate
was collected, washed thoroughly with distilled water followed by
ethanol, and then dried at 80 °C to get the final NGR/TiO2
nanocomposite. Similarly, a series of NGR/TiO2 nanocomposites
with different mass ratios of NGR were prepared. The samples

prepared by this procedure were denoted as NGR-x/TiO2, where x
refers to the mass ratio of NGR relative to the mass of TiO2. For
comparison, RGO/TiO2 nanocomposites were prepared following the
same procedure as above except that GO suspension was used instead
of NGR suspension. By this solvothermal treatment, GO can be
converted to RGO using ethanol as reducing agent.43 The pure RGO
was prepared by the above solvothermal method using GO as a
precursor. The pure TiO2 was also prepared according to the same
procedure described above for the preparation of NGR/TiO2, in which
NGR suspension was absent.

The platinum nanoparticles-modified NGR/TiO2 nanocomposites
were prepared by the photodeposition method according to the
literature.44 332 μL of H2PtCl6 aqueous solution (7.723 mmol L−1)
and 50 mg of NGR/TiO2 were added into 50 mL of alcohol aqueous
solution (containing 20 vol % alcohol) in a quartz flask to load 1.0 wt
% Pt on the surface of NGR/TiO2, and then irradiated by a GY-10
xenon lamp (150 W) at room temperature for 2 h with continuous
stirring under argon atmosphere. The sample was obtained by
centrifugation and dried at 60 °C overnight. The platinized RGO/
TiO2 and TiO2 catalysts were also prepared by using the same method.

2.2. Characterization. Transmission electron microscopy (TEM)
images were recorded on a Hitachi S-4800 system. X-ray diffraction
(XRD) patterns were measured on a Philips diffractometer with Ni-
filtered Cu Kα radiation. UV−vis diffuse reflectance spectra were
obtained on a Hitachi UV-3010 spectrophotometer using BaSO4 as a
reference. X-ray photoelectron spectroscopy (XPS) measurements
were taken by an AXIS Ultra DLD system (Kratos Analytical Inc.)
using monochromatic Al Kα radiation. The binding energies were
calibrated with 284.6 eV for C 1s. Electrical conductivities of the NGR
and RGO samples were ca. 40.0 and 3.5 S cm−1, respectively, which
were measured by four-point probe method under ambient conditions.

2.3. Photoelectrochemical and Electrochemical Measure-
ments. All photoelectrochemical and electrochemical measurements
were performed on a CHI 660B potentiostat/galvanostat electro-
chemical analyzer in a typical three-electrode configuration system
using the prepared samples as the working electrodes, a saturated
calomel as a reference electrode, and a platinum wire as a counter
electrode. The electrolyte was 0.5 M Na2SO4 aqueous solution. The
working electrodes were prepared as follows: the sample powder was
thoroughly mixed with ethanol (100 mg mL−1), and the obtained
paste was applied evenly onto 1 cm2 conducting indium tin oxide
(ITO) glass substrate, resulting in a ca. 10 μm thick film. The transient
photocurrents were recorded when the working electrode was
irradiated with a 150 W xenon lamp. The electrochemical impedance
spectroscopy (EIS) was measured under the perturbation signal of 5
mV over the frequency range from 1 to 100 MHz. The scan rate was
50 mV s−1 for the cyclic voltammograms (CV) measurement.

2.4. Photocatalytic Reaction. The photocatalytic reaction was
carried out in a 50 mL quartz flask equipped with a flat optical entry
window. A specified amount of the sample was added to 50 mL
aqueous solution of triethanolamine (TEOA) (10 vol %). The pH of
the solution was adjusted to the required value by the addition of 1 M
hydrochloric acid solution. The system was deaerated by bubbling
argon into the solution for 30 min before the reaction. The solution
was stirred continuously and irradiated by a 150 W GY-10 xenon lamp
(from ultraviolet to near-infrared full-spectrum emission) at 298 K and
atmospheric pressure. The distance between the window of the flask
and light source was 20 cm. The focused incident light intensity on the
flask was ca. 80 mW cm−2. The gases produced were analyzed through
the online gas chromatograph (GC102AT) equipped with a TCD
detector.

The apparent quantum yield (AQY) was measured under the same
photocatalytic reaction condition except for the incident light through
a band-pass filter (365 nm). The H2 yields of 1 h photoreaction were
measured. The photon flux of the monochromatic light was
determined using a UV-A radiometer (made in the photoelectric
instrument factory of Beijing Normal University, China). AQY values
at 365 nm were calculated according to the following equation:
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3. RESULTS AND DISCUSSION

3.1. Morphology and Structure Characterization of
Samples. Figure 1 shows the TEM images of the as-prepared
samples. For RGO-2/TiO2 composite, the TEM image (Figure
1a) reveals that the average diameter of TiO2 nanoparticles is
ca. 20 nm, while for the sample NGR-2/TiO2, TiO2
nanoparticles with an average diameter of 8 nm are well
distributed to the surface of NGR sheets (Figure 1b). HRTEM
image of NGR-2/TiO2 (Figure 1c) indicates that the TiO2
nanoparticles and NGR are highly crystalline with a lattice
spacing of ca. 0.35 and 0.37 nm, respectively, which correspond
to the (101) plane of anatase TiO2 and the (002) plane of
graphene, respectively. Nitrogen-containing groups in graphene
may serve as favorable nucleation and anchor sites for TiO2
nanocrystals. The smaller size of TiO2 nanoparticles in the
NGR-2/TiO2 system might be due to the stronger coupling
between TiO2 and N-doped sites on the NGR.45 A similar
phenomenon was also observed in the Co3O4/NGR system
where the Co3O4 nanocrystal has a smaller size on NGR than
that on RGO.46 The strong coupling between TiO2 and NGR
contributes to the interfacial contact of the two moieties.
The XRD patterns of NGR/TiO2 samples display distinct

diffraction peaks (2θ) at 25.3°, 37.9°, 48.1°, 54.5°, 62.5°, 69.7°,
and 75.2° (Figure S1 in the Supporting Information), which
correspond to the (101), (004), (200), (105), (204), (220),
and (215) crystalline planes of anatase TiO2 (JCPDS card: 73-
1764), respectively. Average crystallite size as estimated by the
Scherrer equation from the fwhm of anatase TiO2 (200) peak is

ca. 8 ± 2 nm, which is consistent with the TEM observation.
No diffraction peaks attributed to the NGR species were
observed mainly due to the low amount and relatively low
diffraction intensity of graphene.11

The XPS survey spectrum of NGR-2/TiO2 confirms the
elemental compositions. The XPS peaks at 284.6, 399.1, 460.5,
and 530.1 eV (Figure 2A) can be assigned to the binding
energies of C 1s, N 1s, Ti 2p, and O 1s, respectively.47 HR-XPS
for the C 1s region are resolved and can be fitted into three
peaks centered at 284.6, 285.4, and 287.7 eV (Figure 2B),
corresponding to the C−C, sp2C−N, and sp3C−N species,
respectively.30 There are no significant changes as compared to
our previous report in NGR sample,34 suggesting covalent C−
N bonds are stable during the preparation process of the
composite. For the HR-XPS of Ti 2p region (Figure 2C), the
two prominent peaks centered at 458.7 and 464.5 eV
correspond to Ti 2p3/2 and Ti 2p1/2 of TiO2, respectively.

48

The two weak resolved peaks centered at 453.1 and 459.4 eV
also relate to Ti 2p3/2 and Ti 2p1/2 at different chemical
bonding environments, indicating the interaction between the
Ti and nitrogen. The decrease of binding energies of two weak
Ti 2p3/2 and Ti 2p1/2 peaks can be ascribed to the partial
reduction of Ti4+ by the formation of N−Ti−O bonding
because nitrogen has lower electronegativity than oxygen.49,50

The interaction between the Ti and carbon can be excluded
because no obvious changes of the C 1s peak in NGR/TiO2 are
observed.
Figure 3 shows the Raman spectra of TiO2, RGO-2/TiO2,

and NGR-2/TiO2 composite. For TiO2, the main characteristic
peak of anatase TiO2 located at 150 cm−1 is attributed to the
main Eg anatase vibration mode. The vibration peaks at 404
cm−1 (B1g), 519 cm−1 (A1g), and 644 cm−1 (Eg) indicate the
anatase TiO2 crystallites.51 This observation is in well
agreement with the XRD results. For RGO-2/TiO2 and
NGR-2/TiO2 composite, the main Eg vibration mode shows

Figure 1. TEM images of (a) RGO-2/TiO2 and (b) NGR-2/TiO2; HRTEM image of (c) NGR-2/TiO2.

Figure 2. XPS survey spectrum of (A) NGR-2/TiO2; HR-XPS spectra for (B) the C 1s region and (C) the Ti 2p region of NGR-2/TiO2.
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an obvious blue-shift as compared to pure TiO2, while the
Raman peaks at 404, 519, and 644 cm−1 are shifted to lower
wavenumbers. Although the blue-shift for the Eg mode of the
composite is partially related to the quantum size confinement
effect,52 all of the shifts of the Raman peaks indicate the strong
interactions between TiO2 and RGO/NGR.53,54 The larger
Raman shifts in NGR/TiO2 indicate a stronger interaction
between TiO2 and NGR than that for RGO.
3.2. Optical Properties and Charge Migration Study of

Samples. The UV−vis diffuse reflectance spectra (Figure S2 in
the Supporting Information) show that the absorption edge of
NGR supported TiO2 is red-shifted as compared to that of
TiO2, indicating NGR in the nanocomposite narrows the band
gap of TiO2 semiconductor.14,55

The CV curves of the samples are presented in Figure 4.
NGR/TiO2 electrode displays a large current density at

different potentials as compared to that of pure TiO2 and
RGO/TiO2, demonstrating an obvious electron transfer rate
enhancement due to the high conductivity of NGR. In addition,
the curve of RGO/TiO2 shows a clear cathodic peak around
0.45 V and an anodic peak around 0.7 V. The large peak-to-
peak separation (ΔEp) indicates poor redox reversibility of
RGO/TiO2.

43 For the NGR/TiO2, the redox peaks are almost
negligible, which indicate good charge propagation at the
electrode surface.56

The transient photocurrents at different TiO2 working
electrodes were measured to better understand the charge
transfer in the nanocomposite. For all samples, the rise and fall
of the photocurrents responded rapidly with the on and off of
the light-irradiation (Figure 5A). The photocurrent rapidly
decreased to zero at dark state, and quickly increased to and
was maintained at maximum value once the light was switched
on. The photocurrent density of NGR/TiO2 under light
irradiation was about 7.0 μA cm−2, whereas those of the TiO2
and RGO/TiO2 were about 1.5 and 4.5 μA cm−2, respectively.
The higher photocurrent in graphene composites suggests a
higher charge transfer rate, which facilitates the efficient
electron−hole separation and retard charge recombination.24,57

Because the electrical conductivity of NGR (∼40 S cm−1) is
much higher than that of RGO achieved by this solvothermal
reduction (3.5 S cm−1), thus NGR/TiO2 demonstrates the
higher carrier transfer rate and photocurrent density. In
addition, introduction of nitrogen to the graphene network
increases the electronic density of states near the Fermi level,58

and thus facilitates interfacial electron transfer from TiO2 to
NGR sheets. To further investigate the effect of RGO and NGR
on the charge transport efficiency, EIS presented as Nyquist
plots were performed for the working electrodes of TiO2,
RGO/TiO2, and NGR/TiO2. As shown in Figure 5B, both
RGO/TiO2 and NGR/TiO2 composite showed smaller
curvatures of impedance arcs in the plot as compared to their
pure TiO2 counterpart, indicating the introduction of NGR/
RGO in the nanocomposites improved the conductivity of the
film.59,60 Furthermore, the smaller arc of NGR/TiO2 as
compared to RGO/TiO2 indicates a more rapid charge
transport rate in the NGR/TiO2 composite.

3.3. Photocatalytic Study. Photocatalytic activities for H2
production on various samples were evaluated under 150 W
xenon lamp irradiation. Figure 6 shows the effect of the
concentration of NGR-2/TiO2 on the amount of hydrogen
evolved under experimental conditions. With the increase of
NGR-2/TiO2 amount, the amount of H2 generation first
increased. The amount of hydrogen evolved was 68.6 μmol in 5
h UV−vis irradiation when the concentration of the photo-
catalyst reached 0.6 mg mL−1. Further increase of the NGR-2/
TiO2 amount led to a decrease of the amount of evolved H2.
The excess of photocatalyst in the photocatalytic system may
block the penetration of the incident light in the suspension,
and thus decrease the amount of H2 evolution.

61

The pH value of the reaction system also affects hydrogen
evolution under experimental conditions (Figure S3 in the
Supporting Information). When the pH values vary from 10.8
(without pH adjustment) to 6, the amount of hydrogen
evolution decreased to a minimum at pH 6, indicating that
basic solution was favorable to hydrogen evolution in our case.
The result is similar to the results reported in the literature.62

The decrease of hydrogen amount was related to the decreased
ability to donate electrons of TEOA at low pH values.63

Figure 7A illustrates a typical time course of H2 production
over pure TiO2, NGR/TiO2, and RGO/TiO2 from a TEOA
aqueous solution (pH 10.8) under 150 W Xe-lamp
illumination. In general, the NGR/TiO2-based photocatalysts
exhibit much higher activities. The content of NGR in the
composite has an important influence on catalytic activity. The
amount of evolved hydrogen increased with the increase of
amount of NGR incorporated in the composite. The
photocatalyst with optimized composition containing ca. 2 wt
% NGR (NGR-2/TiO2) shows the highest photocatalytic

Figure 3. Raman spectra of (a) pure TiO2, (b) RGO-2/TiO2, and (c)
NGR-2/TiO2 composite.

Figure 4. Cyclic voltammogram curves for the electrodes covered with
TiO2, RGO-2/TiO2, and NGR-2/TiO2 films in 0.5 M Na2SO4
electrolyte.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503244w | ACS Appl. Mater. Interfaces 2014, 6, 13798−1380613801



activity. The average rate of H2 evolution of NGR-2/TiO2 was
13.3 μmol h−1, and the corresponding AQY was 3.5% at 365
nm, which was about double that of TiO2 (7.1 μmol h−1).
However, excess NGR in the composite decreases photo-
catalytic activity because the high NGR incorporation in the
nanocomposite may produce a filter effect or block the active
sites of TiO2.

64−66 Comparing the photocatalytic activity of
NGR-2/TiO2 with that of RGO-2/TiO2, it is easy to find that

NGR-2/TiO2 has higher photocatalytic activity than RGO-2/
TiO2 (8.9 μmol h−1). The photocatalytic results demonstrate
that NGR as a cocatalyst of semiconductor is superior to RGO
in the photocatalytic H2 production in our case. To further
confirm this, we compared the efficacy of the NGR-2/TiO2
system with the other reported RGO-based TiO2 systems in
terms of material preparation, particle size, sacrificial electron
donors used, and the rate of hydrogen production, as shown in
Table 1. The TiO2 particle size in NGR-2/TiO2 composite is
smaller than that in the other reported RGO/TiO2 system
using a similar preparation method. The average rate of H2
evolution of NGR-2/TiO2 is also higher than those of RGO/
TiO2 composites. It should be noted that no hydrogen
evolution was observed in NGR/TiO2 and RGO/TiO2
composites under visible light irradiation (λ > 420 nm) in
our case, indicating that the hydrogen produced from the
NGR/TiO2 and RGO/TiO2 composites was mainly from UV-
light contribution. The results also indicate the direct
photoexcitation substance is TiO2 rather than NGR/RGO.
Figure 7B illustrated the photocatalytic hydrogen production
mechanism of NGR/TiO2 composite from TEOA aqueous
solution. NGR as well as RGO in the nanocomposite not only
serve as a scaffold to anchor semiconductor nanoparticles but
also act as a charge acceptor due to its two-dimensional π-
conjugation structure.67,68 RGO sheet has irreversible defects
such as large vacancies and disrupted conjugation sites in the
plane resulting from harsh oxidization of GO;33,69 besides,
RGO prepared by the reduction of GO is usually not

Figure 5. (A) The transient photocurrent responses of TiO2, RGO-2/TiO2, and NGR-2/TiO2 to light irradiation recorded at 0.5 V. The illumination
was interrupted every 50 s. (B) Nyquist plots of electrochemical impedance spectra for the electrodes covered with TiO2, RGO-2/TiO2, and NGR-
2/TiO2 films in 0.5 M Na2SO4 electrolyte.

Figure 6. Effect of the concentration of NGR-2/TiO2 on the amount
of hydrogen evolved. Experimental conditions: 50 mL of aqueous
solution of TEOA (10 vol %); pH 10.8; reaction time, 5 h; light
source, a 150 W xenon lamp.

Figure 7. (A) The time course of hydrogen production from a 50 mL aqueous solution containing 10 vol % TEOA aqueous solution with different
photocatalysts (20 mg, 0.4 mg mL−1). pH 10.8; light source, a 150 W Xe lamp. (B) Schematic illustration for the strong coupling between TiO2 and
N atoms in NGR sheets and enhanced photoinduced charge transfer and photocatalytic hydrogen generation.
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completely reduced. As to NGR, N-doping can minimize the
defect sites accompanied by the effective reduction of GO,34

resulting in a high electrical conductivity. In addition, the strong
coupling between TiO2 and NGR enhances the interfacial
contact of the two moieties. Therefore, NGR in the
nanocomposite is more in favor of charge transfer and
separation. All of these factors lead to a higher photocatalytic
activity of NGR/TiO2 for hydrogen generation from water.
Many studies have shown that loading Pt on graphene-based

photocatalysts can increase photocatalytic activity.65,70 Loading
Pt of NGR/TiO2, RGO/TiO2, and TiO2 enhances the
hydrogen generation efficiency obviously (Figure 8A). NGR-
2/TiO2 loaded ca. 1 wt % Pt exhibits the higher rate of
hydrogen evolution (38.8 μmol h−1) as compared to platinized
RGO-2/TiO2 (25.7 μmol h−1) and TiO2 (21.1 μmol h−1) in 10
h irradiation; the corresponding AQY for platinized NGR-2/
TiO2 was 9.6% at 365 nm.
The photocatalytic stability of platinized NGR-2/TiO2,

RGO-2/TiO2, and TiO2 (1 wt % Pt) catalysts is demonstrated
in Figure 8B. Before the first three runs, the system was
deaerated by bubbling argon into the solution for 30 min, and
the catalyst was reused in the next run. For the fourth run, the
photocatalysts were separated by centrifugation and reused by
adding fresh TEOA solution into the catalytic systems. To all
catalysts, the amount of hydrogen evolution decreased in the
second and third runs. This is partly due to the depletion of
TEOA during the reaction,71 as proved by the partial revival of
photocatalytic activity when fresh TEOA solution was added in
the fourth run. The stability of the catalysts was estimated by
comparing the amount of hydrogen evolved from run 4 and run
1. NGR-2/TiO2 shows a very stable photostability, and 97%
hygrogen generation was recovered in the fourth run, while the

value was 84% for RGO-2/TiO2 and 79% for TiO2. The rates
of hydrogen evolution for platinized NGR-2/TiO2, RGO-2/
TiO2, and TiO2 were 37.8, 21.5, and 16.7 μmol h−1 in the
fourth run, respectively. The decrease of activity is known due
to the agglomeration and the loss of Pt nanoparticles on the
catalysts’ surface.72 The theoretical study has shown that
loading Pt on NGR sheets can increase the binding energy of Pt
atoms to the substrate.73 The nice stability of platinized NGR-
2/TiO2 indicates Pt nanoparticles can anchor on NGR surface
firmly; thus the migration and loss of the Pt nanoparticles from
the catalyst may be prevented.

4. CONCLUSIONS

In summary, we have successfully prepared TiO2 nanoparticles-
functionalized N-doped graphene nanocomposites (NGR)/
TiO2 via solvothermal method. The strong coupling between
TiO2 and NGR enhances the interfacial contact of the two
moieties, which in turn improves the efficiency of the
photoinduced charge transfer and separation. The platinized
NGR/TiO2 nanocomposite used as the photocatalyst for
hydrogen generation from water demonstrates excellent activity
and durability. Our study not only confirms that NGR is a
superior supporting matrix to incorporate semiconductors and
noble metals cocatalysts for efficient photocatalytic hydrogen
generation, but also provides a promising strategy toward facile
production of N-doped graphene-based nanocomposites with
necessary interfacial interactions among the moieties of the
composite.

Table 1. Comparison of Hydrogen Generation over Various Graphene-Based TiO2 Photocatalysts

catalyst GC (wt %)a TPb PMc PS (nm)d illumination SRe R (μmol h−1)f ref

RGO/TiO2 2.0 TiCl4 hydrothermal 15 500 W Xe lamp Na2S + Na2SO3 5.4 20
RGO/TiO2 5.0 TBOT sol−gel 10−15 500 W Xe lamp Na2S + Na2SO3 8.6 18
RGO/TiO2 TBOT hydrothermalg 9 80 mW cm−2 Na2S + Na2SO3 4.0 21
NGR/TiO2 2.0 TBOT solvothermal 8 150 W Xe lamp TEOA 13.3

aGC denotes graphene content in the composite. bTP denotes Ti precursor. cPM denotes preparation method. dPS denotes particles size. eSR
denotes sacrificial reagent. fR denotes H2 production rate of the composite. gGlucose as the reducing agent.

Figure 8. (A) Comparison of the rate of hydrogen evolution in 10 h irradiation and (B) repeated runs of hydrogen production for TiO2, RGO-2/
TiO2, and NGR-2/TiO2 using 10 vol % TEOA aqueous solution as a sacrificial reagent and 1.0 wt % Pt as a cocatalyst. Photocatalysts concentration:
0.4 mg mL−1; pH 10.8; a 150 W Xe-lamp was used as the light source. For the experiment of repeated runs, before the first three runs, the system
was deaerated by bubbling argon into the solution for 30 min, and the catalyst was reused in the next run. For the fourth run, the photocatalysts were
separated by centrifugation and reused by adding fresh TEOA solution into the catalytic systems.
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