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S
ince graphene was discovered, it has
received great interest because it could
be of great use in condensed physics

and materials science. As the two-dimen-
sional monolayer form of sp2-hybridized
carbon, graphene has the characteristics of
high electron mobility and atomic thickness,
so that it promiseswidespreadapplications.1�4

Recently, it has been reported that dop-
ing can alter the electrical properties of
graphene.5,6 Li et al. reported the synthesis
of nitrogen-doped graphene (GN) by using
nitrogen plasma treatment of graphene and
found that it exhibited high electrocatalytic
activity for reduction of hydrogen peroxide
and fast direct electron transfer kinetics for
glucose oxidase.7 Kang et al. synthesizedGN
todevelopultracapacitorswith excellent cycle
life (>200 000), high power capability (close
to 280 F/g), and compatibility with flexible
substrates.8 Therefore, GN has great potential
applications in many fields. Recently, some
methods have been reported to synthesize
GN, such as the arc discharge method,9

chemical vapordeposition (CVD),10�13 thermal
annealing graphene oxide (GO) with NH3,
and graphene treated with nitrogen plasma.
In the case of the arc discharge method or
nitrogen plasma, rigorous conditions or

special instruments are required. CVD is a

common method for the synthesis of

N-doped graphene. However, the toxi-

city of the nitrogen precursors (NH3 and

pyridine) and possible contamination of

the products by metal catalysts limit the

practical application of gas-phase synth-

esis methods. Therefore, it is still a chal-

lenge to prepare GN sheets by a facile

method.8,14

Semiconductor nanostructures have at-
tracted intensive interest due to their
fundamental importance as well as their
enormous potential in optoelectronic, mag-
netic, and catalytic applications.15,16 Zinc
selenide (ZnSe) is a direct band gap semi-
conductor with a band gap energy of 2.7 eV
and is regarded as a good candidate for
short-wavelength lasers, blue laser diodes,
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ABSTRACT

Nitrogen-doped graphene (GN) has great potential applications in many fields because doping

with nitrogen can alter the electrical properties of graphene. It is still a challenge to develop a

convenient method for synthesis of GN sheets. In this paper, we first report the synthesis of a

nitrogen-doped graphene/ZnSe nanocomposite (GN-ZnSe) by a one-pot hydrothermal process

at low temperature using graphene oxide nanosheets and [ZnSe](DETA)0.5 nanobelts as

precursors. ZnSe nanorods composed of ZnSe nanoparticles were found to deposit on the surface

of the GN sheets. The results demonstrated that [ZnSe](DETA)0.5 nanobelts were used not only as

the source of ZnSe nanoparticles but also as the nitrogen source. Interestingly, it was found that the

as-prepared nanocomposites exhibit remarkably enhanced electrochemical performance for oxygen

reduction reaction and photocatalytic activities for the bleaching of methyl orange dye under

visible-light irradiation. This facile and catalyst-free approach for depositing ZnSe nanoparticles onto

the graphene sheets may provide an alternative way for preparation of other nanocomposites

based on GN sheets under mild conditions, which show their potential applications in wastewater

treatment, fuel cells, energy storage, nanodevices, and so on.

KEYWORDS: nitrogen-dopedgraphene . ZnSe . nanocomposite . photocatalytic
activities . oxygen reduction reaction
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light-emitting diodes, and tunablemid-IR laser sources.17

Recently, zero-dimensional ZnSe nanoparticles, one-
dimensional ZnSe nanowires, and two-dimensional
ZnSe thin films have been extensively researched.18,19

We have prepared uniform and well-defined ZnSe-
(diethylenetriamine)0.5 ([ZnSe](DETA)0.5) nanobelts by
hydrazine-hydrate-assisted solvothermal reactions in a
ternary solution. The nanobelt is an inorganic�organic
hybrid material, which consists of ZnSe slabs sand-
wiched by coordinated diethylenetriamine layers.20

It has been reported that graphene incorporated
with nanoparticles, such as Pt, Au, Ag, TiO2, ZnO, CeO2,
MnO2, and CdS, shows high activity for catalytic appli-
cations in electrochemical catalysis,21 fuel cells,11,22

capacitors,23�25 photocatalytic degradation,26,27 photo-
voltaic devices,28 etc. Since graphene nanocomposites
can exhibit enhanced performance, it has become
a priority for researchers to prepare these nano-
composites.29,30 However, to our best knowledge, little
work has been done on N-doped graphene/semicon-
ductor nanocomposites.
In this article, we report a new strategy to synthe-

size nitrogen-doped graphene/ZnSe (GN-ZnSe) nano-
composites. ZnSe was deposited on the surface of GN
in the shape of nanorods, which were composed of
ZnSe nanoparticles. In the synthesis procedure, [ZnSe]-
(DETA)0.5 nanobelts were used not only as the ZnSe
source but also as the nitrogen source. Interestingly, it
was found that the electrochemical performance and
photocatalytic activities of the as-prepared nanocom-
posites could be remarkably enhanced. The products
have potential applications such as in wastewater
treatment, fuel cells, energy storage, and nanodevices.

RESULTS AND DISCUSSION

The preparation procedure of GN-ZnSe nanocom-
posites (GN-ZnSe) is shown in Scheme 1. [ZnSe](DETA)0.5
nanobelts were gradually dropped into the GO solu-
tion, and the mixture solution was stirred magnetically
at 25 �C for 5 min and transferred into an autoclave
with a volume of 50 mL. When the [ZnSe](DETA)0.5

nanobelts were gradually dropped into the GO solu-
tion, sediments were produced immediately because
of the electrostatic interaction between the nanobelts
and GO. Then the sediments were processed by a one-
pot hydrothermal procedure at 180 �C for 12 h, and the
GN-ZnSe nanocomposites were obtained. This is a
simple and catalyst-free method to prepare nitrogen-
doped graphene/semiconductor nanocomposites.
Figure 1A show representative SEM images of the

[ZnSe](DETA)0.5 nanobelts. The nanobelts are about
20�40 nm thick and have lengths ranging up to 10�
15 um and uniform diameters of 200�300 nm. The
surfaces of the nanobelts are smooth. Figure S1 shows
the AFM height images of GO. From Figure S1, the
average thickness of the GO is about 1.1 nm. The
morphologies of GN-ZnSe are shown in Figure 1B, C,

Scheme 1. Schematic illustration of the preparation of GN-ZnSe nanocomposites (blue rods, [ZnSe](DETA)0.5 nanobelts;
orange rods, ZnSe nanorods; purple balls, N; gray balls, C).

Figure 1. (A) SEM image of the [ZnSe](DETA)0.5 nanobelts;
(B) SEM image of GN-ZnSe; (C) magnified SEM image of GN-
ZnSe; (D) TEM image of GN-ZnSe; (E) EDX spectrum of the
ZnSe nanorods in GN-ZnSe; (F) EDX spectrum of the gra-
phene in GN-ZnSe.
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andD. It is seen that ZnSewas deposited on the surface
of graphene in the shape of nanorods. The ZnSe
nanorods have lengths ranging up to 1�4 μm and
diameters of 150�250 nm. The ZnSe nanorods are
composed of ZnSe nanoparticles with a diameter of
10�15 nm. Figure 1E and F shows the energy disper-
sive X-ray (EDX) images of the ZnSe nanorods and
graphene in GN-ZnSe, respectively. These results
further confirm the presence of Zn and Se elements
on the nanorods and the presence of N element on the
graphene. The thickness of the graphene in the nano-
composite was evaluated by AFM, and the average
thickness of the graphene in the nanocomposite is
about 1.2 nm, corresponding to four layers (see Sup-
porting Information, Figure S2).
The typical XRD pattern of the GN-ZnSe nanocom-

posite is shown in Figure 2A, which is in good agree-
ment with the JCPDS card (no. 89-2940). The main
diffraction peaks can be indexed to hexagonal struc-
ture (a = 3.996 Å, c = 6.626 Å), corresponding to a
hexagonal ZnSe phase. X-ray photoelectron spectros-
copy (XPS) was used to confirm the formation of
graphene from GO through a hydrothermal process.
Figure 2B shows the full-scale XPS spectra of GN-ZnSe
and GO. From the Figure 2B, the XPS spectrum for the
GN-ZnSe sample shows O1s at 532.05 eV, Zn2p3 at
1021.0 eV, and Se3d at 54.5 eV. Figure 2C shows the
high-resolution XPS spectra of the C1s region for GN-
ZnSe and the mixed product of the [ZnSe](DETA)0.5

nanobelts and GO solution. One main peak located at
284.7 eV in the high-resolution XPS spectrum of the
C1s region for GN-ZnSe was observed, corresponding
to sp2-hybridized graphitic carbon atoms. In the XPS
spectrum of the C1s region for the GO, the main peaks
are located at 284.5 and 286.3 eV. The peaks at 284.5
and 286.3 eV are attributed to sp2 carbon and C�O
bonding configurations, respectively. Figure 2D shows
the high-resolution XPS spectra of the O1s region for
GN-ZnSe and the mixed product. The XPS spectrum of
the O1s region for GN-ZnSe shows one main peak at
530.9�531.3 eV, corresponding to CdO. In the XPS
spectrum of the O1s region for the mixed product, the
main peak is at 532.4 eV, which corresponds to C�OH.
It is seen that the peak intensity at 532.4 eV decreased
after the sample was hydrothermally treated. Figure 2C
and D indicates that most oxygen groups of the GO in
the mixed product have been removed by the synthe-
sis procedure. The high-resolution XPS spectra of the
N1s region for GN-ZnSe and the mixed product are
shown in Figure 2E. For the mixed product, the main
peak is at 399.5 eV. However, for GN-ZnSe, the main
peaks are at 399.9 and 400.2 eV, which are attributed to
CdN and C�N bonding configurations, respectively.
The peak at 400.2 eV corresponds to pyrrolic-N.9,10

These results confirm the formation of N-doped gra-
phene from GO. Figure 2B, C, D, and E clearly demon-
strates the formation of GN-ZnSe from the mixture of
the [ZnSe](DETA)0.5 nanobelts and GO solution by a
hydrothermal process. The Raman spectrum of the
nanocomposite in Figure 2F indicates the existence
of the D band located at 1348 cm�1 and the G band
located at 1595 cm�1. In addition, a broader 2D peak
appeared at around 2683 cm�1, which is consistent
with that of the few-layer nitrogen-doped graphene
reported by Xia et al.31

So far, somemethods have been reported to synthe-
size nitrogen-doped graphene, such as the arc charge
method9 and chemical vapor deposition.10�13 How-
ever, these methods require rigorous conditions or
special instruments. In our proposed strategy, the
GN-ZnSe nanocomposite can be prepared easily at a
low temperature. As many hybrid semiconductor na-
nobelts and nanostructures have been synthesized
recently,32�34 the present facile approachmay be readily
extended to the preparation of other kinds of semicon-
ducting nanocomposites based on graphene sheets.
The influence of the reaction temperature on the

morphologies of the products has been investigated.
From Figure 3A, B and Figure 1C, it can be concluded
that the reaction temperature plays a crucial role in the
formation of GN-ZnSe. It is found that when the
temperature is below 140 �C, the GN-ZnSe nanocom-
posite cannot form. When the temperature is 160 �C,
some of the [ZnSe](DETA)0.5 nanobelts still exist, but
when the temperature increases to 200 �C, the ZnSe
nanorods composed of ZnSe nanoparticles will collapse.

Figure 2. (A) XRD patterns of graphene and the GN-ZnSe
composite, respectively; (B) XPS survey spectra of GN-ZnSe
andGO; (C) high-resolutionXPS spectra of theC1s region for
GN-ZnSe and the mixed product; (D) high-resolution XPS
spectra of the O1s region for GN-ZnSe and the mixed
product; (E) high-resolution XPS spectra of the N1s region
for GN-ZnSe and the mixed product; (F) Raman spectrum of
the GN-ZnSe nanocomposite.
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In addition, the weight ratio of [ZnSe](DETA)0.5 to GO
(w/w) alsoplays an important role. By controlling this ratio,
theNpercentage in theGN-ZnSe nanocomposites can be
tuned. The highest atomic percentage of N (6.7%) can be
reached according to the XPS analysis. Figure 3C and D
shows the SEM images of the nanocomposites with N
percentage of 2.6% and 6.6%, respectively.
The zeta potential of the GO solution (0.5 mg/mL)

and the [ZnSe](DETA)0.5 hybrid nanobelt solution
(0.5 mg/mL) is �24.49 and 11.84 mV, respectively,
indicating that the GO sheet in solution is negatively
charged, but the [ZnSe](DETA)0.5 hybrid nanobelt is
positively charged.
According to the above discussion, the preliminary

formationmechanismof GN-ZnSewas proposed and is
shown in Scheme 1. First, when the [ZnSe](DETA)0.5
hybrid nanobelts are gradually dropped into the GO
solution, the nanobelts will deposit on the surface of
GO because of the electrostatic interactions between
the nanobelt and GO, and sediments will form imme-
diately. Then, diethylenetriamine (DETA) can be ex-
tracted from [ZnSe](DETA)0.5 nanobelts in the hydro-
thermal procedure. This DETA not only has sufficient
reducing capability on the formation of graphene from
GO but also plays a role in nitrogen-doping for the
formation of GN. This leads to in situ formation of ZnSe
nanorods on the GN.35,36 Therefore, the GN-ZnSe
nanocomposites can be obtained.
The oxygen reduction reaction (ORR) is very impor-

tant in fuel cells and other electrochemical devices.37,38

Recently, some effective and low-cost ORR electroca-
talysts have been investigated.39,40 N-Doped graphene
was demonstrated as a promising Pt-free catalyst in
electrocatalytic applications of ORR.11,12 We tested
rotating disk electrode (RDE) voltammograms to re-
search the electrocatalytic activities of GN- ZnSe for ORR
in O2-saturated 1.0M KOH solution at room temperature.
Figure 4A displays the ORR curves of the graphene,

GN-ZnSe, and the directlymixedproduct of GOandZnSe
nanobelts. For the pure graphene electrode and directly
mixed product of GO and ZnSe nanobelts electrode, the
values of the onset potential was �185 and �180 mV,
respectively. They exhibit similar onset potentials and
reduction currents for ORR. However, the value of onset
potential at the GN-ZnSe electrode was about �80 mV.
Clearly, the GN-ZnSe electrode exhibits more positive
onset potential and much larger current for ORR. The
positive shift of the onset potential and enhancement of
the reduction current for ORR on the GN-ZnSe electrode
indicate that the GN-ZnSe electrode possesses much
higher electrocatalytic activity toward ORR than pure
graphene. The XPS data of GN-ZnSe show that the N1s
peak has one component centered at 400.2 eV corre-
sponding to pyrrolic-N. It has been reported that the
presence of pyridine-like and pyrrolic nitrogen atoms
within the graphene structure plays a role in the ORR
process.11 We propose that the pyrrolic nitrogen atoms
within the GN-ZnSe nanocomposite will play a role in the
electrocatalytic activity. Figure 4B shows the RDE vol-
tammograms for the ORR on the GN-ZnSe electrode at
various rotation speeds. With an increase of the rota-
tion speed, the reduction current increases. The kinetic
parameters can be analyzedwith the Koutecky�Levich
equations using the following relationship:

1
i
¼ 1

ik
þ 1
Bω1=2

where i is themeasured current, ik is the kinetic current,
and ω is the electrode rotation rate. The theoretical
value of the Levich slope (B) is evaluated from the
following relationship:

B ¼ 0:62nFCO2DO2
ν�1=6

where n is the overall number of transferred electrons
in the ORR process, F is the Faradaic constant (96500 C/
mol), CO2 is the oxygen concentration (solubility) in 1M
KOH (0.83� 10�6mol cm�3),DO2 is the oxygen diffusion
coefficient in 1MKOH (1.34� 10�5 cm2 s�1), and ν is the
kinematic viscosity of the 1 M KOH (0.01 cm2 s�1).41

Figure 4B (inset) shows the corresponding Koutecky�
Levich plots (i�1 vs ω�1/2) and its good linearity. At the
GN-ZnSe electrode, the number of electrons trans-
ferred was estimated to be 3.1�3.3 at potentials rang-
ing from �0.3 to �0.6 V. However, according to the
literature reported, the number of transferred elec-
trons for the graphene in the ORR process is about
2.2.12 The electrochemical reduction of O2 has two
main possible pathways: one is the transfer of two
electrons to produce H2O2, and the other is a direct
four-electron pathway to produce water. It is highly
desirable to reduce O2 via the 4e-electron pathway to
obtain maximum energy capacity.42 Therefore, different
from the graphene electrode, the GN-ZnSe electrode
reveals a close four-electron pathway for ORR with much
higher peak current. Recently, single-layer graphene

Figure 3. SEM images of the samples prepared under
different conditions: (A) 160 �C, 12 h, weight ratio of
[ZnSe](DETA)0.5 to GO (w/w) of 1:1; (B) 200 �C, 12 h, weight
ratio of [ZnSe](DETA)0.5 to GO (w/w) of 1:1; (C) 180 �C, 12 h,
ratio of [ZnSe](DETA)0.5 to GO (w/w) of 1:4; (D) 180 �C, 12 h,
ratio of [ZnSe](DETA)0.5 to GO (w/w) of 2:1.
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doped with pure pyridinic N was synthesized by thermal
chemical vapor deposition of hydrogen and ethylene on
Cu foils in thepresenceof ammonia, but the two-electron
reduction mechanism of ORR on the doped graphene
was described.12 Although there have been reports on
the synthesis of nitrogen-doped graphene with a similar

four-electron reduction process leading to the formation
of H2O, these synthesis procedures require rigorous
conditions or special instruments.42

The durability of the electrocatalytic materials has
been regarded as one of the most important issues.43

The electrochemical stability of the GN-ZnSe electrode

Figure 5. (A) UV�visible absorption spectra for MO solutions under visible light in the presence of GN-ZnSe; (B) UV�visible
absorption spectra of the MO solutions under visible light in the presence of commercial ZnSe powder; (C) photobleaching
curves of MO in water under visible light in the presence of GN-ZnSe, ZnSe commercial powder, and GN, and without adding
any catalyst; (D) diffuse reflectance UV�vis spectra of ZnSe commercial powder and GN-ZnSe. The GNwas obtained fromGN-
ZnSe by the treatment of hydrochloric acid. XPS data show the Zn and Se content in the GN was zero, but the N content was
almost same as that in GN-ZnSe.

Figure 4. (A) RDE voltammograms for the ORR in O2-saturated 1.0 M KOH solution at room temperature (rotation speed
1600 rpm, sweep rate 20 mV s �1) at the pure graphene electrode, GN-ZnSe electrode, and directly mixed product of GO and
ZnSe nanobelts electrode; (B) RDE voltammograms for the ORR at the GN-ZnSe electrode at various rotation speeds and
Koutecky�Levich plots (i�1 vs ω�1/2) at different electrode potentials (inset); (C) CVs for the ORR at the GN-ZnSe electrode
after 3000 cycles (sweep rate 50 mV s �1); (D) RDE voltammograms for the ORR at the GN-ZnSe electrode after 3000 cycles
(rotation speed 1600 rpm, sweep rate 20 mV s �1).
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toward ORR was also examined. Figure 4C and D shows
the CVs and RDE voltammograms for the ORR at the GN-
ZnSe electrode after 3000 cycles. It is clear that no
obvious decrease in current occurred after 3000 contin-
uous cycles, indicating that theGN-ZnSe catalyst is stable.
For the absorption of a more solar beam and prac-

tical applications of the photocatalysts, the exploration
of new visible-light-responsive photocatalysts with
high photoactivity is currently an intensive and hot
research topic.44,45 Recently, the photocatalytic activ-
ities of ZnSe nanostructures have been reported; how-
ever, it is still a challenge to develop new ZnSe
nanostructures and improve the photocatalytic activ-
ities under visible-light irradiation.19,46 Photocatalytic
activities of GN-ZnSe for bleaching of methyl orange
(MO) dye under visible-light irradiation (λ > 420 nm)
were tested in a 100 mL beaker that contained the
reaction slurry (50 mL). In each experiment, 15 mg of
samplewasadded into50mLofMOsolution (5� 10�5M).
Then, the suspension was stirred and exposed to
visible-light irradiation for various durations. The char-
acteristic absorption of MO at 463 nm was selected to
measure the photocatalytic ability. Figure 5A, B and
Figure S3 show the UV�visible absorption spectral
changes observed for theMO solutions in the presence
of GN-ZnSe, ZnSe commercial powder, and GN, respec-
tively. After treatment for 7 h by the GN-ZnSe nano-
composite, the bleaching of MO reaches 71.50%.
However, almost no bleaching of MO was found if
treated by commercial ZnSe powder. Figure 5C shows
the photobleaching curves of MO in water under
visible light in the presence of GN-ZnSe, commercial
ZnSe powder, and GN, and without adding any cata-
lyst. These data suggest that GN-ZnSe has remarkable
photocatalytic activity for the bleaching of MO dye
under visible-light irradiation, while commercial ZnSe
powder and GN do not have obvious photocatalytic
activity, respectively.
Three factors are crucial for the photocatalytic activ-

ities of the composite. They are the adsorption of
contaminant molecules, light irradiation absorption,
and charge transportation and separation.27 We mea-
sured the adsorption ofMOmolecules by GN-ZnSe and
commercial ZnSe powder, respectively. After treating
for 8 h, nearly 30.72%of the initial dyewas absorbed on
the GN-ZnSe composite (15 mg), while only 7.84% of
the initial dye was absorbed by commercial ZnSe
powder (15 mg). That is to say, GN-ZnSe showed a

better adsorption ability than commercial ZnSe pow-
der. The absorption range of light has an important role
in the visible-light photobleaching of contaminant
molecules. Some reports show that a more efficient
utilization of the solar spectra can be obtained by
extending the photoresponding range. Figure 5D
shows the diffuse reflectance UV�vis spectra of com-
mercial ZnSe powder and the GN-ZnSe composite.
From Figure 5D, an obviously extended photorespond-
ing range was achieved for GN-ZnSe. Recently, it has
been reported that nitrogen-doping can open the
band gap of graphene and convert graphene into a
semiconductor.5,14 Therefore, the present GN-ZnSe
system is a heterosystem with two semiconductors
(GN/ZnSe) that create p�n junctions. This system
promotes charge collection and separation at the
interfaces and thus improves the bleaching of con-
taminant molecules.
From the above discussion, we believe that there are

three reasons for the remarkable photocatalytic activity of
GN-ZnSe for the bleaching of MO dye under visible-light
irradiation. First, GN-ZnSe has enhanced adsorption MO
molecules; second, GN-ZnSe has an obviously extended
photoresponse range; finally, the GN/ZnSe heterosystem
is formed. Because the GN-ZnSe system has remarkable
photocatalytic activity for the bleaching of MO dye
under visible-light irradiation and excellent absorption
ability for MOmolecules from the solution, it may have
practical applications in the removal of contaminants.

CONCLUSION

In summary, a kind of GN-ZnSe nanocomposite can
be synthesized by a facile, catalyst-free approach at a
low temperature, in which [ZnSe](DETA)0.5 nanobelts
were used not only as the ZnSenanoparticle source but
also as the nitrogen source. ZnSewas deposited on the
surface of the graphene in a shape of nanorods, each of
which was composed of ZnSe nanoparticles. It was
found that the electrochemical performance for ORR of
the nanocomposites can be enhanced, and the nano-
composites also show remarkable photocatalytic activ-
ities for the bleaching of MO. Because many hybrid
semiconductor nanobelts and nanostructures have
recently been synthesized, the present approach could
be readily extended to the preparation of other new
nanocomposites based on graphene sheets, which
may allow it to have possible applications such as in
wastewater treatment, fuel cells, and nanodevices.

METHODS
All reagents are of analytical grade and used without further

purification.
Synthesis of GO. GO was prepared by oxidation of graphite

under acidic conditions according to the Hummers method.47

Synthesis of [ZnSe](DETA)0.5 Nanobelts. [ZnSe](DETA)0.5
nanobelts were synthesized according to a method reported

previously.20 Briefly, ZnSO4 3 7H2O (0.05 mmol) and Na2SeO3

(0.05 mmol) were added into a mixed solution (35 mL) with a
volume ratio of VN2H4 3H2O/VDETA/VH2O = 5:14:16 under stirring.
The mixed solution was transferred into a Teflon-lined auto-
clave with a volume of 50 mL. Hydrothermal treatment of the
mixed solution was done at 180 �C for 12 h, and then white
floccules formed after the reaction was washed with distilled
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water and absolute ethanol and dried under vacuum at 80 �C
for 6 h.

Synthesis of GN-ZnSe Nanocomposite. In a typical process,
17 mg of [ZnSe](DETA)0.5 nanobelts was dispersed with 17 mL
of distilled water, and 18mg of graphene oxide was dispersed
with 18 mL of distilled water. Then, the [ZnSe](DETA)0.5 nano-
belt solution was gradually added to the GO solution. The
solution mixture was stirred magnetically at 25 �C for 5 min
and transferred into an autoclave with a volume of 50 mL.
Hydrothermal treatment of the mixed solution was done
at 180 �C for 12 h, and the solid product was separated
by centrifugation and washed with distilled water and etha-
nol several times. Then, the GN-ZnSe nanocomposites were
obtained.

Characterization. Scanning electron microscopy (SEM) was
carried out with a field emission scanning electron microana-
lyzer (JEOL-6700F). Transmission electron microscopy (TEM)
images were recorded on a JEOL-F2010 with an EDX analytical
system. UV�vis spectra were recorded on an UV-2501PC/2550
spectrophotometer at room temperature (Shimadzu Corpora-
tion, Japan). Diffuse reflectance UV�vis spectra were measured
on a DUV-SOLID3700 spectrophotometer (Shimadzu Corpora-
tion, Japan). X-ray photoelectron spectroscopic measurements
were performed on an X-ray photoelectron spectrometer
(ESCALab MKII). X-ray diffraction (XRD) of the products was
performed on a Philips X'Pert PRO SUPER X-ray diffractometer
with Cu radiation (1.406 Å). Zeta-potential values were recorded
using a Zeta Sizer 3000 HS (Malvern Instruments). Raman
spectra were taken by a Renishaw System 2000 spectrometer
with a 514.5 nm laser excitation. An atomic force microscope
(Nanoscope IIIa; Digital Instruments) was used to measure the
morphology of the sample. A Si3N4 tip was used in the contact
mode (Nanoprobes, Digital Instruments Inc.).

ORR Activities. The electrochemical measurements were
carried out in a conventional three-electrode cell using an
IM6e electrochemical workstation (Zahner-Electrik, Germany)
controlled at room temperature. A glassy carbon (GC) disk
with a diameter of 5 mm served as the substrate for the
working electrode, with the rotating rate varying from 200 to
2000 rpm. Hg/HgO and platinum wire were used as reference
and counter electrodes, respectively. An 8.3 mg amount of
the sample was dispersed in an ethanol solution (10 mL)
ultrasonically for 15 min. A 15 μL amount of this suspension
was dropped and adhered on the GC disk electrode using
Nafion solution (5 μL, 0.05 wt %). The oxygen reduction tests
were carried out in O2-saturated 1.0 M KOH solution at room
temperature.

Photocatalytic Activities. Photocatalytic activities of GN-
ZnSe for bleaching of MO under visible-light irradiation were
tested. For each experiment, 15 mg of sample was added into a
beaker containing 50mL of 5� 10�5MMO solution. A 500WXe
lamp equipped with a 420 nm cut-off filter was used as a light
source to provide visible-light irradiation (λ > 420 nm). Before
the visible-light irradiation, the solutions were continuously
stirred for about 10 h at room temperature to ensure the
establishment of an equilibrium among the MO, water, and
the photocatalyst. The distance from the Xe lamp to the reaction
slurry was fixed as about 6 cm. Then the suspension was stirred
and exposed to visible-light irradiation, and the temperature
was kept at room temperature. A MO solution in the reaction
slurries was obtained by a microperforated filter, and the
concentration of the MO was measured by using a UV�vis
spectrophotometer.
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