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a  b  s  t  r  a  c  t

Tailoring  defective  conjugated  heterocyclic  network  to make  for broaden  light  absorption  and  efficient
charge  separation  for photocatalytic  application  is an  urgent  assignment  for  graphitic  carbon  nitride
(g-C3N4) materials.  Here  we  report  a ficile  “one-pot”  solvothermal  method  to  synthesize  controllable
O-doped  g-C3N4 catalysts  at low  temperature.  By this  template-free  approach,  hollow  microsphere  O-
doped  g-C3N4 products  were  obtained.  Structure  characterization  reveals  that  the  as-prepared  sample
has  incomplete  heptazine  heterocyclic  ring  structure,  and  appears  O  doping  in  the  lattice,  which  may
derived  from  the activated  O2 molecular.  With  the extending  condensation  time,  the  increased  het-
eroelement  doping  content  and  narrowed  band  gap promote  the  light  harvesting  and  charge  separation
efficiency.  Compared  to pristine  g-C3N4 prepared  under  high-temperature  calcination,  this novel  mate-
hotocatalysis rial  show  remarkably  photocatalytic  activity  for environment  pollutant  purification  and  splitting  water
for H2 evolution,  even  though  the  conduction  level  decrease.  This work  highlights  that  the  architecture
and  electronic  properties  of  g-C3N4 based  materials  could  be facile  control  through  mild  solvothermal
route,  which  is  a reference  way  for design  and  fabricate  highly  efficient  non-metal  photocatalyst  with
peculiar  feature.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Semiconductor-mediated photocatalysis technology has been
egarded to be the most appealing methods for environmental pol-
utant elimination and energy transformation, like degradation of
rganic pollutants and splitting water to produce hydrogen [1–3].
t present, hundreds of functional materials using as photocata-

ysts have been developed, such as so many metal oxides, nitrides,
ulphides and so on [4–6]. However, the extensive application of
hotocatalysis in practice still faces huge changes due to the poor
uantum conversion efficiency, expensive raw materials and activ-

ty unstability.
Nowadays, more reaches tend to focus on metal-free cat-

lytic/photocatalytic material, because of its unique advances, such

s rich raw material, plenty of modification feasibility, and environ-
entally friendly. In recent years, binary carbon nitrides (CNs), one

f the oldest metal-free polymer, has been regarded as promising

∗ Corresponding author.
E-mail addresses: yjcui@just.edu.cn, ganlan.s@163.com (Y. Cui).

ttp://dx.doi.org/10.1016/j.apcatb.2017.01.041
926-3373/© 2017 Elsevier B.V. All rights reserved.
novel green photocatalysts with visible light. Since 2009, g-C3N4
was reported by Wang et al. as an attractive photocatalyst for pro-
ducing hydrogen from water, the application of this catalyst has
been expanded to several fields, like sensors, artificial light synthe-
sis, CO2 reduction, etc. [7–12] In order to overcome the inherent
restrict of intrinsic carbon nitride materials, so many reach works
focus on modification of g-C3N4 to optimize its structure so that to
enhance its photocatalytic properties have been done. Up to now, g-
C3N4 with diverse nanostructures and morphology obtained from
replication of hard templates has been reported. For example, g-
C3N4 nanorods and mesoporous spheres used as photocatalysts
for hydrogen generation have been successfully synthesized from
template-induced method (silicon or molecular sieve) [13–16].
Even so, the complicated synthetic procedures and indispensable
corrosive reagent (HF, NH4HF2, etc.) brings the possible risk for
preparation and environment. In composition to hard-templating,
soft templates make the synthesis process simple and the mor-

phological tuning diversiform. Therefore, soft templating method is
more desirable alternation. For many researchers, bubble templat-
ing method using urea or thiourea as sacrifice reagent have been
reported to obtain porous g-C3N4 [17,18]. However, there are few

dx.doi.org/10.1016/j.apcatb.2017.01.041
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2017.01.041&domain=pdf
mailto:yjcui@just.edu.cn
mailto:ganlan.s@163.com
dx.doi.org/10.1016/j.apcatb.2017.01.041
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uccessful works reported on directly use soft molecular for mod-
fication of g-C3N4 [19]. Because the moleculars of soft template
re easily to decomposition and restrain the polycondensation of
recursors to g-C3N4 during the high-thermal treatment process,
hich constraints on the structure optimization.

g-C3N4 is a typical organic polymer, which could synthesized
rom various organic monomers (cyanamide, melamine, urea, etc.).
raced back to ten years ago, soft chemical methods (solvothermal,
400 ◦C) were often used to synthesize carbon nitride materials.
uring one-step mobile thermal assembly, g-C3N4 particles with

everal morphologies were obtained. For example, g-C3N4 sphere
as first obtained by Khabashesku et al. through reflux solution

eaction of cyanuric chloride and lithium nitride using diglyme
s solvent [20]. g-C3N4 nanotube also was synthesized through

 catalytic-assembly solvothermal route at 230 ◦C using cyclohex-
ne as solvent [21]. Solvothermal synthesis of CN based materials
n several hot-mediators (DMF, CCl4, triethylamine, benzene, etc.)
ave been reported, and CN with various structure and morphol-
gy could be easily obtained [22–25]. Although the understand
f microstructure especially the potential catalytic properties for
hese products is inadequate, the feasibility for synthesis of g-C3N4

aterial through hot-liquid mediated process is proved. Also, it is
ossible to design and modify the molecular stacking structure of g-
3N4 in order to improve the properties in catalytic/photocatalytic
eld.

In our previous work, wide visible-light responded g-C3N4
anorod or hollow sphere was successful obtained from solvother-
al  method without template at 180 ◦C. Under visible light

rradiation, the products could obviously photocatalytic splitting
f water to generate hydrogen (6.1 �mol  h−1) or decomposition of
rganic pollutants to small molecules [26,27]. The group of Xu also
btained g-C3N4 sphere through this similar method at 200 ◦C, but
erformed none H2 evolution activity without post-treated by cal-
ination [28]. For all this, the photocatalytic activity for g-C3N4
ynthesized from low-temperature solvothermal route needs to
mproved.

In this work, O doped g-C3N4 hollow spheres were first synthe-
ized from acetonitrile solvothermal method at 180 ◦C. The effect of
ondensation time to the microstructure and morphology of prod-
cts was investigated. Various activity tests, like photocatalytic
ecomposing of dyes, reduction of poisonous metal ions Cr(VI) and
roducing H2 from water were carried out to evaluate the photo-
atalytic properties of obtained serious g-C3N4 hollow sphere.

. Experimental

.1. Preparation of catalysts

Graphitic carbon nitride hollow microsphere (CNO): The CNO
as synthesis by solvothermal synthesis. Typically, 15 mmol  cya-
uric chloride (CC) and 11 mmol  dicyandiamide (DCDA) powders
ere dispersed in 60 mL  acetonitrile. The mixture was stirred for

2 h in a 100 mL  Teflon-lined autoclave, and then the autoclave was
ealed and maintained at 180 ◦C for 12–96 h. The obtained products
ere sequentially washed with distilled water and absolute ethanol

everal times. After drying at 60 ◦C for 12 h, products were obtained
nd defined as CNO-X, where X refers to the condensation time (h).

Pristine g-C3N4 (CNh) was prepared from direct calcination of
icyandiamide at 550 ◦C for 2 h in air.

.2. Catalyst characterization
The products were characterized by X-ray diffraction (XRD, D8
dvance) with Cu Ka radiation. The morphology of the samples
as explored using a JSM-7001F field-emission scanning electron
ironmental 206 (2017) 417–425

microscope (FE-SEM) and JEM-2010 high resolution transmission
electron microscope (HR-TEM). Fourier transform infrared spec-
troscopy (FTIR) was  recorded from KBr pellets in the range of
400–4000 cm−1 on a Nicolet-360 FTIR spectrometer. X-ray pho-
toelectron spectroscopy (XPS) analysis was  performed on the
ESCALAB 250 photoelectron spectrometer (ThermoFisher Scien-
tific) with Al Ka (1486.6 eV) as the X-ray source set at 100 W
and a pass energy of 30 eV for high-resolution scan. UV–vis dif-
fuse reflectance spectra (DRS) were measured With Lambda 750
UV/Vis/NIR spectrophotometer (Perkin-Elmer, USA) using BaSO4
as reference. Photoluminescence (PL) spectra were accomplished in
solid with Shimazu RF5301 Spectrofuorophotometer with an exci-
tation wavelength of 413 nm.  The solid-state 13C NMR  experiment
was performed on a Bruker AVANCE III 400 spectrometer.

2.3. Electrochemical analysis

Electrochemical measurements were conducted on a CHI 660E
electrochemical workstation with a standard three-electrode cell.
An FTO electrode deposited with samples, a platinum wire and sat-
urated Ag/AgCl were employed as the working electrode, counter
electrode and reference electrode, respectively. The working elec-
trodes were prepared by drop coating method. The photocurrent
and EIS were performed in 0.1 M Na2SO4.

2.4. Measurement of photocatalytic activity

Photocatalytic properties of the products were tested in the
decomposition of organic pollutant methyl orange (MO, 10 mg/L),
reduction of aqueous Cr(VI) (K2Cr2O7 aqueous solution, 25 mg/L)
and hydrogen production. A 300 W Xeon lamp was used as excit-
ing source. Without indication, the photocatalytic reactions were
carryout out under visible-light (� > 420 nm).

Before illumination, 100 mL  of MO  and Cr(VI) with the addi-
tion of 50 mg  catalyst was  magnetically stirred for 30 min  in dark
to ensure the adsorption-desorption equilibrium. During illumi-
nation, about 4 mL  of suspension was taken from the reactor at
a scheduled interval. The concentration of MO  was determined
by absorbance analyse at 464 nm and the contents of Cr(VI) were
determined using the diphenylacrbazide colormetric method at
540 nm.

The photocatalytic H2 production was carried out in a Pyrex top-
irradiation reaction vessel connected to a glass closed gas system.
50 mg  of catalyst power was dispersed in 100 mL  aqueous solution
containing 10 vol% triethanolamine as sacrificial electron donor.
3 wt% Pt was  loaded on the surface of the catalyst by in situ photode-
position method using H2PtCl6 as co-catalyst. Before irradiation,
the system was evacuated several times to remove air completely.
The temperature of the reaction solution was maintained at 6 ◦C
by the flow of cooling water. The evolved gases were analyzed by
gas chromatography equipped with a thermal conductive detector
(TCD), using nitrogen as the carrier gas.

3. Results and discussions

3.1. Structural characterization of CNO samples

Fig. 1a presents the XRD patterns of as-prepared CNO catalysts.
All materials show an obvious resembled typical g-C3N4 layered
structure at 27.4◦ (d = 0.326 nm) without an impurity phase. This
distinct diffraction peak belongs to the long-range inter planar
stacking of aromatic systems identified as the (002) peak. Impres-

sively, the intensity of the main (002) peak gradually decreased
with the extended condensation time, indicating decreased long-
range order of graphitic stacking. Compared to typical graphite XRD
pattern of CN material, the peak at ∼13◦ as the (100) peak is not
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consistent with XRD. The N2 adsorption–desorption experiments
ig. 1. (a) FTIR spectra, (b) XRD patternn of CNO-samples obtained from different
ondensation time, and (c) 13C CP-NMR spectrum of CNO-96.

bserved in as-prepared samples, suggesting the disorder packing
f in-plane structural motif, because of the relative lower polymer-
zation degree of carbon nitride than from calcination synthesis
t high temperature. This may  be attributed to the incomplete
olecular polymerization under low temperature. Also, the evo-
ution typical hollow sphere morphology with undulation during
he assembly process in liquid medium may  disturb the order of
ayer packing.
Fig. 2. (a) SEM images for CNO-72, (b, c) CNO-96, (d) TEM images for CNO-96.

The FTIR spectra of the CNO samples synthesized through differ-
ent times are shown in Fig. 1b. All samples show typical molecular
skeletal vibration modes of triazine heterocyclic rings in graphitic
carbon nitride. Absorbance in the region of 3200–3400 cm-1 is
related to residual symmetric and antisymmetric NH2 stretch-
ing modes and absorbed H2O molecules. A series of bands in
the 1200–1700 cm−1 region and a strong peak at approximately
810 cm−1 are assigned to the stretching vibration of the triazine
heterocyclic ring unit and their breathing mode. These bands are
very similar to g-C3N4 synthesized from high-temperature poly-
merization [29]. However, other absorbance peaks can be observed
for as-prepared CNO samples. Obviously, a new band at 980 cm−1

present in CNO samples, which could be attributed to the stretching
modes of N O groups [30]. It is consistent with the oxygen func-
tionalized carbon nitride reported by Zhang et al. Then, a signal
at 2180 cm−1 is assigned to the appearance of C N, which is not
favourable for the formation of network structure of carbon nitride
materials [31]. When the condensation time extends, the decreased
degree of this disturbed peak indicates the much improved con-
jugated structure of CNO polymer, even though not completely
eliminate.

The proposed heptazine structure was further confirmed by
the solid-state 13C cross-polarisation nuclear magnetic resonance
(NMR) technology. The spectrum of CNO-96 (Fig. 1c) gives two  dis-
tinct peaks at 156.6 and 164.3 ppm that can be assigned to the
sp2-hybridized carbon atoms of CN2(NHx) and CN3 in the g-C3N4
networks, respectively [32]. The result suggests the presence of
characteristic poly(tri-s-triazine) structure in the prepared sample,
which is in good agreement with those of bulk g-C3N4 synthesized
from high-temperature calcination method [33].

The grain morphology of the products was investigated by SEM
and TEM analysis and shown in Figs. 2 and S1. The low magnifica-
tion SEM image indicates that only irregular particle can be seen
in CNO-12. With the condensation time extending, particles with
sphere morphology appear, and became more uniform distribution.
A conclusion can be reached that the products obtained from this
solvothermal process are well-defined microspheres. Clear hollow
structure can be observed from broken microsphere and TEM anal-
ysis (Fig. 2b, d). The enlarged SEM image (Fig. 2c) reveals that the
shell of the hollow microsphere is layered composition which is
show the surface area of serious samples is about 20 cm2/g. This
low surface area also can be certified from the smooth surface of
hollow sphere without any hierarchical porous structure.
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Fig. 3. The XPS of CNO-96 for (a) survey spectrum, (b) O 2p, (e) C 1s, (d) N 

The structure details about oxygen functionalized carbon nitride
ere further investigated by XPS measurements. Fig. 3 gives the

urvey and high-resolution XPS spectra of CNO-96. Consistent
ith various previous reports, serious CNO samples obtained from

olvothermal method are mainly composed of C, N, and O elements.

he observed Cl 2p signals might be due to some Cl elements in the
ores, which could not be easily removed by washing [34]. High-
esolution spectra show that the O1s peak can be devolved into two
Binding ene rgy (eV)

 O 2p after Ar+ etching, (d) the change of surface atomic after Ar+ etching.

peaks. The O 1s core level at 532.8 eV (O2) could be ascribed to sur-
face adsorbed water [35]. Excitingly, the other core level at 531.2 eV
(O1) as the main O component is obviously detected. This signals
could be attributed the C3 N+ O specie in lattice formed by oxi-
dation of tertiary amines, which is agree with the FTIR results [36].

However, it is difficult to exclude the existence of C O and N C O
species in lattice [37].
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Table  1
Atom distribution for C, N and O elements derived from the XPS spectra.

Sample C3/C1 N1/N2 N1/N3 O1/O2

CNO-24 3.8 5.0 1.5 2.2
CNO-48 3.3 4.4 1.4 3.0
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CNO-72 2.9 4.0 1.1 4.5
CNO-96 2.5 3.8 1.0 5.4

In order to further verify the functionalized skeleton O, XPS Ar+

tch experiment was performed. After etching for 90 s to remove
urface layer, the former disappear but the latter still remain, also
he at% of O do not change during 10 s to 90 s etch. This result fur-
her suggests the O element is not simply adsorbed on the surface
ut distributed uniformly in the matrix of sample. No O element
ontains in synthetic materials, so the O in samples may  be derived
rom O2 in air introduced during pre-treatment. Under subcritical
ot-fluid conditions, the O2 molecular was activated and embedded

nto the heterocyclic structure of CN polymer.
The C 1s spectra (Fig. 3e) can be separated into four peaks, C1

284.6 eV) in sp2 C C bonds, C2 (286.5 eV) in C NH2 species, C3
288.2 eV) in sp2-hybridized carbon in N-containing aromatic ring

 C N. A weak peak at 290.5 eV (C4) confirms the formation of
 O bond [38]. N1s XPS spectrum exhibits pyridinic nitrogen N1
C N C, 398.6 eV), sp bonded nitrogen in the terminal C N groups
rom the unreacted nitrile groups N2 (399.3 eV) or bridging N atoms
n amino groups (C N H), and bridge N in N [C]3 N3 (400.3 eV).

Detail XPS investigation were also applied for samples obtained
uring different condensation time. Results are shown in Fig. S2. All
amples possess similar chemical bonding of C/N/O elements. But
he relatively atomic ratio of N1:N3 and C3: C1, which can express
he existence of sp2 hybrid triazine-based structure gradually
ecrease from 5.0 to 3.85 and 3.8 to 2.5. Meanwhile, the concentra-
ion of C1 is obvious increase from CN-24 to CN-96 (Table 1). These
esults indicate that the extended condensation time bring to sp2

 N bonds translate into graphitic C, therefore, cause the imper-
ection of polymerization structure. The increased defects in this
ollow structure may  conducive to the light-harvesting and mass
ransfer. In addition, the atomic ratio of O1:O2 increase from 2.2
o 5.3, which indicates the increasing doped O. During subcritical
ondition, extending reaction time makes for more active O atom
mbed into the skeleton of carbon nitride framework.

In short summary, according to the aforementioned analysis
esults, we can conclude that the O functionalized hollow sphere
arbon nitride materials with imperfect heptazine structure were
airly obtained from one-step solvothermal route without tem-
late.

.2. Photoelectric properties of CNO samples

The optical absorption and energy band gap of CNO samples are
reatly altered by the solvothermal condensation time, as shown
y the UV–vis diffuse reflectance spectroscopy (DRS) (Fig. 4a). Con-
iderable improved light-harvesting capability across the whole
RS and gradual bathochromic shift of optical absorption edges are

ound for samples prepared under extending condensation time.
he absorption band edge of samples red shift from approximately
50–680 nm and the electronic band gap determined from the Tauc
lot narrowed from 2.29 to 1.87 eV for CNO-12 to CNO-96. The mod-

fied light-absorption mainly owing to the improved p-electron
elocalization and inter-planar packing towards J-type aggregates

n the conjugated system from solvothermal processing. Mean-

hile, the reduced C N bond length by O-doping would narrow

he band gap of the materials [37].
To confirm the band structure, valence-band XPS was  carried out

o analyse the valence band (VB) potential (Fig. 4b). For CNO-48
Fig. 4. UV–vis adsorption spectra of CNO samples, (b) The XPS valence band spectra
of CNO-48 and CNO-96, (c) Schematic illustration of the determined CB and VB edges
of  samples, (d) Room-temperature PL spectra of CNO samples.

and CNO-96, the VB potentials are 1.28 eV and 1.08 eV, respec-
tively, which are higher than that of pristine g-C3N4 (1.44 eV, Fig.

S3). Combined with their band gap, the conduction band (CB) level
can be deduced, and the determined relative CB and VB edges of
samples for pristine g-C3N4, CNO-48 and CNO-96 are illustrated in
Fig. 4c. It is clear that the electronic structure of CNO samples can be
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3.3. Photocatalytic performance and mechanism of CNO samples
ig. 5. (a) Room-temperature PL spectra, (b) Time-resolved PL spectra, (c) Electroc
.0  Na2SO4 solution of CNO samples.

ailored just from condensation parameters adjustment. With the
rolonged condensation time, the VB edges increase and the CB
dges decrease. The narrowed band gap of CNO samples could be
scribed to the introduction of O atoms and graphitic C, which may
xtend the delocalized p-electron system [39,40]. It is beneficial
o reduce the exciting energy of photocatalysts, therefore, greatly
mproving the light efficiency. Meanwhile, these results show that
NO samples thermodynamically enable photocatalytic reduction
f water into H2 and purification of environmental pollutants, even
hough the CB potential are little lower than that of CNh.

For this O-doped hollow CNO samples, enhanced light-
arvesting and narrowed band gap have been achieved. However,
hether this materials could perform improved photocatalytic

ctivity or not? To answer this question, the combined tech-
iques of steady-state and time-resolved PL spectroscopy, as well
s electrochemical tests were employed to investigate the charge
eparation and transfer behaviours in CNO.

In Fig. 5a, with 413 nm light excitation, a broad visible PL band
ocated at about 550 nm can be found for the CNO samples, indi-
ating that electron–hole pairs can be produced upon absorbing
hotons, which is a crucial step to initiate the photocatalytic reac-

ion. This energy-wasteful process can be greatly suppressed for
amples obtained from extending condensation time, which indi-
ates a suppressed recombination rate of the photo-induced charge
al impedance spectra, and (d) Photocurrent under visible light (� > 420 nm)  in pH

carriers. In addition, the PL peak of CNO-96 slightly redshift com-
pared to CNO-24, which gives an indication that larger conjugated
ring structures are present [41].

The fitting decay spectra and the radiative lifetimes of CNO
samples are shown in Fig. 5b. The lifetimes of the carriers were
determined to be 1.31–1.65 ns for CNO-48 to CNO-96, indicating
that the modified electron-hole pairs transferring effective was
achieved.

The photocurrent responses (Fig. 5c) indicated that the photo-
induced electron density of CNO samples was in order of
CNO–96 > CNO–72 > CNO–48 > CNO-24. Consistently, CNO-96 has
lower resistance in electron transport in the electrochemical
impedance spectra (Fig. 5d). These results imply that the O-doping
hollow structures of CNO improve the transport of photogener-
ated charge carriers from inside to surface and thereby enhance
the photocatalytic activities.

Considering the aforementioned light harvesting capability and
charge separation efficiency, the photocatalytic performance is pre-
dicted as follows: CNO–96 > CNO–72 > CNO–48 > CNO-24.
The phtocatytic performance of CNO samples for water treat-
ment by degradation of organic pollutants MO and reduction of
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urves, (e) Effect of on the degradation of MO  on CNO-96, (f) Cycling runs for the de

queous Cr(VI) as a function of reaction time is shown in Fig. 6a,b.
he effect of adsorption and photolysis of reactant are excluded
y controlled experiments (Fig. S4). Obviously, CNO with hol-

ow sphere morphology synthesized from one-step solvothermal
ethod could photocatalytic treatment of environmental pollutant

ffectively. The synthetic time greatly influences the photocatalytic

erformance of obtained CNO materials, and CNO-96 exhibits the
ighest activity. After light illumination for an hour, more than 80%
f MO was bleached by CNO-96. The similar trend can be seen for
 visible light irradiation (� > 420 nm), (c,d)The corresponding reaction kinetic fitted
tion of MO  over CNO-96.

Cr(VI) reduction, and more than 75% of the Cr(VI) was  reduced after
light illumination for 3 h.

The pseudo-first order reaction kinetic model is adopted for
fitting the reaction process for both MO degradation and Cr(VI)
reduction on CNO samples and the results demonstrate the linear
tion time are shown in Fig. 6c,d and the calculated degradation rate
constants are provided in Table 2. During Cr(VI) reduction process,
two-stage kinetics process can be seen for CNO-48 to CNO-96, and
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Table 2
Physicochemical properties and photocataltic activity of CNO samples.

Sample C/N Atomic Eg (Ev) K HER

MO Cr(VI) Vis Uv + Vis
(102 min−1) (10 h−1) (�mol h−1)

CNO-24 0.63 2.21 0.27 1.3 9.1 9.3
1.0 3.0 10.4 11.4
1.9 5.0 11.7 12.6
2.9 6.1 13.2 17.4
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Fig. 7. (a) The photocatalytic hydrogen evolution at the initial 1 h irradiation over
CNO-48 0.62 2.10 

CNO-72 0.63 1.97 

CNO-96 0.66 1.87 

fter irradiated for 1 h, the reaction rate slightly decrease. This may
e due to the reduced Cr(III) species deposited on the surface of
aterials which occupied the active sites and reduce he reaction

ate [42,43].
In order to demonstrate the mechanism for the photo-

atalytic water treatment over CNO samples, the scavengers
-benzoquinone (BQ), isopropanol (IPA) and ammonium oxalate
AO) were added to quench the possible active species •O2

−, •OH
nd h+ during degradation of MO over CNO-96. As shown in Fig. 6e,
hen IPA was added, the remoal rate of MO  had no obvious
ecrease, implying that •OH did not dominate the photocatalytic
eaction. However, dramatic decline of MO removal was achieved
n the preaence of BQ, suggesting that •O2

− was the main active
pecies. h+ was also participate in partial reaction. This result is
oincident with the energy band structure of CNO-96 concluded by
bove analysis.

The stability of the photocatalyst is crucial for application in
queous solution. To confirm the possibility of recycling of the
btained CNO samples, recycling experiments were performed
ith CNO-96 in the degradation of MO (Fig. 6f). After 3 runs,

lthough the MO  removal rate slight decreased, it mainly caused
rom the mass loss (about 20 mg)  of catalysts. After corresponding
atalyst supplement in run 4, the degradation rate was recovered.
herefore, CNO-96 can maintain a certain degree of activity stability
uring water purification.

To further investigate the photocatalytic property for this novel
NO hollow spheres, photocatalytic splitting of water for H2 pro-
uction reaction was carried out in aqueous solution with TEOA
10 vol%) as sacrificial agent and 3 wt% Pt as a co-catalyst. Pt is
n situ photodeposited on photocatalysts. As shown in Fig. 7a,
he H2 yield in the first 1 h irradiation is increased for samples
btained from longer condensation time. The CNO-96 showed high-
st H2 generation yield (13.2 �mol) under visible light irradiation
780 nm > � > 400 nm), which is even 1.5 times higher than that
9.05 �mol) over CNO-24. Moreover, the photocatalytic activity of
ll samples were obviously enhanced, when the irradiation light
xpanded to UV-light (1100 nm > � > 300 nm). About 17.4 �mol  H2
as detected during initial 1 h irradiation for CNO-96.

Compared to so many reports about g-C3N4 for photocat-
lytic application, the H2 evolution rate about these samples
as not competitive [44,45]. However, for g-C3N4 synthesized

rom solvothermal route under low temperature, it is still a great
rogress. Control experiments for H2 evolution test on bulk g-C3N4
btained from DCDA direct calcination (500–600 ◦C) was done, and
esults are shown in Fig. S5. In the same reaction system, 16.2 �mol
2 can be detected for bulk samples even synthesized at 600 ◦C.
he results thus underline the positive role and infinite poten-
ial of solvothermal synthesis of CN-based semiconductor at low
emperature.

The sustaining photocatalytic H2 evolution activity over CNO-96
hotocatalyst was also evaluated by continuous irradiation under

he same visible light condition. As shown in Fig. 7b, continuous
2 production can be detected and no obvious activity loss was
bserved after 10 h reactions, revealing the relative excellent sta-
ility of the CNO-samples for H2 evolution.
CNO samples, (b) The sustaining photocatalytic hydrogen evolution over CNO-96
under visible light (� > 420 nm).

The structure and morphology investigation results for used
samples were characterized by FTIR and SEM, shown in Fig. S6.
After photocatalytic reaction for decomposition of environmental
pollutants and splitting water for H2 evolution, nearly same fea-
tures of hybrid C N conjugate skeleton and sphere morphology
with almost no change can be found. This result indicates that the
CNO hollow sphere photocatalyst has very good stability during the
photocatalytic reaction.

4. Conclusion
In summary, O-doped graphitic carbon nitride with hollow
sphere particle morphology CNO was  successfully synthesized by
a facile “one-pot” solvothermal approach. The O species doped
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 doping content and energy band regulation. Due to the opti-
ized delocalization network and heteroelements doping, the

isible light response was enhanced and the separation efficiency
f the photoinduced charge carriers was improved. As a result,
his novel material shows remarkably photocatalytic activity for
rganic molecular degradation and toxic heavy metal ions reduc-
ion. Significant effect for H2 evolution from water splitting under
ight irradiation was also achieved. This work demonstrates a facile
trategy to synthesize and tailor the structure and morphology of
-C3N4 based materials under mild conditions, therefor to offer a
eference way for fabricating highly efficient non-metal photocat-
lysts.
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