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carbonylated melamine towards the synthesis of
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Graphitic carbon nitride (g-C3Ny4) has been considered as a promising metal-free photocatalyst, but the
bulk still suffers from a low specific surface area and poor quantum efficiency. Exfoliation of the bulk into
porous heteroatom-doped nanosheets has been confirmed to be an effective strategy for improving the
photocatalytic activity. However, purposefully designing targeted precursors towards the synthesis of po-
rous heteroatom-doped g-CsN4 nanostructures for enhanced photocatalytic activity is still a challenge.
Here, we intentionally design and construct a new hydroxylated and carbonylated melamine precursor for
preparing targeted porous O-doped g-CsN4 nanosheets based on the thermal polymerization reaction
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pathway. The as-prepared porous O-doped g-CsN4 nanosheets possess a high specific surface area which
provides more active sites, and exhibit enhanced transfer and separation of charge carriers, thus displaying
an about 18-fold higher hydrogen production activity than the bulk counterpart. This work would stimulate
widespread investigations into the development of a designated precursor-reforming strategy for synthe-
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1. Introduction

As a consequence of aggravating environmental and ener-
getic issues, photocatalysis with the advantages of mild re-
action conditions and direct conversion of solar energy into
chemical energy has attracted much more attention for pro-
ducing clean and sustainable energy as well as alleviating
the serious environmental pollution.™* In particular, scien-
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t Electronic supplementary information (ESI) available: Schematic diagram of
the formation mechanism of hydroxylated and carbonylated melamine. XRD pat-
terns, FTIR spectra and TGA curves of the commercial MA, HCN-precursor and
POCN-precursor. Solid-state **C MAS NMR of the HCN-precursor and POCN-pre-
cursor. N, adsorption/desorption isotherms and pore distributions of the CN,
HCN and POCN samples. High-resolution O 1s spectra of CN, HCN, POCN-0.25,
POCN-0.50, POCN and POCN-1.00. The geometry structure of O-doped g-C3N,
and DFT calculation results. XRD patterns, FTIR spectra and TEM images of the
recycled POCN sample. Relative content of various nitrogen species of CN, HCN
and POCN samples. The amount of the C-O bond derived from the high-
resolution O 1s spectra of CN, HCN, POCN-0.25, POCN-0.50, POCN and POCN-
1.00. Comparison of the photocatalytic hydrogen evolution performance of
POCN with other recently reported g-C;N,. See DOI: 10.1039/c9cy01434a
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sizing highly-active g-CsN,4 photocatalysts.

tists are highly interested in photocatalytic hydrogen pro-
duction due to its relatively low cost, easy implementation
and high efficiency, making it the “21st century dream tech-

nology”.>"* Therefore, it is significant to design and produce
a highly efficient, stable and environmentally friendly
photocatalyst.

Among the numerous types of photocatalysts, graphitic
carbon nitride (g-C;N,), a two-dimensional (2D) visible light-
driven, environment-friendly catalyst with excellent thermal
and chemical stabilities, shows great potential in the fields
of hydrogen evolution, degradation of organic pollutants
and reduction of carbon dioxide (CO,).”® However, bulk
2-C3N, still suffers from few active sites, a high charge car-
rier recombination rate and limited visible-light utilization.’
Therefore, some modification strategies have been developed
to improve the photocatalytic performance of g-C;N,, such
as exfoliation, morphology control, doping, heterojunction,
and so on.'™* In particular, porous heteroatom-doped
2-C3N, nanosheets can not only enhance light harvesting and
create more readily accessible channels for charge carrier
transfer and more surface active sites for reaction, but also op-
timize the electronic structure, contributing to its stronger re-
dox ability toward photocatalytic reactions."”> For example, po-
rous O-doped g-C3;N, nanosheets were synthesized by the
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precursor-reforming polymerization method,"®"” which com-
bined the advantages of exfoliation, porous structure and oxy-
gen doping into the g-C;N, framework to enhance the
photocatalytic performance. Consequently, it is necessary to
understand the roles of the different chemical structures of
the precursor in the thermal polymerization reaction. Thus,
the microstructure and composition of g-C;N, would be ra-
tionally controlled by purposefully constructing functional
precursors. Nevertheless, intentionally designing novel pre-
cursors towards the synthesis of porous heteroatom-doped
2-C3;N, nanostructures for enhanced photocatalytic activity is
still a challenge.

Herein, we purposefully design and construct a new hy-
droxylated and carbonylated melamine precursor for prepar-
ing targeted porous O-doped g-C;N, nanosheets based on
the thermal polymerization reaction pathway. During this
process, the oxygen atom in anchored hydroxyl would be
retained to contribute to oxygen doping, while an alternative
oxygen atom in anchored carbonyl could be simultaneously
removed in the form of water, resulting in the formation of
porous nanostructures because of the mass loss of func-
tional melamine. Thus, the integration of exfoliation, po-
rous nanostructure and oxygen doping is simultaneously
achieved in the g-C3N, framework. The resultant products
display a high specific surface area and enhanced transfer
and separation of charge carriers. The photocatalytic hydro-
gen evolution rate (HER) of the as-prepared porous O-doped
g-C3N, (64.30 umol h™') is 17.8 times higher than that of
the bulk g-C;N, (3.60 umol h™"), and the apparent quantum
efficiency (AQE) at 420 nm reaches about 12.06%. This
strategy might give rise to a promising new stream of
thoughts to design and synthesize highly efficient porous
heteroatom-doped g-C;N, nanosheets.

2. Experimental section
2.1 Chemicals

All the reagents were analytically pure and used without fur-
ther purification. Commercial melamine (A.R. >=98%) and
ethanol (99.7%) were purchased from Aladdin Corporation
and Tianjin Fuyu Fine Chemical Co. Ltd.,
Ultrapure water was used in the all experiments.

respectively.

2.2 Synthesis of g-C;N, samples

The synthesis process of porous O-doped g-C;N, nanosheets
(denoted as POCN) was as follows: commercial melamine
powder (5 g) and ethanol (0.75 mL) were added into 60 mL
ultrapure water and stirred for 10 min. Then, the mixture
was transferred into a 100 mL Teflon-lined stainless auto-
clave and kept at 200 °C for 6 h. After cooling to room tem-
perature naturally, the suspension was separated by centrifu-
gation, washed with ultrapure water and ethanol several
times, and then dried at 60 °C for 12 h to obtain the modi-
fied precursor. Finally, this modified precursor (2 g) was cal-
cined at 550 °C for 2 h in a muffle furnace at a heating rate
of 0.5 °C min™" under an air atmosphere. After cooling to
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room temperature naturally, the as-prepared POCN product
was obtained. For comparison, the other samples were pre-
pared with the same experimental process as mentioned
above by varying the volume of ethanol (0, 0.25, 0.50 and
1.00 mL) in the hydrothermal step, and marked as HCN,
POCN-0.25, POCN-0.50 and POCN-1.00, respectively. More-
over, the bulk g-C;N, (denoted as CN) was prepared by di-
rectly heating the commercial melamine (2 g) in a muffle fur-
nace at 550 °C for 2 h at a heating rate of 0.5 °C min™" under
an air atmosphere.

2.3 Characterization

The crystal structure of g-C;N, was characterized by powder
X-ray diffraction (XRD) with a Cu Ko, radiation source (40
kv/40 mA). The functional groups were characterized by Fou-
rier transform infrared (FTIR) spectroscopy on a Bruker Ten-
sor 27 spectrometer instrument. The microstructure and mor-
phology were determined by transmission electron
microscopy (TEM, JEOL JEM-2100) at 200 kV. The UV-vis dif-
fuse reflectance spectrum (UV-vis DRS) was obtained using a
UV/vis/NIR spectrophotometer (Hitachi U-4100) with BaSO,
as the reflectance standard. The chemical composition and
surface state were examined by X-ray photoelectron spectro-
scopy (XPS, Thermo ESCALAB Xi+) with a monochromatized
Al Ko line source (200 W). The Brunauer-Emmett-Teller
(BET) specific surface area was surveyed by the nitrogen ad-
sorption-desorption method at 77 K on a Quantachrome ap-
paratus. The pore size distribution was obtained by using a
Barrett-Joyner-Halenda (BJH) model. The room-temperature
photoluminescence (PL) spectrum was measured by using a
fluorescence spectrophotometer (Dong Woo Optron) with an
excitation wavelength of 325 nm at room temperature. In ad-
dition, thermogravimetric analysis (TGA) was performed on a
NETZSCH STA449F3 instrument under a flow of nitrogen at a
heating rate of 10 °C min™". Solid-state *C magic angle spin-
ning (MAS) NMR measurement was conducted on a Bruker
AVANCE III 400 MHz WB solid-state NMR spectrometer at
room temperature.

2.4 Photocurrent measurement

A photocurrent test was performed on an electrochemical
workstation (CHI660E, Chenhua Instruments, Shanghai) in a
quartz cell of a three-electrode system, including a Pt counter
electrode, an Ag/AgCl reference electrode and a working
electrode. The working electrode was prepared as follows: 10
mg sample was added into 1.0 mL ultrapure water and 20 pL
Nafion with ultrasonic dispersion for 1 h to form a uniform
slurry. Then, the above slurry was coated smoothly on a 2 x 2
cm fluorine-doped tin oxide (FTO) glass with a deposit area
of 1 em®. Finally, after being dried at 60 °C for 12 h, the FTO
glass deposited with the sample was annealed at 300 °C for 2
h in a muffle furnace to obtain the working electrode. The
electrolyte was a 0.5 M Na,SO, aqueous solution (60 mL), and
the light source was a 300 W Xe lamp (2 > 420 nm).

Catal. Sci. Technol., 2019, 9, 5150-5159 | 5151



Paper

2.5 Photocatalytic hydrogen evolution

Photocatalytic hydrogen evolution was performed using a
LabSolar-IITIAG photocatalytic hydrogen generation system
(Beijing Perfectlight Science & Technology Co., Ltd. China).
The visible-light source was a 300 W Xe lamp equipped with
a 420 nm cut-off filter. The reaction was accomplished in a
250 mL closed quartz reactor with a circulating water system.
The specific experimental process was described as follows:
initially, 50 mg of as-prepared photocatalyst was added into
an aqueous solution, containing 90 mL ultrapure water and
10 mL triethanolamine (TEOA) as a scavenger, with ultra-
sonic dispersion for 15 min. Then, an appropriate amount of
H,PtCls was added into the suspension and irradiated for 60
min to ensure that 1 wt% Pt was loaded on the photocatalyst
surface. Afterwards, the photocatalytic hydrogen generation
system was degassed for 30 min to remove air completely. Fi-
nally, the reaction suspension was irradiated for 3 h under
visible light with a flow of cooling water (6 °C), and the
evolved H, gas was analyzed by gas chromatography
(GC7900, Tianmei, Shanghai) using a thermal conductivity
detector at 30 min intervals.

Moreover, the apparent quantum efficiency (AQE) for hy-
drogen evolution was measured with the 300 W Xe lamp
using band-pass filters with wavelengths of 420, 450, 475, 500
and 550 nm by using a similar procedure to that above. The
AQE was calculated using the following equation:

AQE = 2 x amount of hydrogen evolution

— x100% (1)
the number of incident photos

2.6 Computational parameters

First-principles calculations were performed using density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).'® The exchange-correlation en-
ergy was treated by the projected augmented wave (PAW)
method with generalized gradient approximation (GGA) of
Perdew, Burke, and Ernzerhof (PBE). Periodic boundary con-
ditions that have a vacuum region with a length of 15 A were
adopted to ensure the cancellation of spurious interactions
between periodic images. The energy cutoff and convergence
criteria for energy and force were set to 500 eV, 10~ eV, and
0.01 eV A", During the optimization procedure, 3 x 3 x 1
K-point was used, while 9 x 9 X 1 was applied for density of
states (DOS) calculations. In addition, the most advanced hy-
brid functional (HSE06) was employed to calculate the
electronic structures, because the PBE functional underesti-
mates the bandgap of semiconductors.

3. Results and discussion
3.1 Synthetic strategy

A facile precursor molecule reforming strategy is developed
here to construct POCN, which is a typical example of a pur-
posefully designed and synthesized nanostructure. Schematic
diagrams of the formation mechanisms of POCN and CN are
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shown in Fig. 1a. As shown in pathway I, CN was prepared by
directly heating the commercial melamine under an air atmo-
sphere. However, POCN can be synthesized by the thermal
polymerization of functional melamine as shown in pathway
11, which is described in two steps as follows. Firstly, the new
hydroxylated and carbonylated melamine precursor was pre-
pared by a hydrothermal ethanol-assisted precursor-
reforming commercial melamine route. As shown in Scheme
S1,7 both ethanol and water molecules might play a key role
in forming the hydroxyl (-OH) under hydrothermal condi-
tions. Simultaneously, the acetaldehyde molecule resulting
from the oxidized ethanol molecule might contribute to the
formation of the carbonyl group (C=0)."® As a result, the
two functional groups (namely hydroxyl and carbonyl) are si-
multaneously anchored onto the edge of pristine melamine
molecules. Secondly, POCN could be prepared by the thermal
polymerization of the above functional melamine precursor,
in which carbonyl groups might react with -NH, groups to
form =NH and the two hydroxyls (-OH) react to form C-O
with the removal of water molecules (H,0), respectively. As
shown in Fig. 1b, it is seen that the anchored C=O group
can react with the -NH, group to form a new =NH group
and H,O0, which is accompanied by the loss of oxygen atoms;
thus these released oxygen atoms lead to the formation of a
porous nanostructure (see the blue squares). Notably, the two
anchored C-OH groups may react to construct a new C-O
group with the removal of H,O, which is attributed to the in-
troduction of a heterogeneous oxygen atom into the final
2-C3N, framework (see the red squares). Because of the differ-
ent functions of -OH and C=O0 groups, this reformed mela-
mine can transform into porous O-doped g-C;N, through the
above thermal polymerization process.

As shown in Fig. S1,i the crystal structures of the POCN-
precursor and HCN-precursor have remarkably changed after
hydrothermal treatment, suggesting a phase transformation
from the monoclinic phase to the orthorhombic phase, which
has been demonstrated in previous studies.”?® In particular,
compared with the HCN-precursor, the POCN-precursor not
only undergoes a phase transition, but is also accompanied
by the formation of new molecules through the introduction
of ethanol during the hydrothermal process, and the new dif-
fraction peaks are ascribed to the barbituric acid molecule
(JCPDS No. 24-1553). Thus, it can be confirmed that the
POCN-precursor consists of the barbituric acid molecule and
orthorhombic-phase melamine, but the HCN-precursor is
composed of just orthorhombic-phase melamine. The FTIR
spectra of the different precursors are displayed in Fig. S2.f
The broad peaks in the range of 3000-3600 cm ' become
slightly weak, suggesting that amino groups are partially
substituted or broken.'” The new peaks at 1778 cm™* and
1707 cm™' are attributed to the anhydride structure and
C=O0 stretching vibration, respectively, indicating the forma-
tion of newly arranged molecular structures.”>*! In addition,
the sharp peak at 761 cm™ further indicates that a portion of
the triazine ring is changed due to the aromatic deformation
of the =C-H group.”” In addition, the solid-state *C MAS

This journal is © The Royal Society of Chemistry 2019
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NMR spectra of the HCN-precursor and POCN-precursor are
shown in Fig. $3.f It can be seen that the solid-state '*C MAS
NMR spectrum of the HCN-precursor shows only one peak
originating from the intrinsic C-NH, of orthorhombic-phase
melamine without the formation of a new molecule, which is
consistent with previous studies (see Fig. S3at).”** However,
the solid-state *C MAS NMR spectrum of the POCN-
precursor displays three peaks at chemical shifts of 153.3,
161.7 and 167.6 ppm, which are assigned to C (1) atoms, C
(2) atoms and C (3) atoms for the intrinsic C-NH,, newly
formed C=0 group and newly formed C-OH group, respec-
tively (see Fig. S3bf). Based on the above analysis, favorable
evidence is provided to confirm that we have obtained the
expected functional groups (including hydroxyl and carbonyl)
in the reformed melamine, which is of great significance in
explaining the formation mechanism of porous O-doped
2-C3;N, nanosheets.

3.2 Morphology and microstructure

From the TEM images of the as-prepared samples, it can be
seen that the CN sample shows a dense, stacked and non-
porous characteristic bulk structure (see Fig. 2a). The HCN
sample originating from the hydrothermally treated mela-

This journal is © The Royal Society of Chemistry 2019

(a) Schematic diagram of the formation mechanism of porous O-doped g-CzN4. (b) Thermal polymerization process for the one-pot syn-

mine displays a slight thinning compared with the CN sam-
ple (see Fig. 2b). In contrast, the POCN sample, whose pre-
cursor is the hydroxylated and carbonylated melamine,
exhibits clear porous nanostructures and graphite-like nano-
sheets with wrinkled and almost transparent surface mor-
phologies (Fig. 2c and d). Additionally, the N, adsorption-de-
sorption isotherms of the three samples are presented in Fig.
S4.f Obviously, the N, adsorption isotherm of POCN shows a
representative type-IV curve with a typical H;-type hysteresis
loop, which demonstrates the presence of a mesoporous
structure.’® The BET specific surface area of POCN is 67.4
m?* g~', which is considerably higher than those of CN (14.0
m?* g™') and HCN (17.4 m> g™"). POCN shows two pore distri-
bution centers at 3.37 nm and 28.6 nm, respectively (see Fig.
S57). Therefore, based on the above results, we can confirm
that a mesoporous structure was formed for POCN, which
will potentially benefit the improvement of the photocatalytic
performance.

To investigate the formation mechanism of the meso-
porous structure, TGA was employed to study the condensa-
tion process of POCN. As shown in Fig. S6,t all the precursors
show a slight weight loss below 300 °C, which could be attrib-
uted to the evaporation of adsorbed molecules on the sur-
faces.”*** In the range of 300-450 °C, the weight of the three
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Fig. 2 TEM images of CN (a), HCN (b), and POCN ((c) and (d)).

precursors is dramatically reduced because of the intense
thermal polymerization with the release of gases, such as
NH;, H,O and so on. Hence, it can be inferred that the gas
pressure would promote the formation of the mesoporous
structure, and cause the breakage of n-m interaction of layers,
reducing the stacking distance to achieve nanosheets.**
When the calcination temperature is up to 550 °C, the TGA
curves became relatively smooth, and the mass of the POCN-
precursor, HCN-precursor and MA was 12.2, 27.7 and 31.2%,
respectively. Thus, the precursor of POCN exhibited a higher
mass loss and released more gas for producing more pores in
the thermal polymerization process, finally leading to the for-
mation of the mesoporous structure.

3.3 Crystal structure and chemical state

The crystal structure of the as-prepared samples was analyzed
using XRD patterns (see Fig. 3a). The main diffraction peaks
are observed at around 13.0° and 27.5°, which correspond to
the (100) peak, derived from in-planar repeated s-triazine-
based units, and the (002) interlayer-stacking peak, respec-
tively, suggesting the formation of a graphitic-like structure.>
However, the (100) and (002) peaks for POCN are apparently
weaker compared with those of CN, which could result from
in-plane porous structures and the reduced stacking distance
between the g-C;N, interlayers. In particular, the (002) peak
shows a slight shift from 27.4° to 27.8°, which could be at-
tributed to oxygen doping in the graphitic framework, lead-
ing to a shortened interplanar distance.>®”” Moreover, the
FTIR spectra of the three samples are similar (see Fig. 3b), in-
dicating that the chemical structure is not changed. Typically,
the absorption peak at 810 cm ™ is attributed to the breathing
mode of the tri-s-triazine ring."”>*** The peaks in the region
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1200-1600 cm™* are characteristic stretching modes of
heptazine heterocyclic ring (CgN-) units.'”**>* In addition,
the broad peaks ranging from 3000 to 3600 cm ' are the
stretching vibration modes of N-H.'”**** Qbviously, a new
peak emerges at 1082 cm™ ', which is attributed to the C-O vi-
bration in the g-C;N, monolayer, suggesting the presence of
an O-containing group in the POCN sample.*®
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The XPS spectra were employed to further investigate the
chemical bond states of CN, HCN and POCN, as shown in
Fig. 4. The survey XPS spectra exhibit three peaks located at
around 288, 398 and 532 eV, which are attributed to C 1s, N
1s and O 1s peaks, respectively (see Fig. 4a). It can be seen
that the O 1s peak of POCN is much stronger than those of
CN and HCN, suggesting that there is a higher content of
O-containing species in the POCN sample.'>?® In the high-
resolution C 1s spectra (see Fig. 4b), all the samples display
three peaks at 284.8, 286.6, and 288.0 eV, which are assigned
to the C-C bonds in graphitic carbon species, C-NH,, (x = 1
and 2) on the edges of heptazine units, and N-C=N coordi-
nation in the framework of g-C3N,, respectively.>*>°™! In par-
ticular, there is a new peak at 288.6 eV, suggesting the forma-
tion of C-O groups for POCN.'® The high-resolution N 1s
spectra (see Fig. 4c) could be fitted into three peaks centered
at 398.6, 400.5 and 401.7 eV, which originate from the sp*
hybridized nitrogen involved in the s-triazine rings (C-N=C),
the inner N atoms bonded with three sp® carbon atoms (N-
C;), and the -NH, groups, respectively.>>>°*' The relative
content of various nitrogen species of the three samples is
listed in Table S1.j As expected, POCN possesses a decreased
ratio of NH,/(N-C;) compared with the samples of CN and
HCN, suggesting a larger polymerization degree, which is in
agreement with the result of TGA. Moreover, a successive in-
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crease in the value of (C-N=—C)/(N-C;) is shown for CN, HCN
and POCN. In particular, the value of POCN is almost 1.7
times that of CN, which can be attributed to the replacement
of N-(C); bonds with C-O bonds.** There is no clear XPS
peak of the N-O bond at 402 eV, indicating that the oxygen
atom is doped in the form of C-O bonds. In the high-
resolution O 1s spectra (see Fig. 4d), the common peak of
CN, HCN and POCN at 532.4 eV is assigned to the water on
the surface, but POCN has an apparent new peak located at
531.1 eV corresponding to C-0."®?® Therefore, it can be dem-
onstrated that the C-O bond is formed in the POCN sample.
Moreover, the high-resolution O 1s spectra of POCN-0.25,
POCN-0.50, and POCN-1.00 were investigated (see Fig. S7t). It
can be seen that C-O peaks exhibit a progressive increase in
intensity from POCN-0.25 to POCN-1.00, suggesting the in-
crease of O-dopants, and the corresponding amount of O
atoms is shown in Table S2.}

3.4 Optical and electronic properties

It is generally accepted that the optical properties and
electronic band structure have a large effect on the photo-
catalytic performance. Thus, the UV-vis diffuse reflectance
spectra (DRS) were used to investigate the optical absorption
of the g-C;N, samples. As shown in Fig. 5a, the optical
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absorption spectra reveal that all the samples show intrinsic
semiconductor-like absorption in the blue region of the visi-
ble spectra. In addition, among the modified samples, it is
noted that the absorption edge of the POCN sample exhibits
the most obvious blue-shift compared with CN, which could
be ascribed to the quantum confinement effect (see
Fig. 5a).>"** The bandgap energies of all the samples are de-
rived by the Kubelka-Munk method. Correspondingly, the
bandgap of CN, HCN, POCN-0.25, POCN-0.50, POCN and
POCN-1.00 is determined to be 2.60, 2.66, 2.66, 2.68, 2.71
and 2.67 eV, respectively (see Fig. 5b). Moreover, to further
obtain the energy band structure, the VB edges of the above-
mentioned samples were investigated by valence band XPS
(VB-XPS). As shown in Fig. 5¢, the VB maximum (VBM) poten-
tials of CN, HCN, POCN-0.25, POCN-0.50, POCN and POCN-
1.00 are 1.97, 1.69, 1.63, 1.56, 1.32 and 1.47 €V, respectively.
Combining the results of Kubelka-Munk plots,***> the corre-
sponding conduction band minimum (CBM) potentials of
CN, HCN, POCN-0.25, POCN-0.50, POCN and POCN-1.00 are
calculated to be -0.63, -0.97, -1.03, —-1.12, —-1.39 and -1.20
eV, respectively. Based on the above results, the energy band
structure of the samples can be described in Fig. 5d. It
should be noted that all the samples satisfy the thermody-
namic conditions for photocatalytic hydrogen evolution, and
the conduction band energy of POCN-0.25, POCN-0.50, POCN
and POCN-1.00 is upshifted, indicating the enhancement of
photoreduction ability. In particular, the CBM of POCN is cal-
culated to be remarkably up-shifted by 0.76 eV and 0.42 eV
compared with that of CN and HCN, which is beneficial to
the enhancement of the photocatalytic hydrogen evolution
performance due to the increased reduction driving force.***’
DFT calculations were conducted to illustrate the optimized
electronic structure. The geometry structure of O-doped
2-C3N, is presented in Fig. S8a.f The DOS for relaxed struc-
tures of pristine g-C3N, and O-doped g-C;N, was calculated
using the HSE06 functional, and the VBM of pristine g-C3;N,
is chosen as the Fermi energy, and is set to zero. As shown in
Fig. S8b,f DOS calculation results suggest that the doping
peak of O-doped g-C3;N, is below the bottom of the CB,
suggesting a typical n-type behavior. Moreover, a narrowing
of the band gap for O-doped g-C;N, (2.55 eV) compared with
pristine g-C3;N, (2.72 eV) is shown, which is distinct from the
experimental values. The distinction between DFT and experi-
mental values can be rationalized by the quantum confine-
ment effect, which results in the opposite shifting of the VB
and CB edges, corresponding to the previous literature.'
Moreover, PL spectroscopy and photocurrent response mea-
surements were performed to investigate the charge carrier be-
haviors, including the charge separation, migration, and re-
combination of photogenerated electron-hole pairs. As shown
in Fig. 6a, the PL results demonstrate that POCN-0.25, POCN-
0.50, POCN and POCN-1.00 all have a weak emission peak in
contrast to the strong emission peak exhibited by CN and
HCN, suggesting that the recombination rate of photoreduced
electron-hole pairs is efficiently restrained.”® Notably, along
with the increase of O-dopants, there is a progressive decrease
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Fig. 6 (a) PL spectra and (b) transient photocurrent responses of CN,
HCN and POCN.

in intensity of the emission peak, but POCN presents the
weakest emission peak intensity rather than POCN-1.00. So
the appropriate amount of O-dopants is very important for
limiting the recombination of charge carriers, and excessive
O-dopants seem to form defect sites that act as electron-hole
recombination centers, resulting in the decreased photocata-
Iytic efficiency, as reported in previous studies.”?** Further-
more, it can be found that the PL spectra of the O-doped sam-
ples, especially POCN, show obvious blue shifts, which might
be caused by the quantum confinement effect.”® Additionally,
the photocurrent response is measured to further study the
charge transport efficiency of CN, HCN and POCN by repeated
use in eight on-off cycles under intermittent visible light irra-
diation (1 > 420 nm). As shown in Fig. 6b, POCN displays the
highest photocurrent intensity compared with HCN and CN,
indicating the improved transport of charge carriers.>® There-
fore, the above test results illustrate that the charge carrier be-
havior of POCN is significantly optimized. The enhanced
charge separation and migration efficiency help to understand
the enhanced photocatalytic activity.

4. Photocatalytic performance

The photocatalytic performance of the as-prepared samples
was evaluated by hydrogen evolution, which was conducted

This journal is © The Royal Society of Chemistry 2019
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by irradiating 100 mL of solution containing 10% volume of
triethanolamine (TEOA) as a hole scavenger and 1 wt% Pt as
a co-catalyst under visible light (1 > 420 nm). As shown in
Fig. 7a, the as-prepared O-doped samples, including POCN-
0.25, POCN-0.50, POCN and POCN-1.00, all exhibit increased
photocatalytic hydrogen production compared with CN and

HCN. The average hydrogen evolution rate (HER) of POCN-
0.25, POCN-0.50 and POCN-1.00 is 12.60, 44.06 and 54.14
umol h™, and in particular, the HER of POCN reaches a max-
imum (64.30 pmol h™), which is 17.8 times higher than that
of CN (3.60 umol h™") (see Fig. 7b). However, it is noted that
POCN-1.00 shows a lower HER than POCN, which results
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Fig. 8 Schematic diagram of the photocatalytic enhancement mechanism of POCN.
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from the excess O-dopants forming more defect sites that act
as electron-hole recombination centers, leading to the de-
creased charge separation efficiency (as shown in PL re-
sults).” The cycling result indicates that the HER of POCN
has no apparent attenuation after four cycles (see Fig. 7c).
Meanwhile, to explore the details of visible-light-driven activ-
ity for hydrogen evolution, the AQE was estimated at different
wavelengths, as shown in Fig. 7d. The trend of hydrogen pro-
duction matches exactly with the optical absorption of POCN,
implying that the hydrogen production reaction is indeed in-
duced by the photocatalytic excitation of the nanosheets.****
The calculated AQE of POCN can reach 12.06% at 420 nm.
The chemical and photochemical stabilities of a catalyst are
key considerations for practical applications.”*> From the
TEM, XRD and FTIR patterns of the recycled POCN, we can
also find that there is no significant change in the micro-
structure, phase and chemical structure, respectively, indicat-
ing the excellent chemical stability of the POCN sample (Fig.
S9-S117). Moreover, the photocatalytic activities of modified
2-C3N, reported in previous studies are shown in Table S3,f
indicating that the as-synthesized POCN shows a relatively
improved photocatalytic performance, including the HER
and AQE.

The probable photocatalytic mechanism of hydrogen evo-
lution from water splitting and the schematic of the remark-
ably improved photocatalytic activity are illustrated in Fig. 8.
Under the excitation of visible light, the photo-generated
electrons transfer to the surface of the samples, and couple
with ultrathin Pt nanoparticles. The hydrogen ions accept
coupled-Pt electrons to produce hydrogen gas, while the
holes react with TEOA through an oxidation reaction. In com-
parison with CN, the remarkably increased photocatalytic ac-
tivity of POCN can be attributed to two factors. First, the
mesoporous structure of POCN contributes to its high photo-
catalytic activity. POCN shows a large specific surface area of
67.4 m> g and a pore size distribution of 28.6 nm in com-
parison with CN, which can provide more photocatalytically
active sites, depress the recombination of photogenerated
electrons and holes, improve the charge mobility, and pro-
mote the charge separation and migration from the interior
to the surface.">'”*>?* Furthermore, O-doping can optimize
the energy band structures. The appropriate amount of
O-dopants in the graphitic structure can increase the
electronic conductivity of POCN, which will promote the sep-
aration of charge carriers."” Meanwhile, the increased
bandgap caused by the quantum confinement effect shifts
the CBM potential of POCN to a more negative position
according to the DFT results (see Fig. S81), which can con-
tribute to the stronger reduction capacity of electrons for hy-
drogen production.*®

5. Conclusions

In summary, according to a purposefully designed precursor
strategy, we have rationally constructed a new hydroxylated
and carbonylated melamine precursor, which was an effective
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precursor for the synthesis of targeted porous O-doped
2-C3N, nanosheets (named as POCN) through a thermal poly-
merization method. The anchored hydroxyl on the edge of
the melamine building block provided the heterogeneous ox-
ygen atoms in the final g-C;N,, and the anchored carbonyl
could be simultaneously removed in the form of water, lead-
ing to the formation of porous nanostructures due to the
mass loss of functional melamine. Thus, the combination of
exfoliation, porous nanostructure and oxygen doping was si-
multaneously achieved in the g-C;N, framework. The as-
obtained POCN possessed the advantages of a high specific
surface area, increased reaction sites, and improved charge
separation and transport efficiency. As a result, POCN
showed remarkable improvement of photocatalytic hydrogen
evolution performance. The HER of POCN was 64.30 pmol
h™*, which was 17.8 times higher than that of CN (3.60 pumol
h™), and the AQE of POCN at 420 nm reached about
12.06%. This work demonstrated that the targeted g-C;N,
could be purposefully designed and prepared based on its
formation mechanism, and would stimulate widespread in-
vestigations into the development of a designated precursor-
reforming strategy for synthesizing highly-active g-C3;N,
photocatalysts.
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