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Graphitic carbon nitride (g-C3N4, CN) with nitrogen vacancies was synthesized by a controlled thermal
etching method in a semi-closed air-conditioning system. The defect-modified g-CsN4 shows an
excellent photocatalytic performance demonstrated by water splitting under visible light irradiation. With

proper heat-treatment durations such as 2 h (CN2) and 4 h (CN4) at 550 °C, the hydrogen production

rates significantly increase to 100 pmol h™ and 72 pmol h™%, which are 11 times and 8 times the rate of
the pristine CN (8.8 pmol h™Y) respectively. The excellent hydrogen production performance of nitrogen
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defect modified CN2 is due to the synergy effect of the decreased band gap, enlarged specific surface

area and increased separation/migration efficiency of photoinduced charge carriers. This simple defect
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1. Introduction

Solar energy is one of the promising renewable resources to
meet sustainable energy development. The utilization of solar
energy has aroused extensive attention over decades.™?
Hydrogen (H,) evolution by splitting water under solar light has
been regarded as an efficient strategy to utilize the solar
energy.>” Therefore, developing proper photocatalysts has been
actively studied in recent years.®® Graphitic carbon nitride (g-
C3N,), as a new layered compound, is found to possess many
merits, including appropriate band structure, high thermal and
chemical stability and visible-light activity.>** Nonetheless, the
shortcomings, such as poor quantum conversion efficiency,
high recombination of photogenerated carriers and small
specific surface area, greatly limit the application of bulky g-
C;N, in water splitting.*>** Therefore, numerous approaches,**
including exfoliation,™™” structural modification*?° and nano/
microstructure design,*>* have been developed to enhance the
photoactivity of g-C3N,. All these above-mentioned methods
tune the band structure and accelerate the migration and
separation of photoinduced charge carriers, however, they
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engineering method provides a good paradigm to improve the photocatalytic performance by tailoring
the electronic and physical structures of g-C3Nj.

suffer from complicate synthesis or limited light harvesting.
Thus, seeking simple way to tailor the electronic structure and
enlarge visible light harvesting range is desired for g-C;N,.
Very recently, atomic level modification has attracted
substantial interests owing to its good effect in photocatalysis.>*
For instance, substitution atoms (heteroatoms: O,> P,* N*¢)
could either provide extra delocalized electrons or construct
internal electric field to accelerate the separation of charge
carries. In addition, interstitial atoms®*” as well as carbon/
nitrogen defects*®*® for two-dimension (2D) layered g-C3N,
play important role in promoting the performance in photo-
catalysis due to the hindrance of the recombination of photo-
induced carries and extending the visible-light adsorption.
Especially, among these works, nitrogen vacancies have many
unique merits in visible-light harvesting,”®*® which act as a trap
to capture the carries and introducing defect energy level.
Accordingly, efforts have been made to effectively facilitate the
separation of charge carriers through introducing point defects.
For instance, it was reported that directly heating precursor
(urea, melamine) and alkali can dramatically enlarge the range
of light harvesting by decreasing the conduction band (CB)
minimum.*' Post heating in ammonia/hydrogen or in other
inert atmosphere is an alternative way to realize the introduc-
tion of defects with the intent of promoting red-shift of light
absorption.”®*>** One of the most important tasks is to explore
an environmental friendly and low-cost way to enhance the
photoreactivity through defects controlling, the behind mech-
anism of the introduction of defects needs to be established to
in-depth understand the process of defects modification.

This journal is © The Royal Society of Chemistry 2020
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In this work, a simple method was developed to introduce
nitrogen defects into g-C;N, by post-heating raw carbon nitride
in a semi-closed system (only air out) filled with air. This air-
condition method makes the thermal-treatment process safer,
cheaper and more convenient than the reducing gas treatment.
With increasing the annealing time, the optical absorption
range of the thermal treated polymeric carbon nitride (defects
modified g-C3N,) exhibits a slight red-shift at first, followed by
a remarkable blue-shift. Combined with the elemental analysis
(EA) and X-ray photoelectron spectroscopy (XPS), it suggests
that the N vacancies have an enormous effect on suppressing
the recombination of charge carriers. The modified electronic
structure and enlarged specific surface area play an important
role in improving photocatalytic hydrogen evolution. This
method may provide a direct way to study thermal treatment
and promote the application of defect engineering in other
semiconductors.

2. Experimental
2.1 Synthesis of g-C;N,

Pristine graphitic carbon nitride (g-C;N,) was synthesized by
thermal treatment of dicyandiamide (DCDA) at 550 °C for 4 h
with a ramp rate of 5 °C min~ ', which is similar to our previous
works.'**3> The obtained bulk carbon nitride was then milled
into powders in an agate mortar.

2.2 Synthesis of defects modified g-C;N,

The defects modified g-C;N, was prepared by post-heating raw
g-C3N, powders in a semi-closed tube furnace filled with air.
1.5 g carbon nitride powder was put in a porcelain boat and
placed in a tube furnace, and one end of the tube was sealed and
the other was connected with a hose in a glass of deionized
water. Subsequently, the tube furnace was heated to 550 °C for x
= 2 or 4 h (characteristic times) with a ramp rate of 5 °C min "
The obtained samples were denoted as CNx (x means hour
duration of thermal treatment).

2.3 Materials characterizations

The phase structure was investigated by X-ray diffraction
diffractometer (XRD; X'pert, Philips Eindhoven, The Nether-
lands) with Cu K, irradiation. Fourier transform infrared
spectra were performed on a spectrometer (FT-IR; TENSOR27,
Bruker, Billerica, MA, USA). The chemical composition was
studied by X-ray photoelectron spectroscopy (XPS;
ESCALAB220i-XL, Thermo Scientific, Waltham, MA, USA) using
Al K, radiation as the excitation source. The optical properties
were investigated by ultraviolet-visible spectrophotometer (UV-
vis; UV-3600, Shimadzu, Tokyo, Japan). Photoluminescence
spectra were recorded on a fluorescence spectrophotometer (PL;
FLSP-920, Edinburgh Instruments, Edinburg, UK) with an
excitation wavelength of 337 nm. The morphology of the
samples was examined by scanning electron microscope (FE-
SEM; JSM-6701F, JEOL, Tokyo, Japan) and transmission elec-
tron microscope (JEM-3010, JEOL, Tokyo, Japan). Nitrogen
adsorption/desorption isotherms were performed using surface
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area analyzer (V-sorb 2800P, Gold APP Instruments, Beijing,
China). Photoelectrochemical properties were characterized by
electrochemical workstation (CHI 660E, CH Instruments,
Shanghai, China) in a standard three-electrode cell with 0.5 M
Na,SO, solution.

2.4 Photocatalytic performance measurement

The photocatalytic performance is evaluated by hydrogen
evolution from water splitting under visible light irradiation,
which were carried out in a quartz reaction vessel connected to
a glass gas-circulation system. 50 mg photocatalysts was
dispersed in 10 wt% triethanolamine solution. After vigorously
stirring for 30 min, 3 wt% Pt was deposited on the surface of
C;3N, as co-catalyst using H,PtCls as precursor though in situ
photodeposition. Prior to reaction, the system was vacuumed
several times to remove air completely. A 300 W xenon lamp
(MAX-302, Asahi Spectra, Torrance, CA, USA) with a cut-off filter
(2> 400 nm) was chosen as the light source, and the system was
maintained at 10 °C. The rate of hydrogen evolution was
determined by a gas chromatography.

3. Results and discussion
3.1 Phase structure and chemical composition

The phase structure of the as-prepared samples was investi-
gated by X-ray diffraction, as shown in Fig. 1a. The XRD patterns
exhibit two characteristic peaks centered at 13.1° and around
27.5°, which are ascribed to the in-planar repeat motif and the
interlayer periodic stacking of g-C3N, sheets, respectively.*®
Additionally, the sharp peak at 27.5° assigned to the (002)
crystal planes shifts to higher 2¢ angles with increasing the
treatment time, implying a gradually reduced crystal plane
distance originated from the thermal treatment.?**”

Fourier transform infrared spectra (FT-IR) were carried out
to illustrate the phase structure of the samples (Fig. 1b). All the
samples show a sharp peak at 812 cm ™ * assigned to the bending
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Fig. 1 (a) XRD patterns, (b) FT-IR spectra, (c) XPS survey spectra, and
(d) high resolution C 1s and N 1s XPS spectra of CN, CN2, and CN4.
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Fig. 2 (a) UV-vis diffuse reflectance spectra, (b) (F(R) x E)2 versus hy
plot, (c) PL spectra, and (d) time-resolved fluorescence decay spectra
of CN, CN2 and CN4.

mode of tri-s-triazine units,* and a band in the range of 1200-
1600 cm ™' relates to the stretching vibration mode of heptazine
rings.**** Moreover, the fingerprint band in 2900-3400 cm ™"
can be attributed to the absorbed H,O and terminal amino
group (-NH,).**** These results further confirmed the basic
structure of carbon nitride was maintained during the thermal
treatment, even though some minor changes can be observed.
The peak at 812 cm ™" and the broad band over 2900-3400 cm ™"
are both weakened as the thermal treatment time increased,
implying that the decrease of the amino group and the
decomposition of the CN heterocycles. Besides, the peaks of
stretching vibration mode for tri-s-triazine rings are much
sharper than raw g-C;N,, indicating the formation of thin
layered structure.'® These changes illustrate that the thermal
treatment can reduce the terminal amino and produce thin
layered structure.

To further confirm the reduction of the amino group, the X-
ray photoelectron spectroscopy test and element analysis (EA)
were performed, as shown in Fig. 1c and d. It is clear that the XPS
shows two sharp peaks (assigned to C 1s and N 1s) and a small
peak (related to O 1s). In Fig. 1d, the enlarged XPS spectra shows
that the C 1s peak is deconvoluted into three peaks centered at
284.6 eV, 287.11 eV and 288.4 eV by Gaussian curve fitting, which
can be attributed to foreign graphitic carbon, sp>-hybridized
carbon connected to primary or secondary amino group and sp’-
hybridized carbon in the heteroaromatic ring, respectively.****
Similarly, three peaks deconvoluted from N 1s spectra located at
398.96 eV, 400.68 eV and 401.66 eV are assigned to sp>-hybrid-
ized nitrogen in triazine rings (N,c; C-N=C), tertiary nitrogen
(N3¢; N=(C)3) and amino group (N;¢; -NH,).****** The area ratios
of the obtained peaks are listed in the Table S1,T exhibiting the
content variation of nitrogen in different status. The ratios of the
sp*-hybridized nitrogen to the tertiary nitrogen are 6.61, 5.66 and
6.63, respectively. Meanwhile, from the high resolution of O 1s
spectra (Fig. S17), all the samples exhibit two peaks centered at
532.0 eV and 533.4 eV, which originate from the absorbed H,O
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and O=C, respectively.*® The result of the element analysis is
a convincing proof of the existence of nitrogen defects. The mass
ratios of N : C for the samples from element analysis results are
1.767, 1.711 and 1.710 (Table S27), respectively, suggesting that
the decrease of nitrogen content after heat treatment. Further-
more, the variation of the surface N : C ratios from XPS results
are 2.327, 2.288 and 2.252, respectively. The decreasing N: C
ratios also indicating that the existence of nitrogen vacancies
after the post-thermal treatment. Combined with XPS result
from CN to CN2, it is analyzed that the missing N atoms mainly
originate from amino group and some two-coordinated
nitrogen. There is no obvious change in mass ratio and distri-
bution of amino from CN2 to CN4, which is mainly attributed to
the reduction of C and N by etching the heteroaromatic rings.

3.2 Optical properties

Ultraviolet-visible light absorption spectra are shown in
Fig. 2a and b. The typical absorption spectra of semi-
conductor can be observed with the absorption edge located
at 460 nm for CN, 466 nm for CN2 and 462 nm for CN4, which
are in accordance with the red-shift from CN to CN2 and blue-
shift from CN2 to CN4. The corresponding band gaps are
2.71 eV for CN, 2.65 eV for CN2 and 2.86 eV for CN4 (the gap
between defects energy level and valence band for CN4 is 2.68
eV). Combined with the valence band spectra, the schematic
band structure was plotted and shown in Fig. S2.f The
conduction bands are located at —1.00 eV, —0.83 eV and
—0.95 eV for CN, CN2 and CN4. Both conduction band and
valence band first shift down for CN2 mainly due to the effect
of the nitrogen defects, while they shift up from CN2 to CN4
as a result of the synergetic effects of quantum confinement
effect and nitrogen defects.?*

Photoluminescence spectra were employed to investigate the
radiative recombination efficiency of the photogenerated
charge carriers. As can be seen in Fig. 2c, the peak intensity of
the defects-modified g-C;N, is obviously quenched, illustrating
that the nitrogen defects play an important role in improving
charge carrier's separation efficiency. The decrease of peak
intensity from CN to CN2 may be mainly due to the new defects-
induced surface states to form the carrier traps, which can
capture the carriers and inhibit the recombination of carriers.
Nevertheless, the intensity of CN4 increases from CN2 even if it
is still weaker than pristine CN. This result suggests that
thermal treatment would destroy the tri-s-triazine rings leading
to reduced charge carrier's separation efficiency, which is
consistent with the analysis result from the EA and XPS spectra.
The emission peaks of the samples, regarded as the band-to-
band recombination of holes and electrons,*®*” are located at
459 nm (2.70 eV), 466 nm (2.66 eV) and 451 nm (2.75 eV), which
is in accordance with the variation trend of the band gap. The
analysis of PL spectra shows that the defect state structure is
benefit to the separation of carriers, resulting in low recombi-
nation efficiency of photo excited electron hole pairs and
eventually higher photocatalytic activity.

Time-resolved photoluminescence spectra (TRPL) were also
performed on a fluorescence spectrophotometer, which exhibit

This journal is © The Royal Society of Chemistry 2020
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an exponential decay of carrier lifetime, as shown in Fig. 2d. The
spectra were fitted using a two-exponential decay function with
short and long lifetimes 7, and 7,, corresponding to the trapping
of electrons by the defects at short and long distances, respec-
tively. The components of the lifetime are given in Table S3.}
The average lifetime (<t>) can be calculated as 1.20 ns, 1.72 ns,
and 1.34 ns, for CN, CN2 and CN4. The average charge lifetimes
of defects modified g-C;N, are longer than pristine carbon
nitride clearly suggesting that the nitrogen defects prolong the
charge lifetimes of the photocatalysts. At the same time, the
charge lifetime of CN4 decreases in comparison to CN2, which is
possibly due to the charge localization. The nitrogen defects
promote the charge carriers migration from the inner to the
surface to participate in the water-splitting reactions.

3.3 Morphology and microstructure evolution

The sample was prepared by directly heating raw graphitic
carbon nitride in a semi-sealed system for different times at
550 °C, and the yield of as-prepared samples decreased as the
treat time increased. The comparison of volume and color for
300 mg of CN, CN2, and CN4 is shown in Fig. S3.1 The colors of
the as-prepared samples show an obvious change. Contrast to
raw materials, the color of the treated CN2 shows darker color.
Moreover, the TEM images and SEM images are the most
intuitionistic evidence to illustrate the changes of morphology.
It's obvious that the thermal treatment had a significant influ-
ence on the defects modified g-C3N, (Fig. 3). As can be seen, the
pristine g-C;N, consist of bulky aggregations with a relatively
smooth surface, and the rough lateral edge illustrates that they
are formed by multilayer stacking. Meanwhile, thinner layered
structure was observed in defects modified g-C;N,. With the
further increase of treat time, different from the CN2, the edge
of the CN4 is curling and wrinkled, which suggests further
reduced thickness. SEM images of Fig. S4t shows that the
particles of the pristine carbon nitride possess a much
smoother surface, while the particles of the CN2 keep this
feature and the CN4 possesses a thinner layered structure with
clearly visible pores. Atomic force microscopy was observed on

200 nmgEe

Fig. 3 (a—c) TEM, and (d—f) HRTEM images of (a and d) CN, (b and e)
CN2 and (c and f) CN4.
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CN4 as the representative to further confirm that the nano-
sheets were obtained (Fig. S5T). Result shows that thickness of
the sheets is around 5.6 nm, implying the formation of thin
layered structure.

In order to illustrate the evolution of layer thickness with
heat treatment, dispersing stability experiment was carried out
(Fig. S67). It is worth to note that the thermal-treated samples
were much more stable in suspension after natural sedimen-
tation for 20 days judging by the light transmittance. After
natural sedimentation for 15 days, the obtained CN4 is more
stable than CN2 and CN which might be owing to the larger
specific surface area originated from lower thickness and
porous structure. Besides that, the tail gas solution is alkaline
which suggests the post-treatment can reduce lattice N into
ammonia (Fig. S7f). Obviously, because no adventitious
hydrogen atoms have been provided, the H atoms in ammonia
can be determined mainly from the primary or secondary amino
group (N;¢). This result is in accordance with the decrease of
amino from the XPS results and the others’ works.***° With
further heat treatment, the tri-s-triazine units are destroyed due
to the collapse of incomplete CN heterocycles (Fig. 4). The gases
release during the treatment and exfoliate the agglomerates
into thin layers. Correspondingly, the surface area was deter-
mined by N, adsorption-desorption analysis (Fig. S8t). After
post-heating, the specific surface area of the samples was
gradually increased from 4.05 m* g " of CN to 12.79 m* g~ of
CN2 and 21.26 m*> g~* of CN4, the corresponding pore size
distribution curves calculated by the adsorption branches are
provided. As we can see, there is a little bit difference of the pore
size distribution between the defects modified g-C;N, and
pristine g-C3N,. The minimum diameter of the pores has
reduced to 2 nm of CN4 and 5 nm of CN2 from around 15 nm of
the pristine CN. The pore distribution curve of CN4 has an
obvious peak at the range of 2-4 nm and 6-50 nm, the former
emerges from the destruction of the heptazine ring and the
breaking of the ammonia bubbles, and the latter results from
the decomposition of oligomer fragments and the collapse of
the wall of the primary pores. From the above results, it can be
found that this post-treating process is a dynamic process.
During this process, the nitrogen defects were introduced into
the texture through releasing ammonia and result in incom-
plete rings at first, and then the incomplete units were more
easily destroyed during further thermal treatment.

Thermal
ctching
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7 ©

T ——

Band gap: 2.65 ¢V
Pores: D>10 nm
Porous structure

filand gap: 2.71 ¢V
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Fig. 4 Structure model of (a) CN, (b) CN2, and (c) CN4.
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3.4 Electronic properties

Electron paramagnetic resonance (EPR) measurements were
performed at 77 K to investigate the structural defects in the
modulated graphitic carbon nitride. All samples show one
single Lorentzian line, which is related to lone pair electrons on
sp’-carbon within the heptazine rings.***' As shown in Fig. 5a,
the EPR signal intensity of these samples displays a trend of first
enhancement and then weakening with the increasing of
treatment time. Nitrogen vacancies would introduce more lone
pair electrons and result in stronger EPR intensity. Meanwhile,
the broken of heptazine rings would reduce the concentration
of delocalized electrons and exhibit reduced EPR intensity in
comparison with CN2 consequently. Moreover, the defects
modulated g-C3;N, exhibits a stronger intensity than CN, clearly
implying the increase of delocalized electrons. It is noteworthy
that this trend is in good consistent with previous analysis.

To further investigate the migration and separation effi-
ciency of charge carriers, the transient photocurrent response
and electrochemical impedance spectroscopy (EIS) tests were
carried out (Fig. 5b-d). Compared with the raw g-C;N,, the
treated g-C;N; shows remarkably enhanced photocurrent
density, implying the outstanding photoelectric response under
visible light illumination and more efficient separation of
photoinduced electron-hole pairs.>* For the EIS Nyquist plots of
Fig. 5c, the smaller arc radiuses of the CN2 and CN4 suggest
a smaller charge migration resistance. To better simulate the
change of the charge transfer resistance, the EIS spectra of CN2
were also performed under visible-light irradiation and after
adding 10% (mass ratio) triethanolamine (TEOA) in the elec-
trolyte (0.5 mol L™ " Na,SO, solution), as shown in Fig. 5d.
Under the illumination of visible light, the resistance reduces
clearly due to the photovoltage reduces the energy barriers of
charge migration. Moreover, it is very clear that the impedance
attains a minimum with the coexistence of light and trietha-
nolamine, demonstrating that the triethanolamine as a scav-
enger can trap the holes to free the photoinduced electrons.
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Fig.5 (a) EPR spectra, and (b) transient photocurrent response, and (c)
Nyquist plots of CN, CN2 and CN4. (d) Nyquist plots of CN2 at different
condition.
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3.5 Photocatalytic performance

Photocatalytic performance was tested by water splitting under
visible light irradiation using 3 wt% Pt as co-catalyst and
10 vol% triethanolamine as scavenger. Photocatalytic hydrogen
evolution rate of catalysts is shown in Fig. 6a. Obviously, CN2
and CN4 show remarkable enhancement in H, yields, while the
CN2 produces a total amount of 401.57 pmol (100.53 umol h™)
and CN4 produce 284.04 pmol (71.88 pmol h™ ") after 4 hours of
visible light irradiation. The superior photocatalytic perfor-
mance of CNx indicates that the thermal treatment is highly
beneficial to optimize the optical and electronic properties.
Moreover, the apparent quantum yield (AQY) values are carried
out by splitting water using monochromatic light illuminating.
As shown in Fig. S9,T the AQY values of CN2 reached 10.38% at
420 nm and 0.53% at 550 nm, which is in accordance with the
trend of the light harvesting result. At the same time, the CN2
exhibits higher photocatalytic activity than the CN4, which is
most probably due to the synergistic effects of optical perfor-
mance and the separation efficiency of photoinduced charge
carriers. Besides, compared with the pristine CN, larger specific
surface area can provide more reactive sites and the pore
structure reduces the diffusion length of carriers from interior
to the outer surface. In addition, stability is another key factor to
the commercial application of the photocatalyst. The cycling
test was carried out under the same condition after storing in
the solution for 20 days to evaluate the stability of CN2 photo-
catalyst. As displays in Fig. 6b, the H, production rate didn't
exhibit significant decrease even the experiment was repeated
after three weeks, which confirm the enhanced stability of
nitrogen vacancies modified g-C;N,.

Based on the above results, we could conclude that the
nitrogen defects play a key role in enhancing the photocatalytic
performance. It has been widely accepted that excellent pho-
tocatalytic performance is strongly relying on three crucial
factors: (1) hindered radiative recombination of photoinduced
charge carriers (2) increased specific surface area (3) tuned
band structure and enlarged visible light harvesting capacity.
During thermal etching in a semi-closed system, nitrogen
defects was produced by releasing ammonia as a result of
thermal treatment, and then, further treatment leads to the
destruction of tri-s-triazine and thin layered structure. In this
evolution process, the introduction of nitrogen defects and the
breakage caused by thermal etching will modify the electronic
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Fig. 6 (a) Amount of H, generation of CN, CN2, and CN4 under the

irradiation of visible light (2 > 400 nm), (b) comparison of the H,
generation rate between the first cycle and after storing for 20 days for
CN2.
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structure, expand the range of light absorption and suppress
the recombination of carriers. It should be noted that the
introduction of defects can also damage the stable structure,
which directly leads to the broken of the tri-s-triazine after the
thermal treatment. To sum up, the nitrogen defects can be
introduced into g-C3N, by proper duration of thermal-
treatment to reduce the energy barrier of charge migration
and prolong lifetime of photoinduced charge carriers, which all
contribute to the improvement of photocatalytic performance
of the defect modified g-C;N,.

4. Conclusions

In summary, an effective thermal-treatment method in a semi-
closed system was developed for the preparation of defects
modified g-C;N,. Nitrogen defects were controllably introduced
into the framework of g-C;N, and the porous thin-layered
structure was formed by adjusting the thermal-treated dura-
tion. Compared with CN (pristine g-C3;N,), the hydrogen
evolution rate of CN2 (g-C;N, treated for 2 h) has been signifi-
cantly improved to 100 pmol h™" from 8 pumol h™" of CN, and
then slightly decrease to72 pmol h™" for CN4 when the heat
treatment duration was prolonged to 4 h. The underlying
origins associated with the fluctuation of hydrogen production
performance include the heat treatment induced modification
of bandgap, structure, specific surface area and photogenerated
carrier lifetime, as well as their synergistic effects. During this
process, short-term heat treatment (CN2) narrows the band gap
(~2.65 €eV) by introducing defect states resulted in enhanced
visible light responses, while excessive treatment duration
(CN4) would severely destruct the framework of graphitic
carbon nitride. In addition, the reduction of charge transfer
barrier and the longer of photo-induced carrier lifetime are also
critical for hydrogen production performance. The method
developed in this work demonstrates an efficient and simple
process to the predictable modification of electronic structure
and the contrivable regulation of hydrogen production perfor-
mance in related material systems.
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