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Abstract

Reinforcing the visible photon absorption and charge separation are the key issues to maximize the
photocatalytic performance of graphitic carbon nitride. Herein, holey bridging-nitrogen-defected
graphitic carbon nitride nanosheets were prepared through solid-state copolymerization and
subsequently thermal annealing with melamine and hexamethylenetetramine as the precursors.
Numerous pores and bridging nitrogen defects that embedded into the thin-layer framework were
evidenced through comprehensive characterization. The synthesized textural and electronic structure
enables the significant improvement of photocatalytic hydrogen production, with the optimized
sample of D-CNNS(0.3) representing a hydrogen evolution rate of 2497.1 umol-g!'-h™! under visible
light irradiation (A > 420 nm). This is about 10.4 and 41.1 folds improvement compared with pristine
nanosheets and bulk carbon nitride, respectively. Both experimental and theoretical results
demonstrate the bridging nitrogen defects are beneficial to enhance photoabsorption, promote charge
separation and transfer. Together with the enlarged surface area, the optimized nanosheet sample

shows a dramatically improved quantum yield in visible region.
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1. Introduction

Photocatalysis is an environmentally friendly approach and can be applied to many energy
intensive processes, including water splitting, carbon dioxide photoreduction, direct methane
conversion and contaminant decomposition [1-8]. The key to promote the practical application of
solar conversion is the development of an efficient visible-light responsive photocatalyst [9-12].
Among various photocatalysts, graphitic carbon nitride (CN) was recently emerged as a remarkable
candidate for its easily regulated properties and narrow bandgap energy (2.7 eV) [13, 14]. However,
pristine CN demonstrates moderate reactivity because of its low surface area (ca. 10 m?/g), severe
electron-hole recombination and weak visible-light absorption[15]. To achieve improved
photoreactivity, diverse strategies were explored, for instance, morphological engineering [16-19],
doping [20-23], defect modification [24-26] and heterojunction construction [27-32]. In spite of
extensive and attractive researches, highly efficient, earth-abundant and low-cost photocatalysts are
still rare.

Two-dimensional CN nanosheets prevail mainly because of an enhanced specific surface area and
short diffusion distance from the internal to the surface. Through thermal or liquid exfoliation via
disrupting the interlayer Van der Waals' force, CN nanosheets were prepared and exhibited enhanced
photocatalysis [33, 34]. However, nanoscaled CN still suffers from a detrimental drawback of
enlarged bandgap owing to the quantum confinement effect, leading to the decreased efficiency in
utilizing visible light. Surface modification through bandgap engineering could insert doping energy
level among the bandgap, thus modifying the electronic structure and enhancing photoabsorption [35].
The method for defect modification of g-C3N4 can be divided as the top-down and bottom-up methods.
In the former, thermal annealing in various atmosphere [36-40] or at rapid ramping temperature [41,

42] could introduce defects and realize the molecular-level modification of the polymeric structure.
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Meanwhile, thermal-treatment with additives, such as ammonium thiosulfate [43] and NaBH4 [44,
45] could also produce nitrogen-defected g-C3N4. As a contrast, the bottom-up method was realized
through controlling the polymerization temperature [46], or polymerizing with additives including
N2H4-H2O [47], NH4Cl1 [24], NH4NOs3 [48] and KOH [49]. With these success, there are still a few
areas to be improved in order to obtain a more efficient and economical photocatalysts, such as
reducing the use of solvent and oxygenated agent, simplifying the multi-step procedure, or increasing
relatively low surface area. Moreover, the defects might serve as the deep trapping sites for
photogenerated charge carrier and hinder its further reaction with the surface electron acceptors [50,
51]. In this regard, to combine the features of nanosheets and defects, it is highly attractive to
rationally regulate the moderate defect sites on CN nanosheets via reliable strategy.

Our previous work shows that the band structure and positions of CN are very sensitive to the
bridging nitrogen. In this work, bridging nitrogen defects modified holey CN nanosheets were thus
prepared via solid-state copolymerization followed by the successively thermal annealing for
realizing defects introduction and structural exfoliation. The holey and bridging defect structure were
evidenced by HRTEM, XPS and '*C NMR. Holey nanosheet structure would provide more accessible
active sites and shorten charge transfer distance. And the experimental and theoretical results
synchronously confirmed the enhanced photoabsorption, enlarged surface area and charge separation
induced by the bridging-nitrogen defects, which eventually boosting the visible-light photocatalytic
water splitting for hydrogen evolution. The optimized hydrogen evolution rate of the as-prepared CN
reaches 2495.1 pmol-g™'-h™! in visible region, about 10.4 and 41.1 folds improvements than that of

pristine bulk and nanosheet CN, with its apparent quantum yield reaching 3.24% at 420 + 10 nm.

2. Experimental



2.1. Materials

All chemicals were reagent grade and used without any purification. Melamine, triethanolamine
(TEOA), hexamethylenetetramine (HMTA), chloroplatinic acid (H2PtCls-6H20) were used.

2.2. Preparation of the bridging nitrogen defects modified CN

Bulk carbon-rich CN (C-BCN(x)) were synthesized from the copolymerization of HMTA and
melamine in muffle under the static air atmosphere. Totally, a certain amount of HMTA and 10.0 g
melamine were mixed and uniformly grounded in an agate mortar for about 10 minutes. The mixtures
were then placed in a 100 mL crucible with a lid and underwent calcination at 550 °C for 3 h with a
ramping rate of 10 °C/min. The as-obtained grey materials were finely grounded for further utilization
and donated as C-BCN(x), where x represented the mass percent (wt.%) of HMTA.

Bridging nitrogen defects modified holey CN nanosheets (denoted as D-CNNS(x)) were further
prepared through thermal annealing C-BCN(x) in air. Typically, 0.5 g C-BCN(x) were dispersed in
the crucible and calcinated at 500 °C for 4 h, and the light grey powders were obtained after naturally
cooling down. For comparison, pristine bulk and nanosheet CN were prepared under the same
conditions except without HMTA, coded as BCN and CNNS, respectively. In the following discussion,
C-BCN and D-CNNS refer to C-BCN(0.3) and D-CNNS(0.3) otherwise specified.

2.3. Characterization

Elemental analysis (EA) were obtained on the VarioEL III elemental analyzer. High-resolution
transmission electron microscope (HRTEM) images were collected on the 7alos F200X instrument.
Nitrogen physical adsorption-desorption isotherms were measured at -196 °C on the TR2 Star3020
gas adsorption analyzer. All samples were degassed before measurement at 150 °C for 8 h and
backfilled with ultrapure nitrogen (99.999%). Powder X-Ray diffraction patterns (XRD) were

collected on the D8 ADVANCE diffractometer (Bruker Co., Ltd). Fourier transform-infrared (FT-IR)
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spectra were measured on the TENSOR27 instrument. X-ray photoelectric spectra (XPS) were
conducted on the PHI 5000 VersaProbelll instrument (ULVAC-PHI Co., Ltd). UV-Vis diffuse
reflectance spectra (DRS) were obtained with BaSO4 as the references on the UV-3600 Plus
spectrophotometer (Shimadzu Co., Ltd). Steady-state photoluminescence (PL) spectra were recorded
at room temperature with a 310 nm excitation wavelength. Time-resolved PL spectra were collected
on the FLSP920 spectrofluorometer.
2.4. Photocatalytic hydrogen production

Photocatalytic H> production from water spitting was conducted in a 500 mL finely closed quartz
reactor. The light source was provided by a 300 W Xe lamp (PLS-SXE300D, Beijing Perfectlight
Technology Co., Ltd) equipped with the optical filter (A > 420 nm). In a typical experiment, 50 mg
photocatalysts were mixed with 180.0 g distilled water, 22.4 g TEOA and certain amount of H>PtCle
(3.0 wt.% Pt) solution. Before irradiation, the suspension was stirred and purged with ultrapure argon
(99.999 vol.%) for 1 h. Hydrogen was detected with 1 h intervals by the gas 32404 chromatograph
(Beifen Ruili Co., Ltd) equipped with the 5 A molecular sieve column and thermal conductivity
detector (TCD). The apparent quantum yield (AQY) was measured and calculated by the followed
equation.

2 X amount of H, molecules evolved
AQY (%) =

number of incident photons

2.5. Electrochemical measurements
The electrochemical properties including electrochemical impedance spectroscopy (EIS), Mott-
schottky plots and photocurrent density were measured with the three-electrode cell on the CHI660E

workstation. Ag/AgCl electrode, photocatalysts coated indium tin oxide (ITO) glass, platinum sheet



electrode and Na>SO4 solution (0.1 M) were respectively utilized as the reference electrode, the
working electrode, the counter electrode and the electrolyte. The working electrode was prepared
through electroplating according to our previous work [17]. Photocurrent density was recorded by

using a 420 nm LED lamp as the light source.

3. Results and discussion

Bridging-nitrogen defects modified CN nanosheets were prepared through carbon incorporation
and subsequently selective elimination. As illustrated in Figure 1a, the graphitic carbon and CN
composites (GC/CN) firstly formed after bottom-up copolymerization. The uniform inserted graphitic
carbon clusters would then be eliminated and generate numerous mesopores. More importantly, the
matrix would exfoliate to nanosheets during thermal annealing, then resulting in the holey nanosheet
structure. Meanwhile, the electronic configuration might be synchronously regulated. As shown in
Figure S1, the carbonization of HMTA causes a well-controlled and proportional improvement of C
to N ratio. As the usage of HMTA rising, the C/N ratio of C-BCN(x) gradually improves from 0.677
of C-BCN(0.1) to 0.691 of C-BCN(1.0), being attributed to the increased content of graphitic carbon
species. After thermal annealing of BCN in air to form sample of CNNS, its C/N ratio slightly
decreases, mainly due to the enlarged surface area which derived much more uncondensed amino
groups. In the case of D-CNNS(x), the C/N ratio presents regular decrease primarily due to the
graphitic carbon elimination. However, samples D-CNNS(x) still remains the higher and regular C/N
ratio than that of the pristine CNNS, thus demonstrating the existence of additional carbon atoms or
decreased nitrogen atoms along with CN.

The structural features were investigated with the high-resolution transmission electron

microscopy (HRTEM). It is clear that BCN performs the dense and thick morphology (Figure S2).
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As a contrast, CNNS consists of the curly nanosheets (Figure 1b, ¢), suggesting the transformation
from thick aggregates to apparent nanosheets with the aid of thermal exfoliation. For C-BCN, a
similar dense structure is observed but probably embedded with uniformly distributed graphitic
carbon clusters derived from the HMTA carbonization. After thermal annealing, the as-obtained D-
CNNS still contains amorphous and exfoliated nanosheets (Figure 1d, e) but with numerous
mesopores (larger than 20 nm) embedded throughout the networks as circled by the white dash line.
This holey nanosheet morphology could be ascribed to the thermally-driven elimination of the
graphitic carbon species. Together with the two-dimensional structure, it would provide more active
sites, shorten the mass/charge carrier transfer distance and then be beneficial to enhance
photocatalysis. The uniform elemental distributions of C and N in D-CNNS are visualized in terms
of the TEM-mapping images (Figure 1f). Atomic force microscope (AFM) together with the
according height profile was conducted to measure the actual thickness of CNNS and D-CNNS. As
shown in Figure 1g-h, ultrathin CNNS with the thickness of ca. 5.2 nm and D-CNNS with the
thickness of ca. 3.8 nm are observed. As the interlayer spacing of CN is about 0.36 nm, CNNS and
D-CNNS would have 14 and 10 molecule layers in thickness. The slightly smaller thickness of D-
CNNS than CNNS would be attributed to carbon dioxide emission from the oxidation of graphitic

carbon, promoting the interlayer thermal exfoliation.
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Figure 1. (a) Experimental illustration for the fabrication of the bridging-nitrogen defected holey
CN nanosheet (D-CNNS). HRTEM images of (b, c) CNNS and (d, ) D-CNNS. The circled area is
the embedded hole. (f) TEM-mapping images of D-CNNS. AFM images of (g) CNNS and (h) D-

CNNS.

Nitrogen physical adsorption-desorption isotherms were conducted to study the corresponding
changes of the specific surface area along with its thickness. As shown in Figure 2a, the
representative type-IV adsorption isotherms were present, suggesting the similar layer-stacking
topology of BCN, CNNS and D-CNNS. The Brunauer-Emmett-Teller surface area (Sger) of D-CNNS

is calculated as 164.7 m?/g, with 10.6, 11.4 and 1.3-folds increase relative to that of BCN (15.5 m%/g),



C-BCN (14.4 m?/g) and CNNS (122.9 m%/g), corresponding with its thinner layer structure. For BCN
and C-BCN, no mesopores or macropores were observed in Figure S3. After thermal annealing,
mesopores and macropores larger than 2 nm were generated into the obtained CNNS and D-CNNS,
correspondingly their pore volume was improved from 0.04 cm?/g of BCN to 0.49 cm?/g of CNNS

and 0.83 cm?®/g of D-CNNS.
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Figure 2. (a) Nitrogen physical adsorption-desorption isotherms at 77 K and (b) XRD patterns of

BCN, CNNS, C-BCN and D-CNNS. (c¢) FT-IR and (d) EPR spectra of CNNS and D-CNNS.

X-ray diffraction (XRD) patterns were conducted and the results were shown in Figure 2b. Two
diffraction peaks at 12.95° and 27.50° in the pristine bulk CN (BCN) are assigned to the in-plane
repeating motifs of continuous heptazine and the periodic stacking of m-conjugated layers,
respectively. This confirms the formation of the typical amorphous graphitic carbon nitride
framework. As a comparison, the dominant (002) peak of CNNS exhibits right-shifted to 27.76°,
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indicating its narrower interlayer distance than that of BCN according to the Bragg’s law (2dsin6=
nA). It could be attributed to the higher polymerization degree originated from the secondary
polymerization derived from the thermal annealing. The narrowed interlayer distance might be
beneficial to the vertical charge transfer [52]. Meanwhile, when defining the relative polymerization
degree (RPD) of BCN as 100%, CNNS performs the decreased RPD at 64%, assigned to the thermal
exfoliation effect [33]. In the case of C-BCN, the (002) peak exhibits the same position at 27.50° but
obviously decreased RPD to 74% of BCN. After thermal annealing, the as-obtained D-CNNS shows
an obviously right-shifted and decreased peak at 27.83° to 39% RPD. The further right-shifted peak
demonstrates the deep polymerization which might be caused by the graphitic carbon oxidation that
companied by the local exothermic heat, while the decreased RPD suggests the much thinner
thickness.

Fourier transform-infrared (FT-IR) spectra (Figure 2¢) exhibit similar and typical short-range
composition of graphitic carbon nitride. The sharp absorption band at 810 cm™ and series bands
ranging from 1200 to 1650 cm™ represent the bending vibration and the stretching vibration of
heptazine heterocycles. The broad band around 3000~3500 cm™ is assigned to O-H or N-H, originated
from the adsorbed moisture or the uncondensed amino groups [53]. As the absorption band at 2177
cm’! is attributed to the asymmetric stretching vibration of cyano group (C=N) and generally comes
from the breakage of heptazine heterocycles [44, 54], the absence of this peak evidences the well-
reserved characteristic heptazine framework. Therefore, the above mentioned high carbon to nitrogen
ratio, as evidenced by elemental analysis, would likely be due to N defects on the bridging sites.

The electron paramagnetic resonance (EPR) signals of CN originates from its m-conjugated
structure with considerable unpaired electron [55]. As shown in Figure 2d, both CNNS and D-CNNS

exhibit single Lorentzian lines. Compared with CNNS, D-CNNS presents a much stronger EPR
11



intensity, suggesting its higher delocalization of the conjugated networks, which might be attributed
to the introduction of the bridging sp*-C atoms or the partial elimination of bridging nitrogen atoms.

The improved concentration of free electrons would increase carrier density and be beneficial to

photocatalysis.
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Figure 3. (a) Cls and (b) N1s XPS spectra of BCN and C-BCN. (c¢) Cls and (d) N1s XPS spectra of

CNNS and D-CNNS.

X-ray photoelectron spectra (XPS) were measured to investigate the chemical state of the tailored
CN. XPS survey spectra (Figure S4) shows the similar elemental composition of carbon, nitrogen
and oxygen, where the oxygen element probably comes from the adsorbed moisture [48]. High
resolution Cls spectra (Figure 3a) of BCN represent two peaks at 284.8 and 288.2 eV, corresponding

with the adventitious carbon (C-C/C=C) and sp? hybridized carbon in the heptazine heterocycles,
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respectively. Compared with BCN, C-BCN exhibits the same binding energy but with an increased
C=C content from 26.0% of BCN to 27.3% of C-BCN, attributed to the additional composition of
graphitic carbon. Comparing high resolution Cl1s spectra of BCN, C-BCN and CNNS (Figure 3a, ¢),
one can see the same and typical characteristics of CN. While a close look at Figure 3¢, the peak
arising from N-C=N shifts from 288.2 eV of CNNS to 287.9 eV of D-CNNS, suggesting the
corresponding carbon atom in the heterocycles exhibits higher electron density in the latter.
Combination with the well-reserved heterocycle structure by FT-IR, the higher electron density of
carbon in N-C=N would evidence the existence of the carbon replacement or nitrogen vacancy on the
bridging-nitrogen sites. Furthermore, N1s peak of C-N=C in D-CNNS (Figure 3d) exhibits 0.2 eV
shift to lower binding energy and the N-3C contents decrease from 35% of CNNS to 29% of D-CNNS,
indicating the loss of partial bridging nitrogen atoms. Therefore, we could presumably conclude the
two possible structure including the carbon substitution and nitrogen elimination on the bridging sp*-
N sites. The finely structure were further investigated by the solid *C nuclear magnetic resonance
(NMR) spectra. As shown in Figure 4a, only two dominant peaks at chemical shifts of 165.4 and
157.5 ppm were observed and could be attributed to the C-NHx and N-C=N, respectively. The area
ratio of these two peaks declines from 1.87 of pristine CNNS to 1.75 of D-CNNS, which is assigned
to the loss of amino groups, corresponding with the XPS analysis. As the carbon bridging structure
would show a peak at 136.4 ppm (C=C), the absence of this peak for D-CNNS clearly evidences the
bridging-nitrogen defected topology. Therefore, together with the above elemental analysis, we could
conclude that the bridging sp® N sites were partially removed to generate N vacancies or N defects

during the secondary thermal annealing step.
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Figure 4. (a) 3C NMR, (b) UV-DRS spectra, (c) Mott-Schottky plots at the selected frequencies of
2000 Hz and (d) bandgap structure of different photocatalysts. The inset of b shows the optical

images of BCN, CNNS, C-BCN and D-CNNS.

UV diffuse reflectance spectra (UV-DRS) (Figure 4b and Figure S5) were conducted to study the
optical properties. Compared with BCN, a blue-shift of the photoabsorption edge for pristine CNNS
is observed, due to the quantum confinement effect [56]. Meanwhile, both C-BCN and D-CNNS
exhibit an extended light-harvesting ranging from UV to visible region. For C-BCN which served as
the intermediate to prepare D-CNNS, the enhanced visible light absorption is assigned to the graphitic
carbon. As D-CNNS has no graphitic carbon after thermal annealing in air, the enhanced visible light
absorption could be ascribed to the enhanced n — n* optical transition, which is induced by the
bridging-nitrogen defects. Tauc plots were used to determine the bandgap energy (Figure S5). The
bandgap energy of BCN and CNNS are respectively 2.55 eV and 2.62 eV, while D-CNNS presents
two bandgap energy at 2.64 eV and 2.23 eV. The latter is the doping state that comes from the nitrogen

vacancies. Figure 4c¢ exhibits the Mott-Schottky plots of BCN, CNNS and D-CNNS. The positive
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slope indicates the n-type semiconductor characteristic of the samples. As the flat band potential of
n-type semiconductor lies 0.1 eV below conduction band (CB) [57, 58], the corresponding CB were
established as -1.03 eV of BCN, -0.89 eV of CNNS and -1.22 eV of D-CNNS vs Ag/AgCl (pH = 7),
respectively. The band positions with respect to RHE (pH = 0) are provided in Figure 4d, clearly

presenting the energetically feasible to drive the photocatalytic hydrogen production reaction.
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Photocatalytic activity was evaluated by water splitting reaction for hydrogen production under
visible-light irradiation (A > 420 nm). 3 wt.% Pt and 10 vol.% TEOA were used as the co-catalyst and
sacrificial agent, respectively. As shown in Figure 5a, pristine BCN exhibits obvious hydrogen
evolution activity, demonstrating the enough reduction ability of CN for water splitting. In the

presence of the pristine CNNS, the hydrogen evolution rate (HER) increases to 241.2 umol-g!-h’!,
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about 4.0 times higher than BCN, mainly attributed to the enlarged surface area, which would provide
much more accessible active sites and shorten charge transfer distance from the bulk to the surface,
thus reducing charge recombination in the bulk. For the nitrogen-defected samples, HER gradually
improves with the doping content rising and reaches highest at 2497.1 pmol-g'-h™! for D-CNNS(0.3),
about 10.4 and 41.1 times higher than the pristine CNNS and BCN, respectively. Further increasing
the nitrogen defects leads to a decreased HER due to the shielding effect [59]. Figure Sb shows HRE
per unit mass and per unit surface area. The amount of HER per unit surface area of D-CNNS is 15.2
pumol-h'm, still 3.9 and 7.6 times higher than that of BCN (3.9 umol-h'-m?) and CNNS (2.0
umol-h'-m2). Therefore, the enlarged surface area of D-CNNS can not interpret the boosted
photocatalysis, while the nitrogen defects would contributes more, due to the extended
photoabsorption region and promoted charge separation as discussed below. The apparent quantum
yield (AQY) at different monochromatic light was measured and consistent with its range of
photoabsorption (Figure 5¢). The AQY of D-CNNS could reach 3.2 % at 420 + 10 nm and 6.9 % at
365 = 10 nm. Moreover, the nitrogen defected D-CNNS also exhibit acceptable stability with no

obvious deactivation after 5 cycles reuse (Figure 5d).
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Theoretical calculation was performed to understand the enhanced photocatalytic activity. The
density of states calculation shows that the pristine CN (C3N4) has a large bandgap of 2.74 eV (Figure
6a). After eliminating the partial bridging nitrogen atoms and saturating with hydrogens (D-C3N4)
(Figure 6b), the bandgap greatly decreases to 2.24 eV, which is consistent with the enhanced visible-
light absorption. From the HOMO/LUMO diagram (Figure 6c-f), most atoms before and after
nitrogen defects modification contribute to the energy level, which also provides a large number of
active sites in the photocatalytic reaction. Compared with the pristine CN, the introduced bridging
nitrogen defects change the initial distribution of the energy level planes, which would provide the
possibility for electron excitation transitions and spatial charge separation.
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Efficient charge separation was experimentally evidenced by the steady-state photoluminescence
(PL) spectra and photocurrent response curves. As shown in Figure 7a, BCN exhibits a strong PL
emission peak, indicating the fast charge recombination, which was considered as one of the main
factors that suppresses photocatalysis. For CNNS, the PL intensity greatly decreases, representing
suppressed charge recombination, due to the shortened charge transfer path from the internal to the
surface. In the case of D-CNNS, the further decreased PL intensity is ascribed to the bridging-nitrogen
defects promoting the spatial charge separation. Photocurrent response (Figure 7b) also demonstrates
the improved charge separation efficiency of D-CNNS. The photocurrent of D-CNNS was measured
as 0.18 pA/cm?, almost 2 and 4 times higher than that of CNNS and BCN. Besides the enhanced
charge separation, the prolonged charge carrier lifetime is also beneficial to the photocatalysis and
evidenced by the time-resolved PL spectra (Figure 7c¢). Compared with BCN, both the average
lifetime of CNNS (0.48 ns) and D-CNNS (0.61 ns) are longer than that of BCN (0.45 ns). The
prolonged lifetime is attributed to the synergy of holey nanosheet texture and defected electronic
structure. The nanosheet structure could favor shorter charge transfer distance and the bridging-
nitrogen defects would performs as the shallow trapping sites to promote charge separation. [51]
Electrochemical impedance spectroscopy (EIS) Nyquist plot (Figure 7d) clearly presents the smallest
radius of D-CNNS than that of BCN and CNNS. This decreased arc radius indicates a smaller

resistance of D-CNNS, which is beneficial to the interfacial charge transfer.
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holey CN nanosheets.

The origin of the excellent visible light photocatalytic activity of the tailored CN is proposed as
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Scheme 1. The holey nanosheet structure with enlarged surface area is one of the main factors that
affects photocatalysis through providing more accessible active sites and shorten charge transfer
distance from the bulk to the surface of a photocatalyst, thus reducing charge recombination in the
bulk. Consequently, pristine CNNS present 4 times higher HER against mass. However, the enlarged
Sger could also affect photoabsorption under the quantum confinement effect, which caused only
about 50% HER against Sger for CNNS as that of BCN. D-CNNS exhibits large surface area (Sger =
164.7 m*/g) associated with the construction of pores structure along the ultra-thin nanolayer (ca. 3.8
nm), which is beneficial to the maximized exposure of active sites to H". Meanwhile, the bridging-
nitrogen defects help to form the doping state and narrow the bandgap as evidenced by the UV-DRS
and DOS calculations. The narrowed bandgap enables D-CNNS to greatly expand the range of
photoabsorption. Moreover, spatial charge separation is also greatly enhanced as demonstrated by
theoretical calculation and time resolved PL spectra. As a result, photocatalytic performance is
boosted owing to the synergy of large surface area, morphological and electronic modification via

facile solid-state polymerization and successively thermal annealing.

4. Conclusions

In summary, novel bridging-nitrogen defects modified holey graphitic carbon nitride nanosheets
(D-CNNS) were prepared via solid-state polymerization and successively thermal annealing with
melamine and HMTA as the precursors, in which both porous structure and bridging-nitrogen defects
are embedded into the nanosheet framework. It renders the significantly improvement of
photocatalytic hydrogen production (2497.1 pmol-g!-h™!) under visible light irradiation, with the
AQY reaches 3.24% at 420 nm £ 10 nm. The holey nanosheet structure with enlarged surface area

would provide more accessible active sites and shorten charge transfer distance from the bulk to the
20



surface. Experimental and theoretical results support that the bridging nitrogen defects would greatly
enhance photoabsorption and reduce charge recombination in the bulk apart from the enlarged surface
area. This present work provides a simple, low-cost and effective way to simultaneously regulate the

textural and electronic structure for improved solar energy utilization.
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