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We report a simple strategy for realizing the tunable structure distortion of graphitic carbon nitride (g-
C3N4) layers by H; post calcination to improve the intrinsic electronic structure and the photocatalytic
performances of g-C3N4 samples. In comparison with the O, or N, post treatment, the H,-modified g-
C3N4 develops new optical absorption above 460 nm and enhances photocatalytic activity for NO removal.
The combined characterization results reveal that H, heating induced the structure distortion of g-C3Ny4
layers is originated from the creation of amino groups within the structure and generation of the strong

Keywords: hydrogen bonding interactions between layers. The distorted structure allows n-7* electron transitions
g—C; N4 . . .. . . . .

Layer distortion in g-C3Ny4 to increase visible-light absorption. The structure distortion also enables more electrons to be
H, heating available for initiating the photocatalytic reaction and the separation of photogenerated charge carriers
NO removal in g-C3Ny. This work provides a simple strategy for realizing the tunable structure distortion of g-C3N4

Photocatalysis layers to adjust its electronic structure and photocatalysis.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

State-of-the-art band gap engineering is a complex but powerful
technique for tailoring the electronic structure of semiconduc-
tors, thereby achieving the control of conductive, optical, or other
physical properties for targeted applications [ 1-3]. Many inorganic
semiconductor photocatalysts have been successfully advanced to
narrow their energy gap for visible light harvesting and adjusting
the redox potentials of photo-induced charge carriers for relevant
chemical conversions by band gap engineering through altering
the compositions of photocatalysts [4]. This advancement opens
the door to exciting possibilities for the design of photocatalytic
materials for efficient solar energy conversion.

Recently, graphitic carbon nitride (g-C3Ng4 ) has attracted consid-
erable interests as a fascinating metal-free and visible-light-driven
photocatalyst for the direct conversion of sustainable solar energy
to chemical energy and is finding new applications in H, pro-
duction, environmental purification, organic photosynthesis, and
CO, reduction [5-8]. However, bulk g-C3N4 photocatalysts are still
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seriously suffering from many drawbacks, mainly including low
quantum efficiency and the lack of absorption above 460 nm [9],
which inevitably limit their further applications. Thus, control to
modulate the intrinsic electronic structures and solar light har-
vesting of g-C3Ny4 system is specifically requested to maximize the
photocatalytic performance.

The bulk g-C3N4 is a conjugated organic polymer that is able
to combine plastic electronics and optoelectronics with easy pro-
cessability. The organic nature of g-C3N,4 allows plentiful organic
schemes to be utilized to engineer the molecular structure, elec-
tronic structure, and texture. Thus, the chemical synthesis of
g-C3Ny4 can be directly integrated with various physical and chem-
ical methods, including nanocasting [10], elemental doping [11],
and copolymerization [12], to adjust the chemical composition,
texture, electronic structure, and the photocatalytic behavior of
g-C3Ny4. For example, S-doped or Zn-doped g-C3N4 prepared by a
simple soft-chemical method has displayed a good photocatalytic
activity for Hy production under visible light illumination [13]. A
high-surface area g-C3N4 with mesoporous nanostructure can be
easily prepared by the polymerization of cyanamide on a silica tem-
plate [14]. Thiophene derivative or barbituric acid monomers can
be chemically incorporated into the conjugated polymeric network
of g-C3Ny4 and extend the optical absorption edge of g-C3Ny4 to lower
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Fig. 1. XRD patterns of the g-C3N4 samples.

energy [15,16]. These strategies not only promote the photocat-
alytic activity of g-C3N4 but also offer the possibility for further
modification of g-C3N4 with sensitizers and co-catalysts. However,
developing a simple approach to improve the intrinsic electronic
structures and photocatalytic properties of g-C3Ny is still desirable.

Perfect g-C3N4 is constructed from N-bridged “poly(tri-s-
triazine)” to form m-conjugated graphitic plane with weak van der
Waals interaction between layers. The electronic structure of g-
C3Ny is related to sp? hybridization of carbon and nitrogen that
forms m-conjugated graphitic planes. The visible-light-response of
the photocatalyst originates from an electron transition from the
valence band populated by N2p orbitals to the conduction band
formed by C2p orbitals. Accordingly, the band gap energy of g-
C3Ny sensitively depends on the degree of condensation and the
packing between the layers, and the photocatalytic efficiency of g-
C3Ny seriously relies on the excited electrons from N2p orbitals.
Therefore, tuning the degree of condensation and the electrons of
the N2p involved in w-conjugated system is an alternative way to
improve the intrinsic electronic structures and photocatalytic per-
formance of g-C3Ny. Increasing the degree of polymerization by
increasing condensation temperature has been proved to linearly
decrease the bandgap of g-C3N4 from 3.0eV to 2.5eV [17]. To our
knowledge, a few works have considered the electrons of the N2p
involved in w-conjugated system for tuning the intrinsic electronic
structures and improving the photocatalytic activity of g-C3Ny.

In this work, we developed a simple approach to improving vis-
ible optical absorption and the photocatalytic activity of g-C3N4
using H, heating treatment. For the comparison, the effect of H, or
0, or N, heating treatment on the structure of g-C3N4 was charac-
terized in detail by elemental analysis (EA), UV-vis spectroscopy,
FTIR, XPS, solid-state NMR, and EPR. NO removal was used as a
model reaction to examine the visible light photocatalytic reactivity
of modified g-C3N4 catalysts. We demonstrated that only H, heat-
ing induces the structure distortion of g-C3N4 layers that results in
considerable electrons from the edge N2p involved in r-conjugated

system to narrow the band gap and improve the photocatalytic
performance of g-C3Ng.

2. Experimental
2.1. Sample preparation

The parent g-C3N4 powder was synthesized typically by heating
15 g of melamine in a semi-closed alumina crucible with a cover
under helium gas flow (60 mL/min) to 550 °C for 4 h at a heating rate
of 5°Cmin~!, followed by naturally cooling to room temperature.
The product was collected and ground into powder.

The modified g-C3N4 was prepared by heating the parent g-
C3N4 powders under H; (or O3) gas flow (60 mL/min) at a rate of
2°Cmin~! to 450, 500, or 550 °C for 3 h. The modified samples were
denoted as g-C3N4-Hy-X or g-C3N4-0,-X, where X refers to heating
temperature.

2.2. Characterization

C, N, and H contents were measured on an Elementar Vario EL
analyzer. X-ray diffraction (XRD) measurements were performed
on aBruker D8 Advance X-ray diffractometer using CuKo; radiation
(A=1.5406 A). BET measurements were conducted using a Micro-
metrics ASAP 2020 surface area/porosity analyzer. UV-vis spectra
were recorded on a Varian Cary 500 Scan UV-vis-NIR spectropho-
tometer using a BaSO4 standard. FTIR spectra were obtained using
a Nicolet Magna 670 FTIR spectrometer with a DTGS detector. EPR
spectra were recorded at room temperature by a Bruker A-300-
EPR X-band spectrometer. XPS spectroscopy was conducted on a
VG ESCALAB 250 XPS system with a monochromatized Al Ka X-
ray source (15kV, 200 W, 500 p.m pass energy =20 eV). All binding
energies were referenced to the Cls peak at 284.6eV of surface
adventitious carbon. Solid-state 13C NMR spectra were recorded
using a Bruker Advance Il 500 spectrometer.

Table 1

BET specific surface area and pore volume of the g-C3N4 samples.
Samples g—C3N4 H2—450 Hz—SOO H2—550 02—450 02—500 02—550
BET (m?/g) 13.8 11.2 15.8 28.0 14.5 18.1 22.6
Pore volume (cm?/g) 0.063 0.059 0.083 0.157 0.069 0.080 0.112
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Table 2

Bulk C, N, and H contents in the g-C3N4 samples by EA.
Samples N[%] C[%] H[%] C:N H:N
g-C3Ny 61.12 35.13 1.716 0.671 0.393
0,-550 60.79 34.98 1.728 0.671 0.398
H,-550 60.74 34.96 1.765 0.671 0.407

2.3. Photocatalytic measurements

The photocatalytic activity was measured by NO removal at
approximately 600 ppb levels in a continuous flow reactor at ambi-
ent temperature (shown in Fig. S1). The volume of the rectangular
reactor, which is made of stainless steel and covered with quartz
glass window, was 4.5L (30cm x 15cm x 10cm). A 30W visible
LED (the light spectra of LED shown in Fig. S2) as a light source
was vertically placed outside the reactor. Photocatalyst (0.2 g) was
coated onto a dish with a diameter of 12.0 cm. The coated dish
was pretreated at 70 °C to remove water in the suspension. NO gas
was acquired from a compressed gas cylinder at a concentration of
50 ppm of NO (N, balance) and diluted to approximately 600 ppb
by using a dynamic gas calibrator (Ecotech GasCal 1000) in com-
bination with a zero air supply. The gas flow rate through reactor
was controlled at 1000 mL/min by a mass flow controller. After the
adsorption-desorption equilibrium was achieved, the lamp was
turned on. The concentration of NO was continuously measured
using a NOx analyzer model T200 (Teledyne API). The removal ratio
(8) of NO was calculated as §(%)=(1 — C/Cy) x 100%, where Cy is the
initial concentration of NO, and C is the concentration of NO after
photocatalytic reaction.

3. Results
3.1. Structural characteristics

The XRD patterns of the pristine and modified g-C3Ny are dis-
playedinFig. 1. Typically, two individual well-resolved peaks can be
determined for the pristine g-C3N4. The strong peak at 27.5° corre-
sponding to an interplanar distance of approximately 0.324 nm was
characterized for (002) reflection of graphitic layered materials,
whereas the weak one at 13.0° (d=0.680nm) for (100) reflec-
tion can be attributed to the in-plane structural packing motif of
tri-s-triazine units. Upon heating in H, or O,, the graphitic-like
structure of g-C3N4 was retained without an impurity phase. How-
ever, the main peak at 27.5° was slightly shifted to higher angles
as the heating temperature increased (Fig. 1B), which reflected a
reduction in the stacking distance between layer plane. The post-
calcination at 550°C either in H, or in O, atmosphere decreased
the interplanar distance from 0.324nm to 0.323 nm. A little bit
decrease in the interplanar distance of g-C3Ny4 after both O, and H,
heating is mainly because heating treatment is not enough higher
temperature or longer reaction time. The post-calcination caused
layer condensation that maybe resulted in structure distortions and
consequent semiconductive properties of g-C3N4. Moreover, the
diffraction peak at 27.5° became weaker for the post-calcination at
550°C, which also indicated that the large plane of g-C3N,4 was tai-
lored to small sample sizes, and structure defects were formed. This
result was verified by the increase of BET specific surface area and
pore volume of g-C3N4 samples with increasing post-calcination
temperature (Fig. S3 and Table 1). The increased surface area of
g-C3N4 could provide more reactive sites and enhance light har-
vesting. The carbon and nitrogen stoichiometry determined by EA
(Table 2) showed that the bulk C/N molar ratio was approximately
0.67 with an H; content of 1.72% for the pristine g-C3N4. The C/N
ratio (0.67) of the prepared g-C3N4 was lower than the theoretical
value (0.75) because of the presence of incomplete condensation

amino group, which is consistent with a reported result [18]. The
bulk C/N molar ratio was not changed after the thermal treatment
ineither H, or O, atmosphere. However, the H content or H/N molar
ratio was obviously increased by H; heating, as compared with that
in the pristine g-C3N4 samples or by O, heating. This result implied
that H, heating induced H atoms blended into g-C3N4 structure and
possibly formed more amino group presence in samples.

3.2. Optical properties

Fig. 2 compares the optical absorption spectra of the pris-
tine and modified g-C3N4. The pristine g-C3N4 showed a sharp
absorption edge of 456 nm, which corresponded to a band gap of
2.72 eV. After the modification in Hy, a broad absorption shoulder
above 460 nm tailed the absorption that increased to approxi-
mately 700 nm besides the main band edge absorption of g-C3N4
at 456 nm. The intensity of the absorption shoulder remarkably
increased with heating temperature. The g-C3N4-H,-550 samples
exhibited the best ability of visible light absorption. This result
suggested that a facile way by post-calcination in H, can greatly
improve the ability of g-C3Ny4 to harvest visible light. By contrast,
the post-calcination in O, induced not only a broad absorption
shoulder above 460 nm but also the shift of absorption edges to
longer wavelengths with increasing temperature. For the post-
calcination at 550°Cin O, atmosphere, the absorption edges shifted
to 469 nm (corresponding to 2.64eV) as compared with 456 nm
(2.72 eV) for the pristine g-C3N4 samples. However, the absorp-
tion shoulder in the 460-700 nm region for H, post-calcination
was significantly more intense than that for O, post-calcination at
the same temperature. Moreover, we also investigated the UV-vis
spectra of the g-C3N4 by the post calcination in N, atmosphere at
550°C, as shown in Fig. S4. Both the red shift and the absorption
shoulder were not observed at all for N, post calcination. These
implied that the mechanism of H, heating was different from that
of O, or N5 heating to adjust the intrinsic electron structure of g-
C3Ny4. Thermal annealing at high temperature has been reported
to result in compacting polymeric sheets and narrowing the band
gap of g-C3N4 [17]. Although both H; and O, calcination at 550°C
induced the same decrease of interplanar distance from 0.324 nm
to 0.323 nm, only the O, annealing caused the shift of the intrinsic
absorption edges to longer wavelengths. A distinct intrinsic nature
existed between H, and O, post-calcination to improve the opti-
cal absorption properties of g-C3N,4 samples. The feature shoulder
absorption above 460 nm can be attributed to n-s* transitions that
involved lone pairs on the edge N atoms of the heptazine rings [19].
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Fig. 2. UV-vis light absorption spectra of the g-C3N4 samples.
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Fig. 3. FT-IR spectra of the g-C3N4 samples.

Such transitions were forbidden for perfectly symmetric and pla-
nar heptazine units but allowed if the structures were distorted
by increasing layer condensation, as confirmed by the above XRD
results (Fig. 1). Therefore, Hy heating maybe results in the structure
distortion of g-C3Ny4 and thus allows for n-7* transitions.

33. IR

The FTIR spectra of the pristine and modified g-C3N4 are shown
in Fig. 3. AIl FTIR spectra of the as-prepared g-C3N4 samples showed
multiple bands at 1200-1600 cm~" for the typical aromatic CN het-
erocycles and the band at 800cm~! for heptazine units [20]. A
series of bands in the region above 3200cm~! can be assigned to
the stretching modes of uncondensed amino groups at the sample
surfaces. Besides, no any new bands were observed in IR spectra
after the thermal annealing in H, or O, up to 550°C. Thus, no O
impurities were introduced into heptazine units and no change
was observed in the skeleton structure of heptazine units of g-
C3N4 by heating below 550°C. This result can be attributed to
the high thermal stability against oxidation of g-C3N4 samples, as
reported to be stable in air up to 550°C[21]. However, H, annealing
resulted in the enhancement of the bands at 3200 cm~! for amino
groups, which indicated that the bridged N bonds with heptazine
units were opened to form amino groups. This result is in a good
agreement with the above EA results.

3.4. XPS and NMR

To further evaluate the effect of post-calcination on the molec-
ular structure of heptazine units of g-C3N4, the chemical states of
C, N, and O in the g-C3N4 samples were characterized by XPS tech-
niques, as shown in Fig. 4. The C1s XPS displayed the main core
level peak at 288.0 eV ascribed to sp? hybridized carbon of the tri-s-
triazine rings [22], and a weak peak located at 293.4 eV originating
from the presence of a slight amount of sp2-hybridized C atoms
attached to terminal uncondensed amino groups (e.g., —NH, and
—NH) [23]. The N 1s XPS of the parent g-C3N4 can be fitted into
several peaks. The main peaks at 398.5, 399.8, and 400.9 were cor-
responded to N bonded to carbon atoms (C=N—C) of tri-s-triazine
rings, the tertiary N in the form of N—(C)3, and amino functional
groups (—NH; or =NH) [24], respectively. A very weak peak at
404.1 eV of N1s was attributed to charging effects or positive charge
localization in heterocycles [6]. Aweak O1s energy peak at 532.2 eV
was also detected and could be assigned to the adsorbed O, [25].
No obvious change in chemical states of either C or N was observed
for g-C3 N4 samples modified by heating in Hy or O,. This further
confirms that no O impurities from O, treatment is incorporated
into the skeleton structure of heptazine units of g-C3N4 to cause
the destruct of g-C3N,4. The C/N molar ratios estimated from XPS
spectra were retained to be 0.73 for all samples.

To ensure no destruction in the heptazine units of g-C3N4 by
H, or O, heating, the modified samples were also analyzed by 13C
solid-state MAS NMR. The 13C NMR spectrum of the pristine g-
C3N4 (Fig. 5) exhibited two signals centered at 156.2 and 164.3 ppm,
which can be attributed to the resonances for the CN3 and CN,(NH;)
groups of the heptazine units [26], respectively. Hy or O, heating
did not have any significant effect on the signal shape and chemical
shifts of all carbon atoms in heptazine units. This result confirmed
the structure stability of g-C3N4 samples under Hy or O, heating
treatment bellow 550°C.

3.5. EPR

Photocatalytic processes were closely related to the behavior
of photogenerated carriers and the intrinsic electronic struc-
ture of a photocatalyst. To determine the possible influence of
post-treatment on the photogenerated carriers and the intrinsic
electronic structure for g-C3N4, we used the sensitive EPR tech-
nique to investigate the trapped electrons in samples with or
without visible light illumination. Fig. 6 shows the X-band EPR
spectra of the samples. We observed in all cases an isotropic single-
line EPR spectrum near g=2.0031 with a symmetric line of nearly
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Fig. 4. XPS spectra of the g-C3N4 samples.
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Fig. 5. Solid-state 13C NMR spectra of the g-C3N4 samples.

Lorentzian line shape. The intrinsic paramagnetic center arose from
the generated conduction electrons in localized 7 states of g-C3Ny
[27]. The existence of these conduction electrons will be beneficial
for the photocatalytic reactions. The EPR intensities were enhanced
significantly after the post-calcination and increased with increas-
ing heating temperature either in H, or O, atmosphere (Fig. 6C).
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Fig. 6. EPR spectra of the g-C3N,4 samples in dark (A) and with visible light irradia-
tion (B) measured at room temperature; (C) EPR signal intensity in the pristine and
modified g-C3N4 samples. Ip =1 is the signal intensity in the pristine g-C3N4 sample.
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Fig. 7. Time-online data for NO removal over the pristine and modified g-C5Ny4
samples.

For the g-C3N4-0,-550 and g-C3N4-H,-550 samples, the EPR sig-
nal increased by a factor of approximately 4.4 and 8.2, respectively.
Obviously, H, heating was more efficient than O, heating to pro-
duce the unpaired electrons in localized 7 system of g-C3N4 at
the same annealing temperature. Thus, the post-calcination devel-
oped a large amount of conduction electrons in g-C3N4. The order
for the intensity of EPR signal for the modified samples by H, or
0, heating is consistent with their ability of visible light absorp-
tion above 460 nm (Fig. 2). When g-C3N,4 samples were exposed to
A >420nm light irradiation for 2 min, the EPR signal can be further
increased for the pristine and modified g-C3N,4 (Fig. 6B) as com-
pared with that for samples in dark (Fig. 6A). This phenomenon
indicated the generation of photoexcited electrons in g-C3N4 upon
absorption of photon, which may be responsible for the photocatal-
ysis of g-C3N4-based materials. The enhanced extent of EPR signal
with A >420nm light irradiation was in the order of g-C3N4-H;-
550 > g-C3N4-05-550 > g-C3Ny4. This result implied that Hy heating
facilitates the production and separation of photogenerated charge
carriers in g-C3N4 with visible light illumination, which may lead
to higher photocatalytic activity.

3.6. Photocatalytic activity

We used the gas-phase photocatalytic oxidation of NO as a
model reaction to evaluate the effect of H, and O, heating treat-
ments on the photocatalytic behavior of g-C3N4 samples under
visible LED irradiation. Fig. 7 shows the dependence of the removal
of NO on reaction time. For the parent g-C3N4 samples, 51.8%
removal of NO was obtained at continuous flow system. In the case
of samples obtained under H; heating treatment, the removal ratio
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Fig. 8. Stability of the parent and 1% PdCl, sensitized g-C3N4-H,-550 catalysts.

of NO increased with increasing heating temperature. A maximum
removal ratio of 60.7% was reached for H, heating at 550 °C (Fig. 7A).
By contrast, O, heating treatment had no effect on NO removal and
was independent of the heating temperature as compared with the
pristine g-C3N4 (Fig. 7B). Although both H, and O, induced the
similar textural properties of g-C3Ny, only H, treatment increased
the NO removal when we compared with heating treatment at
same temperature. This indicates that the intrinsic semiconductor
properties of g-C3N,4 are improved by H, heating treatment, hence
contributing to its enhanced photocatalytic activity, which will be
discussed in more detail later in the discussion.

The stability of a catalyst is also important for its application.
Fig. 8 displays the prolonged run experiments for NO removal over
the optimized g-C3N4-H,-550 catalysts under visible LED illumi-
nation. After the photocatalytic reaction for three runs, only slight
deactivation of the reaction system occurred, indicating that the
modified catalysts were rather stable. The stability of the g-C3N4-
H,-550 was further confirmed by FT-IR spectra after the prolonged
runs (Fig. S5). Moreover, the activity of the modified g-C3N,4 cat-
alysts for NO removal can be further improved remarkably by
loading with PdCl; sensitizer. PdCl; sensitized g-C3N4-H;-550 cat-
alysts (1%) exhibited as high as 69.5% NO removal and a good
photocatalytic stability (Fig. 8).

4. Discussion

Either H, or O, or N, post-calcination at high temperature leads
to an increase in surface area for the g-C3N4 photocatalysts. How-
ever, Hy or O, heating treatment induced the optical absorption
properties in visible light region and the activity of the modified
g-C3N,4 are distinct from each other. Only the H; annealing not
only extends the optical absorption up to 460 nm but also enhances
photooxidation activity compared with the pristine or O, heated g-

) U ¢
vt - heating
RN

@c ON 8h

Scheme 1. The proposal mechanism of H, heating for the layer distortion of g-C5N4.

C3Ny4 samples. Therefore, the changes of texture properties for the
modified g-C3N4 by heating treatment are not the crucial factor that
affects photocatalytic performance. The origin of these phenomena
is related to the alternation of the planar structure and the intrinsic
electronic structure of g-C3N4 by H; heating.

EA shows that the H/N molar ratio in g-C3Ny4 is increased by
H, heating, but O, heating has no significant effect on the com-
position of g-C3N4. IR and XPS spectra confirm that more amino
groups are formed by H, heating. The 13C solid-state NMR indi-
cates that the molecular structure and chemical states of heptazine
units are not altered by H, heating. Based on the results of EA, IR,
XPS, and NMR characterization, it confirms that H, heating treat-
ment induces H atoms to blend to the bridged N to form amino
groups within g-C3Ny4 and tailor the large plane of g-C3N,4 into small
sizes. A reasonable postulation can be made that the smaller size
and higher activity of H atom than O atom access easily the space
among layers and react with skeleton atoms in g-C3N4. Moreover,
H atoms introduced into the g-C3N4 network preferentially bond
with N atoms. However, the heptazine units in g-C3Ny4 are not bro-
ken because of the extraordinary stability of heptazine unit with
aromaticity properties. The formation of amino groups can result
in structure distortions and consequent semiconductive properties
of g-C3Ny.

The distorted structure by thermal condensation of g-C3N,4 has
been indicated by several authors [19,28], which allows n-7* elec-
tron transitions with the appearance of new absorption above
460 nm. Both O, and H; post treatment at same 550 °C develop the
same decrease of interplanar distance for the structure distortion
of g-C3Ny, but only H, treatment displays significant absorption
above 460 nm. This indicates that Hy heating is more efficient to
develop the distorted structure of g-C3Ny4. The creation of amino
groups by H, heating maybe account for the distortion, because
amino groups facilitates the strong interaction between layers
through the hydrogen bonding interactions. The bond length of
N—H for amino group is about 0.1 nm, which is much less than the
0.324 nm distance of g-C3N4 interplanar layers. The development
of amino groups between interplanar layers is completely possible
and thus the hydrogen bond. With the formation of more amino
groups with increasing heating temperature, the stronger inter-
action among layers leads to the distortion of planar structure of
g-C3N4. Such structure distortion results in lone pairs on the edge N
atoms of the heptazine rings involved in r-conjugated system that
forms n-7* transitions, which induces higher electron density in -
conjugated system of g-C3N4 and conduction electrons in localized
7 states of g-C3Ny. It is confirmed by the facts that an additional
absorption shoulder in the visible light region above 460 nm (Fig. 2)
and an increase in EPR signal (Fig. 6) that corresponds to unpaired
electrons in localized 7 system was observed with increasing H,
heating temperature. Therefore, H, heating treatment is a more
efficient approach for layer distortion and improving the ability of
g-C3Ny4 to harvest visible light than O, or N, heating treatment.

The creation of amino group within the structure by H, heat-
ing may contribute to the highly efficient generation of charged
carriers and the high photocatalytic activity of g-C3N,4. H, heat-
ing develops the distortion structure and n-* transitions to make
more electrons involved in -conjugated system. Such electrons
are available for exciting to conduction band to initiate the photo-
catalytic reaction on g-C3Ny4 surface, as indicated by the significant
enhancement of EPR signal with increasing H, heating temperature
and with visible light irradiation. Although thermal condensation
can also lead to enhanced visible light absorption and structure dis-
tortion [29], given that we post-calcinate the g-C3N4 samples in O,
atmosphere in this study, such thermal condensation treatment has
no significant effect on the photocatalytic activity of g-C3N4 toward
NO removal (Fig. 7B). Moreover, H atom introduced into g-C3N4
benefits the separation of photogenerated charge carriers because
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H atoms are electron-deficient and may serve as an electron sink
[30]. Therefore, H, heating is a simple but efficient strategy to
realize tunable optical properties and photocatalysis of g-C3N4
, as shown in Scheme 1.

5. Conclusions

The intrinsic optical properties and photocatalytic activity of
g-C3Ny4 are significantly improved through a simple but efficient
strategy by H, post calcination. The modified g-C3N4 shows an
additional absorption shoulder in the visible light region above
460 nm and more amino groups created within the structure but no
change in heptazine units of g-C3N4 polymer compared with pris-
tine g-C3N4 samples. The combined characterization results reveal
that the creation of amino groups within the structure by H, heating
efficiently induces the distortion of planar structure of g-C3Ny4. Such
distortion forms n-m* transitions to narrow the band gap energy for
more visible light harvesting. The n-7* transitions and distortion
structure result in more electrons available for initiating the pho-
tocatalytic reaction and benefits the separation of photogenerated
charge carriers to improve the photocatalytic properties of g-C3Ny.
In summary, this study develops an alternative way to develop the
distorted structure of g-C3Ny4 for improving the intrinsic electronic
structures and photocatalytic performance.
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