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Abstract: One of the most important methods for modifying semiconductors is defect engineering,
but only the right quantity of defects in the right chemical environment can produce desirable results.
Heat treatment processes associated with g-C3Ny are occasionally carried out in N atmosphere,
however, the catalytic performance of g-C3Ny4 produced by direct condensation of only nitrogen-rich
precursors in Ny atmosphere is often unsatisfactory. This is typically attributed to the introduction of
numerous defects, but the actual relationship between the formation of defects and the N, atmosphere
is rarely explained, and the resulting quantity of defects is difficult to control. We propose that the
melam to melem transition is restricted due to the lack of Oy during the heat treatment of the nitrogen-
rich precursor of g-C3Ny in N, atmosphere, which leads to a substantial quantity of defects in the
synthesized g-C3Ny. To enhance its photocatalytic property, we propose a method to reduce the
quantity of defects due to calcinating in N, atmosphere by protonating the precursor in a way that
increases the polymerization of the product. The test analysis indicated that only a moderate quantity
of defects that contribute to electron excitation and enhance the separation efficiency and density of
photogenerated carriers were retained, and the hydrogen evolution performance of the prepared
catalyst was significantly improved.

Keywords: photocatalysis; g-C3Ny; defect engineering; N, atmosphere; protonation

1. Introduction

Hydrogen is a type of secondary energy that has a plentiful supply, is environmentally
friendly (no carbon emissions), and has a wide range of applications, which is gradually
becoming one of the important carriers of the global energy transition [1]. However, the
current main industrial hydrogen evolution methods, such as from fossil fuels, industrial
by-products, and water through electrolysis, have more or less environmental pollution or
high-cost problems, so the use of solar energy for photolytic water hydrogen evolution has
become the most ideal way. Graphite carbon nitride (g-C3Ny) as a nonmetallic semicon-
ductor is considered one of the ideal candidates for hydrogen evolution from photolyzed
water because it has a suitable energy band gap to satisfy the thermodynamic standards of
photolyzed water and is easy to prepare and modify [2,3]. The direction of modification
g-C3Ny usually focuses on facilitating the separation of photogenerated electron-hole pairs
and increasing the specific surface area so that more photogenerated carriers can migrate
to the surface-active sites to participate in redox reactions [4-6].

To enhance the separation of photogenerated carriers, it is necessary to adjust the
chemical and electronic structure of g-C3Ny, and one of the simplest and most efficient
techniques is the introduction of defects [7-9]. However, only the right quantity of defects
in the right chemical environment can produce desirable results [10,11]. Many unfavorable
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defects will not only reduce or even inactivate the intrinsic photocatalytic ability of g-C3Ny,
but also hinder the migration of carriers and reduce its electrical conductivity [12]. The
most common means to induce defects is doping, but many dopants are costly, contain
heavy elements, or produce toxic gases/by-products during the subsequent calcination,
which is contrary to the original intention of preparing a non-polluting photocatalyst, so
we hope to construct self-generated defects. As the most common atmosphere, N, has been
often used during the heat treatment of g-C3Ny [13-15]. However, compared to g-C3sNy
prepared in air, the catalytic performance of g-C3Ny4 produced by direct condensation of
just nitrogen-rich precursor in N atmosphere tends to decrease in different degrees, which
is usually attributed to the formation of defects. However, the actual relationship between
the formation of defects and the N, atmosphere is rarely explained, and the resulting
quantity of defects is difficult to control. Although other atmospheres such as H; or direct
thermal etching in air can also introduce defects in g-C3Ny, these conditions also remove
many fragments that are only partially condensed, resulting in a lower yield of the finished
product [16], in contrast to Ny as a protective gas, which has no such concerns. In addition,
the quantity of defects induced in H, atmosphere is also difficult to control [12], so this
paper focuses on the defects of g-C3Ny induced by N, atmosphere.

Because g-C3Ny has a lamellar structure, interlayer exfoliation is an effective method
to increase its specific surface area and catalytic activity point. Commonly used exfoliation
methods include ultrasonic processing, ion intercalation, and heat treatment [17-19]. Inter-
estingly, a similar effect can be achieved by utilizing the thermal triggering in-situ gas shock
process. By applying this principle, Gao et al. [20] created ultrathin porous g-C3Nj using en-
dogenous gas (CO,, HyO, and NHj3) from urea solution with an outstanding specific surface
area of 190 m?-g~!. Another method that can also generate a large amount of endogenous
gas during the thermal polymerization process and ultimately a obtain large specific surface
area is protonated pretreatment precursor. The process known as protonation is adding a
proton (H*) to an atom, molecule, or ion. Zhong et al. [21] prepared porous g-C3Ny with
improved polymerization and specific surface area by calcinating protonated melamine.
After the protonation of melamine, the amino groups (-NH;) at the end of the triazine
units combine with the H* to form -NHj3* groups due to the large electronegativity and the
presence of lone pair electrons, where the adsorbed H* can facilitate the polymerization
reaction, promote the release of NHj gas, and increase the polymerization of g-C3Ny. Other
reports have revealed that in addition to protonation, the -NH; groups of melamine can be
partially oxidized to -OH and -COOH groups in a highly acidic environment, and these
groups will generate H,O and CO, gas in the subsequent polymerization reaction [22,23].
Due to a large amount of endogenous gas, g-C3Ny4 formed from the protonated precursor
tends to exhibit a porous, thin, sheet-like shape.

In previous reports, the authors tended to introduce a moderate quantity of defects
to improve the catalytic performance. In contrast, the present work reduces the quantity
of defects in g-C3Ny synthesized in N, atmosphere that is detrimental to the catalytic
reaction by increasing the degree of polymerization using the method of protonation
pretreatment of precursor. Combined with the in-situ gas shock of extra endogenous gas,
g-C3Ny with a large specific surface area, and a small quantity of high-quality defects was
finally prepared. Furthermore, this work offers a methodical analysis of the mechanism
underlying a large quantity of defects in the synthesized g-C3N4 caused by N, atmosphere.
This work not only provides a fresh perspective on how to introduce the right quantity of
defects, but also provides a deeper opinion on the intrinsic mechanism of defects formation
in N, atmosphere.

2. Materials and Methods
2.1. Synthesis of HN-CN

Since every reagent was of analytical grade, no additional purification was necessary.
In a typical synthesis, 3 g of melamine were dissolved into 30 mL of ethylene glycol solution
(analytical reagent), followed by 30 mL of 65% nitric acid solution added drop by drop
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and stirred for 8 h at room temperature. After stirring, the white precipitate was obtained
by centrifugal washing with ethanol three times. The protonated melamine precursor
(H-Me) was obtained by drying the collected precipitate for 8 h at 60 °C in a vacuum
drying oven. Subsequently, the H-Me was transferred into a covered ceramic crucible
and heated to 550 °C in an N atmosphere at 5 °C/min and held for 2 h. After cooling
to room temperature in the furnace, the product was ground to a powder in an agate
mortar, and then, a high polymerization g-C3Ny with a moderate quantity of defects was
obtained (noted as HN-CN).

2.2. Synthesis of CN, N-CN, and H-CN

In order to investigate the effect of heat treatment in the N, atmosphere and proto-
nated precursor on the synthesized g-C3Ny separately, three control groups were prepared
as follows:

(1) The 3 g of melamine was placed directly into a covered ceramic crucible, heated in
air atmosphere with the same temperature gradient. After cooling and thorough grinding,
the pristine g-C3Ny was obtained (noted as CN).

(2) The 3 g melamine was placed directly into a covered ceramic crucible and heated
in the N atmosphere with the same heat treatment conditions. After cooling and thorough
grinding, the g-C3Ny containing a large quantity of defects was obtained (noted as N-CN).

(3) The same mass of H-Me was transferred in a covered ceramic crucible and heated
in the air atmosphere with the same temperature gradient. After cooling and thorough
grinding, the high polymerization g-C3N,; was obtained (noted as H-CN).

2.3. Characterization

X-ray diffractometer (XRD, 7000, Shimadzu, Kyoto, Japan) was used to analyze the
lattice structure operated at 40 kV and 35 mA using Cu Ko radiation (A = 1.5418 A). The
chemical structure of the samples was analyzed using Fourier-transform infrared spec-
troscopy (FTIR, TENSOR?27, Bruker, Billerica, MA, USA) with a diamond indenter. The
chemical states of the samples were analyzed using X-ray photoelectron spectroscopy
(XPS, Axis Supra, Kratos, Manchester, UK) with the Al K radiation. A scanning electron
microscope (SEM, Clara GMH, Tescan) and a field emission transmission electron micro-
scope (TEM, Talos F200X, FEI, Hillsborough, USA) were used to investigate the surface
morphologies. The elemental composition was examined using an energy dispersive X-ray
spectrometer (EDS) mounted on the TEM. The nitrogen adsorption-desorption (Micromerit-
ics 2460) method was used to examine the specific surface area and pore size at 77 K, where
the specific surface area was determined using the Brunauer-Emmett-Teller method and
the pore size distribution was calculated using the Barrett-Joyner-Halenda method. A spec-
trophotometer (Lambda 1050+) with BaSOy as reference was used to acquire the UV-vis
diffuse reflectance spectra (DRS). A fluorescence spectrophotometer (FLS980, Edinburgh
Instruments, Edinburgh, Britain, A = 325 nm) was used to investigate the photolumines-
cence (PL) characteristics. The electron paramagnetic resonance spectra (EPR, X-band
Bruker A300, Karlsruhe, Germany) were used to characterize the paramagnetic characteris-
tics at room temperature. Elemental analysis of samples using an element analyzer (EA,
Elementar UNICUBE, Germany)

2.4. Electrochemical Test

All electrochemical tests in this research were carried out in a three-electrode system
utilizing an electrochemical workstation (CHI660E, Shanghai Chenhua, Shanghai, China),
using a 10 x 10 mm? Pt plate and an Ag/AgCl electrode as the counter and reference
electrode, respectively. The working electrode was an 8 x 8 mm? indium tin oxide (ITO)
conductive glass coated with prepared samples, and the electrolyte was 0.5 M NaySO,
aqueous solution.
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2.5. Photocatalytic Hydrogen Evolution Test

In a photocatalytic H, generation system (Beijing Perfectlight, Labsolar 6A, Beijing,
China), investigations on photocatalytic Hy evolution were carried out. Typically, the
100 mL solution containing 10 vol% triethanolamine (TEOA) was mixed with 50 mg of
the prepared photocatalyst. Using H,PtCls-6H,O as a Pt source, 1 wt.% of Pt was in-
situ deposited on the photocatalyst by photoreduction. A cooling water recirculation
system maintained the reaction solution’s temperature at 6 °C. The solution was then
degassed and exposed to irradiation, and the quantity of evolved gas was measured
using the gas chromatograph instrument (GC9808; Linghua, Shanghai, China) with a
thermal conductivity detector. A 300W Xe lamp (PLS-SXE300; Perfectlight, Beijing, China)
was used to provide irradiation conditions from the top of the reactor. A cutoff filter
with a wavelength of >420 nm was applied to obtain visible light, and a succession of
band-pass filters with wavelengths of 380, 420, 450, 500, and 550 nm were applied to get
monochromatic light.

3. Results and Discussion
3.1. Characterization of Structure and Morphology

Melamine was chosen as the precursor of g-C3Ny because it possesses a triazine
ring, which can minimize the effect of N, atmosphere on the m-conjugated structure to
obtain a more complete heptazine-based framework structure. Additionally, nitric acid not
only protonates the -NH; groups of melamine, but also allows the melamine molecules
to self-assemble into rods and precipitate out, which facilitates the formation of a larger
specific surface area after polymerization [21]. Figure 1 shows the schematic diagram of
the synthesis of HN-CN. The weights of the final prepared CN, N-CN, H-CN, and HN-CN
were 1.456 g, 1.875 g, 0.192 g, and 0.305 g, respectively (Figure Sla—d). Combined with
Figure Sle, it can be seen that although the protonation of the precursor can enhance the
specific surface area and polymerization of the product, it can also seriously reduce the
yield. The increase in volume and weight of N-CN compared to CN and that of HN-CN
compared to H-CN visually reflects the positive effect of heat treatment in N; atmosphere
for increasing the product yield, which is one of the reasons for using N, atmosphere to
introduce defects.
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Figure 1. Schematic illustration of the preparation process of HN-CN.
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The information on crystal and chemical structure was detected to identify the end
product. In the XRD pattern (Figure 2a), all samples exhibit a strong diffraction peak
near 27.45°, corresponding to the stacking of the (002) crystal plane of g-C3sNy4, namely,
the graphite layer. The other characteristic peak of g-C3Ny is located near 13.2°, which
corresponds to the (100) crystal plane, the in-plane repeat of the heptazine ring [24]. The
intensity of both characteristic peaks of N-CN is slightly reduced compared to CN, and the
diffraction peak corresponding to the (100) crystal plane is shifted to a lower angle of 12.9°,
reflecting the greater distance among the heptazine rings. The reason for this phenomenon
may be that the introduction of many defects disrupts the long-range ordering of the
g-C3Ny structure. It should be observed that the samples (H-CN and HN-CN) developed
from the protonated precursor exhibit similar and markedly weaker XRD signals, because
the shock of abundant endogenous gas causes a more fragmented, porous, thin layer
structure to emerge.
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Figure 2. (a) XRD patterns and (b) FTIR spectra of CN, N-CN, H-CN, and HN-CN.

In FTIR spectra, all samples showed characteristic signals of g-C3Njy in the region of
804 cm~! and 1200-1700 cm~?, corresponding to the respiration vibration of the triazine
ring and the stretching vibration of the carbon-nitrogen heterocycle, respectively. In these
two regions, the signal intensity of N-CN was significantly weaker compared to CN, while
H-CN was significantly enhanced. Additionally, carefully comparing the 1200~1700 cm !
region can reveal that N-CN and HN-CN have similar peak shapes as well as H-CN and
CN. The above phenomenon reflects the effect of defects formation in N, atmosphere on
the structure of conjugated heterocycles. The signal located in the 2900-3400 cm ! region
is attributed to the stretching vibration of the N-H bond in the -NH; groups [25], which
come from the incomplete polymerization of melem, and will become a recombination
site for photogenerated carriers to reduce the photocatalytic activity of g-C3Ny4. Due to a
large quantity of defects, the -NH; groups signal of N-CN is significantly enhanced, and in
contrast, the signal of HN-CN and H-CN is significantly attenuated, because the protonated
precursor can be polymerized better during the subsequent heat treatment. Although the
polymerization in N atmosphere and the protonation treatment of the precursor both
bring some effects on the structure of the prepared g-C3Ny, similar XRD and FTIR patterns
also indicate that the basic g-C3Ny4 framework is well preserved. Except for the standard
g-C3Ny signal, some small peaks in the range of 1900-2400 cm~! can be observed for the
samples prepared in the N, atmosphere. This range belongs to carbon-nitrogen triple bond
(C=N) and accumulated double bonds (=C=), which well reflects some types of defects in
N-CN and HN-CN.

The specific surface area is one of the key factors affecting catalytic activity [26],
since a greater specific surface area can expose more redox reaction active sites, shorten
the photogenerated carrier transport distance, and maximize the utilization of visible
light. In the N adsorption—desorption isotherms (Figure 3a), all samples exhibited type IV
isotherms and H3 hysteresis loops, indicating that the slit pores formed by the accumulation
of lamellar particles are present in the prepared samples [27]. The BET-specific surface area
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of each sample is also shown in Figure 3a, where it can be seen that the specific surface
area of N-CN synthesized in N, atmosphere (9.5 m?/g) is marginally greater than that
of CN synthesized in air atmosphere (8.3 m?/g), while the specific surface area of H-CN
polymerized by protonated precursor (20.6 m?/g) is remarkably increased. For the BJH
pore size distribution curve (Figure 3b), the vertical axis dV/dD is the pore volume per unit
pore size in unit mass of sample (where V is the pore volume and D is the pore diameter).
The increase in the specific surface area of N-CN is due to the increased volume of pores in
the 10-30 nm diameter range, corresponding to the accumulation of broken small grains
due to partial polymerization. While H-CN exhibits the maximum pore volume with
diameters in the range of 2-5 nm, corresponding to the vents formed by endogenous gas
release [28]. The vent content of HN-CN was also significantly increased, but it was still less
than that of H-CN (specific surface area lower than HN-CN), indicating that the number
of vents was not the main factor for the increase in specific surface areas. The significant
increase in the specific surface area of the samples synthesized by a protonated precursor
is mainly attributable to the formation of smaller and thinner nanosheets involved in the
exfoliation of endogenous gas. HN-CN has the largest specific surface area (28.7 m?/g)
and pore volume (0.07 cm®/g) as it has both reason of N-CN and H-CN to increase their
specific surface area. The larger specific surface area and pore volume not only increases
the reaction interface but also facilitates the reflection of incident photons within the pore
channels to maximize the absorption of light energy to drive subsequent reactions.

504
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Figure 3. (a) N, adsorption—-desorption isotherms and (b) pore size distribution curves of CN, N-CN,
H-CN, and HN-CN.

The above conclusions were verified by microscopic images. In the SEM images
(Figures 4a—d and S2), CN displays a conventional large bulk structure with a smooth
surface, while N-CN shows a block made up of multiple compact bulks with a rough
surface, where each block is composed of countless small and nearly fused grains. Both H-
CN and HN-CN exhibit obvious sheet stacking structures, but there are more large fissures
and holes in HN-CN. Similar results can be seen in the TEM images (Figures 4e h and S3),
where the surfaces of CN and H-CN (prepared in air) are visibly flatter than those of
N-CN and HN-CN (prepared in Nj), similarly only H-CN and HN-CN (polymerized by
protonated precursor) show pores in the sheets. Additionally, two characteristic diffraction
rings of g-C3Ny are observed in the selected area electron diffraction (SAED) pattern
corresponding to (100) and (002) crystal planes [22], which is consistent with the XRD
results. Additionally, the EDS elemental mappings (Figure S4) substantiate the uniform
distribution of C and N elements in HN-CN.
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(002)

(100)

Figure 4. The SEM (above) and TEM (below) images of CN (a,e), N-CN (b,f), H-CN (c,g), and
HN-CN (d,h).

The chemical environment of the samples was analyzed to recognize the structure
of defects and deduce the formation reason for defects introduced by heat treatment of
the protonated precursors in N, atmosphere. Elemental analysis (Table S1) shows that
the prepared samples merely consisted of C, N, H, and O elements. The surface of all
prepared samples contains C, N, and O elements according to the XPS survey spectrum
(Figure S5), and only a single peak appears at the binding energy of 532 eV, referring to
the high-resolution O 1s spectrum (Figure S6), aligning with surface-adsorbed water [29].
According to the facts presented above, this experiment did not introduce exotic atoms into
the structure of g-C3Njy.

For the high-resolution C1s spectra (Figure 5a), all samples can be divided into four
peaks. The peak located at 284.6 eV corresponds to the adventitious graphitic carbon (C-C,
denoted C1) and is used for binding energy correction. The signal near 286.1 eV comes
from carbon in the C-NHXx (x = 1,2) or -C=N structure (denoted as C2) because they have
similar binding energies for C 1s [25,30,31]. The signal at about 287.9 eV is derived from
the spz—hybridized carbon in the N=C(-N)-N structure (denoted as C3), and the signal near
288.9 eV is attributed to the carbon coordinated with two nitrogen atoms (C-(N),, denoted
as C4) [14,16,20]. Further calculations of the proportion of different type carbons (Table S2)
show clearly that the proportion of C4 increases violently from 6.8% for CN to 41.2% for
N-CN, and the proportion of C3 decreases drastically from 76.4% for CN to 45.9% for N-CN,
indicating that the part carbon that should be polymerized to the triple-coordinated carbon
(N=C(-N)-N) as the framework of g-C3Nj is converted to two-coordinated carbon due
to N atmosphere. Combined with the appearance of signals at the accumulated double
bond region in the FTIR spectrum, it indicates the presence of N=C=N structure in the
sample N-CN. Compared to CN, H-CN has a smaller C2 and C4 share and a noticeably
greater C3 share, demonstrating an increase in polymerization, which is consistent with
previous reports that protonation treatment of precursor can improve the polymerization
of generated g-C3Ny [21]. It is noteworthy that the C4 share of HN-CN is not increased
and the C3 share is increased compared to CN, so it can be speculated that the protonation
treatment precursors can further polymerize the defects such as =CH-NHXx (x = 0, 1, 2)
to N=C(-N)-N.
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Figure 5. High-resolution XPS spectra of C 1s (a), N 1s (b) of CN, N-CN, H-CN, and HN-CN.

Next, looking at the high-resolution N 1s spectrum (Figure 5b), the four deconvoluted
peaks located near 398.3 eV, 399.0 eV, 400.7 eV, and 404 eV originate from the spz—hybridized
nitrogen C-N=C (denoted as N1), the sp>-hybridized tertiary nitrogen N-(C)3 (denoted
as N2), the amino nitrogen (denoted as N3), and the m-excitation effect (denoted as N4),
respectively [32-35]. In combination with the percentage of different types of nitrogen
(Table S3) to analyze shows that the proportion of N1 in N-CN compared to CN is reduced
but not N2, and the amino nitrogen (N3) increases. This indicates that the preparation
of g-C3Ny in N atmosphere mainly affects the formation of sp?-hybridized nitrogen in
the framework of the heptazine ring, which is different from the results of heat treatment
of already synthesized g-C3Ny in N, atmosphere [14]. Similarly, H-CN exhibited the top
polymerization among all the prepared samples because it had the highest N1 and lowest
N3 percentages. The value of (N1+N2)/N3 is commonly used to reflect the degree of
nitrogen defects in g-C3Ny4 [20]. This value is 6.65 for H-CN is the maximum in all samples
and corresponds to the least quantity of nitrogen defects, while the value falls in varying
levels for the samples synthesized in the N, atmosphere (3.6 for N-CN and 5.47 for HN-
CN), confirming the induction of nitrogen defects by N, atmosphere. Finally, HN-CN well
combines the advantages of heat treatment in N, atmosphere and the protonation of the
precursor, improving the degree of polymerization while retaining a moderate quantity
of defects (e.g., -C=N, N=C=N). As an addition here, it can be seen that in the C 1s and
N 1s spectra of H-CN, all peaks are shifted to the direction of high binding energy, which
is due to fewer defects and more interconnection of heptazine rings, resulting in a larger
and more structurally complete graphite layer, thus increasing the overlap and expansion
of m-orbital.

Through a comprehensive analysis of the above conclusions, the synthetic route and
the ultimate chemical structure of each sample could be supposed. Firstly, we analyze the
effect of N, atmosphere on the synthesis of g-C3Ny (Figure 6): it is well known that in the
classical synthetic pathway, with the temperature rise, melamine (I) will first combine two
by two to melam (II), then synthesize to melem (V), further condense to melom (VI), and
finally produce the ideal g-C3Njy [36]. However, the g-C3Ny synthesized in N; atmosphere
appears the disruption of the C-N=C and N=C(-N)-N structure in the heptazine ring, so
it can be speculated that the defects introduced by N, atmosphere are formed during the
transition from melam (II) to melem (V). Considering that N, is very stable chemically
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and often used as a protective gas, the main difference between N, and air is that air also
contains a large amount of O, (about 21%). Ergo, we suppose that as the temperature
rises one of the triazine-rings in melam (II) breaks (as shown in Figure 6 III), followed by
a rotation and rearrangement of chemical bonds (as shown in Figure 6 1V), and finally
removing two -NH, groups to produce a melem (V) and two ammonia molecules. When
O; is present, the above process will happen more easily because oxygen, as the most
common oxidizer, has a great tendency to trap electrons. When this process happens in Np
atmosphere, the subsequent deamination process (III — IV) is not carried out thoroughly
due to the lack of O, assistance, thus producing partial defects. The polymerization
pathway of the protonated precursor is shown in Figure 7. The additional protons facilitate
deamination (release of more NHj3) and therefore allow the polymerization reaction to
occur more completely. Additionally, the -N=C=NH and -C=N groups can be kept because
they are hard to denitrogenate. Ultimately, under the synergistic effect of N, atmosphere
(without O, assistance) and protonated precursor (promoting polymerization), HN-CN
retains a small count of defects (e.g., C=NH and C=N groups) based on obtaining a higher
degree of polymerization.
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3.2. Optical and Carrier Properties

The band gap is determined by the light absorption capacity of the samples. As
seen in the UV-vis diffuse reflectance spectra (DRS) (Figure 8a), the samples synthesized
in the N atmosphere exhibit significantly enhanced visible absorption in the >440 nm
range, which is triggered by the n—7* transition of the lone-pair electrons at the defect
sites [37,38]. Moreover, the apparent light absorption at <400 nm for all samples stems
from the intrinsic absorption of g-C3Ny generated by m—m* transition of electrons. In
that there are no additional chemical and electronic structure optimizations and only an
increase in the polymerization and specific surface area, there is no significant change in
the light absorption of H-CN, rather there is a slight enhancement in intrinsic absorption
caused by the overlap and expansion of m-orbitals (in line with the XPS conclusion). The
light absorption of HN-CN is significantly enhanced in the full spectral range compared to
N-CN because the larger specific surface area and more pore channels allow HN-CN to
expose more interfaces to absorb light energy, and the transition of electrons in N-CN is
suppressed due to the defects of complex types restricting each other. Therefore, with the
modulation of moderate and suitable defects, HN-CN has the best light absorption ability
among all samples, which provides a good guarantee for photocatalytic activity.
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Figure 8. (a) UV—Vis DRS spectra, (b) plots of converted Kubelka-Munk functions vs. photon

energy, (c) XPS VB spectra, and (d) corresponding electronic band structures of CN, N-CN, H-CN,
and HN-CN.

The band gap of the samples was calculated by the transformed Kubelka—Munk
function (Figure 8b), and the results showed that CN and H-CN have an approximately
equal band gap (2.73 eV), indicating that an appropriate increase in the polymerization
does not alter the intrinsic band gap of g-C3Njy. In contrast, N-CN (2.67 eV) and HN-CN
(2.68 eV) have similarly narrowed band gaps, reflecting the modulation effect of the defects
on the electronic structure. Furthermore, a mid-gap (1.9 eV) can be easily observed in
HN-CN, which enables more electrons to be excited by visible light. The valence band
information of the samples was measured using XPS (Figure 8c). After simple processing,
we can discover that CN, N-CN, and HN-CN have similar valence band positions (2 eV,
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2 eV, and 2.06 eV, respectively), while that of H-CN is positively shifted to 2.38 eV due to
a more long-range order of the electronic state. The energy band structure of all samples
was schematically drawn based on the above information (Figure 8d). It can be seen that
the effect of the defects induced by the N, atmosphere on the electronic structure of the
samples was mainly focused on the conduction band. Moreover, although there is a slight
downward shift of the band gap, HN-CN well inherits the narrowed band gap due to the
introduction of defects, while maintaining a high conduction band position to ensure the
reduction ability of photogenerated electrons.

The PL spectra of the samples were tested since defects can significantly affect the
separation ability of photogenerated carriers (Figure 9a). With the elimination of the un-
favorable defects, HN-CN exhibits a very low fluorescence intensity, which is the reason
for the promoting exciton dissociation by accumulated double bonds and -C=N groups,
and the facilitating migration of photogenerated carriers by the increased polymerization.
In contrast, N-CN exhibits the highest fluorescence radiation intensity, which may be due
to the rapid recombination of photogenerated carriers at unfavorable defects (e.g., -NH
groups). To characterize the density and transport capacity of photogenerated carriers, a
series of electrochemical tests are performed on the samples [39,40]. The electrochemical
impedance spectroscopy (EIS) of the samples (Figure 9b) show that N-CN exhibits the
largest arc radius, i.e., the highest charge transport resistance (Rct), which is owing to carrier
transfer hindered by a mass of defects. The Rct of HN-CN and H-CN is distinctly lower
due to the increase of polymerization, where H-CN has lower resistance because of fewer
defects. A roughly similar phenomenon is shown in the transient photocurrent response
curves (Figure 9c), where HN-CN and H-CN have significantly enhanced photocurrent
intensities, but that of HN-CN is higher. This is because the photocurrent intensity is
related to the density and transfer rate of photogenerated carriers, which also indicates that
HN-CN has more photogenerated carriers than H-CN.
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Figure 9. (a) Steady-state PL spectra, (b) EIS Nyquist plots, and (c) transient photocurrent response
of CN, N-CN, H-CN, and HN-CN, (d) EPR spectra of N-CN and HN-CN.

The increase in carrier density originates from the modulation of defects to the elec-
tronic structure. To investigate whether HN-CN retains only the defects contributing to
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increase carrier density, the EPR spectra and Mott-Schottky curves were used to compare
the carrier density of the samples prepared in N; atmosphere. According to the Lorentz
single peaks at the same position in Figure 9d, the sp?-hybridized carbon atoms in both
N-CN and HN-CN generated the same type of unpaired electrons [41]. However, the
Lorentz curve of HN-CN exhibits higher intensity in both visible light and dark conditions,
reflecting higher delocalized electron density. Mott-Schottky curves (Figure S7b) can be
used to determine the type of semiconductor, obtain the flat-band potential of the material,
and reflect the density of the majority carrier in the sample [42]. The positive slope indicates
that both N-CN and HN-CN are typical n-type semiconductors, and further calculation
of the inverse of the slope shows that the carrier density of HN-CN is 1.14 times higher
than that of N-CN. This result is good evidence that the step of protonated precursor can
remove the defects generated in the N, atmosphere that are detrimental to the carrier
density increase. Moreover, the intercept of the tangent line to the transverse axis is in line
with the flat-band potential of the samples, and the similar flat-band potential suggests that
they have close conduction band potential, which is consistent with Figure 8d.

3.3. Photocatalytic Hy Evolution Performance

Due to the much greater specific surface area, higher polymerization, improved
electronic structure, good visible-light absorption, electron transport capabilities, and
increased carrier density, HN-CN has outstanding photocatalytic hydrogen evolution per-
formance (Figure 10a). We further calculated the hydrogen evolution rate (HER) for each
sample (Figure 10b), where the HER of HN-CN reached 675.5 umol-h~!.g~! which was
7.5 times higher than that of N-CN (89.9 umol-h~!-g~!) and 4.1 times higher than that
of CN (164.5 pmol-h~!.g~1). This indicates that the hydrogen evolution activity can be
significantly improved by controlling the quantity and type of defects in g-C3N4 polymer-
ized in N atmosphere. For excluding the effect of specific surface area on performance
enhancement, the HER per surface area (HERs) was also calculated (Figure 10b). It can
be seen that the HERs of HN-CN is still higher than that of CN and H-CN, reflecting the
important role of the defects retained in HN-CN in regulating the electronic structure and
enhancing the performance of photocatalytic hydrogen evolution.
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Figure 10. (a) Temporal evolution of the Hj evolution curves and (b) HER of CN, N-CN, H-CN, and
HN-CN. (c) Stability test and (d) wavelength-dependent of the Hy evolution of HN-CN.
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The stability of HN-CN was verified by photocatalytic cycling experiments (Figure 10c).
After three cycles of tests, there was no significant decrease in hydrogen evolution activity,
which proved that HN-CN has good resistance to water and photo-corrosion. To verify
that the photocatalytic water splitting reaction is driven by the absorption of incident
photons, the hydrogen evolution performance of HN-CN at different wavelengths was
tested (Figure 10d). The results show that the tendency of H; evolution matches well with
the light absorption of HN-CN, indicating the H, derived from the reduction of H* by
electrons excited by the energy band.

4. Conclusions

This work focuses on the effect of N, atmosphere on the synthesis of g-C3Ny. We
propose that when calcining the nitrogen-rich precursor of g-C3Ny in N, atmosphere, the
melam to melem transition is restricted due to a lack of O, assistance, which leads to a
substantial quantity of defects in the synthesized g-C3Ny. To enhance its photocatalytic
property, we propose a method to reduce the quantity of defects due to calcinating in Ny
atmosphere by protonating the precursor in a way that increases the polymerization of the
product. Meanwhile, protonated melamine can release a large amount of endogenous gas
during the thermal polycondensation process, and the endogenous gas can in-situ exfoliate
the graphite layer of g-C3Ny, resulting in a significant increase in the specific surface area of
the product. The results show that only a moderate quantity of defects (e.g., -C=N, N=C=N)
that contribute to electron excitation and enhance the separation efficiency and density of
photogenerated carriers were retained under the synergistic effect of N, atmosphere and
protonation. Ultimately, HN-CN exhibited excellent photocatalytic hydrogen evolution
performance, which was 7.5 times higher than that of N-CN prepared in N, atmosphere.
This work not only provides a fresh perspective on how to introduce the right quantity of
defects, but also provides a deeper opinion on the intrinsic mechanism of defects formation
in N, atmosphere.
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