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ABSTRACT

The m-conjugated structure of graphitic carbon nitride (g-C3N,4) is particularly vital to many photocatalytic
reactions. Herein, the hybrid structure of tri-s-triazine unit in g-C3N4 framework is chemically analyzed and
expounded according to the hybrid orbital theory. The localized m-conjugated structure of g-C3N, is also
monitored by the electron paramagnetic resonance (EPR) or electron spin resonance (ESR) technique. The ex-
perimental results indicate that this w-conjugated structure is attributed to the orbital overlapping of the hybrid
carbon and nitride atoms in their 2p, orbits. Unlike graphene with the nonlocalized n-conjugated structure, this
orbital overlapping in the whole two-dimensional plane of g-C3N, is separated by the electrons pairs in 2p, orbits
of the bridging nitride atoms, leading to the localized m-conjugated structure. Therefore, the g-C3N,4 exhibits the
typical features of a semiconductor with band gap and visible-light response. Meanwhile, the EPR or ESR
technique can be acted as the ideal tool to indirectly evaluate the yield of photoelectrons by detecting the

superoxide radicals (O, ™) in g-C3Ny4-based photocatalytic reactions.

1. Introduction

Graphitic carbon nitride (g-C3N4) is the promising candidate for
metal-free photocatalysts due to its unique electronic structure, visible-
light response, environmental benignity, low cost and good chemical
stability [1-5]. In this case, it is widely applied in the photocatalytic
water splitting, CO, reduction, NO, removal and dye degradation
[6-10]. Unlike layered graphene with the nonlocalized s-conjugated
structure, the g-C3N, has a localized m-conjugated structure involving
the orbital overlap of the hybrid carbon and nitride atoms, which re-
sults in the obvious difference with the graphene in the optical prop-
erties, electrical and thermal conductivity. In the past several years,
many efforts over g-C3N,4 such as elemental doping, surface modifica-
tion and heterojunction have been focused on the improvement of dy-
namic performance of the photogenerated charge carriers such as se-
paration and migration efficiency [11-18]. Nevertheless, few research
works investigate the formation mechanism of m-conjugated structure
on the intrinsic g-C3N4 and the relationship between the photocatalytic
performance and the m-conjugated structure still needed to be ex-
pounded.

The EPR technique provides a promising non-invasive and non-
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destructive analytical strategy to detect the paramagnetic species such
as the free radicals, transition metal ions, defects, photoelectrons and
conjugated structure [19]. Just like the quantized optical absorption of
a semiconductor, the unpaired electrons could show the quantized
magnetic or microwave absorption. Briefly, the principal energy level of
unpaired electron can be split into two separate energy levels with
opposite spin orbital momentum under the external magnetic field
[20]. This is referred to as the Zeeman interaction between the unpaired
electrons and external magnetic field. When it is then exposed to the
appropriate microwave radiation or magnetic field, the magnetic dipole
transitions could occur and produce paramagnetic resonance absorp-
tion [19,20]. The diagram of the paramagnetic resonance absorption of
the unpaired electron is described in Fig. 1. The important parameter of
the g value is the g-factor or Landé-factor, which originates from the
spin-orbit coupling interaction and reflects the intrinsic property of
each paramagnetic center [19]. In this regard, the g-value can be used
to identify the specific paramagnetic species.

In this work, the hybrid structure of tri-s-triazine unit in g-C3N4
framework is chemically analyzed and explained. The s-conjugated
structure is effectively examined by the EPR technique under dark and
light conditions. Meanwhile, the superoxide (O, ) and hydroxyl
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Fig. 1. The schematic diagram of the paramagnetic resonance absorption.

radicals (-OH) are also detected in the photocatalytic reactions of g-
C3N4.

2. Material and methods
2.1. Synthesis of g-C3N, samples

Typically, 10 g urea was put into a crucible with a cover, which was
then placed into a muffle furnace. After that, the urea precursor was
heated to 550 °C with the heating rate of 5°C/min, and keeping this
temperature for another 2 h. When the temperature was cooled down to
the room temperature, the pale yellow powder was collected and la-
beled as UCN. Meanwhile, the MCN sample was prepared as above-
mentioned processes but the urea precursor was replaced with the
melamine. Their preparation processes are described in Fig. 2.

Urea

Melamine

®cC ®N

® O

Applied Surface Science 487 (2019) 335-342

2.2. Characterization of UCN and MCN

Transmission electron microscope (JEM-2100F, JEOL, Japan) was
used to obtain TEM images at an accelerating voltage of 200kV.
Nuclear magnetic resonance (NMR) experiments were carried out at
11.7T on a spectrometer (Bruker-500, Bruker, Germany) using the
1H — '3C CP/MAS NMR technique with the MAS spinning speed of
10kHz, equipped with a double-resonance 4 mm probe. The 5/2 pulse
length for 1H was 4.1 ps, the contact time was 5.5 ms, and the repetition
time is 7.0 s. The chemical shifts were referenced to HMB for *3C. X-ray
photoelectron spectroscopy (XPS) measurement was carried out in an
ultrahigh vacuum VGESCALAB 210 electron spectrometer equipped
with a multi-channel detector. The samples were excited by Al Ka
(1486.6 eV) radiation (operated at 200 W) of a twin anode in the con-
stant analyzer energy mode with a pass energy of 30eV. X-ray dif-
fraction (XRD) patterns of the as-prepared samples were obtained on a
D/Max-RB X-ray diffractometer (Rigaku, Japan). An IR Affinity-1 FTIR
spectrometer (Nicolet iS50, TMO, US) was used to measure the Fourier
transform infrared spectra (FTIR). UV-visible diffuse reflectance
spectra were recorded on a UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan), using BaSO,4 as the reference standard. Electron
paramagnetic resonance (EPR) was performed on ESR spectrometer
(MEX-nano, Bruker) with a modulation frequency of 100 kHz and a
microwave power of 15 mW.

2.3. Photocatalytic measurement of H, and O production

In a typical experiment, 50 mg of as-prepared photocatalysts were
dispersed in 80 mL of deionized water with ultrasonic treatment. After
full dispersion of the photocatalysts, the mixed solution was first purged
with N, for 30 min to remove the air and then irradiated by a 300 W Xe
lamp. The hydrogen and oxygen yield were finally analyzed using the
gas chromatography (SHIMADZU, Japan).

2.4. Electron paramagnetic resonance (EPR) measurement of UCN and
MCN

The as-prepared samples (0.5 g) were encapsulated in a quartz tube
with the inner diameter of 4 mm. Next, this tube was slowly inserted into
the sample chamber of the EPR spectrometer. The Center Field was set as
the 3427 G with the Sweep Width of 200G. The Receiver Gain,
Modulation Amplitude and Attenuation were set as 40 dB, 5G and 35 dB,
respectively. The Scan Number and Modulation Frequency were set as
the 10 times and 100 kHz, respectively. A LED lamp (A = 365 nm) was
used as the light source to obtain the EPR spectra under light.

2.5. Detection of radicals in the photocatalytic reactions of UCN and MCN

EPR technique was used to detect the free radical species such as
hydroxyl radical (-OH) and superoxide radical (-O,~) with the

oH

Fig. 2. The formation process of g-C3N, from the thermal condensation of urea and melamine precursors.
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Fig. 3. TEM images of (a) MCN and (b) UCN. (c) NMR, (d) FTIR, (e) Cls high-resolution and (f) N1s high-resolution spectra of UCN and MCN.

assistance of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO). Specifically, for
the detection of hydroxyl radical (-OH), the as-prepared sample was
dispersed into deionized water to form the 2.5 mg/mL suspension under
the ultrasonic conditions. Subsequently, 50 uL. DMPO was added into
above suspension under the rapidly stirring. Then, this mixture was
irradiated for 120 s using a 300 W Xe lamp under the rapid agitation.
After that, the supernatant of above mixture was quickly sampled and
tested in the EPR equipment. Additionally, the detection procedure of
superoxide radical (-O,~) was same with that of hydroxyl radical (-
OH), except that the deionized water was replaced as the methanol.

2.6. Calculation of density of states (DOS)

Density functional theory (DFT) calculations were carried out using
the exchange—correlation function and CASTEP module. The HSE06
hybrid functional was used to obtain the band structure. An energy
cutoff of 450 eV was used to perform geometry optimization and elec-
tronic property calculations. The energy and force convergence criteria
were set as 1.0 X 107> eV per atom and 0.03 eV i\_l, respectively.

3. Results and discussion

The morphologies of the MCN and UCN are examined by the TEM,
as shown in Fig. 3a and b, respectively. The TEM image of MCN in
Fig. 3a shows the bulk structure with pore, whereas the UCN in Fig. 3b
exhibits the nanosheet-like structure. Although their morphologies is
obviously different, the NMR of '°C, FTIR and XPS spectra of UCN
sample are the same as those of MCN as presented in Fig. 3(c-f), re-
spectively. More specifically, for their NMR spectra, the chemical shifts
at 157.6 and 164.3 ppm are attributed to the sp® hybrid carbon (N =C-
N,) and terminal carbon (C-NH,) atoms of the tri-s-triazine ring, re-
spectively [21]. Meanwhile, for their FTIR spectra in Fig. 3d, the peak
at 810 and 1200-1600 cm ™! can be assigned to the breathing vibration
of the tri-s-triazine ring and various vibrations of C—N bonds, respec-
tively [2,22-25]. For their XPS spectra in Fig. 3e and f, their high-re-
solution Cls XPS spectra are fitted into two peaks at 284.6 and
287.8 eV, which can be attributed to the externally adsorbed carbon
species and the sp? hybrid carbon atoms (N =C-Ny) in the tri-s-triazine

ring, respectively [26-28]. Correspondingly, their high-resolution N1s
XPS spectra can be fitted into three peaks at 398.3, 399.5 and 400.8 eV,
which can be indexed as the inner nitride atoms (C=N-C), bridging
nitride atoms (N-(C)3) and nitride atoms of the terminal amino group
(-NH or -NH,), respectively [29-31]. No difference in their NMR, FTIR
and XPS spectra can be found, suggesting that both UCN and MCN have
the identical chemical composition and basic structural unit of tri-s-
triazine rings.

The XRD patterns are measured to probe their crystal structure, as
shown in Fig. 4a. The peak at 13.1°, corresponding to (100) plane,
originates from the periodic stacking of tri-s-triazine rings. Another
peak can be assigned to the (002) plane, which is ascribed to the per-
iodic stacking of the interlaminations [32-35]. Noted that the (002)
peak of UCN slightly shifts lower diffraction angle than that of MCN,
suggesting that the nanostructured UCN could weaken Vander Waals'
interaction existing in the interlaminations of g-C3N,. The optical
properties of UCN and MCN are investigated by the UV-visible DRS, as
shown in Fig. 4b. The absorption band edges of UCN and MCN are 443
and 454 nm, corresponding to the band gap of 2.82 and 2.73 eV, re-
spectively. It is noted that the absorption band edge of UCN exhibits a
small blue shift in comparison with that of MCN, which is attributed to
the quantum size effect of nanostructured UCN [6,36-39]. Additionally,
their valence band (VB) positions can be obtained from the XPS valence
spectra, as presented in Fig. 4c [2,12,40]. The VB positions of UCN and
MCN are 1.42 and 1.36 eV, respectively. According to their measured
band gaps and VB positions, the conduction band (CB) positions of UCN
and MCN can be calculated to be —1.40 and —1.37 eV, respectively.
Thus, their band structure can be summarized in Fig. 4d, which in-
dicates that both UCN and MCN could thermodynamically split water to
produce hydrogen and oxygen under the light irradiation.

In order to investigate the electronic structure of g-C3Ny, the hy-
bridization analysis of carbon and nitride atoms in the tri-s-triazine ring
of g-C3N, is performed and presented in Figs. 5 and 6. For the carbon
atom (N = C-Ny) of the tri-s-triazine ring in the ground state, its 2s orbit
is fully filled with two electrons of opposite spin orientation. Mean-
while, its 2p orbit can be split into three sub orbits of 2p,, 2p, and 2p,,
the first two of which are filled with the unpaired electron and the 2p,
sub orbit has no filled electron. After excited, the 2py, 2p, and 2p, orbits
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Fig. 4. (a) XRD patterns, (b) UV-vis spectra, (c) XPS valence-band spectra and (d) band structures of UCN and MCN.

are filled with the unpaired electron with the same spin orientation.
Then, this 2s orbit could hybridize with the 2p, and 2p, sub orbits to
form three sp? equivalent hybridization (EH) orbits, leaving the 2p, sub
orbit with the unpaired electron. This hybrid process can be described
in Fig. 5a. Additionally, for the nitride atom (C-N=C) in the ground
state, its 2s orbit is fully filled with two electrons of opposite spin or-
ientation and its 2p orbit can also be split into three sub orbits of 2py,
2py and 2p,. After excited, the 2p, and 2py sub orbits are filled with the
unpaired electron and two electrons of opposite spin orientation, re-
spectively. Then, its 2s orbit could hybridize with the 2p, and 2p, sub

orbits to form three sp® nonequivalent hybridization (NEH) orbits,
leaving the 2p, sub orbit with the unpaired electron, which can be
described in Fig. 5b. Moreover, another bridging nitride atom (N-(C)3)
is also sp? equivalent hybridization (EH) as described in Fig. 5c. Its
hybrid process is similar to that of the equivalent hybrid carbon atom
(N =C-N,), but the difference is that its 2p, sub orbit is fully filled with
two electrons with opposite spin orientation.

After hybridization of carbon and nitride atoms, their hybrid sp?
orbits overlap each other to form o-type bonds, whereas their over-
lapping 2p, sub orbits form m-type bonds. It is well known that the

2p 2p P,
( a) p\ p Pz Px p p Pz .
2s [ [ RS 3 R
C (N=C-N,) 2s 10~ — e " g
. . . . sp’(;f: Sl;2
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Fig. 5. The hybrid analysis of carbon and nitride atoms in the tri-s-triazine of g-C3N,.
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electrons in the s-type bonds cannot be confined in the specific atoms
but move freely in all wt-type bonds to form m-conjugated structure. In
this n-conjugated structure, half of electrons are from the 2p, sub orbit
of carbon atoms and the residual electrons are from the 2p, sub orbit of
nitride atoms.

Contrarily, the electron pair with opposite spin orientation in the
2p, sub orbit of the equivalent hybridization nitride atoms (bridging
nitride atoms or (N-(C)3)) does not participate in above mentioned -
conjugated structure because of the Coulomb repulsion caused by the
electrons with different spin orientations. In this case, the electrons in
the s-conjugated structure cannot move through the whole two-di-
mensional plane of g-C3N, but move freely within the specific tri-s-
triazine ring, leading to a localized m-conjugated structure as presented
in Fig. 6. This localized n-conjugated structure in the tri-s-triazine ring
of g-C3N, can be clearly presented by its spherical aberration-corrected
STEM images performed by Yu and coworkers in their previous report
[8]. The high-resolution STEM image on the atomic scale shows that the
electron concentration is separated by the bridging nitride atoms (N-
(C)3) and mainly confined within the tri-s-triazine rings. Just like N-
doped graphene, this localized m-conjugated structure endows the g-
C3N,4 materials with poor electrical and thermal conductivity but good
semiconductor-related properties such as visible-light response and
much negative VB potential [21,41-43].

To further understand the localized m-conjugated structure of g-
C3Ny, the EPR technique is used to detect the paramagnetic species of g-
C3Ny, as shown in Fig. 7a. The EPR spectra measured in darkness over
the UCN and MCN samples exhibit the single Lorentzian line with the g-
factor of 2.0053, indicating that both UCN and MCN contain only one
kind of paramagnetic species. According to the above analysis and
discussion, this paramagnetic species of the g-C3N, are only from the
unpaired electrons in the localized m-conjugated structure rather than
the electron pairs in o-type bonds and 2p, sub orbit of bridging nitride
atoms. This is because these electron pairs have the counteracting spin
magnetic moment and cannot produce the paramagnetic resonance
absorption [44,45]. It is noted that the intensity of EPR signal over the
UCN is higher than that of MCN, which is attributed to more defects in
nanostructured UCN than bulk MCN. When the UCN and MCN samples
are exposed under illumination, their EPR signals obviously increase
but the g-factor remains unchanged in comparison with the results
measured in darkness. This result indicates that their localized n-con-
jugated structures receive certain new paramagnetic species under il-
lumination, which has been confirmed to be the photoelectrons in
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previous reports [3,46].

The density of state (DOS) is helpful and necessary to understand
the electronic properties as shown in Fig. 7b. Although the DOS cannot
give the information of 2p sub orbits, it still can be used for the qua-
litative analysis for the composition of VB and CB [47-50]. After cal-
culation of DOS, it is noted that the VB of UCN and MCN consists of 2s
and 2p orbits of carbon and nitride atoms, which is coincident with the
ingredients of their sp> hybrid orbits. Meanwhile, the CB of UCN and
MCN is composed of approximate half 2p orbits of carbon atoms and
nitride atoms, which is in good accordance with the ingredients of their
localized n-conjugated structures. In this regard, it can reasonably infer
that the electrons can transfer to the n-conjugated structure from the o-
type bonds under illumination, as presented in Fig. 7c, corresponding to
the fact that the electrons from VB of g-C3N, transfer to the CB to form
the photoelectrons under the light irradiation.

The photocatalytic pure water splitting is used to evaluate the
photocatalytic activity of UCN and MCN as shown in Fig. 8a. The rates
of photocatalytic H, production of UCN and MCN are 53 and
21 umolh~* g™, respectively. The rates of photocatalytic O, produc-
tion of UCN and MCN are 19 and 6 umolh™' g™, respectively. Both
UCN and MCN as the pristine g-C3N4 show very poor photocatalytic
performance, which is attributed to the high recombination rate of
photogenerated charge carriers [51-54]. It is noted that the photo-
catalytic activity of UCN is higher than that of MCN, this is because the
UCN can produce more photoelectrons than that of MCN under illu-
mination, as confirmed by EPR measurement.

Furthermore, the superoxide (-0, ) and hydroxyl (-OH) radicals
are monitored by the EPR technique as presented in Fig. 8b and c, re-
spectively. In Fig. 8b, the blank experiments cannot detect the any EPR
signal of radicals, suggesting that the 5,5-Dimethyl-l-pyrroline N-oxide
(DMPO) has no paramagnetic center and the g-C3N4 photocatalyst
cannot produce the radicals without illumination. When the photo-
catalytic systems of UCN and MCN are exposed under illumination,
their EPR spectra show the four peaks with approximate intensity,
which can be attributed to the typical paramagnetic resonance ab-
sorption of DMPO--0,~ adducts. This result indicates that both UCN
and MCN can thermodynamically produce the superoxide (-O,") ra-
dicals under illumination because their CB positions are more negative
than the potential of O,/:0,~ (—0.33V, NHE) [55-58]. Additionally,
it is noted that the EPR signal intensity of UCN is higher than that of
MCN, indicating that the photoelectron concentration in the localized
s-conjugated structure of UCN is higher than that of MCN under
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triazine unit under illumination. (¢) The DOS of UCN and MCN.

illumination based on the abovementioned discussion. This result is
consistent with that of photocatalytic H, production, indicating that the
photogenerated electrons in g-C3N4 have enough reduction ability. As
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expected, the hydroxyl (-OH) radicals cannot be detected in both UCN
and MCN photocatalytic systems, as presented in Fig. 8c. The above
experimental results show that both UCN and MCN can produce the O,

Fig. 8. (a) The production rate of H,
and O, towards the UCN and MCN
under illumination. (b) The EPR signals
of DMPO--0O,~ adducts in the photo-
catalytic system of UCN, MCN and
blank experiment after illumination for
120s. (c) The EPR signals of DMPO--
OH adducts in the photocatalytic
system of UCN, MCN and blank ex-
periment after illumination for 120s.
(c) The formation mechanism of the
free radicals and corresponding ad-
ducts in the EPR trapping experiments.
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but cannot produce the hydroxyl (-OH) radicals under illumination.
This is because the VB positions of UCN and MCN is more positive than
potential of H,O/0O, (0.82V, NHE) but less positive than the potential
of H,O/-OH (2.34V, NHE), as shown in Fig. 8d [59-62].

4. Conclusions

In summary, two kinds of g-C3N, are prepared by thermal poly-
condensation of urea and melamine precursors, respectively. The lo-
calized n-conjugated structure of g-C3N, is detected and expounded in
darkness and under illumination. According to the hybrid analysis of
the tri-s-triazine unit in g-C3N,4 and the EPR examination, the s-con-
jugated structure of g-C3N, is confirmed to be the localized m-con-
jugated structure, which leads to the semiconductor properties of band
gap and visible-light response. Under illumination, the electrons can
migrate to the m-conjugated structure from the o-type bonds, leading to
the production of photoelectrons. Additionally, by detecting the su-
peroxide radicals (-O, ") in the g-C3Ny-based photocatalytic reactions
and the intrinsic signal intensity of g-C3N4 under illumination using the
EPR technique, a new approach is developed to examine the photo-
electron concentration of g-C3N, under illumination, which can be used
to indirectly evaluate the photocatalytic Ho-production activity. This
work provides a new insight into m-conjugated structure of g-C3N4 and
evaluation method of photocatalytic activity.
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