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The effect of n—7t* electronic transitions on the N,
photofixation ability of carbon self-doped
honeycomb-like g-CzN4 prepared via microwave
treatment

Xuelei Li,®® Jinfeng Bai, 2 *2 Jiagi Li,® Chao Li,? Xiangyun Zhong® and Shuping Deng*®

Light harvesting is an important part of the photocatalysis process. In this work, carbon self-doped
honeycomb-like g-CsN, with outstanding N, photofixation ability was prepared via microwave
treatment. XRD, N, adsorption, UV-Vis, SEM, XPS, ESR and PL were used to characterize the as-prepared
catalysts. Combining the carbon self-doping with microwave treatment, the n-m* transition was
successfully stimulated. The remarkable red shift of absorption edge from 465 nm to near 600 nm was
observed, leading to the obviously promoted visible light absorption. The synergy effect of carbon
doping and microwave treatment also enhances the surface area and separation efficiency of electron—
hole pairs. The as-prepared catalyst displays the highest NH,* concentration of 5.3 mg L™ ge, %, over 11
times higher than that of neat g-C3Ny4, as well as excellent photocatalytic stability. DFT calculation was
also used to further prove our point of view. This paper provides a new way for the construction of high

rsc.li/rsc-advances efficiency photocatalysts.

Introduction

Artificial nitrogen fixation has become the second most
important chemical reaction after photosynthesis. The tradi-
tional Haber-Bosch process is not in line with the standards of
the contemporary chemical industry due to its high energy
consumption, high risk and strong pollution characteristics.
Therefore, finding a more energy-efficient, environmentally
friendly and low-risk nitrogen fixation process is a hot topic in
the scientific community.

Since the birth of life on Earth, it has survived mainly with
the energy provided by the Sun. With the decline of fossil fuels,
solar energy has become an important part of human energy
use and has been continuously developed. Photocatalytic reac-
tion is one of the ways to use solar energy." Its core mission is
to find effective photocatalysts that can work stably for a long
time under ultraviolet/visible light. So far, hundreds of photo-
catalysts have been reported one after another. Among them,
graphite phase carbon nitride (g-C3;N,) has attracted more and
more researchers’ attention due to its excellent performance,
such as remarkable stability, fascinating electronic property
and low-cost.>® However, g-C;N, has a relatively large band gap,
so that it can only absorb light with a wavelength of less than
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460 nm. This makes the photocatalytic performance of g-C3N,
unsatisfactory.” In order to improve the photocatalytic perfor-
mance, researchers have used many methods to expand the
photoresponse range of g-C;N, based catalyst, including hetero-
atomic doping and hetero-molecular doping.*** However, these
exotic dopants also play as the recombination centres for pho-
togenerated electron-hole, which is harmful to the photo-
catalytic performance."*

How to achieve the expansion of photoresponse range
without addition the exotic dopants? The utilizing of lone pair
electrons on N atoms is a effective measures.'**® Theoretical
calculations show that there are two feasible electronic transi-
tions in g-C3;N,4, namely -7* and n—-mt* transitions.” The m-m*
transition produces a strong absorption peak around 400 nm
and an absorption boundary around 460 nm, as often shown in
the UV-Vis spectrum. In contrast, the n-7* transition is an
excitation of a lone pair on the N atom, and its corresponding
absorption peak is around 500 nm. However, this n-7* transi-
tion is rarely reported although it can greatly expand the pho-
toresponse range of the g-C;N, based catalyst. This is due to
that the lone pair of electrons of the N atom cannot be photo-
excited in planar and symmetric heptazine units in g-C;N,.'**
Therefore, an effective strategy is highly needed to achieve the
excitation of such lone pair electrons in g-C;N,.

In order to achieve n—7t* transition, heptazine units must be
distorted to destroy the planar and symmetric g-C3N,. In this
work, carbon self-doped honeycomb-like g-C3;N, with
outstanding N, photofixation ability was prepared via

RSC Adv, 2020, 10, 7019-7025 | 7019


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra00101e&domain=pdf&date_stamp=2020-02-14
http://orcid.org/0000-0003-1190-4809
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00101e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010012

Open Access Article. Published on 17 February 2020. Downloaded on 3/21/2026 4:54:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

microwave treatment using supramolecular aggregates con-
sisting of cyanuric acid, ethylene glycol and melamine as the
polycondensation precursors. Combining the carbon self-
doping with microwave treatment, the remarkable n-m* tran-
sition was stimulated. On the one hand, three precursors can
self-assemble into supramolecular aggregates through multiple
hydrogen bonds and -7 interactions.”®** Such supramolec-
ular aggregates can directly polymerize to obtain the modified g-
C;N, based catalyst. Ethylene glycol is not only used as a solvent
to build supramolecular aggregates, but also simultaneously
serves as a source for carbon doping, leading to the distortion of
2-C3N, construction.”®*** On the other hand, the microwave
heating is very fast which can produce g-C;N, in less than half
hour. Lots of gases can be released during the microwave
polymerization process of supramolecular aggregates. These
rapid released gases create a special honeycomb-like three-
dimensional structure of the g-C3;N, catalyst, leading to the
further distortion of the structural unit in g-C;N,. In conse-
quence, the n-7* transition becomes allowed in this work. DFT
calculation was used to further prove our point of view.

Experimental
Preparation and characterization

5 g of melamine and 5 g of cyanuric acid were added into
150 mL of ethylene glycol (EG) at 60 °C under stirring. The white
precipitate was obtained after cooling down. The obtained
melamine-cyanuric acid-EG ternary complex was centrifuged,
washed with ethanol, dried at 80 °C over night, and then
transferred to an alumina crucible (25 mL). This crucible was
put into a bigger alumina crucible and buried with the CuO
powder. The sample was treated by microwave for 20 min in
a normal microwave oven under Ar atmosphere, and denoted as
Cy-GCN. When ethanol was used to replace EG to synthesize
Cy-GCN, the obtained sample was denoted as M-GCN. In order
to investigate the effect of microwave treatment on the photo-
catalytic performance, the melamine-cyanuric acid-EG ternary
complex was annealed at 550 °C for 4 h under Ar atmosphere,
the obtained sample was denoted as C,-GCN. For comparison,
melamine was annealed at 550 °C for 4 h under Ar atmosphere,
and denoted as GCN.

The structure characteristic of the sample was identified by
X-ray diffraction (XRD, Rigaku D/max-2400). UV-Vis spectros-
copy (JASCO-V-550) and scanning electron microscope (SEM,
JSM 5600LV) were used to determine the optical property and
morphology. X-ray photoelectron spectroscopy (XPS) measure-
ment was carried out on Thermo Escalab 250 XPS system.
Nitrogen adsorption-desorption isotherm was obtained using
a Micromeritics 2010 analyzer. Electrochemical impedance
spectra (EIS) was performed via an EIS spectrometer (EC-Lab SP-
150, BioLogic Science Instruments). Electron Spin Resonance
(ESR) and photoluminescence (PL) spectra were measured by
digital X-band spectrometer (EMX-220, Bruker, USA) and FP-
6300 equipment, respectively.

Material Studio 5.5 program (Accelrys, USA) was used in all
the calculations. The generalized gradient approximation (GGA)
with RPBE functional was utilized to describe the exchange and

7020 | RSC Adv, 2020, 10, 7019-7025

View Article Online

Paper

correlation potential and the basis set was set as double
numerical plus polarization. A thermal meaning of 0.003 Ha
was adopted to accelerate the convergence. The convergence
criteria for geometry optimization and energy calculation were
set as 1.0 x 107° Ha, 1.0 x 10~° Ha, 0.002 Ha A~' and 0.005 A
for the tolerance of self-consistent field, energy, maximum force
and maximum displacement, respectively.

Photocatalytic reaction

The nitrogen photofixation reaction which performed in
a double-walled quartz reactor was carried out according to
previous work.**** 0.2 g of catalyst was added to 500 mL
deionized water under stirring. Ethanol (0.789 g L") was added
as a hole scavenger. A 250 W high-pressure sodium lamp (400 <
A <800 nm) was used as the light source. 5 mL of the suspension
were collected at given time intervals, and immediately centri-
fuged to separate the liquid samples. The concentration of NH,"
was measured using the Nessler's reagent spectrophotometry
method (JB7478-87).252

Results and discussion

Fig. 1a shows the N, photofixation ability over GCN, C,-GCN, M-
GCN and Cy-GCN. GCN shows very low NH," concentration,
0.48 mg L' g. '. For C,-GCN and M-GCN, the N, photo-
fixation abilities are obviously promoted to 2.3 and 1.5 mg L "
Zeae . Cv-GCN displays the highest NH,* concentration of
5.3mgL ™" g !, over 11 times higher than that of GCN, as well
as the excellent photocatalytic stability. The N, photofixation
ability does not decrease after 20 h over Cy-GCN (Fig. 1a inset).
In Fig. 1b, when AgNO; is added to trap the photogenerated
electrons, the N, photofixation ability of Cy-GCN sharply
decreases. This indicates that the photogenerated electrons are
the main active species for the N, photofixation. When DMF
and DMSO are used as aprotic solvents to replace water, almost
no NH," is formed (Fig. 1c). This hints water is necessary as the
proton source in this reaction system. In Fig. 1d, before the N,
photofixation reaction, the pH value for the suspension is 6.4.
This value gradually increases with the extension of the reaction
time, and reaching 8.4 in 24 hours. This should be due to the
consumption of H' in this reaction system, as shown below:

N, + 6H" + 6~ — 2NH;

NH; + H,O — NH;-H,O = NH," + OH™

Isotopic labeling experiments are carried out to confirm the
nitrogen source of NH,'. The N, photofixation ability of Cy-
GCN was investigated under '°N isotope-labeled N, (purity >
98%). The formed >N labeled indophenol was analyzed by LC-
MS and shown in Fig. 1e. Two strong indophenol anion signals
obviously present at 198 and 199 m/z in LC-MS. This signal
intensity is higher than the '*N : "N natural abundance ratio,
which confirms that N, is the nitrogen source in this reaction
system. Fig. 1f compares the N, photofixation ability of Cy,-GCN
and other catalysts reported in previous work.>*** Obviously,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The N, photofixation ability over as-prepared catalysts (a), N,
photofixation ability of Cy-GCN using AgNOs as the electron scav-
enger (b) or in aprotic solvents DMF and DMSO (c), N, photofixation
ability of Cy-GCN under different pH value (d), the mass spectra of the
indophenol prepared from different atmosphere (e) and the compar-
ison of N, photofixation ability of Cy-GCN and other catalysts (f).

Cy-GCN exhibits much higher N, photofixation ability than that
of Fe-TiO, and Fe,Ti,0,. Ru-TiO, shows the comparable pho-
tocatalytic N, fixation ability to that of Cy,-GCN. Considering the
high price of Ru, C\-GCN has the best price/performance ratio.

Fig. 2a and b shows the XRD patterns of GCN, C,-GCN, M-
GCN and Cy-GCN. A strong peak and a weak peak are
observed for all the catalysts, which are assigned to the (002)
and (100) crystal planes of g-C3N,.>® All the samples display the
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Fig. 2 XRD patterns (a and b), UV-Vis spectra (c), and N, adsorption—
desorption isotherms (d) of as-prepared catalysts.
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similar peak intensity, whereas C,-GCN and Cy-GCN show
a 0.2° shift toward higher 26 value compared with GCN and M-
GCN, as shown in magnified view (Fig. 2b). This should be due
to the crystal lattice distortion after carbon doping, which is
proved by previous work.>***

UV-Vis spectra present the direct evidence for the n-m*
electronic transition (Fig. 2¢). GCN shows the absorption edge
of ~465 nm. For C,-GCN, the wavelength of absorption edge
slight shifts to higher value, as well as the light absorption
capacity from 450 to 600 nm a little increases. The band gap for
the catalyst is calculated according to the following equation:**

E, = 1240/2,

where A stands for the wavelength of the absorption edge (nm).
The band gap energies for GCN and C,-GCN are calculated to be
2.67 and 2.65 eV, respectively. In the case of M-GCN and Cy-
GCN, a remarkable red shift of absorption edge from 465 nm to
near 600 nm is observed. Besides that, the absorption peaks at
~490 nm are obviously shown for M-GCN and Cy-GCN. It is
reported that this absorption peak is assigned to the n-m*
electronic transition." This result indicates that the n-m*
electronic transition is feasible in the g-C3N, catalyst prepared
by microwave treatment. Cy,-GCN shows much stronger
absorption peaks at ~490 nm than that of M-GCN. This
suggests that carbon doping can distort the g-C;N, lattice which
is conducive to n-m* electronic transition. The band gaps for M-
GCN and Cy-GCN are 2.21 and 2.20 eV, respectively. In addi-
tion, it is interesting that the density for Cy-GCN seems much
smaller than that of other catalysts. With the same weight (0.2
g), the volume of Cy-GCN is much larger than that of the other
catalysts. This hints the structure of Cy-GCN is fluffy, which
may be caused by the special morphology. The N, adsorption—-
desorption isotherms of GCN, C,-GCN, M-GCN and Cy-GCN are
shown in Fig. 2d. The isotherm of all the samples are of classical
type 1V, suggesting the presence of mesopores. The specific
surface areas (Sgpr) of GCN is as low as 9.2 m”> g~ . For C,-GCN
and M-GCN, their Sggr are promoted to 12.4 and 16.5 m?> g '.In
the case of Cy-GCN, this value is greatly increased to 38.7 m>
g~ ', which is probably due to its special morphology.

The morphologies of GCN, C4-GCN, M-GCN and Cy-GCN
were tested by SEM and given in Fig. 3. It is shown that GCN has
a graphite-like sheet structure (Fig. 3a). Those g-C3N, nano-
sheets are stacked together to form a block structure. For Cx-
GCN, the sheet size significantly reduces compared with that of
GCN (Fig. 3b). It can be seen in Fig. 3¢ that many irregular pores
are formed in M-GCN. These g-C;N, nanosheets are no longer
superposed on each other flatly. In the case of Cy-GCN (Fig. 3d-
f), the three-dimensional honeycomb structure is clearly shown.
Although the formation mechanism of such special morphology
is still unclear, it can be concluded that both introducing
dopant*** and microwave treatment®*** have great effects on
the catalyst morphology.

The FT-IR spectra of GCN and Cy-GCN are shown in Fig. 4.
For GCN, a series of peaks in the range from 1200 to 1600 cm ™"
are attributed to the typical stretching modes of CN heterocy-
cles, while the sharp peak located at 810 cm ™ is assigned to the

RSC Adv, 2020, 10, 7019-7025 | 7021
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Fig. 3 SEM images of GCN (a), Cao-GCN (b), M-GCN (c) and Cu-GCN
(d-f).

bending vibration of heptazine rings, which indicating the
synthesized g-C;N, is composed of heptazine units. The broad
absorption band around 3200 cm™' is originated from the
stretching vibration of N-H bond, associated with uncondensed
amino groups. In the case of Cy-GCN, all the characteristic
vibrational peaks of g-C;N, are observed, suggesting that the
structure of g-C3N, is not changed. In addition, an obvious
absorption peak appears at 1210 cm !, which should be
attributed to the C-C bond. This confirms that carbon doped
into g-C3;N, lattice.

The XPS spectra of GCN, C,-GCN, M-GCN and Cy,-GCN in the
region of C 1s and N 1s regions are shown in Fig. 5. In C 1s
region, the peak at 284.6 eV is the adventitious carbon. The peak
around 286.2 and 288.6 eV are attributed to the terminal C-NH,.
and sp” hybridized C atom in the ring (N-C=N), respectively.>*
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Fig. 4 FT-IR spectra of GCN and Cyw-GCN.
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C3N4 and carbon doped g-C3N4 (c).

No obvious difference among four catalysts is shown in C 1s
region. However, the element analysis result shown in Table 1
indicates that the C/N ratio for GCN and M-GCN is 0.669. This
value for C,-GCN and C,-GCN increases to 0.681 and 0.688,
respectively. This result hints that carbon atoms have doped
into the lattice of catalyst and the carbon source is ethylene
glycol. In Fig. 5b, the N 1s spectra for all the samples can be
divided into three peaks. The binding energies of 398.2 eV,
399.2 eV and 400.1 eV are assigned to the C-N=C (N,), amino
groups carrying hydrogen ((C),-N-H) in connection with
structural defects and incomplete condensation, and N-(C)z
(N3¢) bond in g-C3N,, respectively.** The binding energies for all
the samples are the same, whereas the peak intensities vary
greatly. The peak area ratio of N,c/N;c, calculated by the XPS
data, is 3.68 for GCN. For M-GCN, microwave processing can
distort the lattice of g-C3N,, leading to the higher N,/Nj; ratio
(4.15).>** The N,c/N3c ratio for C,-GCN is 4.22, higher than
GCN, which should be due to that the bridging N atoms are
replaced by the doped carbon atoms,* as shown in Fig. 5c. In
the case of Cy-GCN, the N,/N; ratio further increases to 6.82.
This clearly reveals that microwave treatment and carbon
doping synergistically can cause the heptazine motifs to be
further distorted. In addition, no binding energy in Cu 2p
region is observed in XPS spectra. The ICP result also shows that
no Cu is detected. Thus, the possibility of Cu doping is ruled
out.

Table 1 Elemental composition of as-prepared catalysts

Sample N (wt%) C (wWt%) H (Wt%) C/N ratio
GCN 58.94 39.51 1.55 0.669
M-GCN 58.93 39.49 1.58 0.669
Ca-GCN 58.39 39.77 1.84 0.681
Cy-GCN 58.10 39.98 1.92 0.688

This journal is © The Royal Society of Chemistry 2020
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Fig. 6a shows the optimized structure of GCN and Cy-GCN.
Obviously, GCN displays the symmetrical planar structure. For
Cm-GCN, since the carbon atom is substituted for the nitrogen
atom, a C-H bond is formed in order to achieve coordination
saturation. The elemental composition shown in Table 1 indi-
cates that the hydrogen content of Cy-GCN obviously promote
compared with GCN, which confirm the formation of C-H
bond. A combination of carbon doping and additional C-H
bond changes the g-C;N, catalyst from a symmetrical planar
structure to an asymmetrical non-planar structure, as shown in
Fig. 6a. Thus, the n-7* transition becomes allowed for Cy,-GCN.
This result theoretically supports the feasibility of the n-m*
electronic transition shown in Fig. 2c. The electrical band
structures of GCN and Cy-GCN were also calculated using DFT.
Fig. 6b displays the density of states and partial density of states
of GCN and Cy-GCN. It is obvious that the valence band
maximum and the conduction band minimum of the catalysts
are composed of C 2p and N 2p orbitals. Cy~GCN shows much
narrower band gap energy than that of GCN, which should be
assigned to the n-m* electronic transition. This is consistent

with the UV-Vis result.

transition.
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The EPR was carried out to further prove the n—m* electronic
transition. As shown in Fig. 7, GCN and C,-GCN display no
peak, hinting that almost no lone pair electrons exist in their g-
C;N, structure.*®*?” M-GCN and Cy-GCN show the distinct
resonance signal at g = 2.003. This indicates that lots of local-
ized lone pair electrons present in M-GCN and Cy-GCN. These
lone pair electrons can be excited through n-m* electronic
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Fig. 7 ESR spectra of GCN, C5o-GCN, M-GCN and Cy-GCN.

The PL and EIS spectra of as-prepared catalysts are shown in
Fig. 8. All the samples display the broad PL band around 460 nm
(Fig. 7a), which can be attributed to the m—m* transition.***°
GCN displays the most intense PL signal among all samples. M-
GCN shows the decreased PL intensity compared with GCN,
indicating that microwave treatment can promote the separa-
tion rate of electron-hole pairs. This is consistent with previous
work.*>** The PL intensity of C,-GCN is also lower than GCN.
This should be due to that, when the bridging N atoms are
substituted by the carbon atoms, the delocalized 7 bonds are
formed between the hexatomic rings and the doping carbon
atom. Such structure can enhance the electrical conductivity of
2-C3N, catalyst.® In the case of Cy-GCN, because of the synergy
effect of doping and microwave treatment, its PL intensity is
much lower than other samples, hinting its best separation
efficiency. It is noted that, besides the PL band at 460 nm, a new
peak around 520 nm is clearly shown for Cy-GCN. This result
confirms that the n—m* electronic transition occur in Cy~GCN.
Fig. 8b exhibits the EIS spectra of as-prepared catalysts. In
general, the arc radius in the EIS spectra reflects the separation
efficiency of electrons and holes.***' The smaller the arc radius,
the higher the separation efficiency. The arc radius decreases in
the order: GCN > M-GCN > C,-GCN > Cy,-GCN. This is consistent
with the PL result that the most efficient electron-hole separa-
tion is Cp-GCN.

It is shown that the surface area and separation efficiency of
electron-hole pairs are promoted by the synergy effect of doping
and microwave treatment. In order to determine the effect of
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Fig. 8 PL (a) and EIS (b) spectra of GCN, C5-GCN, M-GCN and Cy-
GCN.
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light absorption capacity of catalyst on N, photofixation
performance, the wavelength dependence of the NH," genera-
tion rate over GCN and Cy-GCN was tested by using filters of
different wavelengths (Fig. 9a). Interestingly, the N, photo-
fixation performance of GCN and Cy-GCN is coincident with
their optical absorption which is shown in UV-Vis spectra. Cy-
GCN displays the NH," generation rate of 0.5 mg L ' g, * h™*
even if the light with the wavelength below 550 nm is filtered
out. However, the NH," generation rate of GCN becomes very
low when the filter with 480 nm wavelength is used. This result
clearly indicates that the main driving force for this N, photo-
fixation process is the ability to harvest the photons. After the n—
7* transition, these photogenerated-electrons are transferred

=

N

NH,’ generation rate / mg/L/g_/h

)

—— fresh C,-GCN
reused C,-GCN|

© —— fresh C,.GCN
—— reused C, GCN|

Abs
PL Intensity / a.u.

0 a0 w0 40 510 s om0
Wavelength / nm

200 300 400 500 600
Wavelength / nm

Fig. 10 The photocatalytic stability of Cy-GCN (a), the SEM image of
reused Cu-GCN (b), the UV-Vis spectra of fresh and reused Cy-GCN
(c), and the PL spectra of fresh and reused Cy-GCN (d).
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immediately from the catalyst to the adsorbed N,. Because the
bonding orbitals of N, molecule are occupied by four electrons,
this photogenerated-electron has to occupy the anti-bonding
orbitals, leading to the nitrogen activation (Fig. 9b). Thus, the
nitrogen fixation performance is promoted.

Fig. 10a shows the photocatalytic stability of Cy-GCN. The
NH," generation rate does not decrease after five cycles, con-
firming its good catalytic stability. The SEM image of reused Cy-
GCN is shown in Fig. 10b. The three-dimensional honeycomb
structure is observed, hinting its excellent structural stability.
Fig. 10c and d compares the UV-Vis and PL spectra of fresh and
reused Cy-GCN. No significant difference in UV-Vis and PL
spectra between fresh and reused catalyst is observed. This
indicates that the optical and electronic properties of Cy-GCN
does not change after five cycles.

Conclusions

In this work, carbon self-doped honeycomb-like g-C;N, with
outstanding N, photofixation ability was prepared via micro-
wave treatment using supramolecular aggregates consisting of
cyanuric acid, ethylene glycol and melamine as the poly-
condensation precursors. Ethylene glycol is not only used as
a solvent to build supramolecular aggregates, but also simul-
taneously serves as a source for carbon doping. Microwave
treatment can distort the structural unit of the catalyst. A
combination of carbon doping and additional C-H bond
further changes the g-C3N, catalyst from a symmetrical planar
structure to an asymmetrical non-planar structure, leading to
the allowed n-m* transition for Cy,-GCN. The remarkable red
shift of absorption edge from 465 nm to near 600 nm was
observed, which cause the obviously promoted visible light
absorption. The Cy-GCN displays the highest NH," concentra-
tion of 5.3 mg L' g.ac ', over 11 times higher than that of neat
g-C3Ny, as well as the excellent catalytic and structural stability.
The N, photofixation ability of as-prepared catalysts under
different wavelength indicates that the main driving force for
this reaction is the ability to harvest the photons.
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