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ABSTRACT: Graphitic carbon nitride (g-CN) has emerged as a promising
metal-free photocatalyst, while the catalytic mechanism for the photoinduced
redox processes is still under investigation. Interestingly, this heptazine-based
polymer optically behaves as a “quasi-monomer”. In this work, we explore
upstream from melem (the heptazine monomer) to the triazine-based
melamine and melam and present several lines of theoretical/experimental
evidence where the catalytic activity of g-CN originates from the electronic
structure evolution of the C—N heterocyclic cores. Periodic density functional
theory calculations reveal the strikingly different electronic structures of melem
from its triazine-based counterparts. Fourier transform infrared spectroscopy
and X-ray photoelectron spectroscopy also provide consistent results in the
structural and chemical bonding variations of these three relevant compounds.
Both melam and melem were found to show stable photocatalytic activities,
while the photocatalytic activity of melem is about 5.4 times higher than that of
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melam during the degradation of dyes under UV—visible light irradiation. In contrast to melamine and melam, the frontier electronic
orbitals of the heptazine unit in melem are uniformly distributed and well complementary to each other, which further determine the
terminal amines as primary reduction sites. These appealing electronic features in both the heterocyclic skeleton and the terminated
functional groups can be inherited by the polymeric but quasi-monomeric g-CN, leading to its pronounced photocatalytic activity.

1. INTRODUCTION

As a two-dimensional (2D) conjugated polymer, graphitic
carbon nitride (g-CN) has attracted tremendous attention
because of its unique properties, metal-free nature, and facile
synthesis from inexpensive nitrogen-rich organic precursors.'
Polymeric g-CN is composed of heptazine-based melon chains
that are elegantly assembled in a zigzag fashion and tightly
linked by hydrogen bonds to form a 2D planar array.”® The sp*
hybridization of carbon and nitrogen induces a specific 7-
conjugated system and determines a moderate band gap of
around 2.7 eV with suitable band-edge positions, whereby the
photoinduced electrons and holes are thermodynamically
active for various catalytic reactions.” During the past decade,
polymeric g-CN has been extensively investigated as a
multipurpose photocatalyst for a wide range of applications,
including hydrogen evolution,”™® CO, reduction,'”"" water
treatment and environmental remediation,'”"? and artificial
photosynthesis.' "'

Owing to its polymeric nature, the photocatalytic activity of
g-CN is highly sensitive to the synthetic conditions.'”"®
Although this makes the structural and electronic properties of
g-CN easily tunable,'” ™' by which its photocatalytic activity
has a great space for further enhancement, the resulted
structural complexity, accompanied with comprehensive
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photophysical/chemical factors, indeed impedes an in-depth
mechanistic understanding of the predominant aspects under-
lying the photoinitiated redox processes.””*’ It has been
reported that the appealing electronic structures of g-CN are
governed by the partially delocalized 7-conjugated system
within the heptazine units, making this material a unique
“quasi-monomer”.”**> This could be the reason that many
theoretical works presented acceptable explanations on the
photophysical properties of g-CN, even some of them
improperly employed the ideal hydrogen-free g-C;N, structure
model.’*™*° However, the effect of the uncondensed amine
groups, serving as the terminal sites to the heptazine cores, on
its catalytic activity has been consequently overlooked.
Recently, Chu et al.*® reported the notable photocatalytic
activity of melem (the heptazine monomer) under a full arc
light irradiation, and its frontier electronic orbitals indeed show
quite similar features to the heptazine-based g-C;N, structure.
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Lau et al.”' investigated the visible light activities of melem
oligomers, revealing an improved hydrogen evolution perform-
ance compared to the conventional polymeric g-CN. They
further suggested that the terminal amines could act as primary
reduction sites to substantially improve the photocatalytic
activity. Carbon nitride polymers have also been synthesized
by thermal condensation of various supramolecular assemblies
at relatively low temperatures to conduct a controlled
polymerization.””*® The resulting materials show higher
photooxidation potential and the involved functional groups
can also be preserved acting as catalytically reactive sites;
thereby, significant photocatalytic activities have been
achieved.

Triazine features a direct relevance to heptazine with respect
to their molecular structures and the unique aromaticity.”*
Both of them are electron-deficient systems and prefer a
nucleophilic substitution; however, the 7-conjugated system in
heptazine is more sufficiently extended than that in triazine,
and thus, their electronic structures are remarkably differ-
ent.”> ™" On the other hand, although the amine group shows
an electron-donating characteristic, the lone-pair electrons in
nitrogen indeed make the charge-transfer process tricky, which
is expected to be affected by the specific distributions of the
electrostatic potentials within the heterocyclic cores.”” As a
result, the electronic properties of the amine-terminated
triazine and heptazine compounds could also be different. In
order to provide a better understanding on the catalytic
mechanism of the polymeric but quasi-monomeric g-CN, it is
of fundamental significance to compare the photocatalytic
activities between the melem monomer and its triazine-based
counterparts, as well as to clearly elucidate the differences of
their electronic structures in both the heterocyclic skeletons
and the terminal amine groups.

Herein, we explore upstream the evolution of photocatalytic
performance from melem to triazine-based melam and
melamine and report that both melem and melam are potential
candidates for solar-driven photocatalysis. Periodic density
functional theory (DFT) calculations reveal that, in spite of
their structural similarity, the electronic features in these 7-
conjugated systems intrinsically exhibit a trend of delocaliza-
tion from triazine to heptazine; which not only narrows the
band gap to utilize longer-wavelength lights more efficiently
but also determines the distinct frontier electronic orbitals in
the terminal amine groups. This work highlights the
importance of the combinatorial effect between the heptazine
skeleton and the terminated functional groups on the
photoinduced redox processes and thus presents an insight
into the catalytic mechanism of polymeric g-CN.

2. RESULTS AND DISCUSSION

The condensation process from melamine to polymeric g-CN
is schematically shown in Scheme 1, during which the two
important intermediates of melam and melem can be formed
around 350 and 400 °C, respectively.""*> When the temper-
ature goes higher than 500 °C, melem will gradually
polymerize into g-CN. In these three molecules, carbon
atoms are of a similar coordination of 2N—C=N (C,y), while
the bonding states of nitrogen atoms are distinct: the C—N=
C state in the heterocyclic units (N,), the C—NH, state in the
terminal amine groups (N,), the bridging 2C—NH coordina-
tion (Ng) in melam, and the three-coordinated nitrogen (N;¢)
in melem, respectively. These specifically bonded nitrogen
atoms have been denoted in Scheme 1 by different colors.

Scheme 1. Thermal Condensation Process from Melamine
to Melam, Melem, and Finally Polymeric g-CN“
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“The two-coordinated nitrogen (N,c) and the terminal amine
nitrogen (N,) in the three molecules, the bridging nitrogen with
the 2C—NH coordination (Nj) in melam, and the three-coordinated
nitrogen (N;c) in melem are specifically denoted by blue, orange,
purple, and olive colors, respectively.

The crystal structures of melamine, melam, and melem have
already been characterized,*' ~* and their crystallographic data
are summarized in Table S1. Geometric optimization based on
the Perdew—Burke—Ernzerhof (PBE) functional with a
dispersion correction proposed by Tkatchenko and Scheftler
(TS)* predicts satisfied equilibrium lattice parameters (Table
$2),*” which slightly underestimates the unit cell volume of
melamine with a relative error of —3.45% with respect to the
experimental data, while those of melam and melem are found
to be less than +0.8%. Figure 1 shows the unit cells and the
calculated electronic properties of these three compounds,
indicating their indirect band gaps (see details in Figure S1).
As revealed by the partial density of states (PDOS) of C and N
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Figure 1. Crystal structures and corresponding electronic properties
of (a,b) melamine, (c,d) melam, and (e,f) melem. The C, N, and H
atoms are denoted by gray, blue, and white colors, respectively, and
the formed hydrogen bonds are represented by the red dashed lines.
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atoms, the valence band maximum (VBM) of melamine is
almost equally contributed from the N,: and N, atoms
(Figures 1b and Sla), and its conduction band minimum
(CBM) is composed of all the C and N atoms with nearly
equal N, and N, components. The band-edge components of
melam are quite similar to those of melamine, while the N,
contribution is less pronounced for both the VBM and CBM
(Figures 1d and S1b). However, the VBM of melem solely
comes from the N,: atoms, and the N, component is
negligible (Figures 1f and Slc); by contrast, its CBM mainly
originates from the C atoms, accompanied by a rather small
contribution from the N3¢ and N, atoms. The calculated band
gap (E,) based on the PBE-TS functional is 4.21 eV for
melamine and gradually decreases to 3.39 eV for melam and
329 eV for melem. Furthermore, the Heyd—Scuseria—
Ernzerhof (HSE06) hybrid functional™® predicts E, values of
5.53 eV for melamine and 4.38 eV for melem, respectively,
which are comparable with the previous theoretical results,*”°

The calculated highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) of these three molecules are shown in Figure 2,

(a)

(b)

(e)

C

C C

Figure 2. Calculated HOMOs and LUMOs of (a,b) melamine, (c,d)
melam, and (e,f) melem, respectively.

which were directly extracted from their unit cells and thus
well consistent with the PDOS results. Because of the
confinement effects of crystal packing and the formed
hydrogen bonding networks, the molecular symmetries have
been partially broken with respect to their gas phases, leading
to an asymmetric distribution of the HOMO/LUMO orbitals
in the triazine-based melamine and melam (Figure 2a—d). The
HOMO of melamine mainly localizes on the N, atoms and
two of the three N, atoms (Figure 2a), while the LUMO
mainly consists of the C atoms, N, atoms, and one of the N,
atoms (Figure 2b). Melam exhibits HOMO/LUMO distribu-

tions in the triazine rings similar to those of melamine, while
the N, atoms show much less contributions (Figure 2¢,d). In
addition, the Ny atom does not contribute to both the HOMO
and LUMO but definitely affects the LUMO distribution
localized on the neighboring C atoms. The calculated results
clearly reveal the localized frontier electronic orbitals of
melamine and melam; however, those of the heptazine-based
melem exhibit distinct features.*”*"*"** As shown in Figure
2e/f, the presented HOMO is exclusively localized on the N,
atoms, while the LUMO is rather delocalized across the C and
N, atoms, as well as localized on the central N3¢ and the three
N, atoms. Both of them are uniformly distributed, indicating
that this heptazine-based molecule is electronically more rigid
against the crystal packing. In general, the HOMO is associated
with the oxidation sites for the photoinduced holes, while the
LUMO is typically for the photoelectron reduction sites, and
its delocalized feature could promote the charge carrier
dissociation process.”’ Moreover, the LUMOs that occurred
on the N, atoms would indeed make the terminal amine
groups active for primary reduction reactions.

In this study, melam and melem were synthesized by an
improved multistep thermal condensation of melamine. The
condensation from melamine to melam, melem, and finally
polymeric g-CN is a typical molecular crystal-based top-
ochemical reaction,”® which could be both directed and
confined by the rearrangement of the hydrogen bonding
networks. Therefore, the synthesized melam and melem are
commonly of a structural complexity with some adduct
phases.”*** The thermogravimetric analysis (TGA) curves
of the three compounds are shown in Figure S2. Melamine
exhibits a severe weight loss from 280 to 375 °C,
corresponding to its thermal sublimation process, during
which it also condenses into the intermediate phases, and thus,
~17 wt % of the sample has been maintained at 400 °C for
further condensation. The TGA curves of melam and melem
clearly reveal their improved thermal stabilities. Under higher
temperatures, these three compounds will polymerize into g-
CN and completely lose their weights in the range between
745 and 765 °C, corresponding to the decomposition of
polymeric g-CN. The compositions of melamine and the
synthesized samples were determined by elemental analyses
(see Table S4 for the raw data). The corresponding atomic
ratios derived from the measured results are found to be in
good agreement with the theoretical ones (Table 1). Note that
the determined composition of melam gives larger deviations.
This is reasonable because melam can only be formed in a very
narrow temperature range (340—360 °C) and has a much
more complicated structure,”’ and a small amount of adduct

Table 1. Molecular Formula, Theoretical Atomic Ratio, and
Experimental Atomic Ratio Derived from the EA Data” for
Melamine, Melam, and Melem, Respectively

theoretical

] . ] 5 ;b
atomic ratio experimental atomic ratio

compound formula C/N C/H C/N C/H

melamine  C;NgHy 050 050 0.0 (0.001)  0.51 (0.009)
melam CNyH, 055 067 055 (0008) 072 (0.053)
melem CNyHs 060 100 060 (0.005)  1.09 (0.032)

“See the raw EA data in Table S4. “The average value (standard
deviation) for each listed item was obtained from three independent
EA measurements.
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could be difficult to be excluded completely, thus lowering the
uniformity of the sample to some extent.

Figure 3a shows the X-ray diffraction (XRD) patterns of the
samples, which are well consistent with those reported in the
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Figure 3. (a) XRD patterns and (b) FTIR spectra of melamine,
melam, and melem.

. 30,42,49,54
previous works. Compared to the precursory

melamine, the diffraction peaks of melam and melem are
obviously broader, indicating their low crystallinity induced by
the solid-state thermal condensation. We further compare the
recorded patterns with the theoretical diffraction data
generated from the proposed crystal structures (Figure 1 and
Table S1). The measured XRD patterns have been indexed in
Figure S3, which match the corresponding theoretical ones
quite well, indicating the successful syntheses of melam and
melem by the improved multistep thermal condensation route
used in this study.

The chemical structures of the samples were characterized
by Fourier transform infrared (FTIR) spectroscopy (Figure
3b). In general, the recorded spectra are comparable with each

other because of the structural similarity of these three
compounds. The characteristic peak at 814 cm™' in the
melamine spectrum can be assigned to the bending vibration
mode of the triazine ring,42’43 which is shifted to 808 cm™! for
melam and then to 804 cm™! for melem, clearly demonstrating
the structural evolution from triazine (monomer and dimer) to
heptazine units. The main absorption band appears in the
range of 1100—1650 cm ™!, corresponding to the characteristic
C—N and C=N stretching vibrations of the heterocyclic
skeletons. Thanks to its structural rigidity, the heptazine ring in
melem does not induce more featured absorption peaks
compared to melamine; however, the existence of the Ny atom
in melam makes its bonding environments more complicated,
and thus, the IR absorption in this region becomes obviously
fruitful. In addition, the broad absorption band ranging from
3000 to 3500 cm™" is related to the stretching vibrations of the
terminal NH, groups and the bridging NH group in melam
(see Scheme 1). As for melam and melem, the absorption
peaks become very obscure, indicating the disordered hydro-
gen bonding networks in these two synthesized samples, in line
with their low crystallinity, as shown in Figure 3a.

The chemical composition and bonding states of the
samples were further investigated by XPS measurements. As
shown in Figure 4a, only C, N, and O elements were detected
in the survey spectra, in which the trace amounts of O could
come from the adsorbed water and oxygen. The measured C 1s
and N 1s high-resolution spectra are shown in Figure 4b,c,
respectively, and those for melamine are well consistent with
the previous results.”>*® The C 1s spectrum of melamine can
be deconvoluted into two peaks at 284.6 eV for the
adventitious graphitic carbon (C,4) and 287.5 €V correspond-
ing to the three-coordinated carbon (Csy) in the triazine unit,
respectively. Interestingly, the fitted Cyy peak for melem (at
287.9 eV) shows a notable chemical shift of +0.4 eV,
corresponding to the promoted m-electron delocalization in
the heptazine system (Figure 2f). This is also supported by the
variation of the detected 7-excitation peaks, which is located at
294.1 eV for melamine and shifted to 293.7 eV for melam and
then to 293.5 eV for melem. The N 1s spectrum of melamine
can be fitted by three peaks at 398.1 eV for the C—N=C
bonding state (N,¢), 399.1 eV for the normal bonding state of
the terminal amine groups (N,), and 399.7 eV possibly arising
from the alternative resonance form of the amines (Ny,),”
respectively. As for melam and melem, an additional peak can
be fitted at 398.7 and 398.9 eV in each N 1s spectrum, which
could be attributed to the bridging 2C—NH group (Njg) and

a b ©
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Figure 4. (a) XPS survey spectra and deconvoluted (b) C 1s and (c) N Is high-resolution XPS spectra of melamine, melam, and melem,

respectively.
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Table 2. Compositions and Atomic C/N Ratios of the Samples Determined by XPS Measurements and Component Ratios
between the Deconvoluted Bonding States in the High-Resolution N 1s XPS Spectra

composition
compound C (at %) N (at %) O (at %)
melamine 37.02 61.15 1.83
melam 41.51 55.72 2.77
melem 41.84 55.97 2.19

0.48 (0.50)°
0.59 (0.55)
0.63 (0.60)

component ratio in N 1s spectra”

C/N” (Nj + Nyp)/Nyc Np/Ny¢ N;c/Nye
1.07 (1.00)
0.66 (0.67) 0.19 (0.17)
0.57 (0.50) 0.16 (0.17)

“See Table S5 for the fitting details of the high-resolution XPS spectra. YThe component of the adventitious graphitic carbon (C,4) in the
corresponding C 1s spectrum has been excluded to determine the atomic C/N ratio. “The item presented in each bracket is the corresponding

theoretical value derived from the molecular formula.

the three-coordinated nitrogen in the heptazine unit (Nsc),
respectively. Because the HOMO electrons in these three
compounds are specifically localized at the N, atoms (Figure
2), the corresponding N, peak in the melem spectrum (at
398.3 €V) only shows a small chemical shift of +0.2 eV with
respect to those of melamine and melam. By contrast, as shown
in Figure 4c, the observed chemical shifts for the N, (N,,)
bonding state are more pronounced, which is well correlated to
those for the Cjy peaks, indicating that the -electron
delocalization surrounding the Csy atoms has a notable effect
on the chemical bonding states of the terminal amine groups.
Meanwhile, the s-excitation satellite peak is found to be
centered at 405.0 eV for melamine and shifted to 404.2 eV for
melem; this negative chemical shift is also in line with that
observed in the C 1s spectra (Figure 4b). To sum up, the
observed XPS chemical shifts for various bonding states are
excellently consistent with the DFT calculation results
presented above. Finally, the determined compositions and
atomic C/N ratios, as well as the integrated component ratios
between the different bonding states in the deconvoluted N 1s
spectra, have been summarized in Table 2, and the detailed
fitting results have also been listed in Table SS.

The morphologies and microstructures of the samples were
characterized by scanning electron microscopy (SEM). As
shown in Figure Sa—c, the particle sizes of the samples show a
wide distribution from several to 10 ym. Most of the melamine
particles are regularly shaped with a smooth surface,
corresponding to its good crystallinity. After thermal
condensation, however, the arbitrary aggregation makes the

—s=— Melam
—s— Melem
21} —>—Melamine

o N

e et
00 02 04 06 08 1.0
Relative pressure (PIPD)

Figure 5. SEM images of (a) melamine, (b) melam, and (c) melem
powders, respectively. (d) Nitrogen adsorption—desorption isotherms
of the samples.

powders of melam and melem disorderly stacked, resulting in
their rough surfaces. The melam sample even exhibits a porous
feature because of its complex molecular structure (see Scheme
1). Accordingly, the measured N, adsorption—desorption
isotherms of the samples (Figure Sd) are well related to
their microstructures. The calculated Brunauer—Emmett—
Teller surface area (Sgpr) of melamine is 0.86 m* g~ with a
nearly zero pore volume, while the Sggr and pore volume of
melam are found to be 7.98 m* ¢! and 0.05 cm® g™', higher
than those of melem (5.63 m® g™' and 0.02 cm® g™*).

Figure 6a shows the UV—vis diftuse reflection spectra of the
samples. The recorded negative absorption in the UV range
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—— Melamine
Melam
Melem
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Figure 6. (a) UV—vis diffuse reflectance spectra, (b) PL spectra with
an excitation of 280 nm, and (c) schematic illustration of the band
structure alignments of melamine, melam, and melem, respectively.

comes from the stronger adsorption of the BaSiO, reference.
Compared with that of melamine, the absorption edges of
melam and melem show remarkable red shifts. The band gaps
derived from the Kubelka—Munk plots (Figure S4a) are 4.76
eV for melamine, 3.01 eV for melam, and 2.86 eV for melem,
respectively. The trend of band-gap narrowing is in agreement
with the theoretical results (Table S3), but the experimentally
determined values are notably smaller, probably because of
their structural disorders and the large binding energies of the
photoinduced excitons.”” The VB edges of the samples were
estimated from the high-resolution XPS VB spectra (Figure
S4b), which shows a small shift from 2.15 eV for melamine to
2.05 eV for melem. This is reasonable because the VB edges of
these compounds predominately originate from the N, atoms,
where the HOMOs show a localized feature (see Figure 2);
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this can also be revealed by the slight chemical shift of the N,
bonding state in the N 1s XPS spectra (Figure 4c). The
photoluminescence (PL) spectra of the samples are shown in
Figure 6b. The characteristic 7—7* transition PL emission is
centered at 357 nm for melamine, exhibiting a red shift to 414
nm for melam and 437 nm for melem, consistent with the
narrowing tendency of their band gaps. Meanwhile, the PL
emissions of melam and melem are notably suppressed in
comparison to that of melamine, revealing the promoted
separation rate of the photoinduced charge carriers. The
determined band structure alignments of the samples are
schematically shown in Figure 6¢, and their band gaps cover
the required redox overpotentials for both O,/°0,” (—0.046 V
vs NHE) and OH/*OH (+1.99 V vs NHE),”® which suggest
that under proper light irradiation, the induced charge carriers
could simultaneously generate *O,~ and *OH radicals to drive
potential photocatalytic reactions.

Figure 7a shows the measured electrochemical impedance
spectroscopy (EIS) spectra of the samples. As expected, the
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Figure 7. (a) Nyquist plots of EIS of melamine, melam, and melem.
(b) Transient photocurrent responses measured at a bias potential of
+0.5 V vs Ag/AgCl reference under the illumination of a chopped
UV-—visible light (4 > 300 nm).

recorded arc radius for the Nyquist plot of melem is notably
smaller than those of melamine and melam, indicating that this
heptazine-based system has intrinsically lower resistance for
charge-carrier transport than those based on the triazine unit.
The heptazine core can not only modulate the light absorption
toward longer wavelengths but also suppress the radiative
charge recombination (Figure 6); therefore, the photocurrent
response of melem is remarkably enhanced (Figure 7b),
indicating the promoted dissociation and transport process of
the photoinduced charge carriers. According to the measured
photoelectrochemical results, both melam and melem are
expected to show notable photocatalytic activities.

Note that the hydrogen evolution process commonly
involves sacrificial agents and cocatalysts (such as Pt), makin§
the reactions much more complicated to be understood.”*”

Therefore, in this study, the photocatalytic performance was
extensively evaluated by the direct degradation of different
model molecules including rhodamine B (RhB), methyl orange
(MO), and 4-chlorophenol (4-CP). We first measured the
degradation process of RhB under visible light illumination (4
> 420 nm). As shown in Figure SS, compared to the well-
polymerized g-CN, even melem shows a very low efficiency;
after being irradiated for 2 h, only ~11% of RhB has been
degraded. When the UV—visible light was employed (4 > 300
nm), RhB can be completely degraded within 80 min catalyzed
by melem (Figure 8a), whereas for melam, there is still around
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Figure 8. Photodegradation process and the corresponding first-order
degradation constant (K) of (ab) RhB, (c,d) MO, and (ef) 4-CP
under UV—visible light irradiation (1 > 300 nm). The presented
average values and standard deviations were determined from three
data points for each condition. The raw data have been shown in
Figure S6.

60% RhB left in the aqueous solution. It should be noted that
melamine exhibits an extremely slow degradation because its
absorption edge is inherently shorter than 300 nm (Figure 6a);
herein, we suggest that the observed concentration decrease of
RhB came from the self-sensitization-induced degradation.60
This is also supported by its nearly negligible degradation
efficiency for the more robust MO (Figure 8c). The first-order
degradation constant (K) of RhB is estimated to be 0.0329
min~" for melem (Figure 8b), which is 5.40 times higher than
that of melam (0.0061 min™"). Compared to RhB, both MO
and 4-CP are much harder to be degraded (Figure 8c,e),
whereas the degradation processes further confirm the
remarkably improved activity of melem. The derived K
constants of MO are 0.0033 min~' for melam and 0.0175
min~" for melem (Figure 8d) and those of 4-CP are 0.0407
and 0.1725 h™" (Figure 8f), respectively. No convinced results
have been obtained for 4-CP degradation by melamine because
their spectral absorption ranges are severely overlapped, and
the better dispersibility of melamine makes it very difficult to
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be completely removed from the suspension. The raw
degradation data and typical time-dependent evolution of the
UV—vis absorption spectra have been shown in Figures S6 and
S7, respectively.

To test the catalytic stability of melam and melem, recycling
degradation of RhB has been carried out for five continual
runs, and no obvious performance deactivation was observed
during the whole process (Figure S8). Subsequently, the used
catalyst powders were carefully collected and recharacterized,
and the results did not show notable differences on the
structural and chemical bonding characteristics (Figure S9),
which confirm their good reproducibility and stability,
indicating that both melam and melem can be used as
effective solar-responsive photocatalysts.

It is known that the photocatalytic oxidation of dyes
undergoes irreversible transformation through a variety of
different mechanisms, during which the photoinduced h*, as
well as the subsequently produced *O,™ and *OH radicals, may
play the predominant roles.”*®" In order to determine the
major reactive species responsible for the photocatalytic
activities of melam and melem, trapping experiments for the
degradation of RhB were further carried out by adding
different scavengers: ammonium oxalate (AO) was used as the
scavenger for h*, p-benzoquinone (BQ) for °O,”, and
isopropyl alcohol (IPA) for *OH radicals, respectively. As
shown in Figure 9, the degradation rates of both melam and
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Figure 9. Control experiments for the degradation of RhB under
UV-—visible light irradiation (4 > 300 nm) without (blank) or with
different scavengers catalyzed by (a) melam and (b) melem,
respectively.

melem have been dramatically suppressed by adding 1 mM
BQ, revealing the predominant degradation effect of the
generated °O,” radicals. Interestingly, both h* and °OH
radicals are found to be the supplementary active species for
the degradation process catalyzed by melem; however, for
melam, the contribution of *OH is pronounced, while that of
h* is negligible. As shown in Figure 6¢, the VB edge of melem
is located at +2.05 eV, which slightly surpasses the standard

redox potential of OH /*OH (+1.99 V vs NHE); therefore,
the photoinduced h* can partially oxidize OH™ to produce
*OH radicals, which makes both of them effective for the
degradation process. Nevertheless, the more positive VB edge
of melam (+2.09 eV) will strengthen the oxidation activity of
the photoinduced h* and thus facilitate the rapid generation of
*OH radicals, which in turn suppresses the oxidation reaction
directly driven by h*. The photocatalytic mechanisms of melam
and melem at the VB side are quite different from that of the
polymeric g-CN,S"”61 which possesses a VB edge around +1.8
eV that is energetically unsatisfied for the production of *OH.
As a result, the major reactive species were usually found to be
*0,” and h* for the degradation reactions catalyzed by g-CN,
whereas for melam and melem, the produced *OH radicals
play an important role in their photocatalytic activities.

A detailed comparison on the variations of HOMOs/
LUMOs of these three compounds can provide a better
understanding of the related catalytic mechanism. As shown in
Figure 2, the more the C atoms involved in the HOMOs of the
heterocyclic cores, the more the HOMOs localized at the
bonded N, atoms of the terminal amines; correspondingly, the
more the LUMOs preferentially centered at the C atoms, the
more the linked N, atoms converting to a LUMO state. The
frontier electronic orbitals in the triazine unit of melamine are
of a highly nonuniform distribution; thereby, the terminal
amines contribute to both HOMOs and LUMOs. The
localized and partially overlapped orbitals in the whole
molecule could increase the binding energy of the photo-
induced excitons and thus facilitate their recombination. As far
as melam is concerned, the frontier orbitals in the two triazine
units are quite similar to that of melamine. Nevertheless,
although the Ny atom is found to be nearly bare for both
HOMO and LUMO, it indeed affects the specific LUMO
distribution at the two neighboring C atoms to show a
localized feature, which in turn triggers the domino-like
arrangement of the LUMOs in the two triazine rings (see
Figure 2d). As a result, all other C atoms exhibit relatively
delocalized LUMOs across one of their adjacent N, atoms, to
which the bonded N, atoms only have very small contributions
to both the HOMOs and LUMOs. This unique arrangement of
the frontier orbitals in melam, especially the localized LUMOs
of the C bonded to Ny, could play important roles in its
photocatalytic activity. On the contrary, the extended
heptazine skeleton in melem results in uniformly distributed
and well complementary HOMOs and LUMOs (Figure 2e,f),
which would promote the dissociation of the photoinduced
charge carriers and thus suppress their recombination (Figure
6b). Note that the centered Ny- atom shows a notable
contribution to the LUMO state because of its pronounced sp*
hybridization feature,”"*> which could facilitate the charge-
trapping process. Meanwhile, the terminal amine groups are
defined to contribute LUMOs solely, which are favorable to
produce electrons and thus serve as primary reduction sites for
the possible photocatalytic reactions.”’ These two combinato-
rial effects intrinsically boost the activity of monomeric melem
(Figure 8), which could also be the most fundamental
mechanism responsible for the attractive photocatalytic
performance of the quasi-monomeric g-CN from the point of
view of the basic electronic structures. In addition, the bridging
Nj sites in the polymeric chains could show similar features to
that in melam and will induce more localized LUMOs at the
neighboring C atoms for charge trapping, which could be
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another aspect to improve the photocatalytic activity of g-CN
as being revealed very recently.”*

3. CONCLUSIONS

In summary, we have presented a clear understanding on the
catalytic mechanism of the polymeric but quasi-monomeric g-
CN through a corroborative comparison between the intrinsic
electronic properties and the photocatalytic performance of
monomeric melem and its triazine-based counterparts. The
frontier electronic orbitals of the triazines in melamine and
melam are asymmetrically localized and partially overlapped,
while the heptazine unit in melem presents an extended z-
conjugated system with HOMOs and LUMOs uniformly
distributed and well complementary to each other, orchestrat-
ing the electronic features in both the heterocyclic core and the
terminal amines beneficial for the photoinduced redox
processes. Both melam and melem exhibit solar-responsive
photocatalytic activities with good stability, while the photo-
catalytic activity of melem has been confirmed to be
substantially enhanced. The appealing electronic features in
the monomeric melem will be inherited by polymeric g-CN,
giving rise to its good photocatalytic activity that could be
further improved by the bridging 2C-NH groups, as revealed
by the unique electronic variations between melamine and
dimeric melam. Our findings shed light on the mechanistic
origin of g-CN as a promising photocatalyst and highlight the
specific advantage of the heptazine skeleton from the point of
view of its intrinsic electronic structure.

4. EXPERIMENTAL SECTION

4.1. Materials and Synthesis. Melamine (2,4,6-triamino-
s-triazine, C;N4Hg, 99%) was purchased from Sigma-Aldrich
and used directly. Melam (the dimer of melamine, C(N,;;H,)
and melem (2,5,8-triamino-tri-s-triazine, Cg¢N;oHs) were
synthesized by heating 10 g of melamine in a tube furnace
under a flowing nitrogen atmosphere at 350 and 400 °C,
respectively.”” In order to ensure the condensation process as
complete as possible, melamine was first heated at the target
temperatures for 1 h, the yielded aggregations were milled into
powders, and then two identical heating runs were further
carried out. Finally, the obtained condensates were heated for a
prolonged holding time of 6 h. The heating rate was 10 °C
min~" throughout all the thermal condensation. After naturally
cooling down, the synthesized melam and melem samples were
carefully milled into powders for further use.

4.2. Characterization. Elemental analyses (EAs) of the
samples were performed on a Vario MACRO cube EL C/H/N
analyzer. TGA was carried out in the N, atmosphere with a
ramp rate of 10 °C min~! on a Netzsch STA 449 C TGA/DSC
thermal analyzer. XRD patterns were recorded on a Rigaku D/
max-2500/PC X-ray diffractometer (Cu Kal irradiation, 1 =
1.5406 A). FTIR spectra were recorded on a Bruker Equinox
5SS FTIR spectrometer using the standard KBr tablet
technique. The morphologies of the samples were investigated
using a Hitachi S-4800 scanning electron microscope. The
BET surface area was calculated from the nitrogen
adsorption—desorption isotherms measured at 77 K by a
Quantachrome Autosorb-IQ-2-XR analyzer. UV—vis diffuse
reflectance spectroscopy (DRS) spectra of the samples were
recorded on a Shimadzu UV-2550 spectrophotometer using
BaSO, as the reference. X-ray photoelectron spectroscopy
(XPS) measurements were carried out using a Thermo

Scientific ESCALAB 250Xi spectrometer, and the binding
energies were calibrated by the C 1s peak of surface
adventitious carbon at 284.6 eV. PL spectra were recorded
on a Hitachi F-7000 fluorescence spectrophotometer with an
excitation of 280 nm.

4.3. Photoelectrochemical Measurements. The sample
powders (200 mg) were dispersed in 1 mL of ethanol with 20
mg of ethyl cellulose ethoce and 20 mg of terpineol by
sonication for 3 h. The obtained slurry was uniformly spread
onto a cleaned indium tin oxide (ITO) glass substrate with an
effective area of 1 X 1 cm® A conventional three-electrode
electrochemical cell was used, with a platinum plate as the
counter electrode and a standard Ag/AgCl electrode as the
reference. The electrolyte was a 0.5 M Na,SO, aqueous
solution. EIS spectra were measured on a Solartron 1280C
workstation over a frequency range from 10° to 0.1 Hz with an
amplitude of 5 mV. The photocurrent responses were
measured on a CHI 660E workstation at a bias potential of
0.5V, and the light source is a 300 W Xe lamp (CEL-HXF300,
Ceaulight, China) equipped with a full spectral aluminum
reflector (4 > 300 nm).

4.4. Photocatalytic Activity Evaluation. The photo-
catalytic activities of the samples were extensively evaluated by
the photodegradation of RhB, MO, and 4-CP. The catalyst
powder (25 mg) was dispersed in 50 mL of aqueous solutions
of RhB (2 X 1075 M), MO (2 X 107> M), and 4-CP (1.2 X
10™* M), respectively. The suspension was stirred in the dark
for 60 min before light irradiation. The light source was the
same system used for the photocurrent measurements, with or
without a long-pass cutoff filter (4 > 420 nm) for visible or
UV-—visible light irradiation, respectively. The reactor was
continuously cooled by a circulating water system to eliminate
the temperature effect. The suspension was withdrawn
regularly at a specific time interval to measure the UV—vis
absorption spectra by using a Shimadzu UV-2600 spectropho-
tometer. The degradation efficiencies of different model
pollution were evaluated by monitoring the intensity evolution
of the corresponding maximum absorption peaks. Reactive
oxidative species during the photodegradation were further
determined by controlled trapping experiments. Different
scavengers were separately added into each of the RhB
aqueous solutions: AO was used as the scavenger for the
photogenerated holes (h*), BQ for the superoxide radicals
(*0,7), and IPA for the hydroxyl radicals (*OH), respectively.
The concentration was 1 mM for all the employed scavengers.

4.5. Computational Details. Periodic DFT calculations
were performed using the Cambridge Sequential Total Energy
Package (CASTEP) code.”® The exchange—correlation (XC)
potential was considered by the generalized gradient
approximation functional of PBE,** and the interactions of
the valence electrons were described by the ultrasoft
pseudopotential.”® The intermolecular weak interactions were
considered by the long-range dispersion correction proposed
by TS.** After a series of convergence tests, the plane-wave
cutoff energy was set to 520 eV, and the first Brillouin zone was
sampled using the Monkhorst—Pack grid with a k-spacing of
27 X 0.04 A" for all the structures. The atomic positions and
lattice parameters were fully relaxed by using the BFGS
algorithm,66 during which the convergence threshold was set
to S X 107° eV/atom for energy, 0.02 eV/A for maximum
residual force, and § X 107* A for maximum displacement. The
optimized structures were then employed to calculate the
electronic properties based on the PBE-TS functional. The
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band gaps of melamine and melem were further calculated by
the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional®
for comparison, except that of melam due to its large unit
cell.”!
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