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gn for easy gram scale synthesis of
melem nano rectangular prisms with improved
surface area†
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Kirill V. Grzhegorzhevskii b and Alexander A. Ostroushko b

An unprecedented top-down design for the preparation of melem by 1 h stirring of melamine-based g-

C3N4 in 80 �C concentrated sulfuric acid (95–98%) was discovered. The melem product was formed

selectively as a monomer on the gram scale without the need for controlled conditions, inert

atmosphere, and a special purification technique. The as-prepared air-stable melem showed a distinctive

nano rectangular prism morphology that possesses a larger surface area than the melems achieved by

traditional bottom-up designs making it a promising candidate for catalysis and adsorption processes.
Triamino-s-heptazine or 2,5,8-triamino-tri-s-triazine known as
“melem”, is a mysterious molecule and invaluable intermediate
in the density of melamine rings to graphitic carbon nitride (g-
C3N4) with a rigid heptazine structure with three pendant
amino substituents.1 Melem does not bear two of the strongest
emission quenchers, namely C–H and O–H groups;2 In this way
it has unique optical properties3 and is known as an efficient
metal-free luminescent material.4 High stability, the possibility
for supramolecular self-assembly, tunable band gap, and an
already rich physicochemical chemistry are some of the known
properties for melem.1b For this reason, melem has the poten-
tial to be used in photocatalysts, MOFs, COFs, electrochemistry
sensors, ame retardants, TADF and related OLEDs, and liquid
crystals.1 The use of melem in solar hydrogen evolution5 and
bioimaging6 is also known.

Very few reports of its catalytic application are available,
nevertheless, in recent years it has attracted much attention
because of exploring its unique properties. Metal-free g-C3N4/
melem hybrid photocatalysts have been used for visible-light-
driven hydrogen evolution.7 Lei et al. used melem single
crystal nanorods as a photocatalyst with modulated charge
potentials and dynamics.8 Recently, Liu et al. improved the
photocatalytic properties of carbon nitride for water splitting by
attaching melem to Schiff base bonds.9 In another report,
a promotion in photocatalytic activity was obtained by
construction of melem/g-C3N4 vermiculite hybrid photocatalyst
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for photo-degradation of tetracycline.10 Lei et al. reported that
H2 evolution activity of melem derived g-C3N4 was 18 times
higher than g-C3N4.11 Melem was also utilized as a precursor for
the preparation of rod-like g-C3N4/V2O5 heterostructure with
enhanced sonophotocatalytic degradation for tetracycline anti-
biotics.12 CO2 cycloaddition into cyclic carbonates,13 non-
sacricial photocatalytic H2O2 production,3 water treatment,14

simultaneous reductions of Cr(VI) and degradation of 5-sulfo-
salicylic acid,15 are some of the catalytic applications of melem
at various elds of sciences.

The main protocol of preparing melem is the annealing of
cyanamide, dicyanamide, or melamine, which requires precise
temperature control under an inert atmosphere such as N2 or
argon. Just recently, the synthesis approaches for molecular s-
heptazines as well as their applications and properties have
been reviewed by Audebert et al.1b Most of the reported methods
do not lead to the preparation of pure monomer melem and are
oen mixed with its oligomers and polymerized derivatives,16

meanwhile the possibility of forming triazine oligomers or
oligomers between melem and triazine cannot be precluded.5,16c

Complete polymerization of melamine at 500–550 �C leads to g-
C3N4 and at 400–450 �C leads tomelem-like derivatives,17mostly
a mixture of different products requiring careful attention
during isolation and purication.5 Recently, Kessler and his
colleague investigated the thermolysis of melamine, the
formation of melem, and the formation of poly(triazine imide)
from melem precursor via ionothermal as well as thermal
condensation (conventional synthesis) as the back reaction of
the melem condensation.18

The growing demands for employing melem in new applica-
tions besides the serious problems in preparing pure samples
necessitate the development of a simple and operational scale-up
method that does not have any acute and controlled conditions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is well-known that the polycondensation mode of g-C3N4

and consequently the chemical and thermal stability as well as
texture properties strongly depend on the nitrogen rich
precursors (cyanamide, dicyandiamide, urea, and melamine) as
well as annealing temperature.19

The interaction between the molecular precursors and/or
intermediate compounds are critical factors.17 Due to some
drawbacks associated with the g-C3N4 such as low electronic
conductivity, a high rate of photogenerated electron–hole pairs,
a low surface area, poor visible-light absorption, low quantum
yield, and low solubility in almost all of the traditional
solvents,20 it has been subjected to various acid treatments, to
promote its properties and photochemical activity.21 Various
nanosheets with different properties and morphologies have
been obtained depending on the precursor used, acid nature
and concentration, as well as reaction temperature and time.22

However, the oxidation products such as cyameluric or cyanuric
acids (Scheme 1) under high reaction temperatures and times
have been reported.21c

Inspired by the previous reports to prepare the acidied g-
C3N4, we started with melamine to synthesize the g-C3N4 by
calcining at 550 �C under air,23 followed by the treatment with
H2SO4. Nevertheless, we discovered that stirring the melamine-
based g-C3N4 at concentrated H2SO4 (95–98%) at 80 �C for
a limited time (1 h), afforded selectively monomer melem in
high yield (Scheme 1). Following the intercalation, chemical
exfoliation, and protonation of nitrogen atoms of the g-C3N4

sheets at concentrated H2SO4,22,24 the bridging C–NH–C groups
between s-heptazine units breaks which releases the triamino-s-
heptazine (melem) molecules as monomer (Scheme S1†). Under
these conditions the formation of oligomers was precluded
because of the effective breaking of the bridging amino groups,
however, the limited reaction time and moderate temperature
prevented the tri-s-triazine ring-opening as well as the forma-
tion of the oxidation products such as cyameluric (or cyanuric)
Scheme 1 The selective production of the monomer melem from
melamine-based g-C3N4 presented in this work. Other molecules are
possible decomposition and/or oxidation products of g-C3N4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
acids.21c Thus, we developed a facile and easy gram-scale
synthesis of melem from acidic depolymerization of
melamine-based g-C3N4 with no need for controlled conditions,
and inert atmosphere. The air-stable white powder was insol-
uble in most common solvents (H2O, C2H5OH, CH3OH, DMF,
CH3CN, acetone, etc.) and only dissolved in DMSO with a very
limited solubility exactly like that reported for the isolated pure
monomer melem.5,25 A new and distinctive rectangular prism
morphology with an improved surface area was detected for the
as-prepared melem,5,8,26 which makes our study even more
unique and novel.5,8,27 It is well known that both morphology
and specic surface area play important roles in affecting the
photocatalytic activity of semiconductors.22,28 Thus, our study
not only provides a novel practical method for the preparation
of nanostructured monomer melem, but also paves a new
pathway for increasing its surface area. The chemical structure
and purity of the as-prepared melem were veried by the
combination of different techniques including FT-IR, 1H and
13C NMR, mass spectra, elemental analysis, XRD, XPS, DRS, and
photoluminescence spectroscopy.

FT-IR spectrum of g-C3N4 and the as-prepared melem are
depicted in Fig. 1. While the peaks at 803 and 796 cm�1

exhibited the vibrations of tri-s-triazine moieties in g-C3N4 and
melem respectively, two intense bands at 1622 and 1471 cm�1,
consistent with those of monomer melem. The lack of obvious
C–NH–C vibrations at around 1230 cm�1 featured the absence
or negligible amount of dimelem or further melem-oligomers in
the product.29a,5,8 In the region of NH-stretching frequencies,
a spectrum characteristic of amides is observed: three diffuse
absorption bands (3415, 3360, and 3106 cm�1) indicate the
presence of strong intermolecular hydrogen bonds and strong
interaction between the amino-groups and the ring.29a Inspec-
tion of the characteristic bands of melem presented in Fig. 1, no
evidence for the formation of cyameluric acid or other oxidation
products (Scheme 1) was detected.29

In the 13C NMR spectrum (Fig. S1†), two signals at 165.8 and
156 ppm are assigned to carbon atoms adjacent to the amino
groups and CN3 groups in heptazine rings, respectively.1a,5 The
1H NMR (Fig. S1†) showed a sharp signal at 7.4 ppm assigned to
six protons of the terminal amino groups of melem along with
two weak broad signals at �8 ppm which can be attributed to
the partial protonation of some nitrogens. The lack of the signal
Fig. 1 FT-IR of the as-synthesized g-C3N4 and Melem.
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at 149.37 ppm in 13C NMR29b and a high-eld signal at 1H NMR
(10.9 ppm or higher)30 strongly conrmed that our method
precludes the formation of cyameluric acid accompanied by the
desired melem.

The mass spectrometry depicted in Fig. S2† shows that the
bulk material contains almost entirely monomer melem evi-
denced by the main peak atm/z 218 pertinent to a single unit of
melem and a very little peak at m/z 419 corresponding to
dimelem and nothing of higher mass.31 Also, no trace of the
oxidation products was observed in mass spectra (m/z 129 and
221 for cyanuric and cyameluric acids, respectively).

The C/N atomic ratio is one of the most signicant clues to
prove the successful formation of melem. The ratio of 0.605
found for the produced melem is very close to the theoretical
value in the monomer melem (C/N ¼ 0.6).5,8

A substantial evidence for the exclusive formation of
monomer melem was achieved by the XRD pattern. Fig. 2 shows
XRD patterns of melem and its polymeric graphitic carbon
nitride used in this work. A great match with literature was
observed.5 Two characteristic peaks of g-C3N4 at 2q ¼ 13.28�

(100) and 27.47� (002) related to the in-plane structural packing
motif, and interlayer-stacking of aromatic systems respectively,
signicantly changed aer treatment with 80 �C concentrated
sulfuric acid for 1 h and showed strong evidence for the
formation of the monomer melem.5,8 The former peak (100)
became pronounced and shied to a lower angle of 12.52�,
while the latter one (002) was shortened in the melem and
shied to the higher angle of 2q ¼ 27.6� caused by decreased
stacking distance between the melem inter-layers. More
important is the emergence of a new intense peak at 6.16�,
which is the unique characteristic of monomer melem,5 while,
other weak peaks located at about 19, 23, 25, 29 and, 31 are
almost looked at in the XRD patterns of both monomer and
oligomers.5,8 No trace of cyameluric acid as the possible oxida-
tion product was detected in the XRD pattern of the resulting
product.21c,30

Next, XPS was used to identify the chemical environments of
the product as shown in Fig. 3 and S3.† Only C, N, and trace
Fig. 2 XRD patterns of g-C3N4 and the as-synthesized melem.

38864 | RSC Adv., 2021, 11, 38862–38867
amounts of O and S caused by the negligible remaining sulfuric
acid and water can be detected (Fig. S3†). The C1s signals (Fig. 3
le) can be tted into ve components with binding energies of
284.5 eV, 285.18 eV, 287.78 eV, 288.58 eV, and 293.58 eV. The C
signal at 284.5 eV is exclusively assigned to carbon atoms (C–C
bonding) in a pure carbon environment, such as graphitic or
amorphous carbons.26,32 The signals at 285.16 and 287.78–
288.3 eV attributed to graphitic carbon sp2 C–C, and the sp2

trigonal C–N bonding (s-triazine ring), respectively, character-
istic of melem structure.8,33 The advent of a high-energy satellite
at 293.7 eV corresponds to the P-electron delocalization in the
heptazine system of melem.27 The N 1s signals (Fig. 3 right) were
deconvolved into ve peaks. The signals with binding energies
of 398.4, 400, and 401–404 eV are associated with the sp2-
hybridized nitrogen (C]N–C), tertiary nitrogen (N–(C)3), and
protonated amino groups (C–N–H) in melem, respectively.33a,34

The emergence of (N–(C)3) undoubtedly indicated the preser-
vation of tri-s-triazine units (C6N7, basic part of melem mole-
cule) during treatment with 80 �C concentrated acid. Thus, no
signicant changes in the carbon nitride heterocycles such as
the oxidation transformation of terminal C–NH–C to C–OH–C
and/or tri-s-triazine ring-opening reactions occurred.21c,36 The
advent of a satellite at high binding energy of 406 eV corre-
sponds to the partial protonation of some nitrogens (N–H+).35

The morphology of the as-synthesized product was deter-
mined by FESEM (Fig. 4A). The FESEM images clearly show
microsized rectangular prisms with thickness ranging from�50
to 350 nm, which was completely different with carbon nitride
with the main nanosheets morphology.37 To the best of our
knowledge, this is the rst report for such a morphology for
melem,8 that aroused our curiosity to assess its surface prop-
erties. The porosity of the samples was determined by N2

physisorption experiments. The N2 adsorption/desorption
isotherms and pore size distributions of the as-prepared
melem are given in Fig. 4B. The sample exhibited typical type
IV isotherms with H3 hysteresis loop according to the IUPAC
classication,27 suggesting mesoporous structures with slit-
shaped pores resulting from the aggregation of plate-like
particles.38 The BET specic surface area of the as-synthesized
melem was found to be 19.54 m2 g�1 which is about 3–4 folds
larger than those reported for bulk melems as 5.63m2 g�1,27 and
7.02 m2 g�1,12 as well as melem nanorods as 4.87 m2 g�1,8 ob-
tained from the condensation of melamine. These results
Fig. 3 XPS spectra of the as-prepared melem, left: C 1s and right: N 1s.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) FESEM image and (B) BET N2 adsorption/desorption
isotherms of the as-synthesized melem.

Fig. 5 Photoluminescence spectra of g-C N and the as-synthesized
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clearly show the superiority of our easy-to-make melem over the
other samples obtained by the traditional bottom-up design
under quite controlled conditions.5,8,27 The mesoporous nature
of the as-synthesized melem was further supported by the pore-
size distribution analysis depicted as an inset of isotherm (in
Fig. 4B) indicating an average diameter of pore size at 2.1 nm.

The TG analysis of the as-synthesized melem exhibited three
mass loss steps (Fig. S4†). At the rst step, the sample lost about
10% of its weight at less than 200 �C caused by removing water
and ethanol molecules absorbed during the elution process.
The second one was begun at around 240 �C and continued to
500 �C with the evolution of ammonia and small amounts of
HCN, attributed to the condensation polymerization of the
monomer.

The third thermal decomposition was accelerated above
500 �C (with releasing HCN and C2N2),6 rendering strong
evidence for the absence of triazine derivatives (or lower) in the
as-prepared product and once again ruled out the tri-s-triazine
ring-opening reactions during the synthesis of melem in this
work.21c,39 The high thermal stability of the produced melem,6 is
comparable with the parent g-C3N4, making it more appropriate
for comparative studies and applied goals that add further
benets to our sample.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Lastly, the optical properties of the sample were evaluated
using UV-Vis diffuse reectance spectroscopy (DRS). As shown
in Fig. S5,† the absorption maximum wavelength of the result-
ing melem locates at 310 nm coincides with that reported in the
literature.5,40 The band edge of melem shied to the lower
wavelength (380 nm) compared to the polymer g-C3N4 (460 nm),
caused by decreasing in P-electron delocalization in the hep-
tazine system of melem which stretches the band gap from
2.7 eV (polymer) to 3.45 eV (monomer melem) in excellent
agreement with reported theoretical value for monomer melem
(3.497 eV).5,27 Further support for this claim was obtained by
uorescence spectra. Fig. 5 shows the comparative uorescence
spectra of the as-synthesized melem, under 355 nm light exci-
tation. As shown in Fig. 5, it is found that the uorescence
emission of polymer g-C3N4 peaked at 476 nm,40a shied to
412 nm in the melem coincide with Ricci report (415 nm).41 In
addition, the photoluminescence intensity of the resulting
melem increased signicantly compared to polymer g-C3N4 in
broad agreement with literature indicating that the condensa-
tion of melem to g-C3N4 causes the weaker
photoluminescence.40a

Finally, our formulation is very simple and robust with
respect to processing conditions to overcome the potential
scale-up problems to make it operational and amenable to
scalability readily. As an example, a 5 fold semi-scaled-up
procedure using 1.0 g g-C3N4 led to the isolation of the related
pure monomer melem in 95% yield within 1 h.

In summary, we developed a novel operational protocol for
easy gram scale preparation of air-stable monomer melem
through a top-down synthesis design with no need for any
control conditions and further purication. Our analyses ruled
out the presence of the starting polymer as well as the formation
of oligomers and oxidation products in the nal product high-
lighting the selectivity of the method toward the monomer of
melem. The distinctive nano rectangular prism morphology
with desired surface area and thermal stability, as well as the
appropriate photoluminescence property qualies our synthe-
sized melem for applied goals and makes it a promising
3 4

melem under 355 nm light excitation.

RSC Adv., 2021, 11, 38862–38867 | 38865
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alternative for catalysis and adsorption processes which is
under investigation in our lab.
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