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e Novel carbon nitride catalysts prepared
with cost-effective, low-temperature
methods.

e The materials show enhanced proper-
ties, higher surface areas and abundant
basic sites.

e Their catalytic activity is superior to
conventional carbon nitride. ;”1

o Threefold increase in CO; cycloaddition
efficiency and stable catalytic activity.
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Keywords: The interest in using carbon nitrides (CN) for CO; conversion has stimulated extensive research on CN synthesis.
Low temperature synthesis Herein, we report the synthesis of two novel CN materials using low-cost commercially available precursors at
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low temperatures in a short duration of time. Two CN materials, one derived from 5-amino tetrazole (named
4NZ-CN) and the other derived from 3, 5-diamino-1, 2, 4-triazole (named 3NZ-CN) precursors, are prepared by
refluxing these precursors for 2 h at 100 °C. 4NZ-CN and 3NZ-CN catalysts show higher surface areas (55.80 and
52.00 m? g'!) and more basic sites (10.05 and 5.65 mmol g~ 1) than the conventional graphitic carbon nitride (g-
C3Ny) derived from melamine, for which the corresponding values are 9.20 m? g'1 and 0.62 mmol g’l,
respectively. In addition, both CN exhibit a 3-fold higher catalytic activity for CO, cycloaddition to epoxides than
g-C3Ny4. The structure—activity relationship was ascertained using a combination of experimental and compu-
tational studies, and a catalytic mechanism was proposed. This work provides a facile strategy for the synthesis of
novel CN materials at relatively low temperatures, and the developed catalysts show remarkable performance in
the conversion of CO to value-added chemicals.
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1. Introduction

Due to the escalating environmental deterioration caused by
anthropogenic COy emissions, the global community is committed to
reducing carbon footprints and combatting climate change [1,2].
Consequently, scientists are striving to develop environmentally benign
technologies that can meet the world’s energy demand while mini-
mizing carbon footprint [3]. The conversion of CO5 into valuable
chemicals represents a viable pathway towards CO, mitigation and must
be explored to its full potential to achieve a carbon-neutral energy cycle
[4-6]. Among the various strategies, CO» cycloaddition to cyclic car-
bonate has emerged as a promising approach due to the widespread use
of cyclic carbonates in various applications, ranging from fine chemicals
and pharmaceutical intermediates to synthetic fuels [7,8]. This reaction,
however, is energy-intensive due to the chemical inertness of CO3 [9].
One of the practical approaches to overcome this challenge is through
the employment of catalysts that can lower the energy barrier of this
process. Significant progress has been made in developing heteroge-
neous catalysts, and among them, carbon nitrides (CN) have found their
place in catalyzing this reaction [10].

There is a growing research interest in CN-based materials for CO;
cycloaddition to epoxides [4]. The major hurdle in this cycloaddition
reaction is the activation of thermodynamically inert CO5 molecules
[11]. CN are well-known for their ability to activate CO, through acid-
base interactions between the basic N sites of CN and the acidic C
sites of COy [12]. Additionally, the porosity, and the surface area of CN
play a crucial role in facilitating this reaction more readily [13]. How-
ever, the simple CN explored so far for this cycloaddition reaction has
shown less efficacy, which could be attributed to low N content and
surface area [14,15]. Moreover, these reactions are performed under
harsh conditions of high temperature and pressure, making this process
highly energy-demanding [16]. Considering the low activity of CN for
this reaction, it is highly desirable to synthesize CN with higher N
content, increased surface area and sufficient porosity. CN exhibits
tunable surface area, high porosity, presence of a plethora of basic ni-
trogen sites, nonmetallic semiconducting character, high chemical and
thermal stability, and photochemical properties [17]. Generally, CN
scaffolds are composed of sp? hybridized carbon and nitrogen atoms
arranged in triazine or heptazine repeating units [18]. In this form, CN
has been extensively employed for various applications [19]. However,
most of the reported CN materials have been synthesized via thermal
pyrolysis of different N-rich precursors (e.g., dicyandiamide, melamine,
urea, etc.,) using high-temperature conditions, rendering this process
energy-intensive, environmentally unsustainable and resulting in low
yields [20].

Current research interests in CN have been focused on its structural
modification through adopting new synthesis routes, new precursors or
inserting heteroatoms [4,21-23]. Recently, N-rich CN have garnered
significant attention due to its ability to narrow down the band gap and
increase CO4 adsorption efficiency [4]. Vinu et al. pioneered work in this
direction, preparing C3N4, C3Ns, C3Ng and C3N; based CN using 3-
amino-1,2,4-triazine, 3-amino-1,2,4-triazole and 5-aminotetrazole pre-
cursors [4,24]. Recently, the same authors have prepared sulfur-doped
C3Ns using 5-amino-1,3,4-thiadiazole-2-thiol and its structure contains
one triazole and two triazine motifs with trivial ratios of thiadiazole on
the edges [25]. In another work, Shankar et al. prepared C3Ns by ther-
mal deammoniation of the melem hydrazine precursor, wherein two
heptazine units are linked through an azo linkage [26]. In all these
works, CNs were produced through high-temperature treatments. The
need for high temperature resulted in the CN having a disordered CN
framework and a lower nitrogen content. Further, the yield of CN ob-
tained from the synthesis was lower than the amount of precursor used
initially [27]. Therefore, there is an urgent need to come up with an
alternate environmentally benign synthesis approach that enables the
high-yield CN synthesis at relatively lower temperatures.

In this work, we report a new synthesis approach for producing CN
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materials with higher surface area, abundant N content and structural
alterations. In particular, we have synthesized two CN materials: one by
polymerization of 5-aminotetrazole (4NZ) and cyanuric chloride and
another by polymerization of 3, 5-diamino-1, 2, 4-triazole (3NZ) and
cyanuric chloride. Both these materials were prepared at 100 °C within a
short period of 2 h. The approach is facile, scalable, and economically
favorable, as it uses a very simple reaction setup, mild reaction condi-
tions, and cheap, readily available synthesis precursors. Further, this
process is less energy-intensive and environmentally sustainable as it
offers the use of very low reaction temperatures and short reaction
times, contrary to previously reported methods for conventional CN
synthesis. The structural and compositional studies revealed that both
4NZ-CN and 3NZ-CN resemble typical melamine-derived graphitic car-
bon nitride (g-C3Ny) in various aspects. The optical properties of 4NZ-
CN and 3NZ-CN are similar to those of conventional g-C3N4. Textural
studies revealed that both 4NZ-CN and 3NZ-CN possess a mesoporous
nature with a higher surface area than g-C3N4. Temperature pro-
grammed desorption (TPD) studies revealed an increased number of
basic sites in 4NZ-CN and 3NZ-CN compared to g-C3Ny, attributed to
their abundant N content. The catalytic activity of 4NZ-CN and 3NZ-CN
was tested for COy cycloaddition to epoxides under solvent-free and
mild conditions of temperature and atmospheric pressure. The materials
demonstrated remarkable catalytic activity compared to g-C3N4. The
catalysts have shown wide applicability to various other substrates,
giving good to excellent conversion to their corresponding products.
Additionally, kinetic and thermodynamic studies indicate that the re-
action follows first-order kinetics, with a significant lowering of the
reaction energy barrier when mediated by these materials as catalysts.

2. Materials and methods
2.1. Synthesis of 5-aminotetrazole-derived carbon nitride (4NZ-CN)

4NZ-CN was synthesized by adding 2.1 mmol of 5-aminotetrazole
(4NZ) in a round bottom flask containing 7 mL of 1,4-dioxane solvent.
To this mixture, 2.1 mmol of triethylamine was added and stirred for 30
min at room temperature (RT). Simultaneously, in a separate beaker,
0.7 mmol of cyanuric chloride was dissolved in 7 mL of 1,4-dioxane, and
the solution was well shaken to ensure the complete solubilization of
cyanuric chloride. This solution was then added to the 5-aminotetrazole
solution, and the reaction was refluxed at 100 °C under N for 2 h. Upon
reaction completion, the product was collected by filtration and washed
with 1,4-dioxane (3 times), deionized water (3 times), and ethanol (2
times). Finally, yellow powdered 4NZ-CN was obtained after drying in
an oven at 80 °C for 24 h (optical image given in Fig. S1a) and used for
further characterization.

2.2. Synthesis of 3, 5-diamino-1, 2, 4-triazole derived carbon nitride
(3NZ-CN)

The procedure adopted for 3NZ-CN synthesis was almost similar to
that of 4NZ-CN, with some minor modifications. Here, we have used
K5COg3 as a base in place of triethylamine. In brief, 0.40 mmol of 3, 5-dia-
mino-1, 2, 4-triazole (3NZ) was poured into a round bottom flask,
enclosing 6 mL of 1,4-dioxane solvent. To this solution, 0.80 mmol of
K>CO3 was added, and the mixture was stirred for 30 min at RT. Then,
0.27 mmol of cyanuric chloride was introduced in a separate beaker
containing 6 mL of 1,4-dioxane, and the solution was thoroughly shaken
to ensure the complete solubilization of cyanuric chloride. This solution
was added to 3, 5-diamino-1, 2, 4-triazole solution, which was then
refluxed at 100 °C under Ny for 2 h. Upon reaction completion, the
product was collected by filtration and washed with 1,4-dioxane (3
times), deionized water (3 times), and ethanol (2 times). Finally, a pale-
yellow powder of 3NZ-CN was obtained after drying in an oven at 80 °C
for 24 h (optical image given in Fig. S1b) and used for further
characterization.
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2.3. Synthesis of graphitic carbon nitride (g-CsN4)

The conventional graphitic carbon nitride (g-C3N4) was prepared
using melamine precursor through the thermal calcination method, as
reported in the literature [12]. In particular, 5 g of melamine was poured
into alumina crucibles and calcinated at 450 °C for 3 h with a ramp rate
of 5 °C min~!. The resulting, yellow-colored bulk g-CsN4 was then
pulverized to a fine powder by using a mortar and pestle and further
exfoliated at 500 °C for 2 h at a ramp rate of 5 °C min ™ to obtain the g-
C3Ny4 nanosheets.

2.4. Catalytic cycloaddition of CO2 to epoxides

For a typical reaction, a particular mass of catalyst (30 mg in the case
of 4NZ-CN and 50 mg in the case of 3NZ-CN) and 20 mg of KI were
weighed and added in a round bottom flask. Subsequently, 20 mmol
epichlorohydrin was poured inside, and the flask was sealed with a
condenser. The vessel was connected to a suction pump to evacuate the
air. Afterward, a CO, balloon was attached to the condenser. The re-
actions were performed at 100 °C for 24 h without any solvent. Upon
reaction completion, the catalyst was recovered through filtration once
the reaction vessel had cooled down to RT. Pure products were isolated
through column chromatography, and their successful formation was
examined using nuclear magnetic resonance (NMR) spectroscopy (sec-
tions S6 and S7).
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2.5. Computational details

The spin-polarized density functional theory (DFT) calculations were
performed using the plane-wave-based pseudopotential approach as
implemented in the Vienna ab initio Simulation Package (VASP) [28].
The electron—ion interactions in all elemental constituents were
described using the projector augmented wave (PAW) method [29]. To
optimize the structures, the generalized gradient approximation
expressed by the Perdew-Burke-Ernzerhof (PBE) exchange—correlation
(exc) functional was employed [30]. The structures were relaxed until
the Heymann-Feynman forces acting on each atom were less than 0.001
eV A™! utilizing the conjugate gradient minimization method. The
Brillouin zone was sampled at the I" point for all DFT calculations. For
precise calculations, the electron wave function was expanded with an
energy cutoff of 500 eV. The self-consistency loop was converged to a
total energy threshold of 0.01 meV. The single-point energy calculations
were carried out using HSE06 &y, functional [31,32]. A vacuum thick-
ness of 15 A was used to prevent the interactions between the periodic
images. The minimum energy path was calculated using the climbing-
image nudged elastic band (CI-NEB) method [33]. The two-body vdW
interaction as devised by Tkatchenko—Scheffler has been employed [34].
All structures were visualized using the Visualization for Electronic and
Structural Analysis (VESTA) software [35].
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Scheme 1. Schematic representation showing the synthesis of 4NZ-CN.
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3. Results and discussion
3.1. Synthesis and structural studies

A new, facile, and sustainable approach was used to synthesize 4NZ-
CN and 3NZ-CN. 4NZ-CN and 3NZ-CN through the polymerization of 5-
aminotetrazole and 3, 5-diamino-1, 2, 4-triazole precursors. These were
mixed with cyanuric chloride in the presence of a suitable base (trie-
thylamine in case of 4NZ-CN, and KoCO3 for 3NZ-CN). A representative
sketch for the synthesis of 4NZ-CN and 3NZ-CN is shown in Scheme 1
and 2, respectively. The color of the obtained 4NZ-CN and 3NZ-CN
sample was yellow, which is characteristic of conventional carbon
nitride materials. To confirm the successful synthesis, a battery of
characterization methods was applied to determine the characteristics of
the materials. Fig. 1a depicts the X-ray diffraction (XRD) patterns of g-
C3Ny, 4NZ-CN and 3NZ-CN. The first, related to g-C3N4, contains two
characteristic peaks at 20 values of 13.2° and 27.1°, indexed to (100)
and (002), respectively [26]. The (100) peak corresponds to the
interplanar arrangement of heptazine units, while the (002) peak is
indexed to the interplanar stacking of repeating units in carbon nitride
structure. The d-spacing corresponding to (1 00) plane was 0.67 nm, and
0.329 nm for (002) plane. Like g-C3N4, both 4NZ-CN and 3NZ-CN
contain (002) peaks, located at 27.3° and 26.9° 20 values, respec-
tively. The d-spacing values for (00 2) plane of 4NZ-CN and 3NZ-CN are
0.326 nm and 0.331 nm, respectively. However, unlike g-C3Ny, (100)
peak is missing in 4NZ-CN and 3NZ-CN, since they both do not contain a
heptazine unit in their structures, rather it is triazine that is present
within them [36]. Also, the XRD pattern of 3NZ-CN contains additional
peaks at 12.0°, 17.0°, 24.1° and 40.5°, which may be attributed to the
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potassium oxide impurities, used as a base during the synthesis of this
material [37,38]. Additionally, the XRD pattern of 4NZ-CN and 3NZ-CN
was also compared with their precursors (Fig. S2a, b), confirming the
absence of signals deriving from the precursors, demonstrating in this
way the successful synthesis of these carbon nitrides.

Fourier transform infrared (FTIR) spectra of 4NZ-CN and 3NZ-CN
(Fig. 1b) exhibited features that are similar to g-C3Ny. In all the sam-
ples, a broad region between 2400-3650 cm ™! (highlighted with a red
square) could be ascribed to —-OH groups (due to the presence of water
molecules adsorbed on the surface of the catalysts), and also residual
—NH as well as NH; groups coming from the synthesis [39]. The interval
of frequencies between 1100-1800 cm ! (highlighted in blue) contains
infrared signals that are assigned to the stretching vibrations of C—N
and C—=N bonds, together with bending modes of amino groups included
in the heterocyclic skeletons of g-C3N4, 4NZ-CN and 3NZ-CN [40,41].
The multiple peaks between 780-630 cm ™! (highlighted with a magenta
square) in all the samples can be easily attributed to out-of-plane N—H
bending vibrations [27]. A distinct band corresponding to breathing
mode of g-C3N4, 4NZ-CN and 3NZ-CN heterocycles (highlighted in
green) is observed at 809, 806 and 800 cm ™!, respectively. Besides,
there are a few additional IR bands in 4NZ-CN and 3NZ-CN spectra,
indicating that their core structure differs from g-C3N4. The band related
to the breathing mode of the g-C3N, structure at 809 cm ™! is higher in
intensity and sharper with respect to the corresponding signal in 4NZ-
CN and 3NZ-CN, which indicates that the core structure of 4NZ-CN
and 3NZ-CN is different (triazine based) from that of g-C3Ny4 (hepta-
zine based) [42].

Further, the emergence of a new peak around 1425 ecm™! (high-
lighted with a violet square) in both 4NZ-CN and 3NZ-CN is assigned to
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Fig. 1. (a, b) XRD patterns and FTIR spectra of g-C3N4, 4NZ-CN and 3NZ-CN, (c, d) Raman spectra and TGA plots of 4NZ-CN and 3NZ-CN.

the N=N bond, vindicating the presence of triazole and tetrazole units
in 4NZ-CN and 3NZ-CN, respectively [43,44]. Moreover, this peak is
notably stronger in intensity in 4NZ-CN than in 3NZ-CN due to more
number of N—=N bonds. In 4NZ-CN two peaks appear at 934 and 1032
cm™! (orange square) and could be assigned to antisymmetric wagging
vibrations of amino groups and N—N stretching vibrations, respectively
[45,46]. In 3NZ-CN the N—N stretching peak is observed at lower fre-
quencies around 1000 cm ™. The weaker intensity of this signal in 3NZ-
CN than in 4NZ-CN is again in accordance with the expectation, as it
contains fewer N—N bonds. FTIR spectra of precursors and their cor-
responding products, such as 4NZ along with 4NZ-CN and cyanuric
chloride, and 3NZ along with 3NZ-CN and cyanuric were also measured,
as observable in Fig. S3a, b, which shows how the structure of 4NZ-CN
and 3NZ-CN differs from their precursors. From Fig. S3a it is clear that
the peaks corresponding to -NH (magenta highlighted) and N—N
(highlighted in orange) functionalities in 4NZ, are also observed in 4NZ-
CN with a slight shift. A sharp peak for breathing mode of triazine ring
(represented with a black dotted line) in cyanuric chloride, is also pre-
sent in 4NZ-CN. The existence of these peaks in 4NZ-CN reveals that its
core structure contains triazine and tetrazole units. Similarly, 3NZ-CN
(Fig. S3b) also shows the existence of these signals revealing the pres-
ence of triazine and triazole units in its core structure.

Raman spectra of 4NZ-CN and 3NZ-CN were acquired using 633 and
532 nm lasers, respectively, and are shown in Fig. lc. The peaks
observed around 1338 and 1600 cm ™! in 4NZ-CN are attributed to D and
G bands of graphene-type structure [47]. Similar D and G bands in 3NZ-
CN are appeared around 1375 and 1560 cm ™!, respectively. A broad
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peak in both the samples ranging from 1300-1750 cm ™! is assigned to
sp? and sp® hybridized carbon atoms [48]. A sharp peak around 990
cm ™! in both the samples is assigned to in-plane vibration of C—N bonds
[49]. The signal around 325 and 815 cm ! in 4NZ-CN and 390 and 660
cm™! in 3NZ-CN can be assigned to breathing mode of triazine ring in
their structures [26,50]. The signals located at around 1060 and 1150
em™ in 4NZ-CN and 3NZ-CN, respectively, are assigned to N=N and
C=N bonds, respectively [26,51]. Therefore, the Raman results com-
plement FTIR studies. Thermogravimetric analysis (TGA) studies
(Fig. 1d) were employed to assess the thermal stability of 4NZ-CN and
3NZ-CN. The TGA thermogram for both the materials shows four and
three weight loss regimes, respectively, in temperature range of 25 to
900 °C. The first weight loss regime for 4NZ-CN and 3NZ-CN lies be-
tween 50-240 and 50-320 °C, respectively, and can be caused by the
desorption of water molecules previously adsorbed on their surface
[12]. The second, third and fourth regime for 4NZ-CN are found between
240-360, 360-560 and 560-720 °C and can be correlated to loss of
triethylamine tethered to 4NZ-CN surface, loss of NHy groups, and
condensation and degradation of 4NZ-CN heterocyclic structure,
respectively [52]. In case of 3NZ-CN, the second and third regimes lie
between 315-560 and 560-680 °C, respectively, and can be assigned to
loss of NHy groups and condensation or degradation of 3NZ-CN het-
erocyclic structure, respectively. An extra weight loss regime between
240-360 °C observed in 4NZ-CN is ascribed to a loss of triethylamine
tethered to 4NZ-CN, tethered to its structure. This regime is missing in
3NZ-CN, which is expected, since for the production of 3NZ-CN, K>COs3
was used in the place of triethylamine. In addition, 4NZ-CN is thermally
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less stable than 3NZ-CN, which is likely due to presence of higher
thermally unstable N—N bonds in 4NZ-CN [53].

More detailed structural insights of 4NZ-CN and 3NZ-CN were
investigated using Solid-State Cross-Polarization Magic-Angle Spinning
Nuclear Magnetic Resonance (CP-MAS NMR) spectroscopic technique.
Before performing these measurements, liquid-state NMR spectra of
precursors, i.e., 5-aminotetrazole, 3, 5-diamino-1, 2, 4-triazole and
cyanuric chloride were acquired, with the aim of helping in the evalu-
ation of the solid-state NMR spectra of 4NZ-CN and 3NZ-CN. 'H NMR
spectrum of 5-aminotetrazole (Fig. S4) exhibits two peaks at 14.3 and
6.4 ppm, assigned to two types of hydrogen atoms that differ in terms of
bonds and chemical environment: one is bonded to nitrogen in the ring
of the compound, the other belongs to the free amino group attached to
the core tetrazole structure. The 1°C NMR spectrum (Fig. S5) shows a
single peak at 156.9 ppm, easily assignable to the only carbon atom that
is part of the tetrazole ring [54]. The 'H NMR spectrum of 3, 5-diamino-
1, 2, 4-triazole (Fig. S6) contains two signals at 10.7 and 5.1 ppm,
ascribed to two types of hydrogens, one bonded to a nitrogen atom
within the triazole ring and the other one to the free amino groups. On
the other hand, its 13C NMR spectrum (Fig. S7) displays a clear signal at
158.8 ppm, whose presence is related to the carbon atoms that are part
of the triazole ring [55]. The *C NMR spectrum (Fig. S8) of cyanuric
chloride contains one peak at 149.8 ppm, which is likely attributable to
the equivalent carbon atoms within the heterocyclic ring of this com-
pound [56].

The 'H CP-MAS NMR spectrum of 4NZ-CN (Fig. 2a) shows five main
signals localized at 14.5, 11.8, 6.3, 4.0 and 1.9 ppm. The two peaks at
14.5 and 6.3 ppm may be ascribed to the same features as in the CP-MAS
NMR spectra of the tetrazole precursor, but with a slight change in
chemical shift values. The presence of the 6.3 ppm peak indicates that
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not all the hydrogen atoms bonded to bridging nitrogen atoms are used
for chain propagation, and some remain after the reaction. The other
three signals at 11.8, 4.0 and 1.9 ppm are assigned to protons belonging
to impurities, possibly triethylamine hydrochloride [57], formed due to
reaction between triethylamine (used as a base) and chloride of cyanuric
chloride. In the 3C CP-MAS NMR spectrum of 4NZ-CN (Fig. 2b), three
evident signals are localized at 162.1, 157.0 and 150.2 ppm, deriving
from the presence of carbons that are part of the tetrazole and of triazine
ring, of which they resemble closely with their chemical shifts. In
particular, the first two may be related to carbon atoms bonded to
bridging -NH and free amino groups, whose existence is due to a non-
complete polymerization during the synthesis of 4NZ-CN. The third
signal at 150.2 ppm likely originates from carbon atoms in the triazine
ring of 4NZ-CN. Two additional signals positioned at 43.7 and 13.2 ppm
are likely due to the presence of carbon atoms within the structure of the
already mentioned triethylamine hydrochloride impurity [58].

Based on the previous CP-MAS NMR measurements, the proposed
structure of 4NZ-CN is shown in Fig. S9 together with the polymeriza-
tion mechanism. It contains tetrazole and triazine rings connected
through nitrogen atoms that were formerly part of the free amino groups
of the tetrazole precursor. In the first step, the formation of an amino
anion occurs upon proton abstraction, operated by triethylamine, from
the amino group of 5-amino tetrazole. The amino anion replaces chlo-
ride atoms of cyanuric acid via nucleophilic substitution, forming a 4NZ-
CN monomer. The bridging -NH group is then used for the chain
propagation, leading to the formation of the final polymer 4NZ-CN.
From solid-state NMR results, it can also be also deducted that not all
the hydrogen atoms of -NH bridging groups are used for the chain
propagation, since some remain unpolymerized, fact that is for instance
demonstrated by the presence of a peak at 6.3 ppm in the 'H CPMAS
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Fig. 2. CPMAS NMR spectra (a) 'H of 4NZ-CN, (b) 13C of 4NZ-CN, (c) 'H of 3NZ-CN and (d) 3C of 3NZ-CN.
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spectra of 4NZ-CN. The 'H CP-MAS NMR spectrum of 3NZ-CN (Fig. 2c)
shows a specific signal at 12.3, ppm, assignable to hydrogen atoms
bonded to one of the nitrogen atoms composing the triazole ring struc-
ture of the precursor. Two additional peaks at 5.6 and 1.6 ppm may be
related to the presence of hydrogen bonded to bridging nitrogen atoms
and to free -NHj; groups that remain unpolymerized after the reaction
synthesis. The '3C CP-MAS NMR spectrum of 3NZ-CN (Fig. 2d) displays
three main signals at 161.7, 157.3 and 148.7 ppm. The first two may be
supposedly assigned to carbons bonded to bridging -NH groups and to
free amino groups that did not participate in the polymerization process
of the catalyst. The third signal at 148.7 ppm is probably related to the
presence of carbon atoms in the triazine ring of 3NZ-CN. The existence of
additional signals in 'H CP-MAS NMR and 3C CP-MAS spectra is a clear
index of the existence of some amino groups that remain unpolymerized
after the reaction of synthesis of 3NZ-CN. In accordance with CP-MAS
NMR data, the chemical structure of 3NZ-CN is shown in Fig. S10. It is
chemically composed of triazole and triazine rings, connected through
nitrogen atoms that were previously part of the free -NH; groups
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belonging to the triazole precursor. Initially, the production of an amino
anion takes place through a proton abstraction, performed by K2COs,
from amino groups of 3, 5-diamino-1, 2, 4-triazole. This step is followed
by a nucleophilic substitution of the anion on the cyanuric acid, with the
final formation of a 3NZ-CN monomer. Differently from 4NZ-CN, in
3NZ-CN the free -NHj substituents of the triazole precursor are the ones
used in the chain propagation process, rather than the bridging -NH
groups. The presence of some unpolymerized amino groups in both 3NZ-
CN and 3NZ-CN reveal that these catalysts undergo an incomplete
polymerization during their synthesis, unlike g-C3Nj.

3.2. Morphological and compositional studies

Morphological aspects were studied using scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM). Fig. 3a de-
picts the SEM images of 4NZ-CN, revealing the sheet-like morphology of
this sample. Fig. 3b, c presents the TEM and HRTEM images, that also
confirms the SEM results, depicting the sheet-like architecture of 4NZ-
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Fig. 3. (a-c) and (d-f) are SEM and TEM images of 4NZ-CN and 3NZ-CN, respectively, (g-i) and (j-1) high resolution XPS spectra of C-1 s, N-1 s and Cl-2p in 4NZ-CN

and 3NZ-CN, respectively.
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CN. Fig. 3d and e, f presents the SEM, TEM and HRTEM images of 3NZ-
CN which possess nanotube-like tridimensional structure. The energy
dispersive X-ray (EDX) spectra (Fig. S11) shows the predominant pres-
ence of C and N, along with a small amount of O arising from atmo-
spheric oxygen or due to sample preparation in ethanol solvent.
Additionally, a prominent peak around 1.72 KeV is attributed to Si,
which originates due to use of silicon wafers during the SEM measure-
ments. X-ray photoelectron spectroscopy (XPS) was used to investigate
the valence states and bonding features of 4NZ-CN and 3NZ-CN. Fig. S12
depicts the XPS survey spectrum of 4NZ-CN and 3NZ-CN. The atomic
percentage of different elements in g-C3N4, 4NZ-CN and 3NZ-CN along
with N/C ratio is tabulated in Table S1. Both 4NZ-CN and 3NZ-CN
contain C and N as major constituents with a small amount of O
attributed to atmospheric oxygen adsorbed on the catalysts surface. The
atomic percentages of C and N in 4NZ-CN are 38.50% and 55.99%,
respectively, while in case of 3NZ-CN these values are 39.38% and
52.79%, respectively. A small amount of chlorine is also observed in
both 4NZ-CN (0.31%) and 3NZ-CN (2.01%), respectively, which could
be assigned to residual chlorine remaining unsubstituted after the re-
action. In case of 3NZ-CN, an infinitesimally small amount of K (0.07%)
was detected, attributed to K2COj3 used in its synthesis. The N/C ratio for
4NZ-CN was 1.45 indicating C3Ny 3¢ as its empirical formula, while for
3NZ-CN, N/C ratio was 1.34, indicating C3Ny o2 as its empirical formula.
The N/C ratio for g-C3N4 is 1.22, which corresponds to C3Nses. The
lower N/C ratio of g-C3Ny4 than 4NZ-CN and 3NZ-CN, indicates 4NZ-CN
and 3NZ-CN have relatively higher N content.

Fig. 3g, h represents the high-resolution C-1s XPS spectra of 4NZ-CN
and 3NZ-CN. For the 4NZ-CN sample, the C-1s region was deconvoluted
into three peaks at binding energies of 288.1, 286.7 and 284.8 eV. The
peak at 288.1 eV is assigned to N-C=N bonds in heterocyclic rings. The
presence of a less intense signal at 286.7 eV may originate from C=N
bonds, whereas the 284.8 eV peak can be ascribed to adventitious car-
bons connected through C—C bonds [42,43]. The C-1s region in 3NZ-CN
was deconvoluted into three peaks, localized at 288.1, 286.5 and 284.8
eV, and assigned to N-C=N, C=N and adventitious carbons, respec-
tively. For the 4NZ-CN sample, the N-1s region (Fig. 3j) was deconvo-
luted in four peaks. The highest binding energy peak at 402.1 eV was
assigned to bridging N (nitrogen bonded to three carbons i.e. N-C3) and
the peak at 401.3 eV could be assigned C-NH bond of tetrazole ring
(pyrrolic N) and residual -NH [42,53,59]. Two intense peaks at 400.4
and 399.2 eV could be assigned to N—N and C-N—C bonds, respectively
[53,60]. The presence of N—N and pyrrolic bonds reflects the presence
of a tetrazole ring in 4NZ-CN structure. The presence of C-N—C bonds
depicts the presence of triazine ring in 4NZ-CN structure.

In the N-1s region of 3NZ-CN (Fig. 3k) three peaks were observed at
401.3, 400.6 and 399.2 eV, corresponding to C-NH, N—N, and C-N=—C
bonds, respectively. In contrast to 4NZ-CN, the signal related to the N-C3
feature is not present in 3NZ-CN. These observations help in predicting
the structure of 4NZ-CN and 3NZ-CN. The presence of this peak in 4NZ-
CN points out at the fact that there is further polymerization from
bridging N, whereas the absence of this peak in 3NZ-CN indicates that
the polymerization occurs on free -NH; group and not from the bridging
nitrogen of 3NZ. This observation further supports the results coming
from the CP.MAS measurements discussed previously. The N—N bonds
and pyrrolic N in these compounds vindicates the presence of tetrazole
and triazole rings in 4NZ-CN and 3NZ-CN, respectively. Furthermore,
the content of N—N bond (19.69%) in 4NZ-CN is higher than that of
3NZ-CN (3.89%), which is attributed to higher N—N bond in 4NZ-CN.
The Cl-2p region in 4NZ-CN and 3NZ-CN (Fig. 3i, 1) was deconvoluted
into four peaks centered at 202.2, 200.5, 198.9, 196.8 eV and 202.5,
200.8,198.5,197.3 eV, respectively. The first two peaks in both samples
are assigned to C-Cl bond, whereas the latter two are probably related to
ionic chlorine species [61,62].
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3.3. Surface property studies

The N, physisorption studies were carried out to determine the
textural properties of 4NZ-CN and 3NZ-CN. In particular, N2 adsorp-
tion—desorption isotherms and pore size distribution plots (Fig. S13a-d)
for both the samples obey Type-II physisorption and have H3 hysteresis
loop, indicating their mesoporous nature. The obtained Bru-
nauer—Emmett—Teller (BET) surface areas (Spgr), pore volume, and
pore diameter values for 4NZ-CN are found to be 55.80 m? g1, 0.33 cm®
¢! and 3.12 nm, respectively, whereas the corresponding values for
3NZ-CN are 52.00 m? g, 0.29 cm® g ™! and 3.69 nm, respectively. The
Sper values for both the 4NZ-CN and 3NZ-CN are higher than g-C3Ny4
(9.20 m? g1, indicating that these materials have a higher number of
catalytically active sites. Furthermore, the number of basic sites in g-
C3Ny4, 4NZ-CN and 3NZ-CN were ascertained using temperature pro-
grammed desorption (TPD) and results are shown in Table 1. Its values
for g-C3N4, 4NZ-CN and 3NZ-CN are 0.62, 10.05 and 5.65 mmol g_l,
respectively. Hence, the higher fraction of basic sites in 4NZ-CN in-
dicates that these materials have preferential basic properties and can be
better suited for CO5 conversion reaction, as basic sites better activates
CO3 [12]. The CO2-TPD plots (Fig. S14) for 4NZ-CN and 3NZ-CN confirm
this result, exhibiting two peak maxima assigned to weak and strong
basic sites, with slightly higher intensity in the case of 4NZ-CN.

3.4. Catalytic activity studies

Firstly, the catalytic activity of 4NZ-CN was assessed for CO2 cyclo-
addition to epoxides under solvent free conditions. The product forma-
tion was analyzed using 'H NMR and '3C NMR spectroscopy, as shown
in sections S4 and S5. In all cases, the reaction showed 100% selectivity,
as only one product, i.e., cyclic carbonate, is formed. It has to be noted,
as well, that the yields reported in this paper are isolated, i.e., obtained
after product purification. To find the optimal working conditions,
various reaction parameters, including catalyst amount, temperature
and time, were evaluated. The optimizations were done using epichlo-
rohydrin as model substrate and the results are depicted in Fig. 4. Fig. 4a
shows the catalyst amount optimization and it can be observed that the
yield increases as the 4NZ-CN amount was increased from 20-50 mg.
However, after 30 mg of 4NZ-CN a plateau is reached. Hence, a catalyst
amount of 30 mg was chosen as optimum for further tests. Fig. 4b rep-
resents the temperature screening, and it was observed that the yield
increases with the temperature. In this case, 100 °C was chosen as the
best temperature. In a similar manner, the product yield increases with
longer reaction times (Fig. 4c), and we selected a reaction time of 24 h
for follow-up studies. Under the above-mentioned optimized conditions,
the maximal yield was 60% using 30 mg of 4NZ-CN at 100 °C for 24 h.
Furthermore, the yield increased to 75% when KI (20 mg) was used as a
cocatalyst along with 4NZ-CN. The increase in yield is due to more
readily ring opening of epoxides by KI. It can be postulated that the
epoxide ring opening step is rate determining step in CO5 cycloaddition
to epoxides [63]. So, the iodide anion of KI attacks on less hindered
carbon of epoxide and helps in the ring opening of epoxides [12]. This
will further enhance the catalytic conversion of this reaction. Control
experiments are shown in Fig. 4d. It was observed that there was almost
undetectable product formation in the absence of catalyst, revealing that
the reaction is catalytic. In case of g-C3Ny, yield was 24%, under the

Table 1
SgEeT, pore volume, pore diameter values and basic sites in 4NZ-CN and 3NZ-CN.
Sl Catalyst SBET Pore Pore No. of basic
No. (m? g volume Diameter sites
D) (cm®g™h) (nm) (mmol g'1)
1 g-C3Ny 9.20 0.21 3.70 0.62
2 4NZ-CN 55.80 0.33 3.12 10.05
3 3NZ-CN 52.00 0.29 3.69 5.65
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Fig. 4. Optimization of various reaction parameters for CO, cycloaddition to epichlorohydrin. (a) Catalyst amount optimization (reaction conditions: epichloro-
hydrin = 20 mmol, 1 atm of CO,, 100 °C, for 24 h), (b) temperature optimization (reaction conditions: epichlorohydrin = 20 mmol, 1 atm of CO,, for 24 h), (c) time
optimization (reaction conditions: epichlorohydrin = 20 mmol, 1 atm of CO,) and (d) control reactions (reaction conditions: epichlorohydrin = 20 mmol, KI = 20 mg,
1 atm of CO,, for 24 h. Catalytic amount of 4NZ-CN and 3NZ-CN, used in the optimization of temperature and time was 30 and 50 mg, respectively.

conditions identified above. However, there is a significant increase in
product yield (60%) when 4NZ-CN was used to catalyze this reaction.
This shows the superior performance of 4NZ-CN as compared to g-C3Ny,
which could be attributed to a abundant number of basic sites as well as
higher surface area of 4NZ-CN. The versatility of 4NZ-CN was demon-
strated for different epoxides under the chosen best conditions and the
substrate scope is presented in Table 2.

Initially, when the above-mentioned best reaction conditions were
used for evaluating the substrate scope, it was observed that the product
yields were relatively low. However, when the substrate amount was
reduced to 10 mmol the product yield increased substantially (entries 2
and 3). For example, when 20 mmol of glycidyl methacrylate epoxide
(entry 2) was used, the product yield was only 50%, whereas the yield
increased to 90% when 10 mmol of glycidyl methacrylate epoxide was
used (entry 3). Subsequently, 10 mmol of reactant was used for other
substrates and the catalyst, 4NZ-CN showed good to very good activity
for all the examined reactants. The high yield (90%) in case of glycidyl
methacrylate epoxide (entry 3), is attributed to presence of greater
number of oxygen atoms fascinating strong binding to catalyst surface
due to hydrogen bonding [12]. In contrast, lower yield observed in case
of styrene oxide is due to steric hindrance of bulky phenyl ring [64].

On the other hand, the catalytic activity of 3NZ-CN was also assessed
for CO; cycloaddition to epichlorohydrin. Fig. 4a-d depicts the optimi-
zation of various reaction parameters, such as catalyst amount, tem-
perature and time along with control reactions. The best set of
conditions obtained for 3NZ-CN were determined to be 50 mg of 3NZ-
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CN, 20 mg of KI and 100 °C temperature for the CO, cycloaddition to
20 mmol of epichlorohydrin, which gave 70% product yield after 24 h.
Control reactions were also performed (Fig. 4d) to examine the active
role of 3NZ-CN in catalyzing this reaction, which clearly demonstrates
its predominant role. Negligible product formation was observed in the
absence of catalyst. In addition, the product yield in case g-C3N4 was
also evaluated and found to be very low, indicating their inefficacy in
facilitating this reaction. In the presence of 3NZ-CN the yield increased
to 60%, revealing its remarkable high activity. Interestingly, it was
observed that when KI was added, there is no increase in the product
yield. The yield remained a little lower than 3NZ-CN alone. This could
be attributed to the tethering of some potassium ions from KoCO3 used in
the synthesis of 3NZ-CN. In epichlorohydrin, Cl strongly binds strongly
to catalyst through potassium, hindering the desorption of the product
from catalyst surface, hence decreasing the product yield. The proof-of-
concept for this interesting observation was verified when we explored
the combination of 3NZ-CN and KI for other substrates. For other sub-
strates, KI worked synergistically with 3NZ-CN in enhancing the yield of
products. The catalytic activity of 3NZ-CN for different reactants is also
presented in Table 2. The catalytic activity of 3NZ-CN was tested for
glycidyl methacrylate epoxide, starting with 20 mmol, which resulted in
47% yield. When the glycidyl methacrylate amount was decreased to 10
mmol, yield increased to 88%. Subsequently, 10 mmol of reactant was
used for the rest of all reactants in the substrate scope studies. Similar to
its counterpart, 3NZ-CN also showed very good activity, giving good to
excellent product yields. A Comparison table is constructed (Table S2),
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Table 2
Catalytic activity of 3NZ-CN and 3NZ-CN for different reactants.
Sl. No. Reactant Product Yield (%) using 4NZ-CN as catalyst Yield (%) using 3NZ-CN as catalyst
O 0O
1° Cl 75 70
\/<j 0_4
CI\/k/O
1a 3a
O

(0]
3° O\/<| 0‘4 90 88

o
1c 3c
0] O
" 4\/0\/<l o-—q 80 86
4\/0\/k/o
1d 3d
0 <] 2
5° \/\/ O‘« 57 41

6" XO\/Q 04 63 49

1g 3g

(0]
8" 0‘4 37 37
O

1h 3h

@ Reaction conditions: epoxide = 20 mmol, catalyst (4NZ-CN = 30 mg or 3NZ-CN = 50 mg), KI = 20 mg, 1 atm CO., 100 °C, 24 h.
b Reaction conditions: epoxide = 10 mmol, catalyst (4NZ-CN = 30 mg or 3NZ-CN = 50 mg), KI = 20 mg, 1 atm CO,, 100 °C, 24 h.
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depicting the comparison of our catalysts with other carbon nitride
based catalysts. Our catalysts have performed better, either in terms of
mild reaction conditions, catalytic activity, amount of catalyst used or
type and amount of cocatalyst used.

3.5. Mechanistic studies

The proposed mechanisms for the cycloaddition reaction, catalyzed
by 4NZ-CN and 3NZ-CN is shown in Schemes 3 and 4, respectively.
Further, DFT calculations and activation parameter studies were also
performed to support the proposed mechanism. As per the literature
reports [65]. the overall pathway for CO5 cycloaddition to epoxides can
be divided into three parts, epoxides ring opening, CO; insertion into the
opened ring, and ring closing to liberate the cyclic carbonate, which
aligns with our observations [16,65]. The mechanism was proposed by
taking epichlorohydrin epoxide as a reactant. The proposed structure of
4NZ-CN is shown as (i) in Scheme 3. The reaction involves the adsorp-
tion and cooperative activation of both CO5 and the epoxide by 4NZ-CN
in the initial step. The nitrogen atom of the tetrazole ring attacks the
carbon center of CO,, forming a carboxylate anion (intermediate ii).
Simultaneously, the epoxide molecules are bonded through a hydrogen
atom of the bridged —-NH group, which is attacked by an iodide ion at the
unsubstituted carbon of the epoxide, resulting in the opening of the
epoxide ring (intermediate iii). The epoxide ring opening is considered
as the rate determining step, as this step has the highest energy barrier
value, as determined from kinetics and activation parameters studies.
This observation has also been supported by DFT calculations. In the
final step, ring closure occurs, wherein the oxide anion of the epoxide
attacks the carbon center of carboxylate ion, while the oxide anion of
carboxylate ion attacks the iodine-bonded carbon of the epoxide,
generating the cyclic carbonate product (intermediate iv). The cyclic
carbonate then desorbs from the catalyst surface and regenerates the
catalyst, which will again participate in a new cycle. In Scheme 4, the
proposed structure of 3NZ-CN is shown as (i).
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The mechanism in this reaction is quite similar to the previous one,
with the only difference being the binding of CO, and the epoxide to
3NZ-CN. In this case, the CO, molecule is attacked by the nitrogen atom
of the free (unpolymerized) -NH; group rather than the N of -NH group
of the triazole. This attack results in the formation of a carboxylate anion
(intermediate ii). The epoxide is bonded to the hydrogen atom of the
ring nitrogen and is subsequently attacked by an iodide ion, leading to
the opening of the epoxide ring (intermediate iii). Here again, the
epoxide ring opening step is considered as the rate determining step,
which is supported by DFT and kinetics studies. In the final step, ring
closure occurs, generating the cyclic carbonate product (intermediate
iv), which absorbs the catalyst surface. Subsequently, the regenerated
catalyst reenters the next cycle. Kinetic and thermodynamic parameter
studies were conducted to investigate the reaction dynamics and gain
mechanistic insights into the reaction. In particular, the reaction kinetics
of CO; cycloaddition to epichlorohydrin, catalyzed by 4NZ-CN and 3NZ-
CN, was evaluated by performing reactions at temperatures of 60, 80
and 100 °C, and monitoring the reaction progress at different time in-
tervals (details are provided in S3). The semi-logarithmic plots of the
epichlorohydrin concentration [A¢/A,] vs time (t) (Fig. S15a, b) indicate
that the reaction follows first-order kinetics when catalyzed by either
4NZ-CN or 3NZ-CN. This is expected since an excess amount of CO, was
used, and its concentration will not affect the kinetics of the reaction
significantly.

Furthermore, there is no change in catalyst and cocatalyst amount
during the reaction, their concentrations can be considered constant.
Therefore, the reaction rate depends solely on epichlorohydrin con-
centration. The observed rate constant values for 4NZ-CN and 3NZ-CN
were determined as 2.71 X 10 and 2.03 X 10> 571, respectively, at
100 °C, indicating faster reaction rate for 4NZ-CN compared to 3NZ-CN.
Further, activation energy values were calculated using the Arrhenius
equation and corresponding plots are provided in Fig. S15¢, d. The
calculated activation energy (E,) values for 4NZ-CN and 3NZ-CN, in CO5
cycloaddition to epichlorohydrin were determined as 31.4 and 23.2 KJ
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Scheme 3. Proposed mechanism of cycloaddition reaction catalyzed by 4NZ-CN.
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Scheme 4. Proposed mechanism of cycloaddition reaction catalyzed by 3NZ-CN.

mol ™!, respectively. Thermodynamic activation parameters, such as
AH”, AS* and AG* were determined (Table 3) from Eyring plots
(Fig. S15e, f) to understand the nature of reaction [66]. The AH? and
AG” values for 4NZ-CN and 3NZ-CN were 20.2, 28.5 kJ mol~! and
124.5, 125.4 kJ mol ™}, respectively. The positive values of AH* and
AG” vindicate the endergonic and kinetically controlled nature of this
cycloaddition reaction. Additionally, the highly negative values of AS*
indicates the formation of a well-organized activated complex at the
transition state, consistent with previous literature [67,68]. The ob-
tained kinetic and thermodynamic values align well with those reported
in literature [66,68].

DFT calculations were conducted to investigate the mechanistic in-
sights of proposed reaction mechanism. The modeled geometries of
selected intermediates, using ECH as a reactant are shown in Fig. 5.
Fig. 5a, b shows the change in Gibbs free energy (AG) for the adsorption
and dissociation of molecules over 4NZ-CN and 3NZ-CN catalysts,
respectively. The Gibbs free energy of g-CsN4, was also calculated and
compared with 4NZ-CN and 3NZ-CN (Fig. S16). It was observed that
Gibbs free energy values for 4NZ-CN and 3NZ-CN are lower than g-C3Ny,
indicating that 4NZ-CN and 3NZ-CN are more favored over g-C3Ny4. The
change in free energy (AG) for various reaction steps was calculated
according to the following equations [32]:

AG, =Gy + Glez — (G(i)+Gc02 + GECH+GK1)

Table 3
E,, AH?, AS* and AG” values for CO, cycloaddition to epichlorohydrin cata-
lyzed by 4NZ-CN and 3NZ-CN.

Catalyst Ea AH* AS* AG*

(kJ mol™?) (kJ mol™) @ mol 'K (kJ mol™)
4NZ-CN 31.48 28.56 —257.40 124.57
3NZ-CN 23.21 20.27 —282.00 125.46
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AG; = Gy — Gy
AG3 = Gy +Grr — G
AG4 = G(i)+GCycliccarbonate - G(iv)

where G(;), G), Gy and G represent the total energies of the (i), (ii),
(iii) and (iv) intermediates as mentioned in Scheme 3 and 4.

Gri, Geo,, Grcr, Goycliccarbonate and GLH are the total energies of KI,

5i12

CO», epoxide, cyclic carbonate and Hy, respectively. AG is negative for
all the steps, indicating that these systems are thermodynamically sta-
ble. The adsorption energies of epichlorohydrin and CO; in the simu-
lated 4NZ-CN and 3NZ-CN structures are —1.47 and —-1.07 eV,
respectively. The adsorption energy value is lower for 4NZ-CN structure.

Further, the minimum energy path and activation barriers were
calculated for the different steps using the climbing image nudge elastic
band (CI-NEB) method (Fig. 5c, d). In the first step, which involves the
adsorption of CO; and epichlorohydrin, generating the intermediate (i)
the energy barrier values for this step were determined to be 14.47 kJ
mol~! (0.16 eV) for 4NZ-CN, and 9.64 kJ mol~* (0.11 eV) for 3NZ-CN. In
the second step, which involves the epichlorohydrin ring opening to
generate intermediate (ii), has highest energy barrier value for both the
catalysts, and contributes towards the activation energy of reaction. The
activation energy barrier values for 4NZ-CN and 3NZ-CN were calcu-
lated to be 27.98 kJ mol™! (0.29 eV) and 20.26 kJ mol™ (0.21 €V),
respectively. These values are in good agreement with the experimen-
tally calculated values, i.e., 31.48 and 23.21 kJ mol !, respectively,
determined by using Arrhenius plots. Since epichlorohydrin ring open-
ing has the highest activation energy barrier value, this step is consid-
ered as the rate determining step, supporting the proposed mechanism.
Further, step three involves the desorption of cyclic carbonate from the
catalyst surface, accompanied by a decrease in activation energy barrier.
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Fig. 5. Free energy profiles for the adsorption and dissociation of molecules over (a) 4NZ-CN and (b) 3NZ-CN catalysts, respectively. The minimum energy path from
climbing-image NEB calculation shows the activation barrier for (¢) 4NZ-CN and (d) 3NZ-CN catalysts, respectively.

3.6. Recyclability and stability studies

The recyclability tests were performed for both 4NZ-CN and 3NZ-CN
catalysts, and results were shown in Fig. S17. The experiments were
conducted with epichlorohydrin under the chosen best conditions. After
each cycle, the catalysts were recovered from the reaction mixture by
centrifugation, followed by multiple washings of ethyl acetate and
ethanol multiple times, and dried at 80 °C for 12 h. Fig. S17a depicts the
recyclability plots for 4NZ-CN and 3NZ-CN catalysts under the chosen
best conditions. In addition, the FTIR spectra of 4NZ-CN and 3NZ-CN
recovered after four cycles is shown in Fig. S17b, c. It can be evi-
denced that in contrast to its counterpart, 3NZ-CN showed promising
performance up to four cycles without any significant loss in activity
revealing better reusability of 3NZ-CN catalyst for this reaction.

4. Conclusions

In this work, we have prepared two novel catalysts, 4NZ-CN and
3NZ-CN, using a facile, energy-efficient, and economically favorable
synthesis route. XRD analyses indicate the effective polymerization of
the 4NZ and 3NZ precursors into novel CN. CPMAS NMR, FTIR, Raman,
and XPS studies revealed the presence of triazine and tetrazole moieties
in 4NZ-CN, and triazine and triazole moieties in 3NZ-CN. Both 4NZ-CN
and 3NZ-CN exhibit high surface areas (55.8 and 52.0 m? g'l) and
abundant basic sites compared to conventional g-C3N4, which directly
contributes to their excellent catalytic activity for CO2 cycloaddition to
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epichlorohydrin. Furthermore, both catalysts showed good to excellent
product yields for various reactant substrates, showcasing their wide
applicability. The microkinetic analysis, have shown a high positive
value of AH” (28.56 and 20.27 kJ mol ') and AG” (124.57 and 125.46
kJ mol™1), and negative value of activation entropy AS* (—257.40 and
282.00 J mol~!) for 4NZ-CN and 3NZ-CN, respectively, indicating that
the reaction is endergonic and kinetically controlled. DFT and thermo-
dynamic activation parameter studies revealed that the epoxide ring
opening is the rate-determining step for this cycloaddition reaction,
which is key to control the product selectivity. Detailed kinetic and
computational studies were performed to understand the catalytic
mechanism involved in this reaction. This work opens new avenues for
the exploration of facile, scalable, energy-efficient, and economically
favorable approaches for the synthesis of carbon nitrides, which can be
readily employed not only for CO» conversion but also for several other
industrially relevant catalytic reactions.
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