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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel, straightforward approach for synthesizing graphitic carbon nitrides (g-C3N4, g-CN)
Melem from melamine, requiring merely 30 min of thermal holding at temperatures ranging from 400 to 550 °C in an
8-C3Ny

atmosphere comprising either nitrogen or air. Elemental analysis, X-ray powder diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), diffuse reflectance (UV-Vis DRS), photoluminescence (PL) spectros-
copy and scanning electron microscopy (SEM) were employed to assess the quality of the as-prepared powders.
Furthermore, theoretical calculations utilizing the Density Functional Theory (DFT) method were conducted to
reinforce the experimental findings of the research. A further investigation of the thermal stability of the selected
sample was conducted using a unique combination of thermogravimetry—coupled with differential scanning
calorimetry, quadrupole mass spectrometry (TG-DSC-MS) and advanced temperature-programmed desorption
(TPD) analyzes. The current study focuses on the effect of synthesis conditions (temperature and nitrogen/air
environment) on the structure, morphology, and photocatalytic performance of g-C3N4 compounds synthesized
using this approach. The g-C3N4-based materials were examined as potential photocatalysts using the acid orange
7 (AO7) photodegradation methodology. To enable comparison of the photodegradation experiments, two
separate lamps with wavelengths of 360 nm (UV light) and 420 nm (VIS light) were utilized. The primary
objective was to present a novel method for the synthesis of g-C3N4-based materials. This was achieved by
demonstrating that organic composites generated at lower temperatures have the best photocatalytic capabil-
ities. Furthermore, the approach to achieving high-quality photocatalysts was shown to be cost-effective, envi-
ronmentally friendly, and scalable.

Acid orange 7
Photocatalytic degradation
DFT-D3

Modeling

1. Introduction its 2.70 eV bandgap energy (ca. 460 nm), it is capable of absorbing

visible light, rendering it beneficial for a multitude of applications,

Graphitic carbon nitride (g-C3N4, g-CN) is a two-dimensional (2D)
metal-free polymeric material that has been the subject of extensive
research in recent years due to its semiconducting characteristics [1-6].
Among its defining attributes are high thermal, physical, chemical, and
photochemical stability. Because of its nontoxicity, low cost, and ease of
fabrication, graphitic carbon nitride has a diverse range of applications
in photocatalytic processes, including carbon dioxide capture and
reduction [7], hydrogen production [8-11], and so on [12-17]. Due to

* Corresponding author.
** Corresponding author.

including the construction of solar cells [18].

Thermal polymerization of precursors such as urea [19], thiourea
[19,20], cyanamide, dicyandiamide [21], and melamine [21,22] can
yield g-C3Ny4 [14,23]. Polycondensation and polyaddition are two pro-
cesses that contribute to the formation of g-C3Ny and are
temperature-dependent. Melamine is formed when the precursors un-
dergo polymerization (polyaddition). The loss of ammonia causes mel-
amine to condense (polycondensation), leading to the formation of the
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g-C3Ny4 polymer through the melam (ca. 300 °C), melem (400-500 °C),
or melon (up to 550 °C) structures [24,25]. At approximately 550 °C,
melon polymerizes to form g-C3Ny4 planar structures. Among the various
products, melem is the only one to exhibit superior thermodynamic
stability, existing in a temperature range of 400-500 °C [24-26].

In general, grain size, pore volume, and surface area may affect the
physicochemical properties of different materials, such as g-C3N4. A
variety of physical and chemical methods have been employed to obtain
g-C3N4 material, including sol-gel [27], hydrothermal [21,28,29], and
solvothermal [30-32]. These methods are time-consuming, expensive,
and require several stages to be completed, as well as the use of specific
equipment. One cost-effective and scalable approach is the direct ther-
mal polymerization approach, which can yield a higher amount of the
assumed g-C3N4 product. Based on our previous works and experience,
we demonstrated that melamine is the most effective of the possible
precursors and meets the aforementioned sophisticated requirements
[26].

Melamine (2,4,6-triamino-1,3,5-triazine) represents an important
primary material for several industrial applications, including the syn-
thesis of melamine-formaldehyde resins and fireproof materials with
high surface hardness and good heat and flame resistance [33,34].
Furthermore, melamine is employed in the construction of supramo-
lecular structures, such as those formed by cyanuric acid (C3N3(OH)3) or
melamine derivatives (e.g., melamine-formaldehyde resins) [35-37]. In
various scientific groups engaged in the study of advanced carbon ma-
terials, there has been a growing interest in melamine and other com-
pounds containing s-triazine (cyanuric) rings, such as cyanuric chloride
C3N3Cl3 [38-42] or cyanuric azide C3N3(N3)s [43], which are consid-
ered suitable molecular precursor compounds for synthesizing graphitic
forms of carbon nitride (g-C3Ny4) [44-46].

The methods of quantum mechanics have been successfully applied
to the study of various types of carbon materials [47], as evidenced by
the examination of the electronic structure of graphitic carbon nitride
systems using the DFT approach [46]. The structural parameters,
configuration, and bonding of the studied melamine [24,48], melam
[24,48], melem [24,48], and polymeric melon and g-C3N4 [24,49,50]
structures in the unit cell were obtained from theoretical calculations.

Tao et al. [51] prepared g-CsN4 by thermally decomposing 20 g of
melamine powder. The powder was placed in a covered alumina cru-
cible and heated to 500 °C for 1 h at a rate of 3 °C/min in a muffle
furnace. Subsequently, the temperature was rapidly raised to 520 °C in
5 min and held for an additional hour. Once the furnace had cooled to
room temperature, the sample was removed. The material achieved a
photoactivity of 40 % after 30 min during the photodegradation test
with AO7 under visible light [51]. Ganesan and co-authors [52] placed
10 g of melamine in an alumina crucible and heated it at a rate of
5 °C/min until it reached 550 °C. The temperature was then maintained
at 550 °C for 4 h in static air, forming yellow-coloured materials. The
material’s photoactivity was found to be 24 % after a 60 min photo-
degradation test using methyl orange (MO) under UVA light with a
wavelength of 365 nm [52]. In order to fabricate bulk g-CN, Praus et al.
[53] employed a heating method in which melamine was directly heated
at 550 °C for a period of 4 h at a heating rate of 3 °C/min in an atmo-
sphere of nitrogen and air. Upon irradiation with visible light (420 nm),
bulk g-CN powder heated in air demonstrated 15 % photoactivity, while
in nitrogen, approximately 6 % photoactivity towards AO7 was
observed after 60 min of irradiation [53]. Senthil et al. [54] reported
that the photoactivity of AO7 (concentration of 5 x 10~ M) for pure
g-C3Ny4 reached almost 55 % after 60 min under a visible light source
with a wavelength of 380-800 nm. The synthesis of g-C3N4 powder was
conducted by the authors [54] using an inexpensive urea precursor
loaded in an alumina crucible with a lid to prevent sublimation. The
furnace was heated to 520 °C for 2 h at a heating ramp of 15 °C/min,
after which the temperature was allowed to spontaneously cool to room
temperature [54]. Ming et al. [55] yielded the g-C3N4 product through
mechanical mixing by grinding 3.0 g melamine and 7.0 g thiourea. The
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mixture was heated at a rate of 2 °C/min for 4 h at 530 °C. The authors
[55] achieved 20 % photoactivity over AO7 under visible light after 60
min. In our previous work [26], we synthesized a melem/g-C3N4 com-
posite through direct thermal treatment of the melamine precursor in an
air flow at 550 °C. The heating regime involved treating 10 g of mel-
amine in a semi-closed alumina crucible with an alumina lid at a rate of
3°C/min until it reached 550 °C. The crucible was immediately removed
from the furnace once the temperature was reached. The composite of
melem/g-C3sNy4 exhibited photodegradation activities of over 75 % and
41 % using a UV lamp (1 h, 368 nm) and a VIS lamp (1 h, 420 nm),
respectively [26].

This work presents a novel and efficient synthesis approach to obtain
graphitic carbon nitride (g-C3N4) compounds from melamine. This is
achieved through a short 30-min thermal treatment at relatively low
temperatures (400-550 °C) in either nitrogen or air. Although compa-
rable synthesis routes have been previously investigated [51-55], our
approach is distinguished by its emphasis on markedly reduced thermal
treatment times and a comparison between the synthesis of materials in
both nitrogen and air atmospheres. This provides new insights into the
effects of these conditions on the properties and performance of the
resulting materials.

The study focuses on a comprehensive investigation into the influ-
ence of temperature and atmospheric conditions on the structural,
morphological, and photocatalytic characteristics of g-CsNs-based
organic composites, with a particular focus on its ability to degrade the
model dye acid orange 7 under ultraviolet (UV) and visible (VIS) light
irradiation. It is noteworthy that the materials synthesized at lower
temperatures were found to exhibit superior photocatalytic activity.
This indicates the potential for a significant reduction in manufacturing
time, energy consumption and costs, while still producing high-quality
photocatalysts.

This work also includes a comprehensive comparative study, the first
of its kind, between materials synthesized in nitrogen and air, and their
photocatalytic efficiencies, which addresses a gap in the literature.
Moreover, advanced characterization techniques, including thermog-
ravimetry coupled with differential scanning calorimetry, quadrupole
mass spectrometry (TG-DSC-MS), and temperature-programmed
desorption (TPD), were employed to investigate the thermal stability
and structural transformations of the synthesized materials, thereby
adding a distinctive analytical dimension to our research. In addition,
density functional theory (DFT) calculations were conducted to
corroborate the experimental findings, thereby facilitating a more pro-
found comprehension of the photocatalytic mechanisms at the atomic
level. Furthermore, the roles of various photogenerated species (such as
radicals and holes) in the degradation process were investigated using
scavengers, thereby advancing our understanding of the photocatalytic
pathways involved.

The present study is distinguished from previous research by its use
of a synthesis method requiring minimal time, the involvement of both
nitrogen and air atmospheres, and a focus on the creation of g-C3Ny-
based organic composites with enhanced photocatalytic activity.
Moreover, the findings demonstrate that superior photocatalytic effi-
ciency can be achieved without the incorporation of i.e. transition metal
oxides (TMO) to create a TMO/g-C3N4 composite, a strategy frequently
employed in other studies [11-13,15,17,54]. Ultimately, this research
proposes a novel approach for developing g-C3Ny-based materials that
optimize both performance and cost-efficiency, advancing the limits of
current synthetic methodologies.

2. Experimental details
2.1. Synthesis of g-CsN4-based materials
The series of g-C3N4 compounds were prepared by thermal treatment

processing of the melamine (ME) precursor (4.2 g) in nitrogen or air
atmosphere for 30 min at 400, 450, 500, and 550 °C, respectively. The
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heating rate for all prepared materials was set to 5 °C/min. The ME was
placed in highly pure alumina oxide crucibles. The series of ME-T-N/A
(where T - temperature, N — nitrogen, or A — air atmosphere) samples
were subjected to annealing at temperatures (T) of 400, 450, 500, and
550 °C, respectively. The samples labelled ME-400-N, ME-450-N, ME-
500-N, and ME-550-N were synthesized in a tube furnace in a nitrogen
atmosphere. In contrast, the samples labelled ME-400-A, ME-450-A, ME-
500-A, and ME-550-A were heated by a muffle furnace in an air
atmosphere.

Furthermore, in order to facilitate comparison between our mate-
rials, we undertook the synthesis of two samples at 520 and 550 °C in air.
The details of the synthesis conditions and the examination results are
presented and discussed in the Supplementary Material.

2.2. Instrumentation details

The carbon (C), nitrogen (N), and hydrogen (H) contents in the g-
C3N4 compounds were determined using a CHSN 628 Series (LECO,
Corp, St. Joseph, MI, USA) elemental analyzer. The oxygen content was
calculated as a difference of 100 % organic content (excluding ash).

XRD analysis was performed on the X-ray diffractometer MiniFlex
600 (Rigaku, Japan), equipped with a Co tube operated at 40 kV and 15
mA. D/teX Ultra 250 was used as a detector. XRD patterns were
collected at room temperature in the range of 6° < 20 < 60° using a step
size of 0.01° and a scanning rate of 3°/min.

A thermal analysis of g-CsNs was conducted using a
thermogravimetry-differential scanning calorimetry (TG-DSC; STA 449
Jupiter, Netzsch) with a heating rate of 10 °C min~! under a He flow
(150 mL min~!). The emission gas from TG-DSC was analyzed by a
quadrupole mass spectrometer (MS; JMS-Q1500GC, JEOL). The thermal
decomposition behavior of g-C3N4 was also analyzed by advanced
temperature-programmed desorption (TPD) up to 1800 °C [47,56,57].

The Fourier transform infrared (FTIR) spectra of the prepared sam-
ples were measured using an FT/IR-6600 (JASCO, Japan). Measure-
ments were carried out in the range of 500-4000 cm ™" with a resolution
of 2 cm™! using an attenuated total reflection (ATR) technique. Each
spectrum obtained was the average of 64 scans. Prior to each mea-
surement, the background was scanned to eliminate apparatus and
environmental effects.

Reflectance data were obtained by measuring the UV-VIS spectra of
dry powder samples at room temperature using a Shimadzu UV-2600
Series spectrophotometer equipped with an IRS-2600Plus integrating
sphere (Shimadzu Ltd, Japan) in the wavelength range of 220-800 nm.
The Kubelka-Munk function was applied to transform the data, and the
values of the indirect bandgap energies (Eg) were determined using Tauc
plot. A sample of powdered BaSO4 was employed as a reference.

The photoluminescence (PL) emission spectra of all obtained g-C3Ny-
based materials were determined at room temperature, using an Edin-
burgh Instrument Ltd FLSP920 Series spectrometer in the wavelength
range of 350-600 nm. The spectrometer was equipped with a 450 W
non-ozone xenon lamp (Steady state Xe900 lamp) and an R928P de-
tector (PMT detector). In this experiment, the Czerny-Turner arrange-
ment was employed.

Microscopic investigations were performed using a scanning electron
microscope (Zeiss Crossbeam 350). Prior to characterization, the sam-
ples were gold-sputtered to ensure optimal electron conductivity.

2.3. Photocatalytic activity measurements

The photocatalytic activity of the prepared samples was evaluated by
subjecting them to photodegradation of acid orange 7 (AO7, 7.14 x
10~* mol/L) photodegradation under UV (360 nm, irradiation intensity:
I = 3.40 mW/cm?) and VIS (420 nm, irradiation intensity: 10 mW/cm?)
light irradiation. In a typical procedure, 50 mg of the catalyst (ME-T-N/
A) was dispersed in 150 mL of deionized water and magnetically stirred
at 300 rpm at room temperature to obtain a homogeneously dispersed
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suspension. After that, a 15 mL AO7 solution was added to the suspen-
sion. The concentration of AO7 for each photodegradation measurement
was 25 mg/L [26]. All as-prepared suspensions were magnetically stir-
red at 300 rpm for 30 min at room temperature in the dark to estimate
the adsorption equilibrium of AO7 dye on the given sample. Subse-
quently, the UV or VIS lamp was switched on. After the dark period and
within a given time of the irradiation period, 2 mL of a homogeneously
dispersed suspension was sampled using a syringe. The suspensions were
filtered using a 0.45 mm pore size syringe filter (CHROMAFIL
GF/RC-20/25 filters, Macherey-Nagel, Germany) directly into the 1 cm
quartz glass microcuvette in order to separate the photocatalytic mate-
rial. The absorbances of the obtained filtrates were recorded at 480 nm
using Helios Epsilon (ThermoFisher, USA) spectrometer. The extent of
AO7 degradation (Asample) Was calculated for all studied samples, ac-
cording to the equation: Asample = (1-(Ceq. A07/Co A07)) X 100 %, where
Ceq. A07 is the concentration of AO7 at a given time of irradiation, and Cp
Aoy is the initial concentration of AO7 [26].

The photodegradation tests were further carried out in the presence
of ethylenediaminetetraacetic acid (EDTA) (1 mmol/L), 1,4-benzoqui-
none (1,4-BQ) (1 mmol/L) and t-butanol (t-Bu) (1 mmol/L) as the
scavengers of the holes (h ™), the superoxide radicals (¢03) and hydroxyl
radicals (éOH) [26,58-60]. For the experiments, suspensions of 36 mg of
the ME-T-N/A sample were prepared with 20 mL of the scavenger, 88
mL of demineralised water, and 12 mL of AO7 (20 mg/L). All ME-T-N/A
samples were subjected to photodegradation experiments under UV and
VIS light irradiation. Each experiment consisted of a 1-h dark period and
a 2-h long irradiation period. The extent of the AO7 photodegradation
after the 1-h long dark and 2-h long irradiation period was obtained
using the same procedure as previously described for the photo-
degradation test without scavengers [26].

3. Computational details
3.1. Computational methods

All studied structural models, melamine, melam, melem, melon and
g-C3N4, were examined using the density functional theory (DFT)
method implemented in the Vienna Ab initio Simulation Package (VASP)
[61,62]. The exchange-correlation energy was described by Perdew,
Burke, and Ernzerhof (PBE) functional [63] based on the generalized
gradient approximation (GGA) theory. The Kohn-Sham equations were
calculated using the variation method with a plane-wave (PW) basis set
with the kinetic energy cut-off of 500 eV in the
projector-augmented-wave (PAW) method [64,65]. For the integration
over the Brillouin Zone, a Monkhorst-Pack 2 x 2 x 2 k-point mesh was
used. The atomic positions and the unit cell parameters were fully
optimized (Fig. S1, Table S1). No symmetry restrictions were applied
during any optimization procedure. The relaxation criteria were 107>
eV/atom for the total energy change and 0.015 eV/A for the maximally
allowed forces acting on each atom. Due to the presence of weak in-
teractions between the molecules in the unit cell, DFT calculations were
performed using the D3 scheme to correct dispersion forces acting in the
structure [66]. The DFT-D3 method was applied to periodic structural
models to obtain calculated powder diffraction spectra.

The calculations of theoretical UV/Vis spectra of respective struc-
tures of reactants were done using cluster models (melam, melem,
melon and g-C3Ny4) by means of the Gaussian 16 program package [67]
employing the DFT method and B3LYP [68] functional without any
constraints. The energy cut-off for geometry optimizations was 3 x 10~3
kJ mol !, and the final root mean square energy gradient was below 1.5
kJ mol'A~!. The geometry optimizations were performed in a large
6-311++G** basis set [69]. The real minima of the optimized structures
were confirmed by frequency calculations (no imaginary frequency). For
the calculation of the excited states of studied systems and, subse-
quently, preparation of the calculated UV/Vis spectra, the
time-dependent density functional theory (TD-DFT) [70] method with
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the B3LYP functional and 6-311++G** basis set was used.

3.2. Computational models

The optimized models based on the real crystal structures of mel-
amine, melam, melem and polymeric systems of melon and g-C3Ny are
presented in Fig. S1. The optimized unit cell parameters of all investi-
gated periodic models are summarised in Table S1 and are in good
agreement with experimental structural parameters. The melamine
elementary cell [71] consists of four melamine molecules in two
differently-oriented layers in the unit cell. The melamine molecule is
defined as a trimer of cyanamide with a 1,3,5-triazine skeleton
(Fig. Sla). It is a monoclinic crystallographic structure in P2;/a space
group of symmetry with nearly planar triazine rings. The elementary cell
of the melam structure [72] is monoclinic in a C2/c space group of
symmetry consisting of 14 molecules. The structure of melam molecules
is characterized by two triazine units condensing through a bridging NH
group (Fig. S1b). The monoclinic melem [25] crystal structure with the
space group P2;/c consists of four 2,5,8-triamino-heptazine molecules in
the unit cell interconnected by extended hydrogen bridges. Two
differently-oriented layers of parallel molecules alternate along the di-
rection of the c-axis. Each molecule contains a cyameluric nucleus C¢N7
of three s-triazine rings. The structure is completed by three terminal N
atoms bound to positions 2, 5, and 8 of the tri-s-triazine CgN7 nucleus
(Fig. S1c). A polymer structure characterizes melon and g-C3N4 models
(Figs. S1d and e) [73]. Melon contains the cyameluric nucleus CgN7 in
the crystal structure. It comprises layers made up of infinite chains of
NH-bridged melem monomers. On the other hand, g-C3Ny, as a final
product of the reaction, is created by heptazine rings cross-linked by
tertiary N atoms forming extended 2D sheets.

The melam, melem, melon and g-C3N4 cluster models shown in
Fig. S2 were used to calculate UV/Vis spectra and compare them with
experimental UV/Vis measurements in the temperature range between
400 and 550 °C. Mutual comparison can confirm/decline the presence of
respective reactants in the experimentally measured probes.

4. Results and discussion
4.1. Elemental analysis

Elemental analysis was used to find the C, N, and H content in the
ME-T-N/A samples. The results are included in Table 1. The findings are

Table 1

Elemental analysis of C, N, and H contents of ME samples after thermal treat-
ment at 400, 450, 500, and 550 °C in nitrogen (series N) and air (series A)
atmosphere.

Material C N H o* N/C
(wt%/mol.%) C/N
ME-400-N 32.9/23.9 63.0/39.1 4.27/37.0 0.00/0.000 1.91/1.64
0.52/0.61
ME-450-N 33.4/26.1 62.9/42.0 3.40/31.7 0.30/0.176 1.88/1.61
0.53/0.62
ME-500-N 34.0/25.9 61.3/39.9 3.69/33.5 1.01/0.578 1.80/1.54
0.55/0.65
ME-550-N 35.2/29.5 61.6/44.1 2.61/26.1 0.59/0.371 1.75/1.50
0.57/0.67
ME-400-A 33.0/27.6 63.2/45.1 2.68/26.7 1.12/0.702 1.92/1.64
0.52/0.61
ME-450-A 33.2/26.1 62.7/422 3.33/31.2 0.77/0.455 1.89/1.62
0.53/0.62
ME-500-A 33.9/28.5 61.0/43.7 2.62/26.2 2.48/1.564 1.80/1.54
0.56/0.65
ME-550-A 34.9/31.8 61.3/47.7 1.75/19.0 2.05/1.404 1.76/1.51
0.57/0.67

# The content of oxygen was calculated as a difference of 100 % organic
content (excluding ash).
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presented in Table 1. Furthermore, the experimental outcomes were
contrasted with the theoretical simulations, and, in accordance with the
chemical formula, the structure was elucidated in Table S2.

The C/N molar ratio of 0.61 obtained for the sample heated at 400 °C
is close to the theoretical ratios of 0.60 and 0.54 attributed to melem
[74] and remaining melam [74], respectively. With an increase in
heating temperature by 50 °C, melem was formed, and the experimental
and theoretical C/N molar ratios [74] were almost equal. At a temper-
ature of 500 °C (with an experimental C/N molar ratio of 0.65), the
melon structure (with a theoretical C/N molar ratio of 0.67 [75]) was
predominant with some remaining melem (with a theoretical C/N molar
ratio of 0.60 [74]). Upon annealing melamine at 550 °C, the g-C3N4
structure predominated with the remaining melon content. It is apparent
that the estimated experimental results are in line with the theoretical
values [75]. Furthermore, the achieved C/N molar ratios in nitrogen or
air atmosphere at the same temperatures were comparable. Later, the
results were supported by XRD and DFT modeling as well. It is also
noteworthy that the hydrogen content of the samples heated in a ni-
trogen atmosphere is higher than in the air atmosphere, while the ox-
ygen content is lower in the samples heated in nitrogen than in the air
atmosphere.

4.2. X-ray powder diffraction analysis

X-ray powder diffraction analysis was used to track changes in the
phase and structure of the materials under investigation, and the results
are included in Fig. 1. A slight difference was observed between the
intensities of samples heated in nitrogen and air atmospheres. The XRD
analysis, supported by calculated (DFT-D3) theoretical models (Fig. 2),
helped to identify the dominant and predominant phases presented in
Fig. 3. These were then compared with the results of the elemental
analysis (discussed above). In summary, the XRD patterns for the sam-
ples heated at 400 °C were attributed to melem [25,48,74] as a domi-
nant phase and remaining melam [25,48,74], respectively. It was
observed that a pristine melem structure was created when the heating
temperature was raised by 50 °C [24-26,48,74]. At 500 °C, the melon
structure [24.25, 50, 75] is the predominant phase, with some remain-
ing melem [24-26,48]. The g-C3N4 structure [75,76] was found to be
dominated by a remaining melon [50,75] content following annealing
melamine at 550 °C.

The achieved patterns agree well with the calculated results obtained
by the DFT-D3 method (Figs. 2 and 3).

All studied compounds exhibited well-distinguishable reflection
patterns indicative of distinct crystallographic phases. The calculated
highly intensive peaks at 28.83° for g-CsN4 and 32.20° of 20 for melem
crystal are well-known in discotic systems as the stacking peak of con-
jugated aromatic rings (Fig. 2) [49]. The crystal structure of melem
exhibits a very intense reflection at 14.34°, which corresponds to the
plane arrangement of the nitrogen-bonded heptazine units. In the same
XRD area, a low-intensity reflection was also observed in the structure of
melon crystal (14.71°) [49]. The calculated and experimentally ob-
tained XRD patterns clearly indicate that increasing temperature results
in a decrease in the number and intensity of peaks up to 550 °C. At this
temperature a typical reflection of g-C3N4 at 28.78° (calculated,
DFT-D3) and at 31.80° of 26 (experiment) was observed.

The calculated XRD data and experimental measurements were
found to be in good agreement with the results obtained in the literature.
Yuan et al. [48] conducted a study of the XRD of melam and melem
crystal structure using theoretical DFT calculations in the Reflex pack-
age of the Materials Studio program and experimental techniques.
Furthermore, Lau et al. [77] focused on the experimental XRD study of
crystalline melem, oligomers of melem and melon with the objective of
controlling the polymerization process for the formation of graphitic
carbon nitride polymer structures, which exhibited a substantially
enhanced photocatalytic activity. In a separate study, Tyborski et al.
[73] employed both experimental and theoretical approaches to
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Fig. 1. XRD patterns of ME samples after thermal treatment at 400, 450, 500, and 550 °C in nitrogen (A) and air (B) atmosphere.
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Fig. 2. Calculated XRD patterns of the respective structures using DFT-
D3 method.

investigate the XRD of polymeric graphitic carbon nitride. Their theo-
retical diffraction pattern encompassed all significant features observed
in X-ray diffraction. These analyses were conducted using the Diamond
3.2i program, with results reviewed using the PowderCell 2.4 program.

4.3. Thermal analysis

The transformation from melamine to melam/melem composite
(400 °C), through pristine melem (450 °C), melem/melon composite
(500 °C), and finally to melon/g-C3N4 (550 °C) was found to be in exact
accordance with the results presented in Table 1. The thermal stability of
ME-550-N was further investigated using TG-DSC-MS (Fig. S3) and TPD
(Fig. S4). ME-550-N shows a small weight loss (ca. 1 wt%) below 300 °C
in its TG curve (Fig. S3). This loss can be attributed to the desorption of
physisorbed water (m/z = 18 in Fig. S4). As the synthesis temperature
was 550 °C, no significant thermal decomposition was observed in
Figs. S3 and S4 below 550 °C, demonstrating good thermal stability of
this material. Above 600 °C, ME-550-N primarily decomposes into
fragments with m/z = 28 and 52 and almost completely gasified at
800 °C. Based on the elemental composition presented in Table 1, these
species can be assigned to Ny and CyNjy, respectively. Moreover, high-
sensitivity TPD detected additional gas emissions above 550 °C,
including m/z = 2, 17, 18, 27, and 28. These can be attributed to Hy,
NH3/0H, H50, HCN, and N»/CO. Consequently, a small fraction of O
shown in Table 1 can be assigned to physisorbed water and oxygen-
functional groups located at defect sites. The minor presence of O sug-
gests a low level of defects in ME-550-N.

4.4. Spectroscopy (FTIR, DRS, PL) studies

4.4.1. FTIR

The FTIR spectra of the two sets of samples analyzed are shown in
Fig. 4(A and B). The samples were measured in the spectral region
4000-500 cm .

The band at 805 cm ™~ belongs to the breathing mode of triazine units
[78] and is present in each measured sample. In the spectral region
between 1700 and 1100 cm ™" (areas A in Fig. 4), the sharp bands (at
1651 em™, 1569 cm™!, 1469 cm™, 1409 cm ™!, 1324 cm™, and 1239
cm™!) are observed. These bands are assigned to the stretching vibra-
tions of C=N and C-N bonds of heterocyclic rings [78,79].

The very broad bands appear between 3000 and 3700 cm ™! (areas B
in Fig. 4). Bands at the spectral region are related to stretching vibration
of N-H bonds [78-81]. The two bands (at approx. 3300 c¢m ! and 3100
em™!) are clear visible in the spectra of samples treated by temperature
400 °C and 450 °C (in air atmosphere, as well as in nitrogen atmo-
sphere). The bands are typical for asymmetrical (3300 cm™!) and sym-
metrical (3100 cm™ 1) stretching vibration of N-H bond of primary
amines (R-NHy). The similar “look” have the spectra of samples treated
by temperature 500 °C (in both types of atmospheres), but both above
mentioned spectral bands are almost overlapped. Only one band (at
approx. 3080 cm™!) is visible in the spectra of samples treated by tem-
perature 550 °C (in both types of atmospheres). The band is due to
stretching vibration of N-H bond of secondary amines (R;-NH-R5). With
increasing heating temperature of melamine in air atmosphere, as well
as in nitrogen atmosphere, N-H stretching vibrations are in FTIR spectra
evident.

The elemental analysis indicates that the C/N ratio (mol.%) is
approximately 0.67 and increases with increasing heating temperature
of melamine in both atmospheres. However, this C/N ratio remains
lower than the theoretical C/N ratio for g-C3Ny4 (0.75). It suggests that
the amino groups are formed by incomplete condensation of the pre-
pared g-C3Ny4. Residual hydrogen atoms are likely to bond to the edges of
the graphene-like C-N sheets [82,83] in the form of C-NHy bonds (for
temperature 400 °C-500 °C) and 2C-NH bonds (for temperature 550 °C).

4.4.2. Experimental (DRS)UV/Vis and calculated UV/Vis spectra analysis

The reflectance spectra of the prepared samples are shown in
Fig. 5A-C. The indirect band gap energy values (Kubelka-Munk func-
tion, Tauc spectra) derived from the diffuse reflectance spectra (DRS) of
ME samples subjected to thermal treatment at 400, 450, 500, and 550 °C
in nitrogen (series N) and air (series A) atmospheres are shown in
Fig. 5B, D and Table 2.

The band gap energy (Eg) values of melamine exhibited a decrease
from 2.92 eV to 2.71 eV as the temperature of annealing increased in
both nitrogen and air atmospheres. At the same temperature, there was
no difference in the E4 of samples heat-treated in nitrogen or air. This
finding is consistent with the red shift changes at the same temperature,
which were almost identical in both nitrogen and air atmospheres
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Fig. 5. Diffuse reflectance UV-Vis spectra (A, C) and Tauc spectra (B, D) at wavelengths from 220 to 800 nm of ME samples after thermal treatment at 400, 450, 500,
and 550 °C in nitrogen (series N) and air (series A) atmosphere.

sample ME-550-N, and E; = 2.72 eV for sample ME-550-A). Vijayar-
angan et al. [84] have stated that at 350 °C the Eg is 2.89 eV (melam
structure), at 400 °C the Eg value is 2.80 eV (melem structure), at 450 °C

Table 2
Indirect band gap energy values (Kubelka-
Munk function, Tauc spectra) from DRS

spectra of ME samples after thermal treatment the Eg value is 2.720 eV (melono structure), wh.lle at t.he preparation
at 400, 450, 500, and 550 °C in nitrogen (series temperature of 500 °C anq 550 °C from melamine, Eq is then 2.64 eV
N) and air (series A) atmosphere. (g-C3Ny structure), respectively.
Materials E, (V) . The resullts obt.amed fOI'.thlS set of sa.mples are highly comparable,
with only minor discrepancies observed in the Eg values (see Table 2),
ME-400-N 2.92 which indicate excellent agreement with this study and with PL mea-
ME-450-N 2.82 . able 3
ME-500-N 275 surements (see Fig. 6, Table 3).
ME-550-N 2.71 The experimental diffuse reflectance UV/Vis spectra of ME samples
ME-400-A 2.92
ME-450-A 2.83
ME-500-A 2.75 Table 3
ME-550-A 2.72 Maximum emission bands and evaluated E; from PL spectra of ME samples
after thermal treatment at 400, 450, 500, and 550 °C in nitrogen (series N) and
. air (series A) atmosphere.
(Fig. 5). Material Maxi ission band: Eq (eV
The DRS(UV-Vis) data for the samples synthesized at 400 °C (Eg = aterials aximum emission bands (nm)/Ey (V)
2.92 eV) indicated the presence of melem as a dominant phase, with the ME-400-N 422/(2.94)
remaining melam. This was confirmed by the theoretical and experi- xg;gg_g jg;jg'%;
mental studies. Upon increasing the heating temperature by 50 °C, a ME-550-N 472 /(2:63)
pristine melem structure was formed (Eg = 2.82 eV for sample ME-450-N
d E, = 2.83 eV for sample ME-450-A). At 500 °C, the melon structure ME-400-A 422/(2.94)
and Lg = 2. ] ple kA : ) ME-450-A 438/(2.83)
predominates, with some remaining melem (Eg = 2.75 eV). The g-C3N4 ME-500-A 456/(2.72)
structure was the predominant phase, with a residual melon content ME-550-A 472/(2.63)
observed following the heating of melamine at 550 °C (Eg = 2.71 eV for
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Fig. 6. PL spectra of ME samples after thermal treatment at 400, 450, 500, and 550 °C in nitrogen (A) and air (B) atmosphere.
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after thermal treatment in the range of 400-550 °C in nitrogen (N) and
air (A) atmosphere were also compared with calculated UV-Vis spectra
of melam, melem, melon and g-C3N4 cluster models (Fig. S5). The
computed models exhibited a red shift to lower energy levels, with the
maximum absorbance observed at 235 nm for melam, 238 nm for
melem, 296 nm for melon, and 304 nm for g-C3Ny4. The aforementioned
red shift was also observed in the works of Lau et al. [77] and Liu et al.
[74]1, which demonstrated a narrowing tendency of their band gaps.

4.4.3. Emission photoluminescence (PL) spectra

The emission photoluminescence (PL) spectra of the prepared sam-
ples are presented in Fig. 6, and Table 3 provides the positions of the
maximum emission bands and E4 values evaluated from the PL spectra in
the nitrogen and air atmosphere. In PL spectroscopy, the electrons in the
valence band become excited after absorbing photons of suitable energy
and reaching the conduction band edge. The emission of energy in the
form of light occurs when the electrons reach a stable state at the valence
band edge. The photoemission peak in PL spectra can be used to evaluate
the band gap energy of a photocatalyst. A reduction in the photoemis-
sion peak indicates good charge carrier separation, which is required for
an efficient photocatalyst.

Samples that have been annealed under a nitrogen atmosphere
(Fig. 6A) demonstrate that as the annealing temperature increases, the
emission bands are red-shifted to higher wavelengths from 422 nm to
472 nm (Table 3), and hence their intensity decreases. However, the
intensities for samples ME-400-N and ME-450-N are considerably higher
than those observed for samples prepared from melamine under an air
atmosphere. PL measurements indicate that the degree of poly-
condensation of melamine in a nitrogen atmosphere is less pronounced,
and that non-condensed amino groups can act as emission centres. It is
noteworthy that the CN-N bond exhibits a relatively low PL emission
peak, which may be attributed to its inconsistent structure, as evidenced
by XRD [19,85].

Annealing in air (Fig. 6B), analogous to annealing in nitrogen, ex-
hibits a shift of the emission bands’ maxima with increasing tempera-
ture, from 422 nm to 472 nm (Table 3). However, the observed
intensities were lower for the ME-400-A and ME-450-A samples, which
could be attributed to a more effective separation of electrons and holes
(h™") [84]. The sample ME-450-A exhibits a phenomenon known as
doublet emission, which can be attributed to the presence of structural
elements within the system that originated from the C-N-H framework
present in this melon phase [86]. A reduction in the magnitude of the
transition energies associated with the temperature-induced polymeri-
zation of melamine has also been observed, as the HOMO (highest
occupied molecular orbitals) and LUMO (lowest unoccupied molecular

ME-400-N
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orbitals) energies have become increasingly similar [87].

The ME-500-A sample was found to exhibit a suppression of intensity
and recombination of the charge carrier, as a result of the melon
structure [88-91].

4.5. Morphology examination

The scanning electron microscopy (SEM) technique was employed to
examine the morphology of the ME samples following thermal treatment
at 400, 450, 500, and 550 °C in nitrogen (series N) and air (series A)
atmospheres. All the powders exhibited a layered structure and a ten-
dency to agglomerate (Fig. 7). Furthermore, the specific surface area
(Sger) and physical parameters of mesopores/micropores from BET
analysis of ME samples after thermal treatment at 400, 450, 500, and
550 °C in nitrogen (series N) and air (series A) atmosphere are provided
in Supplementary Material (Table S3 and Fig. S6).

4.6. Degradation of AO7 under UV or VIS light

The photodegradation experiment comprises two distinct phases: (i)
the dark phase and (ii) the irradiation phase. During the dark phase (first
period without light illumination), an adsorption equilibrium was
established for all samples, as indicated by the negligible variation in the
relative concentration of AO7 during this period (see Fig. S7 in the
Supplementary Material). The experiments were three times repeated,
and to each of results the error bars (+5 %) are incorporated to reflect
the variability in the measurements. Fig. 8 illustrates the changes in AO7
concentration with the duration of UV and VIS light irradiation (second
period with light illumination) for the samples prepared in nitrogen and
air atmospheres. The results of photodegradation activities (%) are
included in Fig. S8. After 3 h of irradiation under UV or VIS light, the
photocatalytic activities were between 70 and 99 % for samples heated
in nitrogen and 50 and 99 % for samples heated in air, as shown in Fig. 8,
Fig. S8 and Table 4. Furthermore, the photodegradation activity was
found to be superior under UV light for both groups of samples. The
activity of the ME samples (Fig. S8) was evaluated following thermal
treatment at 400, 450, 500, and 550 °C in nitrogen and air atmospheres.
The results are presented in Table 4 and Table S4, which compares the
UV (360 nm) and VIS (420 nm) lamps. The sample heated at 500 °C
(melon/melem) in an Ny atmosphere revealed 75 % activity after 15 min
under UV light and 22 % under VIS light, respectively. The ME-450-A
(pristine melem) sample exhibited 76 % of the initial activity after 15
min of UV irradiation. The ME-500-A (melon/melem) sample demon-
strated 10 % and 91 % of the initial photodegradation activity after 15
and 180 min of irradiation under visible light, respectively. It is

ME-450-N

§ 3200nm

Fig. 7. SEM images of ME samples after thermal treatment at 400, 450, 500, and 550 °C in nitrogen (series N) and air (series A) atmosphere. MAG: 20.00 KX.
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Table 4

Activity and average kinetic constant (after 3 h) of ME samples after thermal
treatment at 400, 450, 500, and 550 °C in nitrogen and air atmosphere. Com-
parison of the UV (360 nm) vs. VIS (420) nm lamps.

Materials UV lamp VIS lamp
Activity Kea1 1073 Activity Kea1 1072
(%) (min™") (%) (min™")
ME-400- 98 31.0 7 0.4
N
ME-450- 99 45.0 74 5.9
N
ME-500- 99 49.0 97 19.3
N
ME-550- 97 29.0 83 7.3
N
ME-400-A 99 30.0 3 0.3
ME-450-A 99 55.0 60 4.8
ME-500-A 98 45.0 91 9.9
ME-550-A 97 28.0 54 4.6

noteworthy that this is the first instance of a straightforward approach
that is scalable, cost-effective, and environmentally benign in achieving
metal-free photocatalysts based on graphitic carbon nitride compounds
derived from melamine. Furthermore, the process of thermal treatment
in nitrogen or air at temperatures ranging from 400 to 550 °C, involving
a mere 30-min holding period at the selected temperature, is also worthy
of mention. The proposed novel approach to the development of g-C3N4-
based materials demonstrates that organic composites created at lower
temperatures display the highest photocatalytic properties, allowing for
the reduction of time, energy, and financial resources typically required
for the manufacturing of high-quality photocatalysts.

Fig. 8 also illustrates the differences in the degradation rates of the
nitrogen and air series under UV and VIS light, with the data supported
by the calculated kinetic constants (Table 4). The calculated kinetic
constants (k.q)) were determined for all materials using the pseudo-first-
order reaction equation In(C/Cy) = -keqit, where Cy is the initial con-
centration of AO7, C is the concentration of AO7 at the time t of the
measurement, and k is the kinetic constant [26,92,93]. The logarithmic

plots of the degradation studies with the kinetic rate constants as a
function of UV or VIS irradiation time are included in Figs. S9 and S10.
The average kinetic constants obtained for the samples heat-treated in a
nitrogen atmosphere were found to be in the ranges of 29-49 x 103
min~! (under UV lamp) and 0.4-19.3 x 1073 min~! (under VIS lamp),
respectively. The determined average kinetic constants for the series of
materials synthesized in an air atmosphere were in the ranges of 28-55
x 1073 min~! and 0.3-9.9 x 1072 min™!, respectively, under UV and
VIS light. It can be observed that with increasing temperature from 400
to 500 °C, the average kinetic constant parameters increase as well for
both series of samples, and this phenomenon was registered under both
wavelengths of light. When the annealing temperature of melamine
reached the value of 550 °C under a nitrogen or air atmosphere and
pristine g-C3N4 material was obtained, the values of the average kinetic
constant decreased by approximately twofold.

In order to facilitate a comparison of the results obtained from
samples heat-treated at 500 and 550 °C in an air, two samples were
synthesized and labelled R-520-4 h and R-550-2 h. The synthesis con-
ditions were documented, as well as the results of physicochemical ex-
aminations, including XRD, DRS (UV-VIS), and photodegradation
experiments towards AO7 dye under UV and VIS lights. Furthermore,
the theoretical calculations performed using the Density Functional
Theory (DFT) method provided additional insight into the experimental
XRD data.

The Supplementary Material (Fig. S11 to Fig. S18, Table S5) contains
and discusses all this information. Furthermore, a literature review of g-
C3Ny4 (g-CN) - based composites used for photodegradation of selected
dyes is included in Table S6. Hence, it can be concluded that the best
photocatalytic properties were estimated for g-C3N4-based materials
that represented organic/organic composites like: melem/melon, or
melon/g-CsNy.

4.7. Scavengers measurements
As previously stated, scavenger experiments represent an invaluable

tool for elucidating the participation of specific forms of radicals or other
forms/species, such as holes, in the photodegradation process. Fig. 9
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Fig. 9. Scavengers experiments of ME samples after thermal treatment at 400, 450, 500, and 550 °C in nitrogen (series N) (A, B) and air (series A) atmosphere (C, D).

depicts scavenger experiments conducted on ME samples following
thermal treatment at 400, 450, 500, and 550 °C in nitrogen (series N)
(Fig. 9A and B) and air (series A) atmospheres (Fig. 9C and D).

A comparison of ME samples of the N series under UV irradiation
reveals that only the ME-400-N* sample exhibits the participation of
superoxide radicals (*0z2) in AO7 photodegradation. A comparable sit-
uation is evident for the sample ME-550-N*, where the *O3 plays a
dominant role in AO7 photodegradation in the absence of the scavenger.
The impact of these superoxide radicals is somewhat lower for this
sample. It can be seen that the masking of superoxide radicals results in a
reduction in the photodegradation activity of AO7 for the aforemen-
tioned samples. A notable impact of superoxide radicals (very high
photoactivity, but lower than for no scavengers (NS) was observed for
samples ME-450-N* and ME-500-N*. Other species (h" and "OH) did not
result in a decrease in photoactivity for AO7. On the contrary, they are
higher than for NS (no scavenger), therefore do not participate in pho-
todegradation. Furthermore, it can be stated that these reactions can
occur as oxidation/reduction processes (1)-(7) [93-99]:

Photoexcitation process:

g-C3Ny +hv — e +h' @
Oxygen ionosorption process:

Oy +e — *03 (2)
Ionization of water:

H,0 - OH™ + H* 3)
Protonation of superoxide from water:

*0z + H* —» HO3 4
Co-scavenging of e™:

HO3 + e~ —» HOz ()

Formation of HyOo:

10

HO3 + H™ - Hy0, (6)

)

The aforementioned results, which relate to the preparation of
samples under a nitrogen atmosphere and the perspective of scavengers,
have not yet been published.

Another scenario is that of ME samples subjected to thermal treat-
ment at temperatures of 400, 450, 500, and 550 °C in a nitrogen

pollutant + e~ — reduction products

Table 5
Scavengers experiments after thermal treatment at 400, 450, 500, and 550 °C in
a nitrogen atmosphere. Comparison of the UV (360 nm) vs. VIS (420) nm lamps.

materials  holes (h™) superoxide radicals hydroxyl
ethylenediamine- (*02) 1,4- radicals
tetraacetic acid (EDTA) benzoquinone (*OH)
(1,4-BQ) t-butanol (t-
Bu)
ME-400- - ++ -
N°
ME-450- - ~ -
N°
ME-500- - ~ —
N°
ME-550- - + -
N°
ME-400- - ++ -
N®
ME-450- - +++ +
N°
ME-500- - ++ +++
N°
ME-550- - +++ ~
N°

@ UV irradiation.
b VIS irradiation, - without influence, ~ very weak influence, + weak influ-
ence, ++ strong influence, +++ very strong influence.



M. Michalska et al.

atmosphere (series N) and subsequently irradiated with visible light
(VIS), as illustrated in Fig. 9B. As can be seen from Table 5, in addition to
the action of superoxide radicals and hydroxyl radicals (*OH), the
photodegradation of AO7 in VIS is also significantly influenced by the
presence of scavenger t-butanol (t-Bu). This is evident for the sample
ME-500-N** prepared in a nitrogen atmosphere.

It was observed that the highest decrease in photoactivity for AO7
occurred in the sample ME-550-N**, where a significant effect on the
photoactivity of peroxide radicals and very little hydroxide radicals was
evident. Conversely, the ME-500-N** sample demonstrated a significant
influence of AO7 on the photoactivity of both hydroxyl and superoxide
radicals.

In addition to the aforementioned reactions (1)—(7), further reactions
will also occur (8 and 9) [93-99]:

Formation of eOH:

Hy0, + e — *OH + OH™ (€))

pollutant + *OH — degradation products 9

It can be observed that, once again, the holes do not participate in the
photodegradation of AO7 when the samples are irradiated with VIS
light. This is the case for the series of samples (ME-400-N to 550-N**).

The situation is markedly different in the case of the ME-400-A to
ME-550-A series, particularly during irradiation under visible light
(VIS), as illustrated in Table 6 and Fig. 9D, in comparison to the ME-400-
N to ME-550-N series, where it is evident that the ME-550-A** sample
exerts the greatest influence on the photoactivity in VIS during photo-
degradation at AO7. Furthermore, it is evident that the scavenger
ethylenediamine-tetraacetic acid (EDTA) and hydroxyl radicals ("OH)
are ineffective when used in conjunction with holes (h™), as observed
when employing the scavenger t-butanol (t-Bu).

A strong influence of superoxide radicals was also detected in sam-
ples ME-400-A* and ME-550-A% (UV irradiation), as illustrated in
Fig. 9C and Table 6. In contrast, photoactivity was found to be very low
in these samples at AO7 [59,100].

It can be reasonably assumed that the oxygen vacancies and the in-
dividual types of materials present in the prepared A-series samples
(mixtures based on melem, melon, melam or g-C3N4) result in the for-
mation of n-n" heterojunctions. This is thought to improve charge sep-
aration and increase charge transfer at the interface between the liquid

Table 6
Scavengers experiments after thermal treatment at 400, 450, 500, and 550 °C in
air atmosphere. Comparison of the UV (360 nm) vs. VIS (420) nm lamps.

materials holes (h*) superoxide radicals hydroxyl
ethylenediamine- (*03) 1,4- radicals
tetraacetic acid (EDTA) benzoquinone ("OH)
(1,4-BQ) t-butanol (t-
Bu)
ME-400 - ++ -
A®
ME-450. - ~ -
A?
ME-500 - ~ -
A
ME-550 - ++ -
A®
ME- - - -
400-A"
ME- - ~ -
450-A°
ME- - + -
500-A"
ME- - +++ -
550-A”

# UV irradiation.
b VIS irradiation, - without influence, ~ very weak influence, + weak influ-
ence, ++ strong influence, +++ very strong influence.
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and the solid, due to the presence of the prepared nanoparticles in the
samples. This process is believed to significantly enhance the photo-
activity of the samples in comparison to AO7 [101,102]. A very slight
influence of superoxide radicals was again observed and found for
samples ME-450-A* and ME-500-A* (UV irradiation). Furthermore, as
previously stated, no influence of holes and hydroxyl radicals on the
photodegradation of AO7 was observed in the case of using EDTA and
t-Bu scavengers, see Table 6 and Fig. 9C, same for ME-400-A to 550-A**
series, see Fig. 9D and Table 6 [26,59,60,100]. The following reactions
will also occur (1) to (7), as described above, in both series (ME-400-A to
ME-550-A* and ME-400-A to ME-550-A*%).

5. Conclusions

A facile, scalable, and low-cost method was proposed for the syn-
thesis of metal-free photocatalysts based on graphitic carbon nitride
compounds derived from melamine. The method involved a 30-min
thermal treatment in either nitrogen or air at temperatures ranging
from 400 to 550 °C. The effect of temperature and atmosphere on the
degradation of the model acid orange 7 dye under UV or visible light
irradiation was evaluated.

The X-ray diffraction (XRD) results aligned with the elemental
analysis. In this study, density functional theory (DFT) with the D3
dispersion correction (DFT-D3) method was employed to support the
experimental findings. The calculated DFT-D3 results demonstrated a
strong correlation with the XRD experimental data, indicating that the
reflections of the studied crystal structures gradually disappeared from
the XRD pattern as the temperature increased. This observation was
further confirmed by the red shift observed in the ultraviolet-visible
(UV-VIS) spectra, which indicated a shift to lower energy levels. The
results of the diffuse reflectance spectroscopy DRS (UV-VIS) analysis
were consistent with those of photoluminescence (PL) spectroscopy.

Following a prolonged irradiation period (3 h) under UV or VIS light,
the photocatalytic activities were observed to be 70 and 99 % for sam-
ples heated in nitrogen, and 50 and 99 % for samples heated in air,
respectively. Both cases demonstrated superior activity under UV light.
The sample heated at 500 °C in an N, atmosphere revealed 75 % activity
after 15 min under UV light and 22 % under VIS light, respectively.
Sample ME-450-A had 76 % activity after 15 min under UV irradiation.
The sample ME-500-A showed 10 % and 91 % of photocatalytic activity
after 15 and 180 min of irradiation under VIS light, respectively.

A principal outcome of this research is the demonstration that
enhanced photocatalytic efficiency can be achieved through the use of
organic composites synthesized at relatively lower temperatures, elim-
inating the need for conventional modifications such as the incorpora-
tion of transition metal oxides (TMO). This approach reduces both
energy consumption and manufacturing costs while maintaining high
photocatalytic efficiencies, offering a more sustainable pathway for the
development of photocatalysts.

Moreover, the first comprehensive comparison of g-CsNs-based ma-
terials synthesized in nitrogen and air atmospheres revealed significant
differences in photocatalytic efficiencies, addressing a critical gap in the
literature. The application of advanced analytical techniques, including
thermogravimetry-differential scanning calorimetry coupled with mass
spectrometry (TG-DSC-MS) and temperature-programmed desorption
(TPD), provided valuable insights into the thermal stability and struc-
tural transformations of the synthesized materials, enhancing our un-
derstanding of their behavior under varying conditions.

In conclusion, this research presents a pioneering approach to the
synthesis of g-CaNas-based photocatalysts, demonstrating that high pho-
tocatalytic efficiency can be achieved through a simple, time-efficient
process. The findings offer significant implications for the future
design of cost-effective, environmentally friendly photocatalysts for
practical applications in environmental remediation and beyond.
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