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Abstract

Purpose: Nowadays gas sensors are of great interest for disease detection and assessment of treatment efficacy based on
exhaled breath analysis. One of the promising materials for gas sensors are composites of graphitic carbon nitride with
metal oxides.

Experimental: The article considers the basic properties of g-C.N, and provides a review of methods that can be effective
for obtaining its composites with metal oxides.

Conclusions: The study presents the mechanism of interaction of g-C.N, with gases of different nature. In addition, it gives
some examples of sensors based on composites of g-C.N, with metal oxides.

Keywords: Graphitic carbon nitride, Gas sensing, Nanocomposites

For citation: Bui C. D., Nalimova S. S., Nguyen V. T. A. Graphite carbon nitride: properties and applications in gas sensing.
Review. Condensed Matter and Interphases. 2025;27(2): 177-189. https://doi.org/10.17308/kemf.2025.27/12763

IOnsa uutupoBanus: Byit K. [I., Hanumosa C. C., Hryen B. T. A. T'paduTonomo6HbIii HUTPUA, yIJiepoaa: CBOICTBA U
MIpMMeHeHMe B ra3oBoii ceHcopuke. 0630p. KoHdeHcuposaHHsie cpedsl u mexcdaszHpie eparuupl. 2025;27(2): 177-189. https://
doi.org/10.17308/kemf.2025.27/12763

0< Bui Cong Doan, e-mail: congdoan6997 @gmail.com
© Bui C. D., Nalimova S. S., Nguyen V. T. A., 2025

The content is available under Creative Commons Attribution 4.0 License.

177



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

C.D.Bui et al.

1. Introduction

Gas sensors are widely used to detect low
concentrations of flammable, explosive or
toxic gases and to monitor environmental
pollution. Generally, the main requirements
for a gas-sensitive material are as follows: high
sensitivity, fast performance and good selectivity.
Development of inexpensive and reliable sensor
devices for gas detection, especially at room
temperature, is an important scientific and
technological task. For its solution, sensors
operating on the basis of various principles
are used. In regard to this, semiconductor
adsorption sensors are favorably characterized
by simple construction, low cost and a wide
choice of materials of the primary sensing
element [1, 2]. The principle of their operation
is based on the change in the resistance of the
material when chemical reactions of interaction
with oxidizing or reducing gases occur on its
surface [3, 4]. The sensing material should be
selected so that it has a large surface available
for interaction with gas molecules, suitable
active centers for their adsorption. The main
advantage of semiconductor gas sensors is their
high sensitivity, but their wide application is
limited by low selectivity and high operating
temperatures [5]. The problems of selectivity can
be solved by using different sensitive materials
and realizing multisensor systems [6], as well
as thermomodulation mode [7, 8]. To reduce
operating temperatures, heating is replaced by
exposure to ultraviolet or visible light [9, 10].
Over the years, the gas-sensitive properties of
n-type semiconductor oxides such as SnO, [11],
ZnO [12], TiO, [13], Fe,0, [14] u WO, [15] have
been widely studied. To a lesser extent, p-type
oxides such as CuO [16], NiO [17] u Co,0, [18]
have also been investigated. Studies on mixed
metal oxides (perovskites [19] and cubic spinels,
such as ferrites [20] and orthostannates [21]),
have shown that they can have much higher
response in some cases. In the last decade, two-
dimensional (2D) materials [22] with nanoscale
thickness and large surface-to-volume ratio have
shown great promise for gas sensors. Efficient
gas sensors can be obtained by combining the
advantages of different groups of materials and
creating composites of metal oxides with 2D
materials [23, 24].
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Nanomaterials based on graphitic carbon
nitride (g-C,N,) have found wide applications in
various types of catalysis due to their low density,
high chemical stability, tunable morphology
and low consumption [25]. The g-C.,N, has
a hierarchical structure and consists of an
aromatic plane and a m-conjugated s-triazine unit
composed of hybridized multiple sp, sp? and sp®
carbon and nitrogen atoms [26].

These materials are usually fabricated by
thermal condensation of nitrogen-containing
precursors such as melamine, dicyandiamide
and urea [27, 28]. The morphology of g-C.N, can
be easily controlled, which allows increasing
the specific surface area and the number of
adsorption centers for reactions with target gases.

Based on the mechanism of gas sensitivity, the
large specific surface area and a larger number
of adsorption centers in g-C,N, allow more
gas molecules to participate in reactions with
target gases. In addition, simple and inexpensive
methods of obtaining g-C.N, are advantages of
its application in the field of gas sensing. Since
the band gap of g-C,N, is 2.7 eV, the valence band
electrons easily move to the conduction band
when exposed to visible light, which leads to
excellent catalytic activity and allows reducing
the activation energy of the chemical reaction
leading to a sensor response.

Nitrogen atoms give g-C.N, semiconducting
properties and complexation ability, making it
to some extent a more efficient catalyst than
graphene. However, some drawbacks remain,
limiting its further application in this field. The
g-C,N, obtained by direct calcination of the
precursor usually has a dense structure and low
specific surface area [29]. The low charge carrier
mobility and low electrical conductivity of pure
g-C,N, result in long response time and poor fast
performance [30]. Pure g-C.N, has low sensitivity,
high operating temperature and low selectivity
[31]. Creating composites of g-C.N, with metal
oxides allows increasing the surface area, creating
more surface active centers. The formation
of a heterojunction between the material and
g-C,N, can provide electron transfer. Thus, SnO,/
g-C.N, composites show higher sensitivity and
selectivity to ethanol compared to SnO, [32]. The
g-C.N, /Zn0O based sensor has been shown to have
excellent performance for CH, detection [33].
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The aim of this study is to analyze the
properties of g-C.N,, review the main methods
of obtaining its composites with metal oxides
and the achieved results on their application in

gas sensing.

2. The structure of g-C.N,

The strong covalent bonding between N
and C atoms in the g-C,N, layer provides
its high chemical and thermal stability [34].
Two-dimensional m-bonded polymer systems
including triazine or tri-s-triazine (s-heptazine)
blocks linked by tertiary amines make g-C.N
stable at room temperature (see Fig. 1) [35].

The individual layers are linked to each other
by weak van der Waals forces. Under ambient
conditions, g-C.N, is thermally and chemically
stable, biocompatible, environmentally friendly
and resistant to acidic and alkaline environments
[36].

The g-C,N, obtained by thermal condensation
of N-containing precursors has low crystallinity
due to the appearance of defects connected
with insufficient deamination during thermal
condensation and the formation of heptazine-
based melon. In melon, layers of one-dimensional
chains of NH-linked melem monomers are
connected by hydrogen bonds in a zigzag shape.
As a result, the charge carriers generated by
photon exposure are concentrated in certain
regions, which reduces the conductivity [37].

4

3. The properties of g-C,N,

Graphitic carbon nitride (g-C,N,) has recently
attracted the interest of researchers due to its
outstanding properties including low cost, large

(a) (b)

triazine

tri-s-triazine (heptazine)
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surface area, abundance in nature, fast electron
transfer, n-n bond pairing, and absence of metals
[38]. It is an excellent polymeric semiconductor
operating in the visible region of the spectrum,
with biocompatibility and excellent catalytic
properties.

Pacha et al. synthesized bulk and thin film
g-C,N, by thermal polycondensation of melamine
[39]. X-ray photoelectron spectroscopy was used
to determine the chemical composition of bulk
and thin films of g-C,N,. Peaks corresponding
to C 1s, N 1s, as well as a peak of O 1s of weak
intensity, are observed in the spectra (see Fig. 2).

The paper shows the C-V characteristics of the
ITO/g-C,N /Al structure from-5Vto 5V forawide
frequency range from 1 kHz to 1 MHz. At 1 kHz,
the capacitance is 3.42 nF, and it decreases to
3.18 nF as the frequency increases up to 100 kHz.
The decrease in capacitance at high frequencies
can be explained by the low conductivity of
g-C.N,. Moreover, the paper shows the frequency
dependence of dielectric constant of g-C,N, thin
film, the values of which are 8.05-7.17 in the
frequency range from 100 Hz to 100 kHz.

Giusto et al. observed that g-C.N, film has a
refractive index (n, = 2.43) which is the highest
for polymeric materials [40]. The highly oriented
and conjugated g-C,N, films exhibit intense blue
photoluminescence (PL) under UV excitation.
The PL spectra of g-C.N, films differ from those
of powders due to the large number of allowed
radiative transitions between different energy
levels upon light excitation. When the film
thickness is more than 1 um, the absorption
spectra are similar to the absorption spectra of

Fig. 1. (a) Triazine and (b) tri-s-triazine (heptazine) two-dimensional network based on g-C.N, (white, gray,

and blue balls denote H, C, and N, respectively) [35]
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Fig. 2. X-ray photoelectron spectrum of bulk and thin-
film g-C,N, [31]

bulk powder. The optical absorption edge shows
the thickness dependence of absorption [41].
The absorption spectra of g-C.N, powders
show that the absorption edge of the material
is around A = 450 nm [42]. By contrast, g-C,N,
films exhibit thickness dependent absorption
spectra. A 55 nm thick g-C.N, film exhibits intense
absorption bands at 2. = 307 nm and two additional
bands at A = 366 and 386 nm; they are due to n-7*,
n-n* and LP-n* transitions, respectively, where ©*
are the levels of excited n-orbitals. The differences

2025;27(1):177-189
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between the wavelengths of the calculated and
measured absorption bands are related to the
size of the monoatomic sheets and the thickness
of the films. Theoretical calculations show that
the energy bands will be separated into discrete
energy levels.

Being a carbon/nitrogen compound with tri-
s-triazines linked via tertiary amines, g-C,N,
has corresponding band positions (conduction
band (CB) at = —-1.1 eV and valence band
(VB) at =+ 1.6 eV relative to the standard
hydrogen electrode (NHE) at pH = 0) [43]. The
chemical potential allows g-C.N, to exhibit redox
properties in various photocatalytic reactions
under visible light irradiation. As shown in Fig. 3,
the energy conversion process under sunlight in
bulk g-C.N, mainly involves four factors, namely,
photon excitation, generation/separation of
photogenerated charge carriers, and surface redox
reactions involving electrons/holes [44].

The disadvantages of bulk g-C.N, are high
bulk or surface recombination. It limits the ability
of pure g-C,N, to achieve high photocatalytic
performance.

To overcome the drawbacks of pure g-C,N,,
its composites with other materials are prepared
and investigated. In particular, composites with
metal oxides are used to improve sensor and
photocatalytic performance.

Reduction

e~ (4) Charge
i . utilization (surface
h electrocatalyst)

(1) Excitation of photons -

(2) Charge separation

(3) Migration, transport, and
recombination of charges

Oxidation

Fig. 3. Four main processes of g-C,N, photocatalysis
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4. Synthesis methods of metal oxide
composites with g-C.N,

The synthesis of g-C,N, composites with
various compounds, including TiO, [45], ZnO
[46], CdS [47], Bi,WO, [48], Bi,M0oO, [49], In,0,
[50], Ag.PO, [51], AgBr [52] m MoS, [53], has been
reported in the literature. The heterostructure
formed based on g-C,N, cannot be formed
with all materials. Since the efficiency of the
heterostructure stimulated by visible light
depends on the ability to hybridize bonds, the
main criteria for material selection are the
corresponding band structure. In addition,
band bending occurs at the interface due to the
potential difference between the semiconductors
in contact. The photogenerated electrons and
holes move in the opposite directions due to
the internal field created by the band bending.
As a result, pairs of electrons and holes are
effectively separated and combined on the
opposite sides of the heterojunction. ultrasonic
mixing, precipitation-calcination, ultrasonic
dispersion, hydrothermal method, and ultrasonic
deposition are the methods for synthesizing
g-C.N, composites.

Ultrasonication is the simplest method
for producing g-C,N,-based composites. The
method involves mixing g-C.N, powders (derived
from nitrogen-containing precursors such as
urea, melamine) with appropriate metals or
metal oxides in water or an organic solvent. In
this process, it is possible to form composites
in which the metal oxide is distributed on the
surface of g-C,N, during the stirring process.

2025;27(1):177-189
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The nanocomposite is extracted after complete
evaporation of the solvent or water during heat
treatment. In addition, other factors such as
mechanical stirring and particle movement in
the ultrasonic field can modify the deposition
and dissolution process. A simple precipitation-
calcination procedure was used by Yuan et al. [46]
to obtain nanocomposites consisting of ZnO on
g-C.N, nanosheets (see Fig. 4).

Nanocomposites based on g-C,N, can be
obtained by heat treatment at high temperatures
(calcination) of metal oxides with g-C,N,
precursors. Due to its advantages including
low time, low cost, simplicity and high vyield,
this method is a popular method for fabricating
g-C,N,-based nanocomposites. However, the
obtained composites have small specific surface
area, large size particles, inhomogeneous particle
distribution, etc., because there is no mixing of
precursors in aqueous medium in this method,
and higher calcination temperatures are required.
The formation of heterostructure between the
components in the fabricated nanocomposite
reduces the probability of recombination of
electron-hole pairs.

The hydrothermal method has become
a promising technology for the creation of
nanocomposite materials [54]. In this method, the
crystallite size, morphology and crystallinity of
materials can be improved due to the fact that the
process takes place at relatively low temperatures.
In addition, there are other parameters such as
pressure, reaction temperature, pH, additives,
solvent types, reaction time and precursor

(a) H;80, ﬁ’ Ultrasonicated S,
el
S =N nanosheet e
Zn*(aq.)
e —— ————
L X XK J L X K | %
550°C NHHCO,
(XX = (XX % (X
[ X K L X XK J o0 &
@ -z:0 @ -20:c0,), [ B

Fig. 4. Fabrication process of nanocomposites from g-C.N, and ZnO nanosheets [46]
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composition that determine the surface chemistry
and play an important role in the synthesis
process. Idresse et al. [55] used the hydrothermal
method to form niobium pentoxide (Nb,O,)/
g-C.N, heterostructure (see Fig. 5).

Due to the low temperature used in this
process, the particles obtained by hydrothermal
synthesis have higher specific surface area,
smaller size and better stability compared to
those obtained by solid-state technology.

The synthesis of nanomaterials using the
microwave method has become widespread due to
the homogeneous heating of precursors at a high
rate. This results in the formation of crystallites
with a narrow size distribution, which is explained
by the sequential nucleation and rapid crystal
growth [56]. g-C.N, is unstable as an organic
polymer and decomposes at high temperatures.
The formation of contact between g-C.N, and
semiconductor promotes oxygen activation and
hence its decomposition [57].

Thus, in this work, methods for synthesizing
materials based on g-C,N, from various precursors
are considered, which are aimed at investigating
methods for synthesizing g-C.N, in the form of
quantum dots, nanosheets or thin films, as well
as composite heterostructures of g-C,N, with
other materials.

’,-—-

Route l

NBCN

2000C ‘ Annealing

Product
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5. Application of g-C,N, in the
development of gas sensors

The high adsorption capacity and unique
surface morphology of g-C.N, contribute to high
sensitivity. The high efficiency of charge transfer
in g-C,N, in the context of interaction with
various target gas molecules depends largely on
the type of electrical conductivity. It is suggested
that the sensitivity mechanism can be explained
by the self-protonation of g-C.N, nanosheets. The
sensing mechanism of g-C,N, is shown in Fig. 6.

The type of electrical conductivity in g-C,N,
strongly depends on the presence of functional
groups on its surface. In [59], treatment of g-C.N,
fibers in H,SO, promotes their protonation
and provides hole conductivity. In addition, in
the process of high-temperature annealing,
decomposition of residual SO,* groups to SO,
is likely, which leads to the oxidation of g-C,N,
fibers with the formation of oxygen-containing
groups such as C=0 and O=C-OH, which exhibit
electron-acceptor properties. It contributes to an
increase in the hole concentration.

Carbon nitrides contain amino groups
that attract oxygen molecules [60]. When NO,
molecules interact with amino groups ing-C.N,,
they capture more electrons due to their higher
electronegativity compared to carbon atoms.

+
zPC Solution

GOCN Solution

Hydrothermal Synthesis
160°C, 24h

I15 no}
NOHN

—

Fig. 5. Scheme of the hydrothermal method for synthesis of Nb,0, and Nb,0./g-C.N, [55]
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Graphitic carbon nitride: properties and applications in gas sensing. Review

Case 2: Reducing gas
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Fig. 6. Sensitivity mechanism of g-C,N, in the detection of oxidizing (case 1), reducing (case 2) and neutral gas

(case 3) [58]

This is followed by the process of charge transfer
from the N atom in g-C,N, to the NO, atom.
When NO,, a typical electron acceptor gas, is
adsorbed, the resistance of g-C,N, decreases.
In addition, NO, can react with water vapor in
the air to form HNO,, which can protonate the
g-C,N, fibers, thereby reducing the resistance.
For comparison, the obtained sensors were also
used to detect gases with weak ability to give up
electrons, such as NH, and acetone. In contrast,
when reducing gases interact with g-C,N,, its
surface resistivity increases, which is a typical
property of a p-type semiconductor. However,
when exposed to a neutral gas (hexane or ether),
the effect of charge carrier scattering on the
surface becomes dominant due to physically
adsorbed molecules on the surface of g-C,N,,
which leads to an increase in the surface
resistivity. Thus, the large pore area and volume
as well as the surface area of pure g-C.N, are the
main factors for the high response of the sensor
based on it [58].

Gas sensors based on g-C,N, are separated
depending on the oxidation or reduction process
on the surface of this material. This leads to a
corresponding change in the surface resistivity
value of the material. In the case of reducing
gas, g-C.N, has proven its ability to detect toxic
gases, industrial and domestic emissions such

as acetic acid, n-butanol, carbon monoxide
[32]. In addition, there are capabilities to detect
other gases such as acetone, methane, ethanol,
hydrogen, and toluene [61]. In the case of
oxidizing gases, g-C.N, has been investigated
and proved to be applicable for the detection of
NO, and CO, gases. In addition, g-C,N, can detect
ambient humidity. However, the application of gas
sensors based on pure g-C.N, is very limited. This
has led to the modification of g-C,N, to improve
its applicability in gas sensors. Techniques such as
morphology modification, doping and formation
of heterostructures have been used to improve
the electrical structure of g-C,N, material. The
main focus is the combined surface structure
modification and heterostructure formation
with metal oxides. Since this increases the
surface area where the reaction takes place, the
concentration of charge carriers increases and
the recombination of electrons and holes is
minimized. Table 1 summarizes the main works
on gas sensors using g-C.N,.

It was shown in [66] that the addition of carbon
to g-C,N, contributes to the increase in sensitivity
to NO,, which is due to the contact between the
carbon and the g-C,N, network. This is due to
delocalized m-bonds leading to modification of
the electronic structure of C/g-C.N, and improved
electron movement. The gas sensitivity of g-C.N,
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with the addition of carbon 10 wt% is 3 times
higher than that of the original g-C.N,.

There are a number of publications devoted
to the development of gas sensors based on
composites of g-C,N, and metal oxides. For
example, ZnO/rGO/g-C.N, nanocomposite for
ethanol detection was obtained in [72]. The
developed sensor showed excellent performance:
sensitivity to 100 ppm ethanol at 300 °C ~ 178
R/R), detection limit below 500 ppb. The addition
of g-C.N, leads to a 2-fold increase in sensitivity,
which is attributed to the electron sensitization
mechanism. The improved sensitivity of the
Zn0/rGO/g-C,N, nanocomposite-based sensor
to ethanol is mainly due to the combined effects
of the small size of ZnO, the superior electronic
conductivity of rGO, the formation of a p-n
heterojunction between ZnO and rGO, and the
improved generation of electrons and holes due
to the wide band gap of g-C,N,.

The authors of [68] synthesized an efficient
acetone sensor based on g-C,N,/WO, nanocom-
posites, the Ra/Rg response of which to 100 ppm
acetone at 340 °C was 35. The obtained value is
approximately 3 times higher than the response
of pure WO,. The unique sensing pro