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Abstract

This comprehensive review highlights the growing significance of graphitic carbon ni-
tride (g-C3N4) as a multifunctional material with applications spanning diverse scientific
and technological domains. Based on an extensive literature from electronic databases
such as Web of Science, PubMed and Google Scholar, we provide an in-depth discus-
sion of the fundamental structural configurations of g-C3N4, namely the triazine- and
heptazine-based frameworks, which form the basis of its unique physicochemical and
electronic properties. The two predominant synthesis strategies—thermal polymerization
and solvothermal/hydrothermal routes—are examined in detail and illustrated through
representative schematic models to elucidate their underlying mechanisms and resulting
structural variations. Advanced surface characterization techniques, such as atomic force
microscopy (AFM) and scanning tunneling microscopy (STM), are also discussed in the con-
text of their application to materials, including Highly Oriented Pyrolytic Graphite (HOPG),
graphene oxide, and carbon nitride. These analyses provide insights into nanoscale surface
topography and structural attributes, with HOPG serving as a well-established reference
material for comparison. The review also addresses the biological activities and potential
applications of g-C3N4, particularly in the context of its photocatalytic, antimicrobial, and
biocompatible properties. Despite substantial progress in other research fields, a notable
gap remains in the exploration of g-C3N4 for oral and dental applications. This limita-
tion is largely attributed to the scarcity of systematic studies and limited published data
in this emerging area. Accordingly, this review identifies promising opportunities for
future research aimed at harnessing the distinctive properties of g-C3N4 for innovative
developments in oral healthcare and dental material science.

Keywords: graphitic carbon nitride; atomic force microscopy (AFM); scanning tunneling
microscopy (STM); nanostructures; properties

1. Introduction
This review began with a systematic search of electronic databases, including Web of

Science, PubMed, and Google Scholar, using keywords such as “g-C3N4in dentistry” and
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“g-C3N4 in dental materials”. The inclusion criteria focused on studies published within the
last 10 years, available in full text, and written in English. These parameters ensured that
the methodology and results could be thoroughly evaluated. As for exclusion criteria, the
review omitted articles available only as abstracts, as well as news items, letters, interviews,
and publications written in languages other than English.

The selection process was conducted in two steps. First, titles and abstracts were
evaluated, and only articles addressing the application of g-C3N4 in dental composite
materials were retained. Subsequently, a full-text screening was performed, during which
the selected articles underwent a comprehensive review to verify their adherence to the
predefined eligibility criteria.

Following selection, the review was structured around key aspects, including the
synthesis, morphology, properties, and applications of g-C3N4in dental composite materials.
The methodological quality of the included studies was assessed using standardized tools,
such as the PRISMA framework (Figure 1).

Figure 1. Prisma flow diagram.

The field of oral health is continually evolving, driven by dental practitioners refining
their clinical expertise and by rapid advancements in materials science and biomedical tech-
nology. Oral health plays a vital role in maintaining overall well-being, necessitating the
adoption of effective strategies for the prevention and management of oral diseases, as well
as the promotion of healthy lifestyles through education and improved accessibility to den-
tal care, particularly for underserved populations. Early prevention and timely treatment of
oral pathologies are essential to achieving simpler, more effective interventions that benefit
both patients and dental professionals engaged in restorative and therapeutic procedures.
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Within this dynamic context, graphitic carbon nitride (g-C3N4) has emerged as
an innovative and promising material that has attracted increasing scientific attention in
recent years. Characterized by low toxicity and excellent biocompatibility, g-C3N4 exhibits
a high specific surface area, efficient charge transfer, strong photocatalytic activity, and re-
markable thermal and chemical stability. Owing to its structural similarity to graphene, this
material has found widespread applications across numerous scientific disciplines [1–3].
Theoretical studies attribute these unique properties to its atomic composition of carbon
and nitrogen, arranged in triazine (C3N3) and heptazine (C6N7) units, as illustrated in
Figure 2.

The s-triazine and tri-s-triazine rings forming the heptazine structure are organized
into two-dimensional layers, interconnected by covalent bonds between sp2-hybridized
carbon and nitrogen atoms [4–7]. This configuration yields an extended, sheet-like poly-
meric framework composed of infinite layers bound by weak van der Waals forces and
π–π interactions. The presence of nitrogen atoms partially impedes electron delocalization
across the layers, influencing the material’s electronic and optical behavior [4].

 
Figure 2. Structural units of g-C3N4 [8–11].

The resulting honeycomb-like atomic arrangement confers exceptional thermal sta-
bility, up to approximately 600 ◦C, along with high chemical resistance to environmental
agents, acids, bases, and organic solvents [4,12].

Theoretical modeling of graphite-based structures reveals that g-C3N4 derivatives
originate from the hexagonal crystalline structure of pure graphite. Among these, Highly
Oriented Pyrolytic Graphite (HOPG) represents the most ordered and structurally reli-
able form of graphite [13]. It is composed of perfectly aligned hexagonal carbon sheets
with atomic-level smoothness and minimal surface roughness, exhibiting an average lo-
cal height of approximately 27 nm (Figure 3a). Partial cleavage along interlayer planes
results in single-atomic carbon layers, forming graphene while maintaining the hexagonal
framework [14]. Subsequent oxidation increases surface roughness due to sheet corruga-
tion (Figure 3b), raising the local height to around 122 nm. The edges of these ruffled
layers contain reactive functional groups, enhancing their suitability for use as interfa-
cial mediators in composite systems by facilitating bonding between polymer matrices
and fillers.
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Figure 3. Atomic Force Microscopy (AFM) topographic images of (a) HOPG, (b) Graphene
oxide sheets and (c) Graphite nitride. The three-dimensional profiles are given below each
topographic image.

In contrast, nitrogen incorporation into graphite layers produces a distinct topographi-
cal modification compared with oxidation. The intercalation of nitrogen atoms within the
hexagonal carbon lattice causes localized ruptures of extended sheets and the formation
of fine microstructural islands with significantly reduced height, around 6 nm (Figure 3c).
This micro- and nano-scale structuring provides notable advantages:

• The ultrathin morphology enables effective dispersion in liquid media, allowing
g-C3N4 sheets to interact with filler particles before polymerization, thereby promoting
well-organized composite microstructures.

• The moderate reactivity of graphite nitride offers greater process control than graphene
oxide, which is often excessively reactive.

The distinctive properties of these graphite-derived compounds arise from their atomic
arrangements within the crystalline lattice [15,16]. Scanning Tunneling Microscopy (STM)
enables direct observation of these atomic structures (Figure 4). HOPG exhibits a hexagonal
close-packed arrangement, with six carbon atoms positioned at the vertices of a regular
hexagon and one atom intercalated between adjacent layers (Figure 4a). Cleavage of
a single atomic layer produces graphene, which develops periodic voids upon oxidation,
thereby enhancing its surface reactivity (Figure 4b). Conversely, nitrogen atom insertion
into the HOPG lattice induces local distortions due to the slightly smaller atomic radius of
nitrogen compared to carbon (Figure 4c).

 

Figure 4. Scanning Tunneling Microscopy (STM) images taken at atomic resolution for: (a) HOPG,
(b) Graphene oxide sheets and (c) Graphite nitride.
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This review provides an integrated overview of the fundamental aspects of graphitic
carbon nitride, including its composition, structure, and major synthesis methodologies em-
ploying various precursors that influence its morphology and functionality. Furthermore, it
explores the incorporation of g-C3N4 into composite materials with potential applications
in oral and dental science. Several studies have investigated the incorporation of graphene
into dental composites, tailoring these materials for specific dental applications. These
approaches have demonstrated notable enhancements in mechanical properties, biocompat-
ibility, and antimicrobial performance [17–21]. The insights presented herein highlight new
opportunities for enhancing the efficiency, performance, and applicability of g-C3N4-based
materials within the field of oral healthcare.

2. Synthesis of Graphitic Carbon Nitride
Although carbon is one of the most abundant elements on Earth, graphitic carbon

nitride (g-C3N4) is not found naturally and must be synthesized artificially under con-
trolled laboratory conditions. Among the various synthesis routes explored, thermal
polymerization remains the most widely employed technique due to its simplicity, low cost,
and versatility.

2.1. Thermal Polymerization

This method, extensively described in the literature, utilizes inexpensive nitrogen-rich
precursors such as melamine, cyanamide, urea, or thiourea, as schematically represented in
Figure 5. The synthesis process involves heating these precursors to temperatures typically
ranging between 500 ◦C and 600 ◦C in an inert atmosphere, leading to the formation of the
characteristic polymeric framework of g-C3N4 [22–24].

Figure 5. Schematic representation using nitrogen-rich precursors to produce g-C3N4 [22,23,25,26].

The type of precursor—used individually or in combination—has a significant influ-
ence on the structural and physicochemical properties of the resulting material, thereby
affecting its performance and suitability for specific applications [4,22–24]. Table 1 provides
representative examples of g-C3N4 synthesized from various precursors.
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Table 1. g-C3N4 parameters and product structure [27–36].

Precursors Temperature
(◦C)

Heating
Time (h)

Ramp Rate
(◦C/min)

Organoleptic
Properties Surface Area Structural Type References

Melamine 550 ◦C
700 ◦C 4 5 ◦C/min yellow powder

38.38 m2/g at
700 ◦C

10.38 m2/g at
500 ◦C

bulk g-C3N4 [27–30]

Dicyanamide 500 ◦C
550 ◦C

4
2

10 ◦C/min
15 ◦C/min

yellow
material

9.82 m2/g
14.87 m2/g

porous structure,
more amino

functional group
smore stable chemical

bond structures

[30–32]

Urea 550 ◦C 2, 3, 4, 5 5 ◦C/min light-yellow
product 108.83 m2/g

layered nanostructure,
laminar morphology

-orm stacked CN sheets
in a complex reaction
enhanced crystallinity

[9,27,31,33–35]

Thiourea 580 ◦C 4 2.3 ◦C/min Pale yellow
92.8 m2/g

larger specific
surface area

nanosheet structures
faster photoinduced
electron–hole pair
transfer efficiency

[36]

Huang et al. [27] synthesized g-C3N4 via thermal polymerization using melamine and
urea. Their findings demonstrated that melamine tends to produce bulk g-C3N4 aggregates
with minimal porosity, whereas urea favors the formation of irregular, layered architectures.
This structural variation arises from high-temperature calcination, which facilitates urea
polymerization and the generation of two-dimensional (2D) structures with enhanced
textural porosity [27,28,30,33,34].

Molai and Rahimi-Moghadam [29] prepared g-C3N4 through the thermal polyconden-
sation of melamine at temperatures ranging from 450 ◦C to 700 ◦C, employing heating rates
of 2, 5, and 10 ◦C min−1. Their results revealed that g-C3N4 formation remains incomplete
at 450 ◦C, while higher temperatures promote structural growth and network expansion.
Optimal synthesis conditions were achieved at 700 ◦C with a heating rate of 2 ◦C min−1,
yielding a material with a specific surface area of 38.38 m2 g−1 [29].

In another study, Huang et al. [31] employed dicyandiamide as a precursor and
subjected it to pyrolysis at 550 ◦C, with heating rates of 5, 10, 15, and 20 ◦C min−1 for
durations of 1, 2, and 4 h. The resulting materials exhibited a transformation from dense
to porous structures as the heating rate increased. The optimal conditions—15 ◦C min−1

for 2 h—produced a porous g-C3N4 characterized by a high specific surface area, stable
chemical bonding, and abundant amino functional groups [31].

Alwin et al. [32] confirmed the formation of poly-heptazine chains within g-C3N4

structures using X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD),
while also noting that higher calcination temperatures enhance both the degree of conden-
sation and the structural order of the material [32]. Similarly, Xia et al. [30] investigated
a range of precursors—including urea, guanidine hydrochloride, dicyandiamide, melamine,
and thiourea—and reported pronounced morphological differences among the resulting
products: melamine yielded aggregated particles, dicyandiamide produced sheet-like or
granular morphologies, whereas urea generated laminar architectures with larger specific
surface areas [30,35].

Thiourea, in particular, exhibited a strong dependence on the polymerization tempera-
ture. Hong et al. [36] investigated synthesis temperatures of 540 ◦C, 560 ◦C, and 580 ◦C at
a constant heating rate of 2.3 ◦C min−1, observing that only the sample prepared at 580 ◦C
formed well-defined 2D structures [36]. Furthermore, comparative studies indicate that
precursors such as dicyandiamide, cyanamide, and melamine tend to produce mechan-
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ically hard g-C3N4 frameworks, while urea and thiourea yield softer and more flexible
materials [4].

The mechanistic pathway of g-C3N4 formation has been extensively studied. Literature
suggests that precursors such as urea and thiourea undergo stepwise condensation to form
melamine, releasing ammonia and removing sulfur species in the process, while dicyandi-
amide directly condenses into melamine. With increasing temperature, the tri-s-triazine
(heptazine) units formed from melamine undergo further polymerization to yield the
extended g-C3N4 network [9,33,37]. This temperature-driven condensation not only de-
termines the degree of polymerization but also dictates the resulting material’s textural
characteristics and mechanical properties.

2.2. Solvothermal/Hydrothermal Method

The solvothermal and hydrothermal methods for synthesizing graphitic carbon nitride
(g-C3N4) involve dissolving or dispersing nitrogen-rich precursors—such as melamine,
urea, or dicyandiamide—in solvents such as water, acetonitrile, methanol, or ethanol.
The resulting mixture is then subjected to high temperature and pressure within a sealed
autoclave, where controlled reaction conditions promote the nucleation and growth of
g-C3N4 crystals with tunable structures and physicochemical properties [38,39].

These approaches offer significant advantages over conventional thermal polymer-
ization, as they enable precise control over the particle size, morphology, and crystallinity
of the final product, while also improving its purity and uniformity [40–42]. A schematic
representation of the solvothermal synthesis process is provided in Figure 6.

 

Figure 6. Schematic representation using the solvothermal/hydrothermal method to synthesize
g-C3N4 [6,43,44].

Abdullahi et al. [6] synthesized g-C3N4 using acetonitrile as the solvent and examined
the influence of reaction temperature (160 ◦C, 180 ◦C, and 200 ◦C) on material properties.
Their results showed that synthesis at 200 ◦C enhanced both the optical absorption and
photocatalytic efficiency of the product [6]. Similarly, Kunhikrishnan and co-workers [43]
reported the hydrothermal synthesis of g-C3N4 using a mixture of melamine, methanol,
and nitric acid. The homogeneous precursor solution was transferred into an autoclave
and maintained at 80 ◦C for 12 h. After reaction, the obtained solid was centrifuged,
washed with methanol, and further heat-treated at 100 ◦C for 6 h to improve structural
rigidity. Characterization by X-ray diffraction (XRD) and scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) confirmed the successful
formation of g-C3N4, displaying an acicular morphology with minor agglomerations and
no detectable impurities, suitable for subsequent composite fabrication [43].



Int. J. Mol. Sci. 2025, 26, 11860 8 of 14

Other researchers synthesized spherical g-C3N4 particles using a mixture of dicyandi-
amide, cyanuric chloride, and acetonitrile. The solution was stirred for 24 h, transferred
into an autoclave, and heated at 180 ◦C for another 24 h. The resulting material was washed
with deionized water and dried under vacuum at 60 ◦C for 6 h, yielding uniform spherical
structures [44]. Montigaud et al. [45] further reported a solvothermal reaction between
melamine and hydrazine, which facilitated the formation of a graphite-like structure closely
related to the C3N4 framework [45]. Beyond hydrothermal and solvothermal approaches,
additional synthesis routes have been explored to tailor the morphology and performance
of g-C3N4. These include high-energy microwave irradiation, sol–gel processing, hard- and
soft-template methods, chemical vapor deposition (CVD), and electrochemical deposition.
Each of these strategies offers distinct advantages in controlling crystallinity, porosity, and
surface functionality, making g-C3N4 a highly adaptable material for diverse research and
technological applications [39,40,46].

2.3. Morphology of g-C3N4

Various morphologies reported in the specialized literature are illustrated in Figure 7.
Shenthilkumar and colleagues, Wang et al. [46,47] emphasized in their research that g-C3N4

exhibits a wide range of nanoarchitectures, which can be classified by dimensionality into
0D (quantum dots, nanodots, hollow spheres), 1D (nanorods, nanowires), 2D (nanosheets,
nanotubes), and 3D (mesoporous materials) structures. Similarly, Kyriakos et al. [9] con-
firmed that nanosheets correspond to 2D structures composed of chains of tri-s-triazine
rings interconnected through hydrogen bonds.

Figure 7. Potential application in nanotechnology [9,25,46,47].

The morphology of g-C3N4 plays a decisive role in determining key material prop-
erties, including photocatalytic performance, specific surface area, and electron trans-
fer efficiency. These characteristics can be effectively tuned by controlling the particle
shape and size through the appropriate selection of precursors and synthesis parame-
ters. Wang et al. [48] illustrated, through representative schematic models, how varying
synthesis conditions lead to distinct structural configurations of g-C3N4.

Further studies have shown that different synthesis strategies yield unique morpholo-
gies with specific advantages and targeted applications, such as photocatalysis, water
splitting, environmental remediation, and sensor development [1,49]. This morpholog-
ical versatility underscores the adaptability of g-C3N4 and its potential to meet diverse
technological and environmental challenges.
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3. g-C3N4 Activities
The oral cavity represents a fundamental component of the human body, acting as

a critical interface between the external environment and internal physiological systems.
Among its anatomical structures, the teeth play essential roles in mastication, facilitat-
ing proper digestion, enabling clear articulation during speech, and contributing to the
aesthetics of a healthy smile. Given these functions, the equilibrium of the oral micro-
biota is highly dynamic, continuously influenced by physiological, environmental, and
behavioral factors throughout an individual’s lifetime. Recent multidisciplinary investiga-
tions have revealed that graphitic carbon nitride (g-C3N4) possesses a diverse spectrum
of functional properties—including antimicrobial, antiviral, catalytic, photocatalytic, and
anticancer activities—as schematically illustrated in Figure 8. These characteristics open
new prospects for translational research in oral health, a field in which applications of
g-C3N4 remain relatively unexplored.

 
Figure 8. g-C3N4properties [40,50–57].

Liu et al. [50] synthesized g-C3N4 with photodynamic antibacterial properties target-
ing Staphylococcus aureus and Streptococcus mutans strains. Under visible light irradiation,
the material generated reactive oxygen species (ROS), leading to the complete inactivation
of both bacterial species within approximately 30 min [50]. Similarly, Thurston et al. [51]
developed photoactive, urea-based g-C3N4 films exhibiting biocidal and sporicidal activity.
When tested against Escherichia coli, Staphylococcus aureus, and Bacillus anthracis endospores,
these films demonstrated strong antibacterial efficacy under 100 mJ of visible light expo-
sure, although the Bacillus anthracis endospores exhibited greater resistance [51]. As well,
regarding wound healing, g-C3N4based materials demonstrate the efficiency in killing
bacteria by generating reactive oxygen species [40].

In terms of anticancer potential, Alonso et al. [52] evaluated g-C3N4 against glioblas-
toma cell lines (LN229 and SNB19) and noncancerous mouse embryonic fibroblasts. Their
findings revealed substantial growth inhibition—approximately 85% in LN229 and 46.5%
in SNB19 cells—while cytotoxic effects on normal cells remained minimal [52]. Likewise,
Yoshira et al. [53] examined the antitumor efficacy of g-C3N4 in DU-145 (prostate cancer)
and U87 (glioblastoma) cell lines, reporting significant decreases in cell viability within
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48 h. The selectivity assays conducted on non-tumorigenic RAW 264.7 and HFF-1 cell lines
confirmed that g-C3N4 displayed low toxicity toward healthy cells.

The antiviral activity of g-C3N4 under visible light irradiation was demonstrated
by Zhang et al. [54], who emphasized its potential role in water disinfection. Their re-
sults indicated complete inactivation of waterborne viruses at an initial concentration of
8 log PFU/mL after 240 min of visible light exposure, with no subsequent viral regrowth.
Similarly, Li et al. [55] confirmed that g-C3N4 exhibited durable and effective virucidal
activity against the MS2 virus, reinforcing its promise as a viable material for antiviral and
water purification applications [55].

It is well established that g-C3N4 possesses exceptional photocatalytic and catalytic
capabilities, participating effectively in redox and activation reactions. Its photocatalytic per-
formance derives from a relatively narrow band gap, which allows for efficient absorption
of visible light [40,56]. Zhang et al. [57] synthesized porous g-C3N4 via a bubble-template
pyrolysis technique employing urea and dicyandiamide as precursors. By increasing both
the urea-to-dicyandiamide mass ratio and the calcination temperature, they enhanced
the specific surface area from 5.4 to 60 m2/g. Consequently, the material demonstrated
improved photocatalytic efficiency under visible light irradiation, showing high potential
for the degradation of organic pollutants [57].

4. g-C3N4 in Oral Dentistry
Despite the growing interest in g-C3N4 across diverse biomedical and catalytic appli-

cations, studies exploring its integration into dental materials remain limited. These are
still in the initial stage of development [58]. Recent innovations in dental composites have
focused on incorporating photodynamic therapy (PDT) functionality to prevent bacterial
colonization and improve oral health outcomes. In this context, g-C3N4 has emerged as
a promising additive due to its photocatalytic and antimicrobial properties.

One notable approach involved embedding g-C3N4 into a BisGMA/TEGDMA dental
resin matrix, resulting in a composite capable of achieving a bacterial elimination rate
exceeding 99% against Staphylococcus aureus and Streptococcus mutans. The biocompatibility
of the resin composites was assessed using an in vitro L929 fibroblast culture model. Cells
were seeded onto the composite discs and incubated for 1–5 days, followed by live/dead
staining to evaluate viability under LSCM, where green and red fluorescence indicated
live and dead cells, respectively. Prolonged culture demonstrated sustained cell prolifera-
tion, indicating that the g-C3N4-based composites exhibit good biocompatibility and are
therefore suitable for further antibacterial evaluation [50]. Importantly, the inclusion of
g-C3N4 did not compromise the composite’s mechanical performance or biocompatibility,
indicating its suitability for clinical application in restorative dentistry [50]. This study
demonstrates the potential of g-C3N4-based composites to provide active antimicrobial
protection while maintaining the functional requirements of dental restorative materials.

Beyond conventional resin composites, heterostructured materials incorporating
g-C3N4 have also shown promise. For example, g-C3N4−x/Bi2O3−y heterostructures
exhibit significant photocatalytic and piezo-photocatalytic activity, suggesting potential
applications in tooth whitening and antibacterial treatments. These materials leverage
synergistic mechanisms to generate reactive oxygen species under light or mechanical
stimulation, enhancing their therapeutic efficacy [59].

Furthermore, Jiawen and Xing [60] developed a novel CeO2–g-C3N4–BA nanoparticles
(NPs) nanocomposite, which demonstrated strong antibacterial activity while simultane-
ously promoting alveolar bone regeneration in periodontitis animal models. The composite
enhanced osteoblast proliferation and differentiation and improved cellular antioxidant
capacity, highlighting the dual functionality of g-C3N4-based nanomaterials in both an-
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timicrobial defense and tissue regeneration [60]. The promotion of periodontal bone tissue
repair was assessed using in vitro co-culture models and animal models of periodontitis,
employing ROS detection methods and analyses of cellular signaling pathways. The au-
thors demonstrated that the nanocomposite modulates the Nrf2/HO-1 pathway, enhances
cellular antioxidant capacity, stimulates osteoblast activity, and supports alveolar bone
repair and regeneration while exhibiting excellent biocompatibility. In addition, it mitigates
inflammatory responses [60]. Collectively, these findings provide a theoretical basis for the
nanocomposite’s potential application in the treatment of periodontitis. Collectively, these
studies illustrate the versatility of g-C3N4 as a multifunctional additive in dental materials.
By combining antimicrobial, photocatalytic, and regenerative properties, g-C3N4-based
composites represent a promising avenue for next-generation restorative and therapeutic
dental applications. Future research should focus on optimizing these materials for clinical
use, exploring long-term stability, controlled release mechanisms, and synergistic effects
with other bioactive components to enhance oral health outcomes.

5. Conclusions and Perspectives
This review provided a comprehensive overview of graphitic carbon nitride (g-C3N4),

including its fundamental structural components, common synthesis methods, and appli-
cations across diverse scientific and technological fields. Atomic-level investigations using
AFM and STM revealed detailed structural characteristics of Highly Oriented Pyrolytic
Graphite (HOPG), Graphene Oxide, and graphite nitride, offering valuable insights into
their morphology and surface properties.

Despite its broad applicability, a notable gap exists in research exploring the use of
g-C3N4 within the dental field. Given its unique combination of physicochemical proper-
ties, photocatalytic activity, and antimicrobial potential, g-C3N4 represents a promising
candidate for the development of novel dental materials. Future studies should focus on
leveraging these properties to design advanced composites for oral healthcare applications,
including the prevention and treatment of oral tissue disorders. The current scarcity of
publications in this area highlights an important opportunity to bridge fundamental ma-
terial research with translational applications in dentistry, particularly in the context of
antibacterial therapies and photodynamic treatment strategies.

In conclusion, g-C3N4 holds substantial promise as a multifunctional material in oral
healthcare, bridging its intrinsic physicochemical advantages with therapeutic potential.
Addressing the current research gaps could lead to innovative solutions for infection control,
tissue regeneration, and photodynamic applications in dentistry, positioning g-C3N4 as
a cornerstone of future oral biomaterials research.
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1. Drdanová, A.P.; Krajčovičová, T.E.; Gál, M.; Nemčeková, K.; Imreová, Z.; Ryba, J.; Naumowicz, M.; Homola, T.; Mackul’ak, T.;

Svitková, V. Unveiling Versatile Applications and Toxicity Considerations of Graphitic Carbon Nitride. Int. J. Mol. Sci. 2024, 25,
7634. [CrossRef]

2. Zhang, Y.; Sun, S.; Wu, Y.; Chen, F. Emerging Roles of Graphitic Carbon Nitride-based Materials in Biomedical Applications. ACS
Biomater. Sci. Eng. 2024, 10, 4645–4661. [CrossRef]

3. Liu, M.-X.; Zhang, J.-Y.; Zhang, X.-L. Application of graphite carbon nitride in the field of biomedicine: Latest progress and
challenges. Mater. Chem. Phys. 2022, 281, 125925. [CrossRef]

4. Qi, K.; Liu, S.; Zada, A. Graphitic carbon nitride, a polymer photocatalyst. J. Taiwan Inst. Chem. Eng. 2020, 109, 111–123. [CrossRef]
5. Ghashghaee, M.; Azizi, Z.; Ghambarian, M. Conductivity tuning of charged triazine and heptazine graphitic carbon nitride

(g-C3N4) quantum dots via nonmetal (B, O, S, P) doping: DFT calculations. J. Phys. Chem. Solids 2020, 141, 109422. [CrossRef]
6. Abdullahi, M.T.; Ali, M.; Farooq, W.; Khan, M.; Younas, M.; Tahir, M.N. Solvothermal synthesis of carbon nitride

(g-C3N4): Bandgap engineering for improved photocatalytic performance. Sustain. Energ. Fuels 2025, 9, 1109–1119. [CrossRef]
7. Zhang, X.; Wu, X.; Zhang, J.; Xu, H.; Yu, X. Recent progress in graphitic carbon nitride-based materials for antibacterial

applications: Synthesis, mechanistic insights, and utilization. Microstructures 2024, 4, 2024017. [CrossRef]
8. Koutavarapu, R.; Peera, S.G.; Lee, T.G.; Myla, C.R.; Lee, D.-Y.; Shim, J.; Balasingam, S.K. Recent Trends in Graphitic Carbon

Nitride-Based Binary and Ternary Heterostructured Electrodes for Photoelectrochemical Water Splitting. Processes 2021, 9, 1959.
[CrossRef]

9. Kyriakos, P.; Hristoforou, E.; Belessiotis, G.V. Graphitic Carbon Nitride (g-C3N4) in Photocatalytic Hydrogen Production: Critical
Overview and Recent Advances. Energies 2024, 17, 3159. [CrossRef]

10. Antolini, E. The Application of 2D Graphitic Carbon Nitride (g-C3N4) and Hexagonal Boron Nitride (h-BN) in Low-Temperature
Fuel Cells: Catalyst Supports, ORR Catalysts, and Membrane Fillers. Molecules 2025, 30, 1852. [CrossRef]

11. Yan, Y.; Meng, Q.; Tian, L.; Cai, Y.; Zhang, Y.; Chen, Y. Engineering of g-C3N4 for Photocatalytic Hydrogen Production: A Review.
Int. J. Mol. Sci. 2024, 25, 8842. [CrossRef]

12. Liu, J.; Wang, H.; Antonietti, M. Graphitic carbon nitride “reloaded”: Emerging applications beyond (photo)catalysis. Chem. Soc.
Rev. 2016, 45, 2308–2326. [CrossRef] [PubMed]

13. Ozyurt, A.K.; Baykara, M.Z. Inhomogeneous Nanoscale Conductivity and Friction on Graphite Terraces Explored via Atomic
Force Microscopy. Lubricants 2024, 12, 462. [CrossRef]

14. Wang, Y.; Ye, Y.; Wu, K. Simultaneous observation of the triangular and honeycomb structures on highly oriented pyrolytic
graphite at room temperature: An STM study. Surf. Sci. 2006, 600, 729–734. [CrossRef]

15. Tyagi, M.; Tiwari, A.A.; Mathew, J.; Sahdev, D.; Dey, S.; Chandran, M. Scanning Tunneling Microscope-Characterization of
Chemical Vapor Deposition-Graphene: Ripples and Twisted Bi-layers at Multiple Scales. Phys. Status Solidi B 2025, 262, 2400210.
[CrossRef]

16. Hembacher, S.; Giessibl, F.J.; Mannhart, J.; Quate, C.F. Revealing the hidden atom in graphite by low-temperature atomic force
microscopy. Proc. Natl. Acad. Sci. USA 2003, 100, 12539–12542. [CrossRef]

17. Serfözö, N.E.; Moldovan, M.; Prodan, D.; Ilie, N. Development and Evaluation of a Novel Self-Etch Dental Adhesive Incorporating
Graphene Oxide–Zirconia (GO-ZrO2) and Hydroxyapatite–Zinc (HA-Zn) for Enhanced Bond Strength, Biocompatibility, and
Long-Term Stability. Nanomaterials 2025, 15, 803. [CrossRef]

18. Prodan, D.; Moldovan, M.; Cuc, S.; Sarosi, C.; Petean, I.; Filip, M.; Carpa, R.; Doukeh, R.; Mirica, I.-C. Advanced Dentistry
Biomaterials Containing Graphene Oxide. Polymers 2024, 16, 1743. [CrossRef] [PubMed]

19. Moldovan, M.; Dudea, D.; Cuc, S.; Sarosi, C.; Prodan, D.; Petean, I.; Furtos, G.; Ionescu, A.; Ilie, N. Chemical and Structural
Assessment of New Dental Composites with Graphene Exposed to Staining Agents. J. Funct. Biomater. 2023, 14, 163. [CrossRef]

20. Lopes, P.M.P.; Moldovan, D.; Fechete, R.; Prodan, D.; Pop, C.R.; Rotar, A.M.; Popescu, V. Swelling and Antimicrobial Activity
Characterization of a GO-Reinforced Gelatin—Whey Hydrogel. Gels 2023, 9, 18. [CrossRef]

21. Bacali, C.; Carpa, R.; Buduru, S.; Moldovan, M.L.; Baldea, I.; Constantin, A.; Moldovan, M.; Prodan, D.; Dascalu, L.M.;
Lucaciu, O.; et al. Association of Graphene Silver Polymethyl Methacrylate (PMMA) with Photodynamic Therapy for Inactivation
of Halitosis Responsible Bacteria in Denture Wearers. Nanomaterials 2021, 11, 1643. [CrossRef]

https://doi.org/10.3390/ijms25147634
https://doi.org/10.1021/acsbiomaterials.4c00053
https://doi.org/10.1016/j.matchemphys.2022.125925
https://doi.org/10.1016/j.jtice.2020.02.012
https://doi.org/10.1016/j.jpcs.2020.109422
https://doi.org/10.1039/D4SE01646G
https://doi.org/10.20517/microstructures.2023.77
https://doi.org/10.3390/pr9111959
https://doi.org/10.3390/en17133159
https://doi.org/10.3390/molecules30081852
https://doi.org/10.3390/ijms25168842
https://doi.org/10.1039/C5CS00767D
https://www.ncbi.nlm.nih.gov/pubmed/26864963
https://doi.org/10.3390/lubricants12120462
https://doi.org/10.1016/j.susc.2005.12.001
https://doi.org/10.1002/pssb.202400210
https://doi.org/10.1073/pnas.2134173100
https://doi.org/10.3390/nano15110803
https://doi.org/10.3390/polym16121743
https://www.ncbi.nlm.nih.gov/pubmed/38932093
https://doi.org/10.3390/jfb14030163
https://doi.org/10.3390/gels9010018
https://doi.org/10.3390/nano11071643


Int. J. Mol. Sci. 2025, 26, 11860 13 of 14

22. Bhanderi, D.; Lakhani, P.; Modi, C.K. Graphitic carbon nitride (g-C3N4) as an emerging photocatalyst for sustainable environmen-
tal applications: A comprehensive review. RSC Sustain. 2024, 2, 265–287. [CrossRef]

23. Madankar, R.; Umekar, M.; Bhusari, G.; Mondal, A.; Raish, M.; Afzal, M.; Norek, M.; Chaudhary, R. Rapid synthesis of graphitic
carbon nitride nanosheets as an efficient adsorbent for removal of Methylene Blue and Rhodamine B from Aqueous Solutions.
Sci. Rep. 2025, 15, 28999. [CrossRef]

24. Idris, A.O.; Oseghe, E.O.; Msagati, T.A.M.; Kuvarega, A.T.; Feleni, U.; Mamba, B. Graphitic Carbon Nitride: A Highly Electroactive
Nanomaterial for Environmental and Clinical Sensing. Sensors 2020, 20, 5743. [CrossRef]

25. Joy, J.; George, E.; Vijayan, P.P.; Anas, S.; Thomas, S. An overview of synthesis, morphology, and versatile applications of
nanostructured graphitic carbon nitride (g-C3N4). J. Ind. Eng. Chem. 2024, 133, 74–89. [CrossRef]

26. Madkour, L.H. Graphitic Carbon Nitride Quantum Dots (g-C3N4): Fundamentals and Applications. Int. Res. J. Basic Clin. Stu.
2023, 8, 1–14. [CrossRef]

27. Huang, S.-E.; Tan, K.-H.; Sahu, R.S.; Geleta, T.A.; Miri, A.; Lin, C.-Y.; Shih, Y.-H.; Chen, W.-L. Facile Synthesis and Optimization of
Graphitic Carbon Nitride Nanoparticles to Effectively Photodegrade Tetracycline under Visible Light in Water. ACS Agric. Sci.
Technol. 2025, 5, 235–245. [CrossRef]

28. Luo, X.; Dong, Y.; Wang, D.; Duan, Y.; Lei, K.; Mao, L.; Li, Y.; Zhao, Q.; Sun, Y. Facile synthesis of g-C3N4 nanosheets for effective
degradation of organic pollutants via ball milling. Rev. Adv. Mater. Sci. 2023, 62, 20230123. [CrossRef]

29. Molaei, P.; Rahimi-Moghadam, F. Porous g-C3N4 nanosheets through facile thermal polymerization of melamine in the air for
photocatalyst application. J. Mater. Sci. Mater. Electron. 2021, 32, 19655–19666. [CrossRef]

30. Xia, P.; Li, G.; Li, X.; Yuan, S.; Wang, K.; Huang, D.; Ji, Y.; Dong, Y.; Wu, X.; Zhu, L.; et al. Synthesis of g-C3N4 from Various
Precursors for Photocatalytic H2 Evolution under the Visible Light. Crystals 2022, 12, 1719. [CrossRef]

31. Huang, Y.; Lin, G.; Hua, Z.; Chen, X.; Xu, X. Effects of thermal program on physicochemical properties and photocatalytic activity
of g-C3N4 prepared by dicyandiamide pyrolysis. Diam. Relat. Mater. 2024, 141, 110614. [CrossRef]
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