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Article

Electronic Structure Modulation in Sulfur-Doped g-C3N4
Quantum Dots for Enhanced NO2 Sensing
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* Correspondence: chatchawal.w@ku.ac.th; Tel.: +66-2-562-5555

Abstract

This study explores the adsorption behavior of NO2, NO, and N2O gas molecules on
pristine and sulfur-doped g-C3N4 quantum dots using the self-consistent charge density
functional tight-binding (SCC-DFTB) method. Sulfur doping at the energetically favorable
N-ring site significantly alters the electronic structure, reducing the band gap from 3.58 eV
to 1.37 eV and increasing the density of states near the Fermi level. Adsorption analy-
sis reveals that pristine g-C3N4 exhibits weak physisorption toward all gases, whereas
S/g-C3N4 demonstrates a transition from physisorption to strong chemisorption, especially
for NO2, with adsorption energies as high as −3.543 eV. This strong interaction is associ-
ated with significant charge transfer and pronounced band gap narrowing to as low as
0.46 eV. Density of states analysis confirms the formation of hybridized electronic states near
the Fermi level, which facilitates enhanced charge transfer and conductivity modulation.
Among the studied gases, NO2 shows the most significant electronic response, while NO
exhibits moderate interaction and N2O remains weakly adsorbed with negligible electronic
perturbation. These findings indicate that sulfur doping plays a critical role in inducing
electronic structure modulation and enables highly sensitive and selective NO2 detection
in g-C3N4 quantum dots.

Keywords: g-C3N4 quantum dot; sulfur doping; NO2 sensing; SCC-DFTB

1. Introduction
Air pollution caused by nitrogen oxide gases remains a major environmental and

public health issue worldwide. Among these pollutants, nitrogen dioxide (NO2), nitric
oxide (NO), and nitrous oxide (N2O) are particularly important because of their intercon-
nected roles in atmospheric chemistry. NO2 and NO are key contributors to photochemical
smog, acid rain, and respiratory illnesses, while N2O is a powerful greenhouse gas with
a long atmospheric lifespan and significant global warming potential [1±3]. Ongoing
emissions from industrial processes, vehicle exhaust, and agriculture have led to rising
levels of these gases, emphasizing the need for effective detection and control strategies.
Effective monitoring of these gases is crucial for air quality management, environmental
regulation, and early warning systems. Gas sensors offer several advantages, including
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real-time response, portability, low power consumption, and easy integration into com-
pact platforms, making them highly suitable for on-site and continuous environmental
monitoring [4±6]. However, sensor performance is strongly dependent on the sensing
materials, particularly their surface reactivity, electronic sensitivity, and selectivity toward
target gas molecules [7,8]. Therefore, the development of advanced sensing materials with
tunable electronic properties remains an active area of research.

Graphitic carbon nitride (g-C3N4) has attracted significant attention as a functional
material for environmental and sensing applications due to its metal-free composition,
chemical stability, and tunable electronic structure [9±13]. As a two-dimensional conju-
gated polymer composed of carbon and nitrogen atoms, g-C3N4 exhibits low cost, ease of
synthesis, and tunable surface chemistry, making it suitable for a wide range of applica-
tions, including photocatalysis, optoelectronics, and sensing of gaseous pollutants [9,14±18].
Recently, research interest has grown in zero-dimensional g-C3N4 quantum dots
(g-C3N4 QDs), which exhibit significant quantum confinement effects, larger surface-to-
volume ratios, and improved electronic sensitivity compared to their bulk materials [18±21].
For gas-sensing applications, these characteristics significantly enhance gas±surface inter-
actions and amplify electronic responses upon adsorption [22]. Furthermore, heteroatom
doping has emerged as an effective strategy to further improve the sensing characteristics of
g-C3N4 [20]. In particular, sulfur doping has been shown to modify the electronic structure
of g-C3N4 by introducing defect states, redistributing charge density, and narrowing the
band gap [23]. Although sulfur-doped g-C3N4 has been studied in photocatalysis [23±25],
systematic theoretical investigations of sulfur-doped g-C3N4 quantum dots for detecting
gaseous pollutants remain limited.

From a theoretical perspective, density functional theory (DFT) calculations offer
valuable insights into the interactions between molecules and surfaces. These calcula-
tions enable the evaluation of important descriptors such as adsorption energy, molecular
orbitals, variations in the band gap, and the density of states (DOS) [26±30]. These fac-
tors are closely related to the mechanisms behind gas-sensing responses. Density func-
tional tight-binding (DFTB) is a semi-empirical approximation to DFT that expands the
total energy around a reference electron density, thereby significantly reducing computa-
tional cost while retaining key electronic structure information [31±33]. In particular, the
self-consistent charge formulation (SCC) incorporates charge redistribution effects, enabling
more reliable descriptions of polar and adsorbed systems compared to non-self-consistent
schemes [32]. Owing to its efficiency, the self-consistent charge density functional tight-
binding (SCC-DFTB) is typically 2±3 orders of magnitude faster than conventional DFT
methods, allowing simulations of large-scale systems while maintaining reasonable ac-
curacy for geometries, adsorption energies, and electronic structures [34,35]. Benchmark
studies have confirmed that SCC-DFTB can reproduce optimized structures, adsorption
trends, charge transfer behavior, and electronic properties such as HOMO-LUMO gaps and
DOS in good agreement with full DFT calculations, when appropriate parameter sets are
used, for molecular adsorption and low-dimensional materials [33,36±39].

In this study, we investigate the adsorption behavior of NO2, NO, and N2O on
sulfur-doped g-C3N4 quantum dots using SCC-DFTB. We examine multiple adsorption sites
and molecular orientations to identify the most stable configurations. We systematically
analyze key parameters related to sensing, including adsorption energy, charge trans-
fer, HOMO-LUMO energy levels, band gap variations, and DOS. The results pro-
vide crucial insights into how sulfur doping affects gas±surface interactions, offer-
ing theoretical guidance for designing high-performance g-C3N4 quantum dot-based
gas-sensing materials.
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2. Computational Methods
All calculations and optimizations in this study were performed using the

SCC-DFTB method, as implemented in the DFTB+ 24.1 computational package. This
approach facilitates the efficient modeling of large quantum mechanical systems. Mod-
els of both pristine and sulfur-doped g-C3N4 quantum dots (g-C3N4 and S/g-C3N4)
were constructed based on a 3 × 3 triazine unit cell, resulting in finite clusters
with hydrogen-saturated edge atoms to eliminate any dangling bonds. The 3ob-3-1
Slater±Koster parameter set was used to describe the electronic interactions between atoms,
which is suitable for systems containing C, N, O, H, and S atoms [40]. To determine the
most stable site for sulfur doping, two doping positions were analyzed: one in which the
sulfur atom replaced a ring nitrogen atom (N-ring, site 1 in Figure 1a) and another where
it substituted a bridge nitrogen atom (N-bridge). The thermodynamic stability of each
doping configuration was evaluated by calculating its formation energy. The formation
energy (Eform) [23,25] is defined as follows:

Eform = E(S/g-C3N4) − E(g-C3N4) − µ(S) − µ(N) (1)

where E(S/g-C3N4) and E(g-C3N4) represent the total energies of sulfur-doped and pristine
g-C3N4 quantum dot systems, respectively. µ(S) and µ(N) denote the chemical potentials
of single sulfur and nitrogen atoms, respectively. It is important to note that µ(S) or µ(N) is
the energy per nitrogen or sulfur atom in its reference phase (N2 gas is the reference phase
for the nitrogen atom). The structure with the lowest formation energy was chosen for
further adsorption studies. From this analysis, the calculated Eform values for the N-ring
and N-bridge doping sites were −2.75 eV and −0.81 eV, respectively. This result indicates
that the N-ring doping site is more stable than the N-bridge doping site, which is consistent
with theoretical and experimental studies [23,41]. Thus, the N-ring doping site was used as
the representative sulfur-doped g-C3N4 quantum dot model in this work.

Figure 1. Top and side views of the optimized geometries: (a) g-C3N4 and (b) S/g-C3N4 quantum dots.
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Nitrogen oxide gases, including NO2, NO, and N2O, were investigated to study their
adsorption behaviors on g-C3N4 and S/g-C3N4 quantum dots. They were separately
optimized in their isolated states before adsorption calculations. For gas adsorption studies,
each gas molecule was initially positioned above the quantum dot surfaces at three different
active sites (sites 1, 2, and 3, as shown in Figure 1) at various distances. At site 1, the gas
molecules were positioned above either the nitrogen atom (in the g-C3N4 structure) or the
sulfur atom (in the S/g-C3N4 structure). The molecules were oriented in three ways relative
to the nitrogen or sulfur atom: vertically, tilted at 45 degrees, or parallel. At sites 2 (the
hollow site) and 3 (the interstitial site), the gas molecules were oriented either vertically
or parallel to the structure. All adsorption systems were fully optimized using the same
convergence criteria as for the isolated structures. The most stable adsorption configuration
between the structures and the gas molecules was identified based on the adsorption
energies. The adsorption energy (Ed) was calculated according to:

Ed = Etot(structure + gas molecule)− Etot(structure)− Etot(gas molecule) (2)

where Etot (structure + gas molecule) is the total energy of the gas molecules adsorbed on
g-C3N4 or S/g-C3N4 quantum dot systems. Etot (structure) and Etot (gas molecule) are the
total energies of the isolated g-C3N4 or S/g-C3N4 quantum dot systems, and the isolated
gas molecules, respectively. Negative adsorption energy values indicate energetically
favorable adsorption.

To investigate charge transfer between gas molecules and quantum dots, the net
charge transfer is defined as the difference in charge of the gas molecules before and after
adsorption [38,42]. This approach facilitates a quantitative assessment of electron donation
or acceptance during the adsorption process. The net charge transfer (Q) was determined
using Equation (3):

Q = Q (structure + gas molecule) − Q (gas molecule) (3)

where Q (structure + gas molecule) and Q (gas molecule) are the charges of gas molecules
adsorbed on the quantum dot structures and the isolated gas molecules, respectively. The
sign of the charge transfer provides direct insight into the donor±acceptor behavior of the
adsorbed species: a positive value of Q (Q > 0) indicates electron transfer from the gas
molecules to the quantum dots, corresponding to donor behavior of the gas molecules.
Conversely, a negative value (Q < 0) signifies electron transfer from the quantum dots to
the gas molecules, indicating acceptor behavior [43]. In addition, the electronic properties
of the systems were further examined, including the highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO), DOS, and the corresponding band
gap variations induced by sulfur doping and gas adsorption. The energy gap (Eg) was
calculated using

Eg = |ELUMO − EHOMO| (4)

where ELUMO and EHOMO are the energy levels of LUMO and HOMO orbitals, respectively.

3. Results and Discussion
3.1. Optimized Structures and Electronic Properties of g-C3N4 and S/g-C3N4 Quantum Dots

The optimized geometries of g-C3N4 and S/g-C3N4 quantum dots (top and side
views) constructed from 3 × 3 triazine unit cells (87 atoms) using the SCC-DFTB method
are presented in Figure 1. As shown in Figure 1a, the pristine g-C3N4 quantum dot exhibits
a nearly planar framework composed of periodically connected triazine rings, indicating
that the conjugated C-N network remains structurally stable after geometry optimization.
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The calculated diagonal diameter of the pristine structure was approximately 19.46 Å,
confirming the nanoscale size expected for the selected model [18]. After the substitution
of a nitrogen atom in the triazine ring by a sulfur atom (yellow) at site 1, a local distortion
was observed around the doping site, as shown in Figure 1b. The diagonal diameter of the
S/g-C3N4 quantum dot slightly decreased to 19.37 Å, indicating that sulfur doping induces
small structural contraction without significantly altering the global size of the quantum dot.
Such distortions are commonly observed in heteroatom-doped g-C3N4 because the dopant
atoms modify local bonding geometry and conjugation within the triazine network [44,45].

For the pristine g-C3N4 quantum dot, the C-N bond lengths within the triazine rings
were calculated to be 1.30±1.42 Å, which agrees well with reported theoretical and ex-
perimental ranges (1.33±1.48 Å) for sp2-hybridized C-N bonds in g-C3N4 frameworks,
confirming the reliability of the optimized model [46]. In the case of the S/g-C3N4 quantum
dot, the local bonding environment changed significantly. The C-S bond lengths were
observed to increase to between 1.69±1.81 Å, which is considerably longer than the orig-
inal C-N bonds. This difference is attributed to sulfur’s larger atomic radius and lower
electronegativity compared to nitrogen. This size mismatch weakens the local conjugated
bonding network and leads to noticeable out-of-plane deformation in the doped structure,
as shown in the side-view geometry in Figure 1b. Similar geometric perturbations and
lattice distortions have been reported in theoretical studies of S-doped g-C3N4, where the in-
corporation of sulfur affects bond lengths, local coordination, and the electronic distribution
within the heptazine units [23]. The slight decrease in the overall diameter of the quantum
dots (from 19.46 to 19.37 Å) with local distortion suggests that sulfur doping mainly affects
the local structural environment. However, these localized geometric changes are expected
to influence electronic properties, adsorption behavior, and surface reactivity, which are
critical for gas-sensing applications. Furthermore, structural deformation can create active
sites and modify charge redistribution within the π-conjugated network [47].

The electronic parameters for g-C3N4 and S/g-C3N4 quantum dots, calculated using
SCC-DFTB, are summarized in Table 1. The pristine g-C3N4 quantum dot has a HOMO
energy of −4.74 eV and a LUMO energy of −1.16 eV, resulting in a band gap of 3.58 eV.
After sulfur doping, the HOMO level shifts significantly upward to −2.54 eV, while the
LUMO level remains nearly unchanged at −1.17 eV. As a result, the calculated band gap
decreases dramatically to 1.37 eV.

Table 1. Calculated electronic parameters of the quantum dots using SCC-DFTB.

Quantum Dot EHOMO (eV) ELUMO (eV) EF (eV) Eg (eV)

g-C3N4 −4.74 −1.16 −2.95 3.58
S/g-C3N4 −2.54 −1.17 −2.54 1.37

This significant reduction in the band gap indicates that sulfur doping substantially
modifies the electronic structure of the g-C3N4 quantum dot, which is consistent with
previous studies [48,49]. The decrease in the energy gap primarily arises from the upward
shift of the HOMO level, rather than alterations to the LUMO level, which implies a
strong influence of sulfur doping on the valence band. In addition, the Fermi level of
the pristine g-C3N4 quantum dot is located at −2.95 eV, within the band gap, indicating
the typical semiconducting behavior of carbon nitride materials. After sulfur doping, the
Fermi level shifts upward to −2.54 eV, aligning with the HOMO level. This shift suggests
enhanced electronic activity and improved charge carrier mobility. Moreover, the upward
movement of the Fermi level indicates that sulfur doping introduces new electronic states
and increases the electrical conductivity of the material [23]. Figure 2 illustrates the DOS of
pristine g-C3N4 and S/g-C3N4 quantum dots, highlighting the pronounced modification
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of the electronic structure upon sulfur doping. The pristine g-C3N4 quantum dot exhibits
a clear band gap region between the valence and conduction bands, consistent with its
relatively wide band gap (3.58 eV) and typical semiconducting behavior. The low DOS
intensity near the Fermi level indicates limited intrinsic electrical conductivity. In contrast,
the DOS of S/g-C3N4 displays a substantial redistribution of electronic states, particularly
in the vicinity of the Fermi level. The higher DOS intensity observed near the Fermi level
indicates a significant increase in the number of electronic states compared to the pristine g-
C3N4. This enhancement arises from the introduction of impurity or defect states associated
with sulfur incorporation into the carbon nitride framework, which results in pronounced
DOS peaks in this energy region. It should be noted that the DOS spectra were aligned with
respect to the Fermi level (EF = 0 eV) and broadened for visualization purposes. Therefore,
the apparent separation between occupied and unoccupied states in the DOS plots does
not directly represent the HOMO-LUMO gap values listed in Table 1. The HOMO-LUMO
gaps were obtained from the calculated molecular orbital energies. In contrast, the DOS
analysis was used primarily to illustrate the redistribution of electronic states and the
sulfur-induced defect states near the Fermi level. Previous first-principles studies have
confirmed that sulfur doping in g-C3N4 introduces defect states within the band gap and
significantly reduces the band gap energy [50]. As a result, electron excitation from the
valence band becomes more favorable, leading to enhanced charge carrier mobility and
improved electrical conductivity. Furthermore, the increased DOS provides more accessible
pathways for charge transfer [51] during interactions with gas molecules, which is a critical
factor governing sensor performance. Therefore, the DOS analysis confirms that sulfur
doping effectively tailors the electronic structure of g-C3N4 quantum dots, making them
more responsive to external perturbations such as gas adsorption and thus more suitable
for high-performance gas-sensing applications.

Figure 2. DOS plot for the g-C3N4 and S/g-C3N4 quantum dots.

3.2. Adsorption of NO2, N2O, and NO on g-C3N4 Quantum Dots

The adsorption behaviors of NO2, NO, and N2O molecules on pristine g-C3N4 quan-
tum dots were systematically investigated. The key adsorption parameters are summarized
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in Table 2, which includes the adsorption energy (Ead), charge transfer (Q), adsorption distance,
and electronic structure changes. Some adsorption configurations for NO2 are illustrated
in Figure 3, while those for NO and N2O can be found in the Supplementary Information.
Overall, the calculated adsorption energies for all gas molecules range from −0.002 to
−0.279 eV, indicating weak gas±surface interactions driven by physisorption mechanisms.
Similar physisorption behavior has been reported for small molecules on pristine g-C3N4

and related systems [52]. Among the investigated gases, NO2 exhibited the strongest
interaction with the pristine g-C3N4 quantum dot. As shown in Table 2, the most stable
configuration corresponds to NO2 adsorbed at the hollow site (site 2) in a parallel orien-
tation, with an adsorption energy of −0.279 eV. The stronger interaction of NO2 can be
attributed to its strong oxidizing nature, which facilitates electron acceptance from materi-
als. The calculated negative charge transfer (−0.048 to −0.058 e) confirms that NO2 acts
as an electron acceptor [53]. The corresponding band gap values decreased from 3.58 eV
(without gases) to approximately 2.22±2.32 eV, suggesting moderate perturbation of the
electronic structure.

Table 2. Calculated adsorption parameters for each gas adsorbed on the g-C3N4 quantum dots.

System Site Orientation Adsorption Site Distance (Å) Ead (eV) Q (e) EHOMO (eV) ELUMO (eV) Eg (eV)

NO2-g-C3N4 1 Vertical O-N 3.19 −0.194 −0.05219 −3.53 −1.31 2.22
Vertical N-N 2.21 −0.194 −0.05139 −3.54 −1.30 2.24

Tilted (45◦) N-N 2.53 −0.252 −0.05775 −3.67 −1.42 2.25
Parallel N-N 3.40 −0.194 −0.05158 −3.54 −1.31 2.23

2 Vertical O down 3.00 −0.197 −0.0494 −3.57 −1.27 2.30
Vertical N down 3.00 −0.197 −0.04817 −3.58 −1.29 2.29
Parallel Parallel 2.80 −0.279 −0.04908 −3.59 −1.27 2.32

3 Vertical O down 3.17 −0.194 −0.05096 −3.54 −1.30 2.24
Vertical N down 2.90 −0.247 −0.05599 −3.67 −1.42 2.25
Parallel Parallel 3.38 −0.194 −0.05075 −3.54 −1.31 2.23

N2O-g-C3N4 1 Vertical O-N 3.24 −0.065 −0.00065 −4.75 −1.18 3.57
Vertical N-N 3.00 −0.063 −0.00065 −4.75 −1.18 3.57

Tilted (45◦) O-N 2.76 −0.063 −0.00066 −4.76 −1.18 3.58
Tilted (45◦) N-N 2.82 −0.061 −0.00060 −4.75 −1.16 3.59

Parallel Parallel 3.53 −0.061 −0.00063 −4.79 −1.19 3.60

2 Vertical O down 3.36 −0.058 −0.00064 −4.75 −1.16 3.59
Vertical N down 3.13 −0.052 −0.00061 −4.75 −1.16 3.59
Parallel Parallel 3.20 −0.056 −0.00038 −4.77 −1.17 3.60

3 Vertical O down 3.00 −0.137 0.00000 −4.80 −1.21 3.59
Vertical N down 2.54 −0.137 0.00045 −4.80 −1.21 3.59
Parallel Parallel 2.98 −0.142 0.00000 −4.80 −1.21 3.59

NO-g-C3N4 1 Vertical O-N 3.50 −0.003 0.00016 −4.75 −2.66 2.09
Vertical N-N 3.06 −0.057 −0.05226 −4.79 −2.12 2.67

Tilted (45◦) O-N 2.44 −0.051 −0.02576 −4.76 −2.27 2.49
Tilted (45◦) N-N 2.27 −0.082 −0.06739 −4.78 −2.15 2.63

Parallel Parallel 2.31 −0.077 −0.06569 −4.78 −2.13 2.65

2 Vertical O down 3.11 −0.002 0.00000 −4.75 −2.78 1.97
Vertical N down 3.05 −0.052 −0.03505 −4.77 −2.21 2.56
Parallel Parallel 3.15 −0.136 −0.02707 −4.80 −2.47 2.33

3 Vertical O down 3.00 −0.098 0.00000 −4.78 −2.81 1.97
Vertical N down 2.72 −0.069 −0.05917 −4.78 −2.10 2.68
Parallel Parallel 2.88 −0.072 −0.06323 −4.76 −2.12 2.64

In the case of NO adsorption, weaker interactions were observed, with adsorption
energies reaching a maximum of −0.136 eV. The most stable configuration occurred at the
hollow site with a parallel orientation, which is similar to that of NO2 adsorption. The
small magnitude of charge transfer (less than −0.067 e) suggests weak electronic coupling
between NO molecular orbitals and the π-conjugated system of g-C3N4. Consequently,
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moderate changes in the energy gaps were typically found within the range of 1.97±2.68 eV,
indicating the limited sensitivity of the electronic structure to NO adsorption.

Figure 3. Different orientations and adsorption sites of NO2 adsorbed on the pristine g-C3N4 quantum
dots. Orientations and adsorption sites for N2O and NO can be found in Figures S1 and S2 of
the Supplementary File.

In contrast, N2O exhibited minimal interaction with the pristine g-C3N4 quantum
dot. The adsorption energies ranged from −0.052 to −0.142 eV. Also, the band gaps were
almost unchanged. These results indicate a weak physisorption interaction. Similar weak
adsorption behavior of N2O has been reported on carbon-based materials [54,55]. This
weak interaction is attributed to the intrinsic molecular properties of N2O, which is a
linear triatomic molecule with a small dipole moment, resulting in low polarity and weak
electrostatic interaction with the surface [56,57]. Based on the adsorption energies and
charge transfer characteristics, NO2 showed the strongest adsorption, followed by NO,
while N2O exhibited the weakest adsorption.

3.3. Adsorption of NO2, N2O, and NO on S/g-C3N4 Quantum Dots

Table 3 summarizes the calculated adsorption parameters for NO2, NO, and N2O
molecules on S/g-C3N4 quantum dots. Some representative adsorption configurations
for NO2 on S/g-C3N4 quantum dots are shown in Figure 4, while those for NO and N2O
are provided in the Supplementary Information. Compared to the pristine system, sul-
fur doping significantly enhances gas±surface interactions, particularly for NO2 and NO
molecules. This improvement arises from the introduction of defect states caused by sul-
fur, charge redistribution, and increased electronic activity [58] near the Fermi level, as
discussed in Section 3.1. As a result, the adsorption energies cover a wider range from
weak physisorption to strong chemisorption [59±61], depending on the gas species and
the adsorption configuration. NO2 exhibited exceptionally strong interaction with the
S/g-C3N4 quantum dots. As shown in Table 3, the adsorption energies reach as high as
−3.543 eV for the O-S vertical configuration at site 1 and −3.538 eV at the hollow site
with N down to S, indicating clear chemisorption behavior. These values are more than
an order of magnitude higher than those observed in the pristine system, confirming the
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critical role of sulfur doping in activating the surface. The strong interaction is further
supported by significant charge transfer values (up to −0.285 e), indicating substantial
electron transfer from the S/g-C3N4 surface to the NO2 molecule. This behavior con-
firms that NO2 acts as a strong electron acceptor, facilitated by its high electron affinity
and open-shell electronic configuration. In addition, trends in the adsorption distances
are significantly reduced compared to the pristine structures, suggesting the formation
of strong chemical bonds between the gas molecule and the doped surface. The strong
adsorption of NO2 induces significant alterations in the electronic structure. The en-
ergy gap decreased dramatically, reaching as low as 0.46 eV in the parallel configuration
at site 1. This substantial narrowing of the band gap suggests a marked enhancement in
electrical conductivity, which is particularly beneficial for gas-sensing applications. The
pronounced modulation of electronic properties indicates that S/g-C3N4 quantum dots
exhibit a high sensitivity for NO2 detection. It should be noted that we also performed DFT
calculations at the CAM-B3LYP/6-311+G(d,p) level using the same adsorption geometry
to evaluate the reliability of the SCC-DFTB results. For adsorption configurations with
SCC-DFTB adsorption energies greater than approximately −3 eV, the corresponding DFT
calculations yield adsorption energies of only about −1.9 eV. Therefore, the SCC-DFTB
method tends to overestimate the adsorption strength in quantitative terms. Nevertheless,
the adsorption energies calculated using SCC-DFTB are suitable for qualitative comparison
and for identifying the relative adsorption trends among different configurations.

Table 3. Calculated adsorption parameters for each gas adsorbed on the S/g-C3N4 quantum dots.

System Site Orientation Adsorption Site Distance (Å) Ead (eV) Q (e) EHOMO (eV) ELUMO (eV) Eg (eV)

NO2-S/g-C3N4 1 Vertical O-S 2.05 −3.543 −0.20681 −4.24 −2.94 1.30
Vertical N-S 2.82 −1.898 −0.09412 −4.63 −1.98 2.65
Tilted (45◦) N-S 3.07 −1.898 −0.09453 −4.63 −1.98 2.65
Parallel N-S 2.45 −3.116 −0.18439 −4.00 −3.54 0.46

2 Vertical O down 1.89 −2.360 −0.23110 −4.32 −3.64 0.68
Vertical N down 2.23 −3.538 −0.21074 −4.30 −2.99 1.31
Parallel Parallel 2.15 −3.537 −0.20943 −4.30 −2.99 1.31

3 Vertical O down 2.80 −1.483 −0.28497 −4.74 −1.90 2.84
Vertical N down 2.97 −1.896 −0.09494 −4.63 −1.98 2.65
Parallel Parallel 3.11 −3.409 −0.20142 −4.87 −2.49 2.38

N2O-S/g-C3N4 1 Vertical O-S 3.28 −0.054 −0.00052 −2.56 −1.16 1.40
Vertical N-S 2.95 −0.052 −0.00035 −2.54 −1.18 1.36
Tilted (45◦) O-S 2.87 −0.050 −0.00052 −2.53 −1.18 1.35
Tilted (45◦) N-S 2.74 −0.052 −0.00037 −2.56 −1.17 1.39
Parallel Parallel 3.34 −0.050 −0.00052 −2.54 −1.18 1.36

2 Vertical O down 3.24 −0.054 −0.00049 −2.56 −1.16 1.40
Vertical N down 3.05 −0.052 −0.00041 −2.54 −1.18 1.36
Parallel Parallel 3.11 −0.050 −0.00025 −2.56 −1.17 1.39

3 Vertical O down 2.92 −0.050 −0.00050 −2.54 −1.18 1.36
Vertical N down 2.44 −0.052 −0.00037 −2.54 −1.18 1.36
Parallel Parallel 2.77 −0.050 −0.00052 −2.53 −1.18 1.35

NO-S/g-C3N4 1 Vertical O-S 2.25 −0.547 −0.00361 −3.21 −2.54 0.67
Vertical N-S 2.73 −1.447 −0.03625 −3.67 −2.14 1.53
Tilted (45◦) O-S 2.30 −1.328 −0.02187 −3.65 −2.23 1.42
Tilted (45◦) N-S 2.18 −1.447 −0.03615 −3.67 −2.14 1.53
Parallel Parallel 2.23 −1.357 0.006858 −3.88 −2.63 1.25

2 Vertical O down 2.16 −0.576 −0.02701 −3.06 −2.54 0.52
Vertical N down 2.48 −1.351 −0.00615 −4.13 −2.60 1.53
Parallel Parallel 2.85 −1.229 0.01062 −3.88 −2.67 1.21

3 Vertical O down 2.51 −0.844 −0.70086 −4.27 −2.16 2.11
Vertical N down 2.84 −1.447 −0.03613 −3.67 −2.14 1.53
Parallel Parallel 3.13 −1.446 −0.03417 −3.67 −2.13 1.54
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Figure 4. Different orientations and adsorption sites of NO2 adsorbed on the S/g-C3N4 quantum
dots. Orientations and adsorption sites for N2O and NO can be found in Figures S3 and S4 of
the Supplementary File.

For NO adsorption, moderate-to-strong interactions were observed on the S/g-C3N4

surface. The adsorption energies ranged from −0.547 to −1.447 eV, indicating a transition
from strong physisorption to weak chemisorption depending on the adsorption configura-
tion. The most stable configurations involve adsorption at site 1 (sulfur site). The charge
transfer values are mostly negative, indicating that NO also behaves predominantly as
an electron acceptor, although the magnitude of charge transfer is smaller compared to
NO2. The calculated band gaps were reduced to approximately 0.52±1.53 eV. These results
demonstrated that NO adsorption still induces a significant electronic perturbation in the
S/g-C3N4 quantum dots, suggesting that the quantum dot structure can detect NO with
moderate sensitivity.

In the case of N2O adsorption, it exhibited weak adsorption on the S/g-C3N4 quantum
dots. The band gaps are very low, with negligible charge transfer (Q = 0 e) across all
configurations, as shown in Table 3. These results revealed that the electronic structure of
the S/g-C3N4 quantum dots remains almost unchanged after N2O adsorption, with band
gap values (~1.35±1.40 eV) similar to those of the isolated doped system (see Table 1).

The comparison between pristine and sulfur-doped systems clearly demonstrates
that sulfur doping plays a crucial role in enhancing the adsorption strength and electronic
sensitivity of g-C3N4 quantum dots. Remarkably, the dramatic enhancement in NO2

adsorption and the associated electronic response indicate that S/g-C3N4 quantum dots
are highly sensitive to NO2 detection. While NO exhibits moderate interaction, N2O shows
negligible interaction.
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3.4. Total Density of State (DOS)

Figure 5 presents the calculated DOS for the most favorable adsorption sites of NO2,
NO, and N2O on both pristine g-C3N4 and S/g-C3N4 quantum dots, providing deeper
insight into the electronic interactions underlying the sensing behavior. The Fermi level
is set to 0 eV. Figure 5a shows the DOS profiles of NO2 adsorption on these quantum
dots. For the pristine system, the DOS intensity near the Fermi level increases slightly
(~12.5 states/eV) compared to the isolated g-C3N4 system (~10 states/eV), as shown
in Figure 2. This behavior is consistent with the weak physisorption interaction discussed
in Section 3.2, where NO2 induces minimal charge redistribution and low adsorption
energies. In contrast, a pronounced modification of the DOS intensity is observed for
the S/g-C3N4 system. There is a significant increase in DOS intensity, with new peaks
appearing near the Fermi level at approximately −0.4 eV and 0.4 eV. The appearance of
these new peaks is attributed to strong orbital hybridization between the NO2 molecular
orbitals and sulfur-induced defect states. This hybridization facilitates greater electron
transfer from the structure to the NO2 molecule, corresponding to the large negative charge
transfer values and higher adsorption energies reported in Table 3.

Figure 5. Calculated DOS of (a) NO2, (b) NO, (c) N2O adsorbed on the g-C3N4 and S/g-C3N4

quantum dots, and (d) NO2 adsorbed on the S/g-C3N4 quantum dots with different adsorption sites
and orientations. The Fermi level is set to zero, indicated by dashed vertical lines.

Figure 5b illustrates the DOS for NO adsorption. The DOS modification is moderate
compared to NO2. The pristine system shows slight perturbations in the electronic states,
with minimal change in DOS intensity near the Fermi level, indicating relatively weak ph-
ysisorption. In comparison, the S/g-C3N4 system exhibits an increase in the DOS intensity
near the Fermi level, although less than in the NO2 case. This indicates partial hybridization
between NO molecular orbitals and the defect states introduced by sulfur doping. This
result reveals that NO adsorption can lead to measurable changes in conductivity, implying
moderate sensing sensitivity. For N2O adsorption, as shown in Figure 5c, the DOS curves
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show negligible differences before and after adsorption. No significant new states appear
near the Fermi level in either the pristine g-C3N4 or S/g-C3N4 quantum dots. Moreover, the
charge transfer is zero, and the band gap remains nearly unaffected. This result confirms
that N2O interacts very weakly with both surfaces, consistent with the low adsorption
energies. To investigate the influence of adsorption configurations and adsorption sites on
the electronic properties, the DOS of NO2 adsorbed on the S/g-C3N4 quantum dot at the
most favorable sites with different orientations was analyzed. As shown in Figure 5d, the
results show that adsorption at the S-doped site (site 1; vertical, tilted, and parallel config-
urations) and at site 2 (hollow site with N-down vertical orientation) exhibit significant
electronic modulation near the Fermi level. For adsorption at site 3 (interstitial, parallel),
the DOS shows lower intensity than at sites 1 and 2. The differences in DOS features across
configurations highlight that both the adsorption configuration and the site significantly
influence the interaction strength. The S-doped site acts as the primary active center for
NO2 adsorption. A more detailed understanding of the orbital contributions from sulfur
atoms and adsorbed gas molecules could be obtained through projected density of states
(PDOS) analysis. Although PDOS calculations were beyond the scope of the present work,
the combined evidence from adsorption energies, charge transfer, HOMO-LUMO gaps,
and DOS modifications consistently supports the role of sulfur-induced electronic states in
enhancing NO2-sensing performance.

3.5. Variation in Energy Gap

The variation in the HOMO-LUMO energy gap upon gas adsorption provides impor-
tant insight into the sensing performance of both pristine g-C3N4 and S/g-C3N4 quantum
dots. This variation directly correlates with changes in electrical conductivity. The cal-
culated energy gap variations for the adsorption of NO2, NO, and N2O are summarized
in Tables 2 and 3, and their graphical representations of the most favorable adsorption site
are displayed in Figure 6. For the pristine g-C3N4 quantum dot (Figure 6a), the adsorption
of gas molecules induces only moderate changes in the energy gap. As shown in Table 2,
the band gap decreases from 3.58 eV (isolated system) to approximately 2.22±2.32 eV for
NO2 adsorption, depending on the configuration. This reduction is primarily due to the
weak electronic interaction between the molecular orbitals of NO2 and the π-conjugated
framework of g-C3N4 [62]. For NO adsorption, the energy gap varies within the range
of ~1.97±2.68 eV, reflecting some orbital hybridization and limited charge transfer. N2O
adsorption results in negligible variation in the energy gap (~3.57±3.60 eV). These small
variations in energy gap indicate that the intrinsic electronic structure of pristine g-C3N4

remains largely preserved upon gas adsorption. The absence of significant mid-gap states
or strong orbital coupling prevents substantial modification of the charge carrier concentra-
tion. As a result, changes in conductivity are limited, leading to poor sensing performance.
This behavior is characteristic of physisorption-dominated systems, where van der Waals
interactions do not significantly alter the electronic band structure [63].

As shown in Figure 6b, the S/g-C3N4 quantum dot exhibits pronounced energy gap
modulation upon gas adsorption, particularly for NO2 and NO molecules. As outlined
in Table 3, the band gap of the isolated S/g-C3N4 system (1.37 eV) significantly decreases
upon the adsorption of NO2, dropping to as low as 0.46 eV depending on the specific
adsorption configuration. This dramatic narrowing of the band gap is a direct consequence
of strong chemisorption, significant charge transfer, and the formation of hybridized
electronic states between NO2 and the sulfur-doped surface. Sulfur doping introduces
localized electronic states within the band gap region, which serve as active sites for
interaction with gas molecules. When NO2 is adsorbed, these defect states strongly interact
with the molecular orbitals of NO2, resulting in the formation of new electronic states
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near the Fermi level. This interaction effectively reduces the energy separation between
the HOMO and LUMO levels, resulting in band gap narrowing. For NO adsorption, a
moderate reduction in the energy gap is observed, with energy gap values ranging from
~0.52 to 1.54 eV. Although NO also interacts with the sulfur-doped surface through charge
transfer and orbital overlap, the hybridization is weaker than that of NO2. As a result,
the induced electronic states are less pronounced, leading to a smaller degree of band
gap modulation. Nevertheless, the observed reduction in energy gap is still sufficient to
produce a measurable change in conductivity, indicating moderate sensing capability.

Figure 6. Graphical representation of variation in HOMO-LUMO for NO2, NO, and N2O adsorption
on (a) g-C3N4 and (b) S/g-C3N4 quantum dots with different orientations and adsorption sites.
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In contrast, the adsorption of N2O on S/g-C3N4 leads to negligible changes in the
energy gap, with the energy gap remaining nearly constant at around 1.35±1.40 eV. This
behavior indicates a lack of significant electronic interaction between N2O and the doped
surface, as confirmed by zero charge transfer and minimal changes in the DOS, consistent
with N2O adsorption on the pristine system. Overall, the modulation of the energy gap
follows the trend NO2 > NO > N2O. This trend aligns with the analysis of adsorption energy,
charge transfer, and DOS presented in previous sections. The results clearly indicate that
sulfur doping plays a crucial role in enhancing the electronic response of g-C3N4 quantum
dots. As a result, the variation in the energy gap serves as a key indicator for assessing and
predicting the gas-sensing performance of these systems.

4. Conclusions
In this work, the adsorption mechanisms of NO2, NO, and N2O on pristine and

sulfur-doped g-C3N4 quantum dots were systematically investigated using SCC-DFTB
calculations. The results revealed that sulfur doping significantly influences the electronic
structure and enhances the sensing performance of g-C3N4 quantum dots. While pristine g-
C3N4 displayed weak physisorption with minimal electronic perturbation, the introduction
of sulfur doping created defect states and substantially increased electronic activity near the
Fermi level, resulting in a transition from physisorption to chemisorption. NO2 exhibited
particularly strong chemisorption on sulfur-doped g-C3N4, characterized by high adsorp-
tion energies, significant charge transfer, pronounced DOS modification, and substantial
band gap narrowing. In comparison, NO showed a moderate interaction with a detectable
electronic response, while N2O remained weakly adsorbed and had little impact on the elec-
tronic structure. The sensing performance follows the trend NO2 > NO > N2O, consistent
with adsorption energy, charge transfer, and electronic structure analyses. These findings
suggest that sulfur doping facilitates significant modulation of the electronic structure,
greatly enhancing the sensitivity and selectivity of g-C3N4 quantum dots for NO2 detection.
Although the strong chemisorption of NO2 on S/g-C3N4 quantum dots is advantageous
for sensitivity, excessively strong adsorption may increase the recovery time due to slower
desorption kinetics. In practical applications, external stimuli such as thermal treatment,
UV illumination, or electrical bias may be required to facilitate desorption and restore the
sensor surface. Therefore, the trade-off between sensitivity and recoverability should be
carefully considered when designing sulfur-doped g-C3N4 quantum dot-based gas sensors.
This research offers valuable theoretical insights for the development of high-performance
gas-sensing materials based on defect-engineered carbon nitride nanostructures.
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