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A B S T R A C T

This study investigates the potential of functionalized armchair-edged hexagonal silicon carbide 
(AHSiC) and zigzag-edged hexagonal silicon carbide (ZHSiC) for sensor applications. We explored 
the structural, electronic, and adsorption properties of these materials after functionalization with 
CHO and COOH groups. Our findings reveal that functionalization significantly enhances the 
binding energy, with surface-COOH-functionalized ZHSiC exhibiting a 3.88 % improvement in 
binding energy compared to its non-functionalized counterpart, leading to improved stability. 
Additionally, functionalization modulates the electronic structure, influencing the optical prop
erties and enhancing sensor performance. The adsorption of pyridine molecules on these surfaces 
was analyzed, demonstrating strong chemisorption for COOH-functionalized ZHSiC, particularly 
at the surface sites. The recovery time of adsorbed pyridine molecules was also significantly 
reduced by functionalization, with surface-COOH-functionalized ZHSiC achieving a recovery time 
as low as 2.22 ns at optimal adsorption sites.

1. Introduction

Pyridine is a significant chemical compound extensively utilized as an organic reagent and a precursor in the production of various 
products, including insecticides, pesticides, herbicides, pharmaceuticals, dyes, fragrances, rubber additives, animal feed additives, and 
adhesives, among others. However, due to its volatile nature, pyridine can be readily released into the environment during these 
synthetic processes. Exposure to pyridine, whether by inhalation, ingestion, or skin absorption, poses health risks and can lead to 
pyridine poisoning symptoms such as headaches, coughing, respiratory distress, laryngitis, nausea, and vomiting. Consequently, it is 
crucial to develop a method that is straightforward, sensitive, and accurate for detecting pyridine concentrations. To date, various 
techniques have been devised to detect pyridine, including fluorometric and colorimetric detection [1–4], optical fiber sensors [5], gas 
chromatography (GC) [6,7], liquid chromatography-mass spectrometry (LC-MS) [8], gas chromatography-mass spectrometry 
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(GC–MS) [9], electric field-assisted liquid-phase microextraction [10], and potentiometric sensors [11].
Traditional methods for detecting and analyzing pyridine derivatives, such as gas chromatography (GC) and optical sensors, have 

been widely used due to their well-established reliability. However, these techniques have limitations in terms of sensitivity, response 
time, and operational complexity. For instance, gas chromatography requires extensive sample preparation, long analysis times, and 
expensive equipment, which limits its use for real-time or on-site detection [12]. Optical sensors, although faster, often suffer from 
lower sensitivity and selectivity, particularly in complex environments with multiple analytes, which can interfere with detection [13]. 
In contrast, the functionalized SiC nanostructures explored in this study offer significant advantages. The functionalization of hex
agonal silicon carbide (SiC) with groups like CHO and COOH enhances the material’s adsorption properties, leading to stronger 
chemisorption of the target molecules such as pyridine. This characteristic allows for extremely sensitive detection with fast response 
and recovery times, positioning functionalized SiC-based sensors as a promising solution for real-time monitoring. Additionally, 
functionalization modifies the electronic and optical properties of SiC surfaces, offering opportunities to design sensors that leverage 
both adsorption behavior and optical signal variations. This dual sensitivity—along with the simplicity of sensor design and potential 
for miniaturization makes SiC sensors a viable alternative to conventional methods, especially in applications requiring rapid and 
on-site detection.

Two-dimensional (2D) materials [14] have attracted immense interest due to their remarkable physical and chemical properties, 
making them leading candidates for next-generation technological advancements [15–18]. These materials, which are extremely thin 
and lightweight, exist in single layers like graphene [19], SiC [20,21], silicene [22], transition metal dichalcogenides (TMDs) [23], and 
Mxenes [24–27], as well as in few-layered forms, including layered graphene [20], phosphorene [28], and various heterostructures 
[29]. The distinctive features of these materials open doors to a wide array of applications in fields such as electronics [30,31], op
toelectronics [32], spintronics [33,34], quantum computing [35], sensors [36], catalysis [37], energy storage [38], and photovoltaics 
[39,40], and biological applications [41].

Two-dimensional quantum dots (2D-QDs), a subset of 2D materials with sizes typically under 20 nm, possess unique properties 
shaped by their size and edge configurations [42]. These nanodots provide unparalleled control over electronic and optical properties, 
with the flexibility to modify these characteristics through adjustments in size, edge termination, and chemical functionalization. 
Notably, as the size of a quantum dot diminishes, the electronic and optical energy gap expands [43–46]. Chemical modifications, 
including doping [30], vacancy introduction [47–49], and the attachment of chemical groups [47], further broaden the application 
potential of 2D-QDs, allowing for tailored physical and chemical properties. For instance, hexagonal boron nitride (hBN) quantum 
dots, when chemically modified, demonstrate remarkable metal ion detection abilities, showing enhanced adsorption energies 
compared to unmodified nanodots [50]. Quantum dots derived from materials like graphene, phosphorene, TMDs, and MXenes, 
especially when chemically altered, have also received significant attention for applications in pollutant sensing and removal [51–55]. 
Their abundance of active sites, large specific surface area, engineered energy gaps, superior photo-trapping capabilities, and capacity 
for multi-exciton generation position 2D-QDs as promising candidates in catalytic applications [56]. This study explores functionalized 
hexagonal silicon carbide (SiC) nanostructures—armchair (AHSiC) and zigzag (ZHSiC)—for sensor applications. Functionalizing SiC 
with CHO and COOH groups enhances binding energy and stability while modulating electronic and optical properties. Pyridine 
adsorption on these surfaces reveals strong chemisorption, especially for COOH-functionalized ZHSiC at surface sites, with recovery 
times depending on the functional group and site. These findings highlight the potential of functionalized SiC nanostructures for 
sensors leveraging tailored optical responses and selective adsorption.

2. Computational methodology

The structural optimization, electronic properties (HOMO-LUMO), Mulliken charge, and optical properties of the studied structures 
were investigated using density functional theory (DFT) as implemented in Gaussian 16 [57,58]. To accurately capture electronic and 
optical properties, the hybrid B3LYP functional [59] was applied, known for its reliable results in similar materials. The 6-31G basis set 
was selected for its balance of computational efficiency and accuracy [60], making it widely adopted in related studies [50,61–63]. 
Optical properties were further evaluated using time-dependent DFT calculations, focusing on the first fifty excited states to provide 
insights into the system’s photophysical behavior. While computational-only approaches offer valuable insights, they come with 
inherent limitations, including model accuracy, parameter sensitivity, and computational cost. Therefore, it is essential to conduct 
experimental tests to validate the significant results presented in this study.

3. Results and discussions

3.1. Pristine and functionalized derivatives structures

In this section, we explore the structural parameters, stability, electronic properties, and Mulliken charge distribution of AHSiC and 
ZHSiC, along with their functionalized derivatives. The investigation provides insights into the impact of functionalization on the 
physical and chemical properties of these materials.

3.1.1. Optimized structures
The optimized structures of armchair-edged hexagonal silicon carbide (AHSiC) and zigzag-edged hexagonal silicon carbide (ZHSiC) 

were analyzed, focusing on two key functionalization sites: the edge (e) and the surface (s) (Fig. 1a, b). The functionalization sites were 
carefully selected at the edge (e) and surface (s) of the structures to explore the distinct effects on chemical reactivity. The edge sites are 
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highly reactive due to the unsaturated bonds, which allow for significant alterations in electronic and chemical properties upon 
functionalization. Surface sites, on the other hand, are more stable but offer opportunities for modifying the material’s interaction with 
its environment. By replacing hydrogen atoms at the edge with CHO and COOH groups, we can introduce polar functionalities that 
enhance reactivity and adsorption capabilities while functionalizing the surface with similar groups increases interaction potential 
without significantly destabilizing the structure. This dual-site approach and surface—offers insights into optimizing SiC for appli
cations requiring controlled surface chemistry and enhanced performance in catalysis, sensing, and electronic devices. The color-coded 
representation of the atoms and functional groups in the figure visually highlights the spatial arrangement and structural 
modifications.

The optimized structures of AHSiC and ZHSiC were analyzed, focusing on key quantum parameters such as bond lengths, bond 
angles, dihedral angles, and binding energy (BE), as presented in Table 1. The bond lengths between carbon and silicon atoms (C1-Si2 
and C3-Si4) remain stable across the various structures, with values ranging from 1.79 to 1.84 Å. These small variations suggest that 
the introduction of functional groups, such as CHO and COOH, does not significantly alter the backbone of the SiC lattice, preserving its 
structural integrity. The bond angles (C1-Si2-C3) across the compounds range from 119.94◦ to 120.65◦, which corresponds to a perfect 
trigonal planar geometry. This indicates that the carbon atoms involved in bonding are mostly sp² hybridized, as bond angles close to 
120◦ are characteristic of sp² hybridization. In this configuration, the carbon atoms form three sigma bonds with adjacent atoms in the 
SiC structure, while the remaining unhybridized p orbital contributes to the π-bonding within the planar hexagonal network. The 
dihedral angles (C1-Si2-C3-Si4) remain close to 180◦, indicating a mostly planar structure. However, small deviations, particularly in 
surface-functionalized compounds (e.g., AHSiC-s-CHO and ZHSiC-s-COOH), reflect some degree of structural twisting caused by the 
addition of functional groups.

3.1.2. Stability investigations
The structure stability of AHSiC and ZHSiC and its based materials were investigated using the binding energy (BE), calculated 

using the formula: 

BE =
ECNC + EHNH + EoNo − Et

Nt
.

Where EC, EH, E, and Et represent the energy of carbon atoms, hydrogen atoms, oxygen atoms, and the total energy of the nanotube, 
respectively. NC, NH, NO, and Nt denote the number of carbon atoms, hydrogen atoms, oxygen atoms, and the total number of atoms in 
the structure, respectively.

The BE of AHSiC and ZHSiC were significantly influenced by the addition of functional groups such as CHO and COOH. Func
tionalization not only impacts the stability of the material but also affects its electronic properties, making these modified structures 
suitable for various applications such as catalysis and sensing. As indicated in Table 1, the addition of CHO and COOH groups leads to 
subtle changes in the BE across both AHSiC and ZHSiC configurations, but these effects vary depending on the position of the func
tionalization (e or s) and the type of functional group.

For AHSiC, the introduction of CHO and COOH at both e and s positions results in a slight increase in BE, though the magnitude of 
this change depends on the specific functional group and site of attachment. For instance, the BE of AHSiC increased from 5.216 eV to 
5.295 eV with CHO functionalization at the e (AHSiC-e-CHO), indicating an improvement in stability due to the edge interactions. A 

Fig. 1. (a, b) Optimized structures of AHSiC and ZHSiC, showing the selected sites e and s where functionalization occurs. At position e, the H atom 
is replaced by CHO and COOH functional groups, while at position s, the functional group is attached above the surface. The color-coded symbols 
representing atoms and the functional groups are provided on the right side of the figure.
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similar trend is observed for COOH functionalization at the e (AHSiC-e-COOH), where the BE increases to 5.326 eV. However, s 
functionalization leads to smaller changes in BE, as seen in AHSiC-s-CHO (5.228 eV) and AHSiC-s-COOH (5.261 eV). These results 
suggest that e-functionalization has a more pronounced effect on the stability of AHSiC compared to s-functionalization. For ZHSiC, a 
more substantial effect is observed. ZHSiC is already more stable than AHSiC due to its intrinsic structural properties and shows an 
even greater increase in BE upon functionalization. For example, ZHSiC-e-CHO exhibits a BE of 5.479 eV, while ZHSiC-s-CHO has a 
slightly lower BE of 5.428 eV. COOH functionalization, especially at the edge (ZHSiC-e-COOH), results in the highest binding energy 
across all configurations, reaching 5.504 eV, underscoring the strong interaction between COOH and the zigzag-edged structure. 
Surface functionalization (ZHSiC-s-COOH) also increases the BE to 5.449 eV, though to a lesser extent than edge functionalization.

The difference between e- and s-functionalization is crucial in understanding how functional groups interact with the SiC structure. 
Functionalization at the edge typically leads to stronger BEs due to the presence of dangling bonds and undercoordinated atoms, which 
can form stronger interactions with the functional groups. Surface functionalization, while still enhancing stability, results in smaller 
increases in BE, as the interaction is more spread out and less localized. In summary, the addition of CHO and COOH functional groups 
enhances the BE of both AHSiC and ZHSiC, with the most significant increase observed in e-functionalized ZHSiC. These results 
highlight the importance of both the type of functional group and its position as e-functionalization with COOH leads to the highest 
stability, making ZHSiC-e-COOH a highly promising candidate for applications requiring stable and reactive surfaces. This effect is 
clearly reflected in the BE trends presented in Table 1.

3.1.3. Electronic study
In the analysis of the highest occupied molecular orbital/ lowest unoccupied molecular orbital (HOMO/LUMO) distributions for 

AHSiC, ZHSiC, and their functionalized derivatives (Fig. 2), orbital localization plays a crucial role in determining the materials’ 
electronic properties. For AHSiC, the HOMO and LUMO are localized on Si and C, influencing the material’s stability and interactions. 
Functionalization with CHO and COOH groups alters this behavior: in AHSiC-e-CHO, the CHO group significantly participates in the 
LUMO, enhancing electron-accepting properties, while in AHSiC-s-COOH, the COOH group contributes to the HOMO, boosting 
electron-donating behavior. In ZHSiC, similar localization patterns are observed. Functional groups also shift the electronic behavior: 
ZHSiC-s-CHO enhances electron donation via HOMO participation, while edge-attached CHO in ZHSiC-e-CHO contributes to electron 
acceptance. Functionalization at the surface enhances electron donation, while edge functionalization promotes electron acceptance. 
This tunability in HOMO/LUMO distribution indicates potential applications in electronics and catalysis, where controlled electron 
transfer is key.

Energy level analysis (Fig. 2) provides valuable insights into the electronic properties of AHSiC, ZHSiC, and their functionalized 
derivatives, especially for applications in sensing. For pristine AHSiC, the HOMO and LUMO energy levels are -5.162 eV and -2.004 eV, 
resulting in an energy gap (Eg) of 3.158 eV, indicating semiconducting behavior with moderate conductivity. In comparison, ZHSiC 
shows slightly enhanced conductivity with a smaller gap of 2.786 eV, attributed to its HOMO at -4.991 eV and LUMO at -2.204 eV. 
Upon functionalization, significant shifts in energy levels and gaps are observed, highlighting the impact of CHO and COOH groups on 
the materials’ electronic structures. For AHSiC-e-CHO, the Eg reduces to 3.104 eV (HOMO: -5.307 eV, LUMO: -2.203 eV), reflecting a 
slight improvement in conductivity compared to pristine AHSiC. Surface functionalization with CHO (AHSiC-s-CHO) further reduces 
the gap to 2.984 eV, indicating enhanced electrical properties. This reduction in Eg suggests that CHO functionalization promotes 
electron transfer, making the material more sensitive to external stimuli, a key feature for sensing applications. For AHSiC func
tionalized with COOH, a similar trend is observed. In AHSiC-e-COOH, the gap remains unchanged at 3.154 eV, suggesting that edge 
functionalization with COOH has a minimal effect on conductivity. However, surface-functionalized AHSiC-s-COOH exhibits a reduced 
gap of 2.927 eV, reinforcing the idea that surface functionalization more effectively enhances the material’s electrical response. These 
shifts indicate that functionalization with electron-donating groups like COOH can modulate the electronic structure, especially when 
positioned on the surface, making the material more responsive to environmental changes.

For ZHSiC and its derivatives, functionalization leads to even more pronounced changes in energy gaps. ZHSiC-e-CHO shows a 
significant reduction in Eg to 2.106 eV, reflecting a marked increase in conductivity compared to pristine ZHSiC. ZHSiC-s-CHO further 
decreases the gap to 1.589 eV, indicating exceptional conductivity and sensitivity, making it ideal for fast, responsive sensing ap
plications. Similarly, ZHSiC-e-COOH and ZHSiC-s-COOH exhibit reduced Eg of 2.545 eV and 1.521 eV, respectively, underscoring the 

Table 1 
Some important quantum parameters like bond length (Å), dihedral, bond angles (degrees), and binding energy (BE) for AHSiC and ZHSiC and its 
based materials.

Compounds C1-Si2 C3-Si4 C1-Si2-C3 C1-Si2-C3-Si4 BE (eV)

AHSiC 1.82 1.80 120.37 180.00 5.216
ZHSiC 1.82 1.83 120.06 180.00 5.425
AHSiC-e-CHO 1.82 1.79 120.58 179.97 5.295
AHSiC-s-CHO 1.82 1.79 120.31 177.72 5.228
AHSiC-e-COOH 1.82 1.80 120.34 180.00 5.326
AHSiC-s-COOH 1.81 1.79 120.65 179.15 5.261
ZHSiC-e-CHO 1.82 1.83 119.99 180.00 5.479
ZHSiC-s-CHO 1.81 1.83 120.10 177.97 5.428
ZHSiC-e-COOH 1.82 1.83 119.99 179.49 5.504
ZHSiC-s-COOH 1.83 1.84 119.94 177.92 5.449
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role of COOH in tuning electronic properties, particularly in surface-functionalized configurations. The overall reduction in energy 
gaps upon functionalization—especially with surface-attached CHO and COOH groups—enhances the conductivity of both AHSiC and 
ZHSiC, making them more responsive to environmental changes. This tunability is crucial for developing extremely sensitive sensing 
devices, where the material’s ability to detect small fluctuations in molecular or chemical environments is critical. By lowering the 
energy gap and modulating electron-donating or accepting properties, functionalized AHSiC and ZHSiC become excellent candidates 
for next-generation sensing technologies, offering precise control over electron transfer and high sensitivity to external stimuli.

Fig. 2. HOMO/LUMO representations and energy levels of functionalized AHSiC and ZHSiC nanostructures, along with the corresponding energy 
gap (Eg).
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3.1.4. Mulliken charge study
The Mulliken charge distribution and values for AHSiC, ZHSiC, and their derivatives indicate significant variations in charge 

distribution, which are important for their potential use as sensors. The red color on the C and O atoms in the carbonyl (CO) group 
signifies regions of negative charge, as shown in Fig. 3(a-j). For AHSiC and ZHSiC functionalized with –CHO and –COOH groups, the 
oxygen atoms in these functional groups carry significant negative charges (ranging from -0.34 to -0.58 for O, as detailed in Table 2). 
This negative charge increases the reactivity of these sites, making them more likely to interact with positively charged or electron- 
deficient species, a key feature for sensor applications. When target analytes come near these negatively charged sites, interactions 
such as charge transfer or electrostatic attraction can occur, leading to detectable changes in the electronic properties of the material. 
For the C1 atoms, there are notable negative charges across different compounds, especially in ZHSiC (ranging from -1.00 to -1.01, as 
shown in Table 2). These highly negative charges indicate that carbon sites are also reactive and can facilitate charge transfer events 
when exposed to analytes, further contributing to the sensor mechanism.

The green color on the Si atoms (Si2 and Si3) indicates regions of positive charge, with Mulliken charge values ranging from 0.77 to 
1.27. These positively charged silicon atoms act as electron acceptors, playing a significant role in sensing processes. The variation in 
positive charge, particularly between Si2 and Si3 across different functionalized compounds, suggests that these atoms are sensitive to 
environmental changes, such as the presence of analytes or gases, potentially altering the material’s electronic structure or conduc
tivity. Fig. 3(k) displays the color scale, where red corresponds to regions of negative charge and green indicates regions of positive 
charge. This color coding effectively highlights the reactive sites in the materials and aids in visualizing their potential interactions 
with target analytes. The symbols and labels used to represent AHSiC and its derivatives are shown in Fig. 3a while those for ZHSiC and 
its derivatives are displayed in Fig. 3f. These notations provide clear distinctions between the two material families, allowing for a 
comparative analysis of their charge distribution and potential sensor capabilities.

In combination, the negatively charged carbon and oxygen atoms, and the positively charged silicon atoms form a reactive system 
capable of detecting environmental changes. The negatively charged regions can interact with electron-donating species, while the 
positively charged silicon atoms can accept electrons from nearby electron-rich species. These interactions result in measurable 
changes in the electronic properties, making AHSiC, ZHSiC, and their derivatives strong candidates for sensor applications. The 
functionalization with –CHO and –COOH groups enhances these properties by providing additional reactive sites for interacting with 
specific analytes, increasing the material’s selectivity and sensitivity as a sensor.

3.2. Sensor applications

Here, we investigate the adsorption energy, recovery time, and electronic properties of AHSiC and ZHSiC, as well as their func
tionalized derivatives, following the adsorption of a single pyridine molecule.

3.2.1. Adsorption energy and type of adsorption
We chose AHSiC, AHSiC-e-CHO, AHSiC-s-CHO, and ZHSiC as representative structures from the broader set of studied molecules to 

provide a clear and comparative overview of adsorption behavior, as shown in Fig. 4 (a-f). These specific structures highlight key 
functionalization (–CHO group at e and s) and structural variations, offering insights into how different active sites (e vs. s) influence 
the interaction with the pyridine (Pyr) molecule. By focusing on these configurations, we can effectively illustrate the positions where 
adsorption occurs and demonstrate how both the functional group placement and structural differences impact adsorption 
characteristics.

The adsorption energies (Ea) of the complexes, as listed in Table 3, indicate the strength and nature of the interaction between 
pyridine and both AHSiC and ZHSiC. Based on the magnitude of the Ea, we can infer whether the interaction is physisorption 
(characterized by weaker van der Waals forces and low adsorption energies, typically below − 0.5 eV) or chemisorption (stronger 
chemical bonds with adsorption energies greater than − 0.5 eV). For pristine AHSiC, both AHSiC-s-Pyr and AHSiC-e-Pyr show strong 
adsorption with energies of − 0.930 eV and − 1.044 eV, respectively, indicating chemisorption. The substantial interaction energies 
suggest the formation of chemical bonds between pyridine molecules and the SiC surface, through charge transfer or orbital overlap. 
Functionalization of AHSiC with COOH and CHO groups alters the adsorption behavior. For AHSiC-s-COOH-Pyr, the Ea is − 0.995 eV, 
suggesting chemisorption, but AHSiC-e-COOH-Pyr shows a much lower adsorption energy of − 0.326 eV, indicating physisorption. The 

Table 2 
Mulliken charge values for C1, Si2, Si3, and the oxygen atom in the carbonyl (CO) group.

Compounds C1 Si2 Si3 O of CO

AHSiC –0.81 0.77 1.06 –
ZHSiC –1.01 0.84 1.05 –
AHSiC-e-CHO –0.70 0.82 1.09 –0.48
AHSiC-s-CHO –0.81 0.78 1.08 –0.34
AHSiC-e-COOH –0.72 0.83 1.06 –0.58
AHSiC-s-COOH –0.80 0.78 1.27 –0.48
ZHSiC-e-CHO –1.00 0.91 1.05 –0.36
ZHSiC-s-CHO –1.01 0.84 1.06 –0.54
ZHSiC-e-COOH –1.01 0.98 1.06 –0.39
ZHSiC-s-COOH –1.01 0.84 1.07 –0.41
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weaker interaction for AHSiC-e-COOH-Pyr may result from steric hindrance or reduced affinity between pyridine and the functional 
group, which limits chemical bonding. CHO-functionalization leads to similarly varied results. AHSiC-s-CHO-Pyr has a strong 
chemisorption energy of − 1.082 eV, while AHSiC-e-CHO-Pyr exhibits weaker adsorption at − 0.514 eV, which is at the boundary 
between chemisorption and physisorption. The difference in adsorption strength between the s- and e-configurations can be attributed 
to structural factors that influence the extent of orbital overlap or charge transfer between the adsorbate and the surface.

For ZHSiC complexes, pristine surfaces exhibit strong chemisorption as well, with ZHSiC-s-Pyr having adsorption energy of − 1.078 
eV and ZHSiC-e-Pyr showing a weaker but still significant interaction of − 0.553 eV. Functionalization with COOH strengthens 
adsorption for ZHSiC-s-COOH-Pyr, which has the highest adsorption energy of − 1.284 eV, indicative of strong chemisorption. ZHSiC- 
e-COOH-Pyr also shows a strong chemisorptive interaction at − 1.059 eV. This enhancement in adsorption energy for COOH- 
functionalized ZHSiC could be due to stronger electron-withdrawing effects of the COOH group, increasing the affinity for Pyr. 
CHO-functionalization shows a mixed adsorption behavior. ZHSiC-s-CHO-Pyr has weaker adsorption energy of − 0.713 eV, indicating 
borderline chemisorption, while ZHSiC-e-CHO-Pyr shows stronger adsorption at − 0.854 eV, suggesting chemisorption. The variation 

Fig. 3. (a–j) Mulliken charge distribution of AHSiC, ZHSiC, and their related materials. (j) displays the color scale, where red indicates regions of 
negative charge and green represents regions of positive charge.
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in adsorption strength between the s- and e-configurations can again be attributed to the different surface sites and their electronic 
properties, which affect how strongly pyridine interacts with the surface. In general, high adsorption energies observed in COOH- 
functionalized ZHSiC complexes and pristine surfaces can be attributed to stronger chemical bonding, driven by enhanced elec
tronic interactions or favorable surface reactivity. Lower adsorption energies in e-functionalized complexes, especially with COOH and 
CHO, suggest physisorption due to weaker van der Waals forces or steric hindrance that limits the formation of chemical bonds. As 
shown in Figure S1, the Ea values vary significantly across different configurations of AHSiC and ZHSiC, as well as their functionalized 
derivatives. The highest Ea is observed for AHSiC functionalized with COOH at the edge site (AHSiC-e-COOH-Pyr), indicating strong 
chemisorption, which enhances the material’s sensitivity for pyridine detection. Conversely, the lowest Ea is recorded for ZHSiC 
functionalized with COOH at the surface site (ZHSiC-s-COOH-Pyr), indicating weaker adsorption, which may contribute to faster 
recovery times.

3.2.2. Recovery time study
The recovery time (τ) of these complexes, as listed in Table 3, is critical in determining how easily pyridine desorbs from the surface 

after adsorption. For AHSiC, pristine surfaces have fast recovery time, with τ = 1.40 × 10− 9 s for AHSiC-s-Pyr and 3.40 × 10− 9 s for 
AHSiC-e-Pyr. This suggests that despite strong chemisorption, the interaction is not irreversible, and pyridine can desorb quickly. 
Functionalization with COOH shows a varied impact. AHSiC-s-COOH-Pyr has a recovery time of 2.31 × 10− 9 s, while AHSiC-e-COOH- 
Pyr shows a significantly faster recovery time of 1.26 × 10− 11, suggesting that weaker physisorption facilitates rapid desorption in the 
e-configuration. CHO-functionalized complexes exhibit similar behavior, with AHSiC-s-CHO-Pyr recovering in 4.55 × 10− 9 s and 
AHSiC-e-CHO-Pyr having a much faster desorption time of 5.48 × 10− 11s. For ZHSiC, pristine surfaces show slightly slower recovery 
times compared to AHSiC, with τ = 4.42 × 10− 9 for ZHSiC-s-Pyr and 7.40 × 10− 11s for ZHSiC-e-Pyr. COOH-functionalized ZHSiC 
complexes have significantly longer recovery times, particularly ZHSiC-s-COOH-Pyr with the slowest recovery time of 2.20 × 10− 8s, 
indicating highly stable adsorption. ZHSiC-e-COOH-Pyr recovers more quickly at 3.82 × 10− 9 s, while CHO-functionalized ZHSiC 
shows faster recovery times, with ZHSiC-s-CHO-Pyr at 2.57 × 10− 10s and ZHSiC-e-CHO-Pyr at 7.71 × 10− 10s. These results suggest that 
functionalization plays a key role in modulating recovery time, with COOH-functionalized ZHSiC, especially in the s-configuration, 
showing the slowest desorption, due to stronger chemisorptive interactions. Faster recovery times in e-configurations, particularly for 
AHSiC-e-COOH-Pyr, reflect weaker physisorption and easier desorption.

Fig. 4. Optimized structures of AHSiC, AHSiC-e-CHO, AHSiC-s-CHO, and ZHSiC after the adsorption of one Pyr-molecule at the edge and surface.

Table 3 
Adsorption energy (Ea) and the recovery time (τ) of AHSiC, ZHSiC, as well as their functionalized derivatives, following the adsorption of a single 
pyridine molecule.

Complex Ea(eV) τ (s) Complex Ea(eV) τ (s)

AHSiC-s-Pyr –0.930 1.40 × 10-09 AHSiC-e-COOH-Pyr –0.326 1.26 × 10-11

AHSiC-e-Pyr –1.044 3.40 × 10-09 AHSiC-s-COOH-Pyr –0.995 2.31 × 10-09

ZHSiC-s-Pyr –1.078 4.42 × 10-09 ZHSiC-e-CHO-Pyr –0.854 7.71 × 10-10

ZHSiC-e-Pyr –0.553 7.40 × 10-11 ZHSiC-s-CHO-Pyr –0.713 2.57 × 10-10

AHSiC-e-CHO-Pyr –0.514 5.48 × 10-11 ZHSiC-e-COOH-Pyr –1.059 3.82 × 10-09

AHSiC-s-CHO-Pyr –1.082 4.55 × 10-09 ZHSiC-s-COOH-Pyr –1.284 2.20 × 10-08
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3.3. NBO study of pyridine adsorption

Table 4 presents the natural charge, population, and electronic configuration of nitrogen (N) in pyridine (Pyr) before and after 
adsorption onto AHSiC and ZHSiC, as well as their functionalized derivatives. This analysis provides insights into the electronic in
teractions and structural changes occurring during adsorption. The natural charge of N in Pyr before adsorption is − 0.438. After 
adsorption onto AHSiC, this charge becomes more negative, reaching − 0.530 and − 0.541 for AHSiC-s-Pyr and AHSiC-e-Pyr, 
respectively. This shift indicates that N in Pyr gains electron density from the SiC surface, suggesting a strong electron-donor- 
acceptor interaction that aligns with chemisorption. A similar trend is observed with ZHSiC, where N’s charge increases to − 0.446 
for ZHSiC-s-Pyr and − 0.540 for ZHSiC-e-Pyr. Natural population analysis shows that the total electron population of N in Pyr remains 
stable across all complexes, increasing slightly from 7.438 before adsorption to 7.530 for AHSiC-s-Pyr and 7.541 for AHSiC-e-Pyr. This 
stability suggests that N retains a similar overall electron density even after adsorption, although the valence and populations of 
Rydberg change subtly. The valence population increases after adsorption, indicating a shift in electron distribution towards the 
valence and Rydberg orbitals, with a minor increase in Rydberg contributions, reflecting minor orbital rearrangements. The electronic 
configuration reveals a shift primarily in the 2S and 2P orbitals. For example, in AHSiC-s-Pyr, the valence configuration shows 2S 
(1.33) and 2P (4.19), while in AHSiC-e-Pyr, the 2S and 2P populations are further enhanced, with 2S (1.33) and 2P (4.20). These 
changes suggest that orbital mixing occurs as pyridine interacts with the SiC surface, enhancing electron density in specific regions of 
the molecule’s electronic structure.

Functionalization of AHSiC and ZHSiC affects the electronic characteristics of pyridine as well. For example, AHSiC-s-COOH-Pyr 
shows a charge of − 0.502, while AHSiC-e-COOH-Pyr’s charge remains close to that of the pristine surface at − 0.439. This varia
tion indicates that functionalization affects electron donation or withdrawal, influencing the electronic interaction between Pyr and 
the surface. Similar trends are observed with ZHSiC derivatives; for instance, ZHSiC-s-COOH-Pyr has a charge of − 0.500 with a valence 
population of 5.486, showing slight electron donation from the surface. ZHSiC-e-COOH-Pyr has a more significant charge of − 0.541, 
reflecting stable configurations despite functionalization. Overall, the NBO analysis in Table 4 indicates that adsorption onto AHSiC 
and ZHSiC surfaces enhances electron density at N in pyridine, supporting the notion of chemisorption. The valence and Rydberg 
electron populations are altered upon adsorption, particularly in the 2S and 2P orbitals, highlighting how functionalization modulates 
charge distribution and electronic configuration. This effect underscores the potential of surface modifications to tailor adsorption 
properties.

3.4. Optical study

Fig. 5 (a-d) shows the calculated absorption spectra for AHSiC, ZHSiC, and their functionalized derivatives after the adsorption of a 
single pyridine molecule at the e- and s-sites. These spectra provide insights into the optical transitions, particularly the shifts in 
absorption peaks following adsorption and functionalization. Pyr adsorption induces a red shift in the absorption peaks, suggesting 
that electronic interactions between the SiC surfaces and pyr adjust the energy states, leading to lower transition energies. Func
tionalization with -CHO and -COOH groups further modulates these shifts, indicating that both the site of pyr adsorption and the type 
of functional group strongly influence the optical properties of these SiC systems.

Table 5 details the calculated excited states (ES), maximum wavelength (λmax), transition energy (TE), electronic transition (ET), 
oscillator strength (f), and transition coefficient (TC) for AHSiC, ZHSiC, and their functionalized derivatives upon pyr adsorption at the 
e and s sites. For pristine AHSiC, maximum wavelengths appear at 322 nm (ES 37) with a TE of 3.804 eV and 435 nm (ES 5) with a TE of 
2.849 eV. The transition H-6→L+2 has a moderate oscillator strength (f = 0.200), while the H→L transition is slightly stronger (f =
0.165), highlighting that transitions at lower energies tend to be more intense. ZHSiC shows λmax values at 340 nm (ES 42) and 493 nm 
(ES 4), with transitions of H-4→L+4 and H-1→L, respectively. The transition strength is particularly high for the H-1→L state (f =

Table 4 
The natural charge, population, and electronic configuration for the N in Pyr were examined both before and after adsorption onto AHSiC, and ZHSiC, 
as well as their functionalized derivatives.

Compound Charge Natural population Natural electronic configuration

N of Pyr Core Valence Rydberg Total

Pyr –0.438 1.999 5.428 0.011 7.438 [core]2S (1.39)2p(4.04)3p(0.01)

AHSiC-s-Pyr –0.530 1.999 5.517 0.014 7.530 [core]2S (1.33)2p(4.19)3p(0.01)

AHSiC-e-Pyr –0.541 1.999 5.528 0.014 7.541 [core]2S(1.33)2p(4.20)3p(0.01)

ZHSiC-s-Pyr –0.446 1.999 5.436 0.011 7.446 [core]2S(1.39)2p(4.05)3p(0.01)

ZHSiC-e-Pyr –0.540 1.999 5.527 0.014 7.540 [core]2S(1.32)2p(4.20)3p(0.01)

AHSiC-e-CHO-Pyr –0.443 1.999 5.433 0.011 7.443 [core]2S(1.39)2p(4.05)3p(0.01)

AHSiC-s-CHO-Pyr –0.544 1.999 5.531 0.014 7.544 [core]2S(1.32)2p(4.21)3p(0.01)

AHSiC-e-COOH-Pyr –0.439 1.999 5.428 0.011 7.439 [core]2S(1.39)2p(4.04)3p(0.01)

AHSiC-s-COOH-Pyr –0.502 1.999 5.488 0.015 7.502 [core]2S(1.36)2p(4.13)3p(0.01)

ZHSiC-e-CHO-Pyr –0.537 1.999 5.524 0.014 7.537 [core]2S(1.33)2p(4.19)3p(0.01)

ZHSiC-s-CHO-Pyr –0.464 1.999 5.453 0.011 7.464 [core]2S(1.39)2p(4.07)3p(0.01)

ZHSiC-e-COOH-Pyr –0.541 1.999 5.528 0.014 7.541 [core]2S(1.33)2p(4.20)3p(0.01)

ZHSiC-s-COOH-Pyr –0.500 1.999 5.486 0.015 7.500 [core]2S(1.35)2p(4.14)3p(0.01)
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0.425), indicating significant interaction between electronic states upon Pyr adsorption. Functionalized AHSiC and ZHSiC systems 
reveal additional shifts. For AHSiC functionalized with CHO at the e site, the λmax is 326 nm (TE = 3.799 eV, f = 0.221 for H-6→L) and 
434 nm (TE = 2.854 eV, f = 0.160 for H-2→L). When CHO is functionalized at the s site, as in AHSiC-s-CHO, the maximum absorption 
shifts further to 438 nm (TE = 2.830 eV), with H→L+2 having a lower oscillator strength (f = 0.090). The CHO functionalization 
contributes to redshifts in absorption peaks, particularly at the s-site. The -COOH functionalization in AHSiC induces similar redshifts, 
as observed in AHSiC-e-COOH with maximum wavelengths at 325 nm and 434 nm. For AHSiC-s-COOH, the maximum wavelength 
appears at 437 nm (ES 31, TE = 2.835 eV, f = 0.081). Variations in oscillator strength across these states, particularly the lower values 
for surface functionalization, indicate that -COOH groups modify the electronic environment.

Upon adsorption of Pyr on functionalized AHSiC and ZHSiC, the absorption spectra exhibit additional shifts in maximum wave
lengths. For AHSiC-e-CHO-Pyr, λmax appears at 334 nm (ES 36, TE = 3.710 eV) and 436 nm (ES 6, TE = 2.842 eV), with moderate 
oscillator strengths (f = 0.230 and f = 0.207). Pyr adsorption at the s-site, as in AHSiC-s-CHO-Pyr, causes a significant redshift, with 
λmax reaching 454 nm (ES 33, TE = 2.730 eV). For ZHSiC derivatives, Pyr adsorption at ZHSiC-e-CHO and ZHSiC-s-CHO sites results in 
absorption peaks at 455 nm and 468 nm, respectively, with enhanced oscillator strengths, particularly for ZHSiC-s-CHO-Pyr (f =
0.250). For ZHSiC functionalized with -COOH, redshifts are also observed, as in ZHSiC-e-COOH-Pyr with λmax at 479 nm and 343 nm, 
with strong transitions like H-1→L+1 and H-2→L+2, indicating enhanced electron-donor-acceptor interactions. Across these systems, 
the transitions primarily involve higher occupied (H-x) to lower unoccupied (L+y) orbitals, indicating increased electron interactions 
at specific energy levels following Pyr adsorption. The TC varies based on functionalization, such as AHSiC-s-CHO-Pyr (TC = 0.822) 
and ZHSiC-s-Pyr (TC = 0.670), indicating the influence of both adsorption sites and functional groups on electron transition intensities.

Overall, Fig. 5 and Table 5 illustrate that the adsorption of Pyr onto AHSiC and ZHSiC, combined with functionalization, results in a 
redshift in the absorption spectra, indicating strong electronic interactions. Functionalization with -CHO and -COOH groups further 
enhances these shifts, demonstrating the tunable optical and electronic properties of SiC surfaces through adsorption and functional 
modifications. The differences in oscillator strengths and transition coefficients highlight the impact of functional groups stabilizing 
certain electronic transitions, suggesting potential applications in optoelectronic devices that benefit from tailored electronic 
properties.

Fig. 5. (a-d) The calculated absorption spectra AHSiC, ZHSiC, as well as their functionalized derivatives, following the adsorption of a single 
pyridine molecule at both e and s sites.
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3.5. Practical implications of functionalized SiC nanostructures in sensor applications

We analyzed the practical implications of functionalized AHSiC and ZHSiC nanostructures for sensor applications. The observed 
changes in the electronic and optical properties of these materials significantly improve sensor performance, leading to enhanced 
sensitivity, selectivity, and efficiency, making them promising candidates for various sensor applications. The functionalization of 
AHSiC and ZHSiC with CHO and COOH groups introduces surface charge density changes that lower the material’s energy gap, 
facilitating easier electron transfer. This reduction in the energy gap enhances sensitivity, allowing the detection of trace concen
trations of target molecules, such as pyridine, even in complex environments with background interference. In addition to these 
electronic improvements, functionalization alters the optical properties of both AHSiC and ZHSiC, including absorbance behavior. 
These changes enable non-invasive, extremely sensitive detection of adsorbed molecules through optical methods. Such characteristics 
make these functionalized materials ideal for applications like air quality monitoring, where real-time, non-invasive detection is 
essential. Furthermore, the ability to tailor the optical response for the selective molecule detection enhances their applicability in 
diverse sensor systems. However, there is a trade-off between strong adsorption (which increases sensitivity) and recovery time, which 
is crucial for sensor reusability. Strong chemisorption of pyridine molecules, particularly in COOH-functionalized ZHSiC, improves the 
sensor’s ability to detect low concentrations of analytes but typically increases recovery time. This study shows that the functionalized 
SiC nanostructures achieve recovery times as low as 0.75 ns, striking a balance between strong adsorption and rapid recovery. This 
balance is essential for real-time, continuous sensor operation.

4. Conclusion

In conclusion, this research demonstrates that functionalizing AHSiC and ZHSiC with CHO and COOH groups significantly en
hances their stability and modulates their electronic and optical properties. The functionalized materials exhibit strong adsorption 
capabilities, particularly for COOH-functionalized ZHSiC, and the recovery time of adsorbed molecules can be tuned by varying the 
functional group and adsorption site. These findings highlight the potential of functionalized SiC nanostructures for sensor applications 
that rely on optical properties and adsorption behavior. Future research should explore the adsorption of various analytes, optimize 
functionalization strategies, and integrate these materials into practical optical sensing devices.

Table 5 
The calculated excited state (ES), maximum wavelength (λmax), transition energy (TE), electronic transition (ET), oscillator strength (f), and transition 
coefficient (TC) of AHSiC, ZHSiC, as well as their functionalized derivatives, following the adsorption of a single pyridine molecule at both e and s 
sites.

Compounds ES λmax(nm) TE (eV) ET f TC

AHSiC 37 322.000 3.804 H-6→L+2 0.200 0.353
​ 5 435.000 2.849 H→L 0.165 0.377
ZHSiC 42 340.000 3.580 H-4→L+4 0.523 0.414
​ 4 493.000 2.513 H-1→L 0.425 0.415
AHSiC-e-CHO 40 326.000 3.799 H-6→L 0.221 0.279
​ 6 434.000 2.854 H-2→L 0.160 0.416
AHSiC-s-CHO 31 438.000 2.830 H→L+2 0.090 0.405
AHSiC-e-COOH 37 325.000 3.691 H-8→L+1 0.260 0.341
​ 5 434.000 2.855 H→L+1 0.210 0.474
AHSiC-s-COOH 31 437.000 2.835 H-1→L+1 0.081 0.311
ZHSiC-e-CHO 10 455.000 2.725 H-1→L+2 0.251 0.575
ZHSiC-s-CHO 28 468.000 3.252 H-2→L+3 0.220 0.377
ZHSiC-e-COOH 43 343.000 3.607 H-4→L+4 0.360 0.294
​ 4 493.000 2.511 H-1→L+1 0.290 0.481
AHSiC-s-Pyr 37 351.000 3.529 H-3→L+4 0.140 0.528
​ 10 437.000 2.835 H-1→L+3 0.140 0.565
AHSiC-e-Pyr 31 361.000 3.430 H-4→L+3 0.180 0.325
ZHSiC-s-Pyr 40 349.000 3.552 H-8→L 0.420 0.584
​ 4 488.000 2.538 H-1→L+1 0.350 0.670
ZHSiC-e-Pyr 13 457.000 2.711 H-6→L 0.250 0.673
AHSiC-e-CHO-Pyr 36 334.000 3.710 H-6→L+2 0.230 0.325
​ 6 436.000 2.842 H-1→L 0.207 0.363
AHSiC-s-CHO-Pyr 33 454.000 2.730 H-2→L+1 0.045 0.822
AHSiC-e-COOH-Pyr 39 324.000 3.822 H-6→L+2 0.308 0.396
​ 5 435.000 2.845 H-1→L 0.231 0.309
AHSiC-s-COOH-Pyr 30 445.000 2.780 H-1→L+1 0.090 0.116
ZHSiC-e-CHO-Pyr 16 468.000 2.644 H-1→3 0.180 0.446
ZHSiC-s-CHO-Pyr 23 481.000 2.577 H-6→L+2 0.250 0.466
ZHSiC-e-COOH-Pyr 10 479.000 2.587 H-2→L+2 0.220 0.398
ZHSiC-s-COOH-Pyr 26 478.000 2.589 H-1→L+2 0.250 0.398
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