www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Environmental implications of
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insights from first-principle
calculations
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Pharmaceutical pollutants, such as carbamazepine (CBZ), are emerging contaminants that pose
significant environmental and health risks due to their persistence in aquatic ecosystems and
incomplete removal by conventional wastewater treatments. This study leverages density functional
theory (DFT), a gold-standard computational quantum mechanical modeling method, to evaluate the
efficacy of Si,BN nanoflakes—a novel two-dimensional material—for CBZ adsorption and detection.
Our first-principles calculations reveal thermodynamically stable interactions between CBZ and Si,BN,
with adsorption energies of - 0.83 eV (edge) and - 0.82 eV (surface). The material’s responsive optical
behavior is quantified through time-dependent DFT, showing a 138 nm blueshift in UV-Vis spectra
upon adsorption, a hallmark of its sensing capability. Furthermore, DFT-calculated charge transfer
(0.04-0.06 e) and Fermi-level shifts (- 4.52 to - 4.69 eV) underscore Si,BN’s enhanced electronic
properties, enabling selective pollutant detection. By bridging atomic-scale insights (bond distortions,
orbital hybridization) with macroscale environmental applications, this work demonstrates how DFT-
guided design unlocks Si,BN’s dual functionality as a scalable adsorbent and optical sensor. These
findings provide a quantum-mechanical foundation for advancing Si,BN nanoflakes as a scalable,
stable, and effective material for addressing pharmaceutical pollutants in water, offering a sustainable
alternative to conventional methods plagued by secondary contamination risks.

Keywords Si,BN nanoflakes, Density functional theory (DFT), Adsorption, Pharmaceutical pollutant,
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Pharmaceutical pollutants, particularly carbamazepine (CBZ), have become a significant threat to ecosystems
and public health!. CBZ, an anticonvulsant drug used for epilepsy and neuropathic pain, is resistant to
conventional biodegradation and is commonly found in surface water and treated wastewater? . Its persistence
in water bodies harms aquatic life and poses risks to human health®. Despite its widespread use and incomplete
metabolism, CBZ is frequently detected in various water sources. With an annual consumption of 1.01 kilotons,
traces of CBZ are detected in rivers, household taps, and wastewater treatment plantss‘“‘. Traditional water
treatment methods, such as oxidation and photocatalysis, are limited in removing CBZ and often generate
harmful byproducts, including carcinogenic dioxins and chlorinated phenols'>. Adsorption-based approaches
offer a promising, cost-effective alternative for efficiently removing trace pollutants without generating secondary
contaminants'®.
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Recent advancements in two-dimensional (2D) materials have opened new avenues for environmental
applications. Materials like graphene and boron nitride have demonstrated remarkable adsorption and sensing
capabilities, but their limitations in scalability and reusability necessitate exploring alternatives'”. Si,BN, a novel
2D material with a unique combination of electronic stability, tunable band gaps, and high adsorption capacity, has
emerged as a potential solution'®. The concern is mounting, particularly for aquatic organisms like bacteria, algae,
and fish!'?, which are being exposed to levels as high as 15 g per kilogram in soils irrigated with treated wastewater?’.
When concentrations reach 1 g per liter in aquatic ecosystems, the U.S. Food and Drug Administration intervenes
by calling for environmental evaluations?. It is evident that as carbamazepine continues to contaminate our water
sources, urgent action is needed to address its environmental impact. Therefore, there is a great need for successful
approaches to removing such contaminants from aquatic ecosystems. Conventional technologies used in wastewater
treatment plants (WW'TPs) have only 32-35% removal efficiency for trace pollutants like carbamazepine because
of its resistance to biodegradation or transformation, allowing it to escape into the environment®?!. Numerous
conventional techniques such as oxidation, ozonation, and UV photocatalysis have been tried to treat effluents
containing pharmaceutical residues, including CBZ?2. However, these efforts generally produce incomplete
destruction of the drugs or, in some cases, give rise to potentially carcinogenic or otherwise harmful byproducts
such as dioxins, chlorinated phenols, trihalomethanes, and chlorinated phenoxy phenols??. Recent studies have
reported that adsorption processes may promise to remove persistent environmental pollutants cost-effectively?2°.
Wide-ranging studies have been conducted on the effectiveness of various adsorptive materials in the adsorption
of contaminants from water?, from clays and polymers to carbon-based substances. Silicon boron nitride (Si,BN
monolayer) is one of the exceptional materials recently introduced. Andriotis et al.?® have highlighted novel two-
dimensional Si,BN sheets that have garnered significant attention due to their mechanical and chemical stability,
large specific surface area, and straightforward synthesis. These sheets are also noted for their efficient contaminant
removal at low doses, affordability, and high carrier mobility?”-?3, along with adjustable electronic band gaps®*,
strong light interactions®'~33, and expansive surface area®’. These unique characteristics make 2D materials such as
Si,BN highly suitable for a variety of technological applications, including nanoelectronics*>*, optoelectronics?®?,
high-capacity battery electrodes®®, sensor technology**~*?, and water purification methods*~*". This diverse
group of 2D materials, which includes silicene*®*°, phosphorene®®*!, antimony®*>3, and hexagonal boron nitride/
phosphide®», offers a wide range of physical properties that can enhance water treatment processes. In particular,
porous boron nitride nanosheets are known for their exceptional absorption capabilities for oils, solvents, and
dyes*. Si,BN monolayers possess reactive silicon atoms on their surface and exhibit high carrier mobility>”%,
making them promising candidates for anode materials and hydrogen storage solutions®’. Their reactive surface
indicates strong potential for pollutant capture, yet research on the use of Si,BN in water purification remains
limited. Therefore, this study aims to evaluate the effectiveness of Si,BN nanoflakes as an adsorbent for the removal
of carbamazepine (CBZ) from aqueous environments. Despite extensive research on 2D materials, there is a lack of
studies focusing specifically on the potential of Si,BN for pharmaceutical pollutant removal, particularly for CBZ.
While graphene and boron nitride have shown promise, their limitations in scalability and reusability underline the
necessity of exploring alternative materials with improved properties. The research gap lies in understanding the
adsorption mechanisms, electronic property changes, and environmental applicability of Si,BN nanoflakes for CBZ
removal. Addressing this gap is crucial to developing efficient and sustainable water treatment strategies.

This study evaluates the adsorption and sensing capabilities of Si,BN nanoflakes for CBZ through first-
principle calculations, providing insights into their suitability for environmental remediation. Specifically,
this study aims to evaluate the potential of Si,BN nanoflakes as an adsorbent for CBZ removal from aqueous
environments. Computational methods will be employed to analyze adsorption energies at various binding sites,
investigate changes in electronic properties upon CBZ adsorption, and examine shifts in UV-Vis absorption
spectra before and after adsorption. Through these analyses, the study seeks to determine the adsorption capacity
of Si,BN nanoflakes for CBZ and assess their suitability as an effective material for removing this pharmaceutical
pollutant from contaminated water sources.

Calculation details

DFT simulations®® were conducted using the Gaussian 09 software package®? to investigate the optimal
configurations of carbamazepine and the physical characteristics of Si,BN nanoflakes. The combination of
these basis sets provided a dual perspective—balancing computational efficiency and prediction accuracy
for adsorption and electronic properties. The 6-31G basis set, an all-electron approach, was selected for its
demonstrated ability to predict charge transfer and electronic interactions accurately. Meanwhile, the LANL2DZ
basis set, which incorporates effective core potentials (ECPs), offered a computationally efficient alternative®’.
By including LANL2DZ, the study was able to assess its performance in capturing trends in adsorption and
electronic properties compared to the higher-accuracy 6-31G results. This approach, combining the precision of
hybrid density functional theory with reliable basis sets, formed a robust framework for analyzing the electronic
structure of Si,BN nanoflakes and their interactions with carbamazepine molecules®¢.

To properly account for the long-range van der Waals interactions between Si,BN nanoflakes and
carbamazepine, we applied the Grimme’s GD3 correction to the B3LYP functional®®. The B3LYP/6-31G level
of theory has been extensively validated in previous research for its reliability in describing the structural and
electronic properties of silicon- and carbon-based two-dimensional materials. This established track record
supports its use in the current study, enabling trustworthy predictions of adsorption behaviors and electronic
property changes in Si,BN nanoflakes®¢-%° It is worth noting that solvent effects were not included in this study. We
have assumed that the overall trends in electronic structure and adsorption properties would remain consistent
in both dry and aqueous conditions. Solvent effects were excluded due to computational constraints but will be
addressed in future studies using COSMO models’%”!. However, future investigations should include the effect
of water as a solvent to provide a more accurate understanding and estimation of the adsorption properties.
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To further explore optical properties, time-dependent density functional theory (TD-DFT) calculations were
employed and discussed in detail in the following sections.

Results and discussion

Structural and electronic properties of Si,BN and carbamazepine molecules

The Si,BN nanoflake used in this study was derived from the periodic Si,BN structure by cutting a finite portion of
it’273, The edges of the resulting nanoflake were passivated with hydrogen atoms to stabilize the surface, ensuring
a realistic model for computational analysis. The nanoflake was then structurally optimized to obtain a relaxed,
energetically favorable configuration’, as shown in Fig. la. The optimized structure of Si,BN is illustrated in
Fig. 1, highlighting the bond lengths and bond angles. The monolayer consists of Si, B, and N atoms with sp2
hybridization, where the silicon atom shifts from SP3 to SP2 to maintain a planar structure. This arrangement is in
a hexagonal pattern with two different bonding types. Most of the sp2 hybridization comprises one s-orbital, two
p-orbitals, and three chemical species (Si, B, and N atoms) with varying valence electrons in the final orbitals. The
combination of s, px, and py orbitals results in s bonding (in-plane) in the valence band (occupied states), and s*
orbitals lead to anti-bonding in the conduction band (unoccupied states). The Si atoms are in an electron-deficient
position, allowing for bond variation to act as an electron reservoir for an ad-atom or molecule on the sheet surface.
The pz orbitals of the Si,BN monolayer point out of the plane and are asymmetric concerning planar symmetry,
leading to interactions with neighboring pz orbitals to form delocalized n bonding and n* anti-bonding orbitals. In
this layout, each Si atom establishes bonds with Si, B, and N atoms, while B (N) is bonded to two Si atoms and one
N (B) atom as its closest neighbors, as shown in Fig. 1.
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Fig. 1. (a) The optimized structure of monolayer, (b) The optimized structure of Carbamazepine showing
bond length and bond angles. (c) The optimized structures of Si,BN after adsorbing carbamazepine on the
surface (c) and the edge (d).
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The second part of Fig. 1 illustrates the optimized structures of Si,BN following the adsorption of carbamazepine,
specifically on the surface (Fig. 1¢) and the edge (Fig. 1d). To clarify, the initial position of the carbamazepine (CBZ)
molecule was chosen to be 4 A above the surface and edge of the Si,BN nanoflake. This distance was selected to allow
the molecule to freely interact with the Si,BN surface and edge, enabling the system to reach the optimal adsorption
configuration. The adsorption of carbamazepine on Si,BN leads to structural changes, with slight alterations in
bond lengths observed. Edge adsorption induces a 0.1 ) elongation in Si-Si bonds (2.24 A>2.34 A), while surface
adsorption lengthens Si-B bonds by 0.019 A (1.96 A1.979 A). These minimal deformations confirm weak van der
Waals interactions (Fig. 1¢,d)”. For instance, the N84-Si46 bond increases from 1.80 to 1.84 A in surface adsorption
and 1.82 A in edge adsorption. Similarly, the Si54-B66 bond extends from 1.96 to 1.979 A in surface adsorption and
1.97 Ain edge adsorg)tion. Additionally, the Si35-5i46 bond lengthens by 0.1 A in both cases, while the B64-N83 bond
decreases by 0.012 A. This indicates that the material experiences minimal structural deformation after adsorption,
highlighting the potential reusability of Si,BN as a carbamazepine sensor. The observed optimization structure of
Si,BN is in agreement with Zhang et al.”® concluded that the delocalized m bonding and electron-deficient silicon
atoms contribute significantly to the stability and electronic properties of the Si,BN monolayer, enabling its potential
for functionalization and molecule adsorption. The adsorption of carbamazepine on Si,BN leads to structural changes,
with significant alterations in bond lengths observed. For instance, the N84-Si46 bond increases from 1.80 to 1.84 A
in surface adsorption and 1.82 A in edge adsorption. Similarly, the Si54-B66 bond extends from 1.96 to 1.979 A in
surface adsorption and 1.97 A in edge adsorption. Additionally, the Si35-Si46 bond lengthens by 0.1 A in both cases,
while the B64-N83 bond decreases by 0.012 A. Dipole moment analysis reveals increased reactivity, with values of 3.96
and 3.66 Debye for formed complexes and higher dipole moments at edge adsorption sites. Notably, edge sites exhibit
significant Mulliken charge shifts among silicon, nitrogen, and boron atoms, leading to stronger polarization. These
findings are consistent with previous studies on Si,BN interactions’”’®. The research also emphasizes the differences
between edge and surface adsorption. Edge adsorption results in more asymmetry and structural distortion, with the
D53 dihedral angle shifting to —31.2073°, causing an uneven distribution of electron density.

Formation energy and stability of Si_BN nanoflakes
The formation energy of the Si,BN nanoﬂaie was calculated to assess its thermodynamic stability relative to its
constituent atoms. The following formula is applied””:

En,

EFormation - EComplecc - (nSiESi + nBEB +nn + nHEH) (1)

where E omplex total energy of the Si,BN nanoflake. Eg, Ej, E;: energies of isolated silicon, boron, and hydrogen
atoms. E |, energy of the nitrogen molecule. n;, ny, n;, n,: number of atoms for silicon, boron, hydrogen, and
nitrogen, respectively.

Applying the above formula (1), the total formation energy of the Si,BN nanoflake was found to be
—254.66 eV. These calculations considered —2.83 eV/atom for all the atoms content in Si,BN nanoflake, which
are 36 silicon atoms, 16 boron atoms, 14 nitrogen atoms, and 24 hydrogen atoms at the edges as shown in Fig. 1.
The calculations considered isolated silicon, boron, and hydrogen atoms as references, states, (where the total

. . En X T .
nitrogen atoms considered from=nx —2). Moreover, spin multiplicities values for these isolated atoms were

B T

set to the ground-state configurations as follows: triplet for silicon, doublet for boron and hydrogen, and singlet
for the nitrogen molecule. These configurations were chosen to ensure accurate computation of the heat of
formation for silicon boron nitride nanoflakes®*$!. According to previous work by Chen et al.*?, the observed
results confirm the thermodynamic stability of the nanoflake. The latter is considered with slightly less negative
formation energy per atom consistent with surface effects and edge passivation by hydrogen. Furthermore, the
observed consideration of the formation energy of the Si,BN nanoflake was found to be consistent with the
formation energy values reported previously for Si-doped boron nitride structures and similar 2D nanostructures,
as discussed in Yu et al.®.

Charge distribution and total dipole moment over Si,BN-carbamazepine complex

This study investigates the electronic interactions between carbamazepine (CBZ) and Si,BN during adsorption,
focusing on charge distribution changes. Charge accumulation was observed on silicon atoms (50, 52, 49),
nitrogen atoms (76, 78, 84), and boron atoms (65, 69, 86, 88). Mulliken charge analysis quantified the charge
transfer during adsorption, revealing a higher transfer during surface adsorption (0.0601 electrons) compared
to edge adsorption (0.0415 electrons). This suggests that the surface provides more direct interactions with
electron-deficient regions of Si,BN, leading to stronger adsorption at the surface than at the edges®".

Structural changes in Si,BN were minimal, with bond lengths elongating slightly in both adsorption cases,
indicating that the material experiences only slight deformations upon interaction with CBZ. The edge sites,
however, showed slightly more distortions compared to the surface due to the unique geometry and higher
reactivity of the edge atoms. The dipole moment was also stronger for edge adsorption (3.9 Debye) compared to
surface adsorption (3.6 Debye). This increase in dipole moment at the edge suggests that the edge atoms, with
their lower coordination and more localized electronic states, create stronger vertical polarization. In summary,
this study demonstrates that both surface and edge sites of Si,BN are capable of adsorbing CBZ.

Adsorption of carbamazepine on Si,BN sheet

The bonding of carbamazepine to the Si,BN sheet is analyzed at two different sites, with one carbamazepine
molecule placed at each site to assess binding energy and determine the most favorable adsorption site, as
depicted in Fig. 2. The adsorption energy (Ea) is calculated using the formula Ea = (Ec - (E Si,BN + Ecarb)), where
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(a) ®)

Fig. 2. Mullikan charge distribution of Si,BN-carb complexes (a) surface adsorption (b) edge adsorption.

Eyomo E ymo DM DM
E_ (eV) | E_ (eV) AQ (e) | AQ (e) Eg (eV) Eg (eV) 1B ov® (eV) (eV E umo (€V) | Debye | Debye
Structure 6-31G | Lanl2DZ | 6-31G | Lanl2DZ | 6-31G | Lanl2DZ | (eV) 6-31G | Lanl2DZ | 6-31G | Lanl2DZ 6-31G | Lanl2DZ
Si,BN - - - - 0.51 0.55 -4.5 -4.6 -4 -4 0.0001 | 0.0001
Carbamazepine | - - - - 44 4.3 -5.8 -5.9 -136 | -1.64 4.1 4.333797
Si,BN edge -0.833 | -0.398 0.04 0.024 0.73 0.59 —4.648 -4.7 -3914 | -4 3.95 3.867968
Si,BN surface -0.824 | -0.31 0.06 0.025 0.71 0.6 -4.68 -4.76 =397 |-42 3.66 3.09

Table 1. The adsorption energy (E ), charge transfer (AQ), energy gap (Eg) of Si,BN nanoflake before and after
adsorption, highest occupied molecular orbital energy (Ej;,,0)> lowest unoccupied molecular orbital energy

(Eymo) and dipole moment (DM).

E Si,BN, Ecarb, and Ec represent the ground-state energies of the Si,BN sheet before adsorption, carbamazepine,
and the system after adsorption, respectively.

Negative Ea values Table 1 indicate an exothermic and thermodynamically favorable adsorption process. The
similar adsorption energies observed in Table 1 for both surface and edge adsorption sites indicate that Si,BN
effectively adsorbs carbamazepine on both its surface and edges.

A detailed comparison of LANL2DZ and 6-31G basis sets reveals their distinct strengths. For pristine
Si,BN, dipole moments were nearly identical at 0.0001 Debye. However, for carbamazepine and its adsorbed
configurations (Si,BN-edge and Si,BN-surf), 6-31G produced slightly lower but more precise dipole moments,
capturing electronic polarization more accurately®>%.

Total energy calculations reinforced the greater stability provided by 6-31G (- 315,608.3 eV for Si,BN) over
LANL2DZ (-35,845.2 eV)¥. Adsorption energies were also higher with 6-31G (—0.007 eV for Si,BN-edge)
compared to LANL2DZ (-0.003 eV)®,

Regarding HOMO-LUMO gaps, LANL2DZ predicted slightly larger values, while 6-31G provided values
closer to experimental results, such as 0.7170 eV for Si,BN-surf*. Additionally, 6-31G yielded larger Q-Charge
values, confirming its superior accuracy in charge transfer dynamics during adsorption. These findings establish
6-31G as the more precise basis set for studying adsorption and electronic properties of Si,BN nanoflakes,
making it preferable for modeling electronic polarization, charge transfer, and dispersion interactions.

Total density of states
The density of states (DOS) for Si,BN, Si,BN-Car(edge), and Si,BN-Car(surf) is illustrated in Fig. 3. The DOS
is considered by further processing of the Gaussian 09 results using Multiwfn software®. Analysis of the density
of states (DOS) and Fermi level shifts reveals significant electronic modifications in Si,BN upon carbamazepine
adsorption. Pristine Si,BN exhibits sharp DOS peaks at a Fermi energy (Ef) of —4.5176 eV, indicating a well-
ordered electronic structure. carbamazepine adsorption induces peak shifts, intensity increases, and broadening,
suggesting substantial electronic perturbations.

Edge adsorption slightly elevates the Fermi level to —4.6245 eV, while surface adsorption causes a more
pronounced shift to —4.6871 eV, indicating enhanced n-type behavior. These Fermi level adjustments imply
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Fig. 3. (a) The density of states of Si,BN. (b,c) The partial density of states of Si,BN after adsorping CBZ at the
surface (b) and the edge (c).

increased electron availability for conduction, altered optical properties, modified chemical reactivity, and
opportunities for tailoring Si,BN for specific applications. The observed changes highlight the significant
impact of adsorbate-induced electronic modifications on 2D materials’ fundamental properties and potential
applications, emphasizing the need for further investigation into charge transfer mechanisms and electronic
restructuring in these systems. The observed Fermi level shifts and density of state modifications in Si,BN upon
carbamazepine adsorption align with established phenomena in 2D materials, as demonstrated in previous
studies such as Yu Jing et al.”%.

The analysis of the electronic density of states indicates that the Si nanoflake is a narrow-band gap
semiconductor with an energy gap (E,) of 0.51 eV. The m-electrons linked to the Si atoms create moderate -bonds,
characterized by lower energies than the B-N sigma bonds. These n-bonds appear as the HOMO and the LUMO
on the Si atoms. Further elaboration on this topic will be presented in the following section. The existence
of these low-energy m-electrons significantly boosts the adsorption capabilities of the Si,BN nanoflake®. After
adsorption, the energy gap increases to ~ 0.70 eV. PDOS analysis (Fig. 3b,c) reveals hybridization between CBZ’s
n-orbitals (- 5.8 V) and Si,BN’s p_z states near the Fermi level (~4.5 eV), confirming physisorption. Edge B
atoms show a 0.5 eV upward shift in N-2p orbitals, enhancing charge transfer?>°2. The PDOS peaks originating
from carbamazepine’s molecular orbitals (red peaks) appear deep within the PDOS spectrum, indicating stable
adsorption without significant alterations to the electronic structure of the material. This stability is further
supported by the increased energy gap and the low-energy orbitals (blue peaks around the energy gap), which
are predominantly formed by the molecular orbitals of Si,BN.

Molecular orbital analysis (frontier molecular orbitals (HOMO/LUMO)

The frontier orbital gap can be used to evaluate a molecule’s chemical reactivity and kinetic stability. In general,
increased stability is suggested by a wider energy gap. Table 1 shows the energies of frontier orbitals and energy
gaps of carbamazepine, Si,BN, SiZBN—Carb (surf-Ads), and SiZBN-Carb (Edge-Ads). These measurements are
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essential for assessing a molecule’s chemical potential, hardness, softness, and electrophilicity. Moreover, the
chemical potential, i, as determined by the following Eq. (2), which is the energy change per electron change
under a constant external potential, acts as a measure of how well a system can exchange electrons with its
environment®:

n= (Ernomo + Erumo)/2 @

where y: chemical potential in eV.
The level of hardness is denoted by n using Koopman’s theorem®* and determined by Eq. (3), which plays a
crucial role in determining the softness S by Eq. (4)*:

N = (Egomo — Ervmo)/2 (3)

where n: is the hardness of a system in eV.

S=1/2n (4)
where S: the softness of the system (inverse of hardness) in eV.
w = p? / 2n (5)

where w: The electrophilicity index of the system eV.

However, w represents the material’s electrophilicity given by Eq. (5). Likewise, electrophilicity serves as a
means of assessing the material’s reactivity. Hardness and softness are factors that can elucidate the alteration of
the chemical system based on electron density. An increase in the Hardness of a molecular cluster signifies a rise
in the band gap, while an increase in the softness of a molecular cluster indicates a decrease in the band gap®®. In
simpler terms, electrophilicity and electron affinity are the key parameters to understanding a material’s ability to
receive electrons. Electron affinity indicates a material’s ability to take in only one electron from its surroundings,
while electrophilicity measures the energy involved in electron transfer between a donor and an acceptor®’.

Table 2 reveals distinct reactivity parameters for carbamazepine, pristine Si,BN, and Si,BN after
carbamazepine adsorption at surface and edge sites. Carbamazepine adsorption on Si,BN increases hardness
and electrophilicity, indicating a more stable electronic environment due to electrostatic interactions. Edge
adsorption, while energetically favorable with higher hardness (0.37 eV vs. 0.36 eV for surface), exhibits
decreased charge transfer (electrophilicity 24.93 eV vs. 26.12 eV for surface). This proposal suggests more
stable, localized bonds at edge sites but less dynamic electron transfer compared to surface sites. Pristine Si,BN
shows the lowest hardness and reactivity, highlighting significant electronic changes upon carbamazepine
adsorption. These findings underscore the potential for optimizing Si,BN materials for applications requiring
specific combinations of strong adsorption and efficient electron transfer, such as catalysis, sensing, or drug
delivery systems. These observations align with previous studies on similar 2D materials; for instance, Wu et
al.?® demonstrated that adsorption characteristics and electronic property changes in boron nitride nanotubes
vary significantly between different adsorption sites, supporting the site-specific reactivity patterns observed in
this study.

Figure 4 shows a comprehensive Laplacian contour map of Si,BN, demonstrating how the unequal
distribution of electrons between atoms impacts the material’s characteristics. Variances in orbital energies
(electronegativities) result in different bonding behaviors; Si-Si and B-Si bonds are quite non-polar covalent
(AEN=0 and 0.14), while B-N and Si-N bonds exhibit more polarity (AEN=1.00 and 1.14)%, causing uneven
electron distribution. In Si,BN, electron transfer occurs between boron and nitrogen atoms in both ¢ and
7 orbitals, promoting planarity and sp® hybridization. This feature is evident in the Laplacian plot’s contour
lines. The Laplacian contours reveal electron density variations across adsorption sites. Pristine Si,BN shows
a balanced, symmetrical Laplacian pattern, indicating a stable, less reactive surface. Edge adsorption, however,
results in high negative Laplacian values concentrated at material edges, suggesting potent interactions and
increased reactivity in these regions. The HOMO location further supports this: during edge and surface
adsorption, the HOMO is primarily located on flake atoms rather than the adsorbed carbamazepine molecule.
This positioning implies stronger carbamazepine-flake interactions compared to Si atom interactions, resulting
in a band gap increase to approximately 0.73 eV post-adsorption due to the shielding of interactive electrons
from Si atoms. These observations align with previous studies on similar 2D materials. For instance, research by
Kim et al.'% on boron nitride nanosheets demonstrated comparable site-specific electron density distributions
and reactivity patterns, supporting the findings in this Si, BN study. The LANL2DZ basis set was employed to
calculate the HOMO and LUMO distributions for Si,BN nanoflakes, effectively capturing electronic transitions

Compound Chemical reactivity p (eV) | Hardness n (eV) | Softness S (eV) | Electrophilicity w (eV)
Carbamazepine 1.79 2.22 0.22 0.72
Si,BN 4.26 0.25 1.96 8.38
Si,BN-Carb (surf) |4.33 0.36 1.39 26.12
SizBNfCarb (edge) | 4.28 0.37 1.36 2493

Table 2. Chemical reactivity parameters calculated at BSLYP/6-31G level of theory.
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Fig. 4. HOMO/LUMO (a,b) Si,BN nanoflake, (f,g) HOMO for SiZBN—Carb surface and edge adsorption,
respectively. (c-e) are the Laplacian contour lined for Si,BN, Si,BN-Carb surface and edge adsorption,
respectively.

and band gap properties. Despite relying on effective core potentials, this method has been validated in prior
studies for Si,BN structures, demonstrating its reliability in predicting electronic properties'’. As illustrated in
Fig. 5, the LANL2DZ results reveal the spatial distributions of molecular orbitals, highlighting the electronic
interactions involved in the adsorption of carbamazepine on Si,BN nanoflakes. These findings emphasize
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Fig. 5. HOMO and LUMO distributions and AE (HOMO-LUMO gap) for carbamazepine adsorbed on Si,BN
nanoflakes at surface and edge sites, calculated using LANL2DZ and 6-31G basis sets.

LANL2DZ’s effectiveness in modeling electronic properties and adsorption behavior, providing critical insights
into the nature of electronic transitions within the system.

Molecular electrostatic potential (MESP)
The MESP is a valuable descriptor for identifying areas of electrophilic attack, nucleophilic reactions, and
hydrogen-bonding interactions in molecules'*>!, MESP maps, created for Si,BN and carbamazepine
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structures using DFT at the B3LYP/6-31G level, visualize the charge distribution using a color spectrum from
red (severe negative potentials) to dark blue (positive potentials). Yellow indicates less negative potentials, while
green represents neutral regions. The electronegativity of connected atoms influences the potential distribution
and color intensity. Regions with strong electronegative atoms paired with less electronegative ones appear red,
while similar electronegativity narrows the color spectrum. These MESP maps are a physical characteristic that
can predict potential sites for nucleophilic or electrophilic chemical interactions. This approach aligns with
established methods in computational chemistry. For instance, a study by Politzer et al.!® in the Journal of
Molecular Modeling demonstrates the effectiveness of MESP maps in predicting molecular interactions and
reactivity across various chemical systems, supporting the validity of this analysis for Si,BN and carbamazepine.

Figure 6 depicts the MESP map of a pure Si,BN sheet, showing a spectrum from light blue to dark blue,
green, and light yellow. The sheet’s core exhibits light green to yellow colors, indicating slightly negative to
neutral potentials, possibly due to delocalized electrons from silicon atoms. Terminals display light and dark
blue colors, suggesting electrophilic regions likely due to less electronegative H atoms attached to nitrogen.
The green areas confirm neutral zones with zero potential. In MESP analysis, blue regions indicate nucleophilic
reactivity, while red areas represent electrophilic reactivity. For carbamazepine, the red area centers around
the oxygen and adjacent atoms, while nucleophilic reactivity concentrates on peripheral hydrogen atoms. The
Si,BN-carbamazepine interaction redistributes electric charge due to electronegativity differences, resulting
in localized electrostatic potential increases at interaction sites. This is evidenced by potential value changes
for edge and surface adsorption (-7.33 to 7.33 a.u and —7.611 to 7.611 a.u, respectively). The variations in
electrostatic potentials depend on atom configurations and charge distributions within the nanoflake and
carbamazepine. These observations align with established MESP analysis principles. A study by Murray and
Politzer'% demonstrates the effectiveness of MESP maps in predicting molecular interactions and reactivity
across various systems, supporting the validity of this analysis for Si,BN and carbamazepine.
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Fig. 6. Molecular electrostatic potential (MESP) formed by mapping of total density over the electrostatic
potential of (a) Si,BN (b) carbamazepine (c) Si,BN-Car edge-ads (d) Si,BN-Car surf-ads.
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IR intensity

Vibrational analysis of carbamazepine adsorption on Si,BN nanoflakes

The vibrational properties of Si,BN nanoflakes were studied using infrared (IR) spectroscopy, with calculations
performed using the LANL2DZ basis set. This basis set is particularly suitable for analyzing vibrational
properties in larger systems due to its efficient use of effective core potentials (ECPs), balancing computational
efficiency with accuracy. The IR spectra for pristine Si,BN, carbamazepine, and carbamazepine-adsorbed
Si,BN nanoflakes (both edge and surface configurations), as shown in Fig. 7, revealed significant changes after
adsorption, confirming strong interactions between carbamazepine and the nanoflake. For pristine Si,BN, peaks
corresponding to Si-N and Si-B stretching modes were prominent. Upon adsorption, these peaks disappeared,
and new peaks emerged at ~3200-3500 cm™! (N-H), ~1650 cm™! (C=0), and ~1400-1600 cm™! (aromatic
ring vibrations), corresponding to carbamazepine’s functional groups'®. These shifts indicate the formation of
hydrogen bonds and m-m stacking interactions between carbamazepine and Si,BN. Furthermore, redshifts in
Si-N and Si-B stretching modes suggested bond weakening due to charge transfer, while minor blue shifts in
C-H vibrations reflected bond stiffening. Enhanced peak intensities in the 1000-1500 cm™ region confirmed
adsorption by indicating dipole moment changes. The changes were more pronounced for edge adsorption,
highlighting the higher reactivity of edge sites compared to surface sites. Complementary UV-Vis spectroscopy
analyses were performed using the 6-31G basis set, which provides an all-electron description ideal for accurately
modeling electronic transitions. The UV-Vis spectra revealed blue shifts in absorption peaks after carbamazepine
adsorption, confirming electronic transitions to higher energy states. This combination of LANL2DZ for
IR calculations and 6-31G for UV-Vis analysis ensured a comprehensive and accurate understanding of the
adsorption dynamics and electronic properties of Si, BN nanoflakes. These results are consistent with previous
studies on 2D materials. For example, Mahida et al.™"” reported similar trends in the optoelectronic properties
of Si,BN quantum dots, particularly highlighting the influence of edge structures on electronic interactions.
A detailed discussion of the UV-Vis results and their implications for electronic transitions is provided in the
subsequent section.

The UV-visible absorption spectrum of Si,BN and formed complexes

Figure 8 elucidates the profound influence of CBZ adsorption on Si,BN’s optical properties through time-
dependent density functional theory (TD-DFT) simulations, analyzing the first 20 excited states. Pristine $i,BN
exhibits a dominant absorption peak at 1715 nm, attributed to electronic transitions from the highest occupied
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Fig. 7. B3LYP/LANL2DZ computed IR spectra of (a) Si,BN pristine, (b) carbamazepine, (c) Si,BN-Car (edge)
(d) Si,BN-Car (Surf).
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of pristine Si,BN, §i,BN-Car (surf-ads), and Si,BN-Carb (edge-ads) to show the effect of adsorption on the
optical properties.

molecular orbital (HOMO) to the fourth unoccupied orbital above the lowest unoccupied molecular orbital
(LUMO +4), contributing 52% of the transition intensity (Table 3)!%. A secondary transition from the third
occupied orbital below HOMO (H-3) to LUMO +5 accounts for 29.9%, reflecting the material’s intrinsic low-
energy excitation profile. Upon CBZ adsorption, edge sites induce a 138 nm blueshift (17151577 nm), the
largest reported for silicon-based 2D materials. This dramatic shift arises from a reconfiguration of electronic
transitions: the dominant excitation migrates to HOMO-2->LUMO+2 (60.9% contribution), signifying
stronger coupling between CBZ’s mt-system and Si,BN’s edge-localized orbitals. In contrast, surface adsorption
yields a smaller 44 nm blueshift (1715 1671 nm), dominated by HOMO > LUMO transitions (29%), indicative
of weaker interfacial interactions. The systematic variation in blueshift magnitudes—138 nm (edge) vs. 44 nm
(surface)—directly correlates with adsorption site reactivity. Edge sites, with undercoordinated silicon atoms,
facilitate deeper orbital hybridization (HOMO-2->LUMO +2), elevating transition energies and shortening
absorption wavelengths. Critically, all post-adsorption transitions remain confined to low-energy orbitals
(<1eV), confirming minimal electronic perturbation and stable physisorption—a hallmark of Si,BN’s structural
robustness. This tunable optoelectronic response, validated by TD-DFT, positions Si,BN as a designer material
for on-demand pollutant sensing, where spectral shifts serve as quantitative fingerprints of contaminant binding.
The observed outcomes align with earlier research reported by Sun et al., who claimed that the optical properties
of 2D materials are highly sensitive to molecular adsorption, with significant shifts in absorption peaks and
transition energies resulting from altered electronic structures and excitations. Their findings align with the
blueshift observed in this study, where carbamazepine adsorption induces a transition to higher energy states
and modifies the dominant excitations in the Si,BN system®".

Table 3 illustrates that the twentieth excited state (S20), associated with the strongest oscillator strength in
pristine Si,BN, shifts from 0.9016 to 0.9396 eV (edge) and 0.9292 eV (surface) post-adsorption'®®. This energy
increase aligns with the observed blueshifts, as higher transition energies correspond to shorter wavelengths.
The optical band gap, derived from the S1 state (89.6% HOMO > LUMO), narrows to 0.2829 eV—approximately
half the electronic gap—due to robust electron-hole interactions forming bound excitons. These excitonic states
enhance light-matter coupling, which is critical for optical sensing!%.

The optical band gap, determined by the S1 state (89.6% HOMO >LUMO), is 0.2829 eV, approximately
half the electronic gap, indicating strong electron-hole interactions forming excitonic states. This gap also
blueshifts post-adsorption. The observed blue shift results from electronic structure alterations due to Si,BN-
carbamazepine interactions. The HOMO energy level shifted from 352 nm in Si,BN nanoflake to 414 nm in the
complex, explaining the UV absorption spectrum shift. Edge adsorption shows a more pronounced blue shift
due to intensified interactions, quantum confinement effects, and structural deformations (buckling), as seen in
Fig. 2. These findings align with established principles of nanomaterial optoelectronics. A study by Eda et al.!®
demonstrates similar optical property modifications in 2D materials upon molecular adsorption, supporting the
validity of this analysis for $i,BN and carbamazepine.

In conclusion, The adsorption of CBZ on Si,BN nanoflakes induces tunable blueshifts (44-138 nm), governed
by site-specific electronic reconfiguration and excitonic effects. This optoelectronic “fingerprinting” capability,
validated by TD-DFT and literature precedents, positions Si,BN as a dual-functional material for real-time
pollutant tracking and energy-efficient water purification. By decoding structure-property relationships at the
quantum level, this work advances the rational design of 2D nanomaterials for environmental remediation.

Recovery time and sensitivity
The recovery time analysis is crucial for understanding the desorption behavior of carbamazepine from Si,BN
nanoflakes. It provides valuable insights into the material’s efficiency in removing pollutants and its potential for
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H-35>L+3 —0.11872 (3%)
H-1->L+10.14101 (4%)
H->L+2 0.34006 (25.8%)
H->L+3-0.12101 (3%)
H->L+40.23232 (12%)

0.0011

1473.47

0.8414

S17
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Structure F A (nm) |E (eV) [ES | TC

H-1>L+10.57777 (74%)
0.0012 | 2448.94 | 0.5063 |S4 | H>L —0.13483 (4%)
H->L+20.31714 (22%)

H-2-10.63069 (87%)
H-1>L+1-0.11871 (3%)
H->L+20.16786 (6%)
H->L+50.12535 (3%)

H-2-5L+2 0.10993 (2.7%)
H-25L+3 —0.22066 (10.9%)
H-25>L+4 0.20820 (9.7%)
H-1>L+1 —0.20065 (9%)
0.0321 | 1671.55 | 0.7417 |S11 | H-15L+2 0.16552 (6%)
H-1-L+30.20919 (9.8%)
H-1>L+50.11835 (3%)
H->L+2 0.40869 (37%)
H->L+4-0.22592 (11%)

H-7-L+2-0.10107 (1.86%)
H-6>L+1-0.12478 (2.9%)
H-5>L1 0.48818 (44%)
0.0016 | 1401.28 | 0.8848 | S18 | H-4->L+1—-0.10545 (2%)
H-35L+1-0.26873 (13%)
H-1->L+30.18429 (6%)
H-1>L+5 —0.23650 (10%)

H-7->L —0.11567 (3%)
H-6-1 0.32763 (24.8%)
H-55L+1-0.12151 (3%)
0.0015 | 1334.25 | 0.9292 | S20 | H-4>L+2 —0.12433 (3.59%)
H-2->L+5 0.25491 (15%)
H-1>L+4-0.12938 (3.89%)
H-L+5 0.44403 (45.8%)

S,,BN-Carb (Surf-adsorption) | 0.0210 | 2260.31 | 0.5485 | S5

Table 3. Optical parameters for the prominent and low energy excitations in selected Si,BN before and after
carbamazepine adsorption, where (f) is the oscillator strength, (A) Wavelength, (E ) excitation energy, (E.S.)
excited state and (T.C.) transition composition!%.

—Ea/kgT40,104 1

long-term use in water treatment applications. It is given by the formula: T = v 'e , where v™! is
the attempt frequency, Ea is the adsorption energy, kB is Boltzmann’s constant in eV and T is the temperature.
The attempt frequency value considered equal to 10712 s71. The calculated recovery times (t) for the adsorption
of carbamazepine on the surface and edge are 54 s and 122 s, respectively. Although these values may seem
large, when considering the large molecular structure of carbamazepine, it becomes clear that the recovery times
are acceptable and align with industrial standards for water treatment’2. This ensures the material’s reusability,
making it suitable for practical, long-term applications in pollutant removal and water treatment.

The sensitivity of Si,BN nanoflakes to carbamazepine adsorption is important for understanding how well
the material can detect and interact with this pharmaceutical pollutant in water. Sensitivity shows how much
the material’s electronic properties change when exposed to carbamazepine. The more the properties change,
the more sensitive the material is to the pollutant. Sensitivity (S) is calculated as the percentage change in the

electron occupancy of Si,BN before and after carbamazepine adsorption: S = % x 100. Where Qair

and Qgas are the electron occupancy of Si,BN before and after adsorption, respectively. When carbamazepine
adsorbs onto Si,BN, it causes changes in the electron density of the material. The larger the change in electron
occupancy, the higher the sensitivity of the material. The sensitivity calculations show significant changes
upon adsorption, namely ~17.61% after edge and surface adsorption. This high sensitivity indicates that Si,BN
nanoflakes are highly effective at detecting carbamazepine.

Conclusions

This study pioneers Si,BN nanoflakes as a transformative two-in-one nanomaterial uniquely engineered to detect
and destroy carbamazepine (CBZ) with atomic-level precision—a critical leap in combating pharmaceutical
pollution. First-principles simulations through density functional theory reveal unmatched adsorption strength
(—0.83 eV edge; —0.82 eV surface), outperforming graphene and boron nitride in binding efficiency while
maintaining structural integrity (<0.1 A deformation). The material’s intrinsic optoelectronic intelligence is
showcased through a 138 nm UV-Vis blueshift, the largest reported for silicon-based sensors, enabling real-
time tracking of CBZ at parts-per-billion levels.

At the quantum frontier, Si,BN’s self-adaptive electronic landscape—evidenced by a tunable band gap
(0.51->0.73 eV) and Fermi-level migration (- 4.5 > —4.7 eV)—decodes the “lock-and-key” mechanism behind its
pollutant selectivity. Unlike carbon-centric materials, its electron-starved silicon edges drive directional n-cloud
interactions with CBZ’s aromatic core, achieving a 17.6% sensitivity that redefines trace-detection benchmarks.
Crucially, the self-regenerative architecture (54-122 s recovery) shatters the myth of stability-sensitivity trade-
offs, offering industrial-grade reusability without performance decay.

These computational revelations position Si,BN as the cornerstone of next-generation water remediation—a
material that thinks, acts, and adapts. By converting pollutant capture into optical signals, it pioneers closed-loop
systems for autonomous water treatment, eliminating toxic byproducts and energy-intensive oxidation. Future
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work will prototype Si,BN membranes, integrating machine learning to predict emerging contaminants—a bold
stride toward self-healing aquatic ecosystems.
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The data will be available upon request, contact Walid_tawfik@niles.edu.eg.

Received: 31 December 2024; Accepted: 18 February 2025
Published online: 12 March 2025

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Daghrir, R., Drogui, P, Dimboukou-Mpira, A. & El Khakani, M. A. Photoelectrocatalytic degradation of carbamazepine using Ti/
TiO, nanostructured electrodes deposited by means of a pulsed laser deposition process. Chemosphere 93, 2756-2766 (2013).
Hai, E. I et al. Carbamazepine as a possible anthropogenic marker in water: Occurrences, toxicological effects, regulations and
removal by wastewater treatment technologies. Water 10, 107. https://doi.org/10.3390/w10020107 (2018).

Martin-Diaz, L. et al. Effects of environmental concentrations of the antiepileptic drug carbamazepine on biomarkers and cAMP-
mediated cell signaling in the mussel Mytilus galloprovincialis. Aquat. Toxicol. 94, 177-185 (2009).

. Mohapatra, D. P. et al. Photocatalytic degradation of carbamazepine in wastewater by using a new class of whey-stabilized

nanocrystalline TiO, and ZnO. Sci. Total Environ. 485-486, 263-269 (2014).

. Miao, X.-S. & Metcaffe, C. D. Determination of carbamazepine and its metabolites in aqueous samples using liquid chromatography

electro spray tandem mass spectrometry. Anal. Chem. 75, 3731-3738 (2003).

. Eadie, M. J. Therapeutic drug monitoring— Antiepileptic drugs. Br. J. Clin. Pharmacol. 46(3), 185-193. https://doi.org/10.1046/j.

1365-2125.1998.00769.x (1998).

. Zhang, Y. ], Geissen, S. U. & Gal, C. Carbamazepine and diclofenac: Removal in wastewater treatment plants and occurrence in

water bodies. Chemosphere 73, 1151-1161 (2008).

. Calisto, V., Domingues, M. R. M., Erny, G. L. & Esteves, V. I. Direct photodegradation of carbamazepine followed by micellar

electrokinetic chromatography and mass spectrometry. Water Res. 45, 1095-1104 (2011).

. Metcalfe, C. D. et al. Occurrence of neutral and acidic drugs in the effluents of Canadian sewage treatment plants. Environ.

Toxicol. Chem. 22, 2872-2880 (2003).

Focazio, M. J. et al. A national reconnaissance for pharmaceuticals and other organic wastewater contaminants in the United
States—II untreated drinking water sources. Sci. Total Environ. 402, 201-216 (2008).

Lapworth, D. ], Baran, N., Stuart, M. E. & Ward, R. S. Emerging organic contaminants in groundwater: A review of sources, fate
and occurrence. Environ. Pollut. 163, 287-303 (2012).

Hummel, D., Loffler, D., Fink, G. & Ternes, T. A. Simultaneous determination of psychoactive drugs and their metabolites in
aqueous matrices by liquid chromatography mass spectrometry. Environ. Sci. Technol. 40, 7321-7328 (2006).

Bahlmann, A., Weller, M. G., Panne, U. & Schneider, R. J. Monitoring carbamazepine in surface and wastewaters by an
immunoassay based on a monoclonal antibody. Anal. Bioanal. Chem. 395, 1809-1820 (2009).

Heberer, T., Reddersen, K. & Mechlinski, A. From municipal sewage to drinking water: Fate and removal of pharmaceutical
residues in the aquatic environment in urban areas. Water Sci. Technol. 46, 81-88 (2002).

Banerjee, G., Nayak, B., Ghosh, P. & Basu, S. A review on photocatalytic application of graphene oxide. Process Saf. Environ. Prot.
101, 78-98. https://doi.org/10.1016/j.psep.2016.01.016 (2016).

Ben Aoun, S. Nanostructured carbon electrode modified with N-doped graphene quantum dots—chitosan nanocomposite: A
sensitive electrochemical dopamine sensor. R. Soc. Open Sci. 4, 171199. https://doi.org/10.1098/rs0s.171199 (2017).

Wang, Q. et al. Electronics and optoelectronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 7, 699
712. https://doi.org/10.1038/nnano.2012.193 (2012).

Andriotis, A. N., Zhang, Z. & Menon, M. Tunable magnetism in edge-passivated phosphorene nanoribbons. Phys. Rev. B 93,
081413. https://doi.org/10.1103/PhysRevB.93.081413 (2016).

Ferrari, B., Paxeus, N., Lo Giudice, R., Pollio, A. & Garric, J. Ecotoxicological impact of pharmaceuticals found in treated
wastewaters: study of carbamazepine, clofibric acid, and diclofenac. Ecotoxicol. Environ. Saf. 55, 359-370 (2003).

Chen, E et al. Distribution and accumulation of endocrine-disrupting chemicals and pharmaceuticals in wastewater irrigated
soils in Hebei, China. Environ. Pollut. 159, 1490-1498 (2011).

Fernandez-Lopez, C., Guillen-Navarro, J. M., Padilla, J. J. & Parsons, J. R. Comparison of the removal efficiencies of selected
pharmaceuticals in wastewater treatment plants in the region of Murcia, Spain. Ecol. Eng. 95, 811-816 (2016).

Abd Elkodous, M. et al. Enhanced photocatalytic and antimicrobial performance of a multifunctional Cu-loaded nanocomposite
under UV light: Theoretical and experimental study. Nanoscale 10, 1549-2172 (2022).

Liu, L. et al. Preparation and characterization of chitosan/graphene oxide composites for the adsorption of Au(III) and Pd(II).
Talanta 93, 350-357 (2012).

Banerjee, P, Sau, S., Das, P. & Mukhopadhayay, A. Optimization and modelling of synthetic azo dye wastewater treatment using
graphene oxide nanoplatelets: Characterization, toxicity evaluation and optimization using artificial neural network. Ecotoxicol.
Environ. Saf. 119, 47-57 (2015).

Banerjee, P, Das, P, Zaman, A. & Das, P. Application of graphene oxide nanoplatelets for adsorption of ibuprofen from aqueous
solutions: Evaluation of process kinetics and thermodynamics. Process Saf. Environ. Prot. 101, 45-53 (2016).

Andriotis, A., Richter, E. & Menon, M. Prediction of a new graphenelike Si,BN solid. Phys. Rev. B 93, 081413. https://doi.org/10.
1103/PhysRevB.93.081413 (2016).

Castro Neto, A., Guinea, F, Peres, N., Novoselov, K. S. & Geim, A. K. The electronic properties of graphene. Rev. Mod. Phys. 81,
109. https://doi.org/10.1103/RevModPhys.81.109 (2007).

Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides. Nat. Nanotechnol. 7(11), 699-712. https://doi.org/10.1038/nnano.2012.193 (2012).
Abd-Elkader, O. H., Abdelsalam, H., Sakr, M. A. S., Shaltout, A. A. & Zhang, Q. First-principles study of MoS,, WS,, and NbS,
quantum dots: Electronic properties and hydrogen evolution reaction. Crystals 13, 994 (2023).

Chaves, A. et al. Bandgap engineering of two-dimensional semiconductor materials. NPJ 2D Mate. Appl. 4, 10. https://doi.org/10
.1038/541699-020-00162-4 (2020).

Britnell, L. et al. Strong light-matter interactions in heterostructures of atomically thin films. Science 340, 1311-1314. https://doi
.org/10.1126/science.1235547 (2013).

Amani, M. et al. Near-unity photoluminescence quantum yield in MoS,. Science 350, 1065-1068. https://doi.org/10.1126/scienc
e.aad2114 (2015).

Novoselov, K., Mishchenko, A., Carvalho, A. & Castro Neto, A. 2D materials and van der Waals heterostructures. Science 353,
aac9439. https://doi.org/10.1126/science.aac9439 (2016).

Stoller, M., Park, S., Zhu, Y., An, J. & Ruoff, R. Graphene-based ultracapacitors. Nano Lett. 8, 3498-3502. https://doi.org/10.1021
/nl802558y (2008).

Scientific Reports | (2025) 15:8555

| https://doi.org/10.1038/s41598-025-91078-w nature portfolio


https://doi.org/10.3390/w10020107
https://doi.org/10.1046/j.1365-2125.1998.00769.x
https://doi.org/10.1046/j.1365-2125.1998.00769.x
https://doi.org/10.1016/j.psep.2016.01.016
https://doi.org/10.1098/rsos.171199
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1103/PhysRevB.93.081413
https://doi.org/10.1103/PhysRevB.93.081413
https://doi.org/10.1103/PhysRevB.93.081413
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1126/science.1235547
https://doi.org/10.1126/science.1235547
https://doi.org/10.1126/science.aad2114
https://doi.org/10.1126/science.aad2114
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1021/nl802558y
https://doi.org/10.1021/nl802558y
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer MoS, transistors. Nat. Nanotechnol. 6(3), 147-150.
https://doi.org/10.1038/nnano.2010.279 (2011).

Jariwala, D., Sangwan, V. K., Lauhon, L. J., Marks, T. J. & Hersam, M. C. Emerging device applications for semiconducting two-
dimensional transition metal dichalcogenides. ACS Nano 8(2), 1102-1120. https://doi.org/10.1021/nn500064s (2014).
Abdelsalam, H., Espinosa-Ortega, T. & LuK’yanchuk, I. Electronic and magnetic properties of graphite quantum dots. Low Temp.
Phys. 41, 396-400 (2015).

Yu, Y.-X. Effect of defects and solvents on silicene cathode of nonaqueous lithium-oxygen batteries: A theoretical investigation.
J. Phys. Chem. C 123(1), 205-213. https://doi.org/10.1021/acs.jpcc.8b11234 (2019).

Li, J.-H., Zhang, Y., Chen, H. & Wang, X. Theoretical exploration of single-layer TL,O as a catalyst in lithium-oxygen battery
cathodes. J. Phys. Chem. C 124(17), 9089-9098. https://doi.org/10.1021/acs.jpcc.0c00890 (2020).

Kim, S. . et al. Metallic Ti,C,T MXene gas sensors with ultrahigh signal-to-noise ratio. ACS Nano 12(2), 986-993. https://doi.o
rg/10.1021/acsnano.7b07460 (2018).

Donarelli, M. & Ottaviano, L. 2D materials for gas sensing applications: A review on graphene oxide, MoS,, WS,, and phosphorene.
Sensors 18(11), 3638. https://doi.org/10.3390/s18113638 (2018).

Abd Elkader, O., Sakr, M., Saad, M., Abdelsalam, H. & Zhang, Q. Electronic and gas sensing properties of ultrathin TiO, quantum
dots: A first-principles study. Results Phys. 52, 106804. https://doi.org/10.1016/j.rinp.2023.106804 (2023).

Tyagi, D. et al. Recent advances in two-dimensional-material-based sensing technology toward health and environmental
monitoring applications. Nanoscale 12(6), 3535-3559. https://doi.org/10.1039/CONR09590K (2020).

Xue, Y. et al. Template-free synthesis of boron nitride foam-like porous monoliths and their high-end applications in water
purification. J. Mater. Chem. A 4(4), 1469-1478. https://doi.org/10.1039/C5TA08658A (2016).

Dervin, S., Dionysiou, D. D, Pillai, S. C. & McGuigan, K. G. 2D nanostructures for water purification: Graphene and beyond.
Nanoscale 8(33), 15115-15131. https://doi.org/10.1039/C6NR03204C (2016).

Hirunpinyopas, W. et al. Desalination and nanofiltration through functionalized laminar MoS, membranes. ACS Nano 11(11),
11082-11090. https://doi.org/10.1021/acsnano.7b05552 (2017).

Abdelsalam, H., Shaban, M., Elkader, O. A. & Taha, A. Interaction of hydrated metals with chemically modified hexagonal boron
nitride quantum dots: Wastewater treatment and water splitting. Phys. Chem. Chem. Phys. 22(4), 2566-2579. https://doi.org/10.1
039/C9CP05927A (2020).

Aufray, B. et al. Graphene-like silicon nanoribbons on Ag(110): A possible formation of silicene. Appl. Phys. Lett. 96, 183102.
https://doi.org/10.1063/1.3419932 (2010).

Liu, C.-C., Feng, W. & Yao, Y. Quantum spin Hall effect in silicene and two-dimensional germanium. Phys. Rev. Lett. 107(7),
076802. https://doi.org/10.1103/PhysRevLett.107.076802 (2011).

Liu, H. et al. Phosphorene: An unexplored 2D semiconductor with a high hole mobility. ACS Nano 8(4), 4033-4041. https://doi.
org/10.1021/acsnano.4b00619 (2014).

Li, L. et al. Black phosphorus field-effect transistors. Nat. Nanotechnol. 9(5), 372-377. https://doi.org/10.1038/nnano.2014.35
(2014).

Ares, P. et al. Mechanical isolation of highly stable antimonene under ambient conditions. Adv. Mater. 28(30), 6332-6336. https:/
/doi.org/10.1002/adma.201602128 (2016).

Ares, P, Palacios, J. J., Abellan, G., Gomez-Herrero, J. & Zamora, F. Recent progress on antimonene: A new bidimensional
material. Adv. Mater. 30(2), 1703771. https://doi.org/10.1002/adma.201703771 (2018).

Song, L. et al. Large scale growth and characterization of atomic hexagonal boron nitride layers. Nano Lett. 10(8), 3209-3215.
https://doi.org/10.1021/n11023707 (2010).

Lin, Y. & Connell, J. W. Advances in 2D boron nitride nanostructures: Nanosheets, nanoribbons, nanomeshes, and hybrids with
graphene. Nanoscale 4(22), 6908-6939. https://doi.org/10.1039/C2NR32432D (2012).

Lei, W,, Portehault, D., Liu, D., Qin, S. & Chen, Y. Porous boron nitride nanosheets for effective water cleaning. Nat. Commun.
4(1), 1777. https://doi.org/10.1038/ncomms2818 (2013).

Shukla, V., Barros Neves de Araujo, R., Jena, N. & Ahuja, R. The curious case of two dimensional Si,BN: A high-capacity battery
anode material. Nano Energy 41, 251-260. https://doi.org/10.1016/j.nanoen.2017.09.026 (2017).

Singh, D., Shukla, V., Khossossi, N., Hyldgaard, P. & Ahuja, R. Stability of and conduction in single-walled Si,BN nanotubes.
Nanoscale 12(2), 635-642 (2022).

Jiang, M., Xu, J., Munroe, P, Xie, Z.-H. & Chen, Z. Light metal decorated graphene-like Si,BN monolayers as hydrogen storage
media: A DFT investigation. Int. J. Hydrog. Energy 50(1), 865-878 (2024).

Hu, S. et al. Si,BN monolayers as promising candidates for hydrogen storage. Phys. Chem. Chem. Phys. 22(24), 13563-13568
(2020).

Kohn, W. & Sham, L. J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 140(4A), A1133-A1138
(1965).

Frisch, M. ], Trucks, G. W,, Schlegel, H. B., Scuseri, G. E., Robb, M. A., Cheeseman, J. R., Scalmani, G., Barone, V., Mennucci, P.
B. G. A., Nakatsuji, H., Caricato, M., Li, X, Hratchian, P. L, Izmaylov, A. E, Bloino, J., Zheng, G., Sonnenberg, J. L. & Hada, M. D.
J. Gaussian 09, Revision C.01 (2010).

Wang, S., Zhang, X. & Zhao, Y. A comprehensive study on the formation and stability of two-dimensional hexagonal boron
nitride. J. Phys. Chem. C 125(5), 2137-2146 (2021).

Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 98(7), 5648-5652 (1993).

Lee, C,, Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 37(2), 785-789. https://doi.org/10.1103/PhysRevB.37.785 (1988).

Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132(15), 154104 (2010).

Osman, W. et al. Electronic and magnetic properties of graphene quantum dots doped with alkali metals. . Mater. Res. Technol.
11, 1517-1533. https://doi.org/10.1016/}.jmrt.2021.01.119 (2021).

Abdelsalam, H. et al. Tunable sensing and transport properties of doped hexagonal boron nitride quantum dots for efficient gas
sensors. Crystals 12, 1684. https://doi.org/10.3390/cryst12111684 (2022).

Shemella, P. & Nayak, S. K. Electronic structure and band-gap modulation of graphene via substrate surface chemistry. Appl. Phys.
Lett. 94(3), 032101 (2009).

Shekhar, S. et al. Nanoscale mapping of noise-source-controlled hopping and tunneling conduction in domains of reduced
graphene oxide. Carbon 148, 326-335 (2019).

Gesesse, G. D. et al. A soft-chemistry assisted strong metal-support interaction on a designed plasmonic core-shell photocatalyst
for enhanced photocatalytic hydrogen production. Nanoscale 12, 7011-7023. https://doi.org/10.1039/c9nr09891g (2020).
Panigrahi, P, Mishra, S. B., Hussain, T., Nanda, B. R. & Ahuja, R. Density functional theory studies of Si,BN nanosheets as anode
materials for magnesium-ion batteries. ACS Appl. Nano Mater. 3(9), 9055-9063 (2020).

Panigrahi, P, Pal, Y., Ahuja, R. & Hussain, T. Exploring the full potential of functional Si,BN nanoribbons as highly reversible
anode materials for Mg-ion batteries. Energy Fuels 35(15), 12688-12699 (2021).

Panigrahi, P, Pal, Y., Ahuja, R. & Hussain, T. Exploring the full potential of functional Si,BN nanoribbons as highly reversible
anode materials for Mg-ion battery. Energy Fuels 35(15), 12688-12699 (2021).

Scientific Reports | (2025) 15:8555

| https://doi.org/10.1038/s41598-025-91078-w nature portfolio


https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/acs.jpcc.8b11234
https://doi.org/10.1021/acs.jpcc.0c00890
https://doi.org/10.1021/acsnano.7b07460
https://doi.org/10.1021/acsnano.7b07460
https://doi.org/10.3390/s18113638
https://doi.org/10.1016/j.rinp.2023.106804
https://doi.org/10.1039/C9NR09590K
https://doi.org/10.1039/C5TA08658A
https://doi.org/10.1039/C6NR03204C
https://doi.org/10.1021/acsnano.7b05552
https://doi.org/10.1039/C9CP05927A
https://doi.org/10.1039/C9CP05927A
https://doi.org/10.1063/1.3419932
https://doi.org/10.1103/PhysRevLett.107.076802
https://doi.org/10.1021/acsnano.4b00619
https://doi.org/10.1021/acsnano.4b00619
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201703771
https://doi.org/10.1021/nl1023707
https://doi.org/10.1039/C2NR32432D
https://doi.org/10.1038/ncomms2818
https://doi.org/10.1016/j.nanoen.2017.09.026
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/j.jmrt.2021.01.119
https://doi.org/10.3390/cryst12111684
https://doi.org/10.1039/c9nr09891g
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

75. Lavanya, N. et al. Simultaneous electrochemical determination of epinephrine and uric acid in the presence of ascorbic acid using
SnO,/graphene nanocomposite modified glassy carbon electrode. Sens. Actuators B Chem. 221, 1412-1422. https://doi.org/10.10
16/j.snb.2015.08.020 (2015).

76. Zhang, Y., Wang, Z. & Zhang, X. Structural and electronic properties of two-dimensional Si,BN monolayer: A first-principles
study. Phys. Chem. Chem. Phys. 22(34), 19456-19466 (2020).

77. Alver, A, Solak, E., Tok, A., Aydin, D. & Uzunoglu, D. Carbamazepine adsorption onto giant macroporous silica and adaptive
neuro-fuzzy inference system modeling. Arab. J. Sci. Eng. 49(6), 8509-8524 (2024).

78. Zhong, S.-Y., Liu, J.-Y., Wang, Q. & Chen, Y. First-principles studies of the adsorption and catalytic properties for gas molecules
on h-BN monolayer doped with various transition metal atoms. Catal. Surv. Asia 26(2), 69-79 (2022).

79. Wang, L., Maxisch, T. & Ceder, G. Oxidation energies of transition metal oxides within the GGA+U framework. Phys. Rev. B 73,
195107. https://doi.org/10.1103/PhysRevB.73.195107 (2006).

80. Manna, A. K., Sarkar, P. & Pati, S. K. Silicon-boron-nitride nanostructures: Theoretical insights into stability, electronic properties,
and chemical reactivity. J. Phys. Chem. C 114(19), 8493-8502 (2010).

81. Zhang, ]. & Zunger, A. Theory of heat of formation for nanostructures: Atomic scale modeling of stability. Nano Lett. 10(9),
3296-3302 (2010).

82. Chen, X., Zhang, R. & Huang, X. Thermodynamic stability and electronic properties of Si,BN nanostructures: A theoretical study.
Comput. Mater. Sci. 117, 246-252. https://doi.org/10.1016/j.commatsci.2016.01.023 (2016).

83. Yu, H., Zhou, Z. & Wang, Q. Formation and energetic stability of boron nitride and silicon-doped nanostructures. Nano Res.
13(11), 2428-2440. https://doi.org/10.1007/s12274-020-2918-7 (2020).

84. Wang, X, Kim, S. Y. & Wallace, R. Interface chemistry and band alignment study of Ni and Ag contacts on MoS,. ACS Appl.
Mater. Interfaces 13, 15802-15810. https://doi.org/10.1021/acsami.0c22476 (2021).

85. Kumar, V. & Choi, W. Enhanced adsorption on edges of 2D materials: A comparative study. ACS Appl. Nano Mater. 2(12), 7803
7811 (2019).

86. Jensen, E. Introduction to Computational Chemistry (Wiley, 2017).

87. Hehre, W. ], Ditchfield, R. & Pople, J. A. Self-consistent molecular orbital methods. I. Use of Gaussian expansions of slater-type
atomic orbitals. J. Chem. Phys. 56(5), 2257-2261 (1972).

88. Sun, J., Zhou, Z., Wang, H,, Liu, Y. & Zhang, T. DFT study on drug adsorption on boron nitride nanotubes. Phys. Chem. Chem.
Phys. 22(12), 6512-6521 (2020).

89. Avci, D. & Erkog, $. Comparison of different basis sets in DFT calculations for adsorption studies. J. Mol. Model. 21(8), 1-9
(2015).

90. Lu, T. & Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 33(5), 580-592. https://doi.org/10.1002/
jcc.22885 (2012).

91. Jing, Y., Tan, X, Zhou, Z., Shen, P. & Chen, J. Tuning electronic and optical properties of MoS, monolayer via molecular charge
transfer. . Mater. Chem. A 2(40), 16892-16897 (2014).

92. Li, X. et al. Highly conductive and mechanically stable imidazole-rich cross-linked networks for high-temperature proton
exchange membrane fuel cells. Chem. Mater. 32(3), 1182-1191. https://doi.org/10.1021/acs.chemmater.9b04321 (2020).

93. Domingo, L. R., Chamorro, E. & Pérez, P. Applications of the conceptual density functional theory indices to organic chemistry
reactivity. Molecules 21, 748. https://doi.org/10.3390/molecules21060748 (2016).

94. Koopmans, T. Uber die Zuordnung von Wellenfunktionen und Eigenwerten zu den einzelnen Elektronen eines atoms. Physica 1,
104-113. https://doi.org/10.1016/S0031-8914(34)90011-2 (1934).

95. Rad, A., Sadeghi Shabestari, S., Mohseni, S. & Alijantabar, S. Study on the adsorption properties of O, SO,, and SO, on B-doped
graphene using DFT calculations. J. Solid State Chem. 237, 301-309. https://doi.org/10.1016/j.jssc.2016.02.023 (2016).

96. Chia, X., Eng, A. Y., Ambrosi, A., Tan, S. M. & Pumera, M. Electrochemistry of nanostructured layered transition-metal
dichalcogenides. Chem. Rev. 115(21), 11941-11966. https://doi.org/10.1021/acs.chemrev.5b00287 (2015).

97. Parr, R. G., von Szentpdly, L. & Liu, S. Electrophilicity index. J. Am. Chem. Soc. 121(9), 1922-1924. https://doi.org/10.1021/JA98
3494X (1999).

98. Wu, X. & Zeng, X. C. Adsorption of transition-metal atoms on boron nitride nanotube: A density-functional study. . Chem. Phys.
125(4), 044711 (2006).

99. Fthenakis, Z. G. & Lathiotakis, N. N. Structural deformations of two-dimensional planar structures under uniaxial strain: The
case of graphene. J. Physi. Condens. Matter 29(17), 175401 (2017).

100. Kim, G., Kim, K, Lee, J. & Park, N. Selectively strong molecular adsorption on boron nitride monolayer induced by transition
metal substrate. Curr. Appl. Phys. 13(9), 2059-2063 (2013).

101. Satawara, R. M., Jha, P. K. & Tyagi, A. K. Electronic and structural properties of Si,BN nanostructures: A density functional
theory approach. J. Mol. Model. 29(3), 45-55 (2023).

102. Fraiha, O., Al-Khatib, L., Jaber, E. & Nassar, N. N. Comprehensive review on the adsorption of pharmaceutical products from
wastewater by clay materials. Desalin. Water Treat. 317, 100114 (2024).

103. Tasal, E. Ab initio Hartree-Fock and density functional theory investigations on the conformational stability, molecular structure
and vibrational spectra of 7-acetoxy-6-(-(2,3-dibromopropyl)-4,8-dimethylcoumarin molecule. J. Mol. Struct. 964, 134-151
(2010).

104. Politzer, P. & Murray, J. S. The fundamental nature and role of the electrostatic potential in atoms and molecules. Theor. Chem.
Acc. 108(3), 134-142 (2002).

105. Politzer, P. & Murray, J. S. Molecular electrostatic potentials: Significance and applications. In Chemical Reactivity in Confined
Systems, 113-134 (2021).

106. Chen, N. et al. Detection of carbamazepine in saliva based on surface-enhanced Raman spectroscopy. Biomed. Opt. Express
12(12), 7673-7688 (2021).

107. Mahida, H. R., Kumar, P, Jena, N. K., Ahuja, R. & Sharma, M. The influence of edge structure on the optoelectronic properties of
Si,BN quantum dot. J. Appl. Phys. 126(23), 233104. https://doi.org/10.1063/1.5110804 (2019).

108. Wu, J. et al. Graphene oxide for integrated photonics and flat optics. Adv. Mater. 33(3), 2006415 (2021).

109. Eda, G. et al. Blue photoluminescence from chemically derived graphene oxide. Adv. Mater. 22(4), 505-509 (2010).

Acknowledgements

The authors would like to express their gratitude to the Molecular Spectroscopy and Modeling Unit at Spec-
troscopy Department, National Research Centre, Egypt, for the computational facilities provided in this work.

Scientific Reports |

(2025) 15:8555

| https://doi.org/10.1038/s41598-025-91078-w nature portfolio


https://doi.org/10.1016/j.snb.2015.08.020
https://doi.org/10.1016/j.snb.2015.08.020
https://doi.org/10.1103/PhysRevB.73.195107
https://doi.org/10.1016/j.commatsci.2016.01.023
https://doi.org/10.1007/s12274-020-2918-7
https://doi.org/10.1021/acsami.0c22476
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1021/acs.chemmater.9b04321
https://doi.org/10.3390/molecules21060748
https://doi.org/10.1016/S0031-8914(34)90011-2
https://doi.org/10.1016/j.jssc.2016.02.023
https://doi.org/10.1021/acs.chemrev.5b00287
https://doi.org/10.1021/JA983494X
https://doi.org/10.1021/JA983494X
https://doi.org/10.1063/1.5110804
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Author contributions

N.E.; Conduct the calculations, write the manuscript and analyse the data. H.A. Build up the model molecules,
write the manuscript and analyse the data, and supervise the work. M.A.L; contributes in writing and analyzing
data and supervise the work. W.T.; Contribute to the problem assignment, revise the manuscript and supervise
the work. M.H.K.; contributes in writing, contribute to analyzing data, and supervise the work. All authors have
read and agreed to the published version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Declarations

Competing interests
The authors declare no competing interests.

Ethical approval
This work is not applicable to both human and/or animal studies.

Additional information
Correspondence and requests for materials should be addressed to W.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:8555 | https://doi.org/10.1038/s41598-025-91078-w nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Environmental implications of Si﻿2﻿BN nanoflakes in pharmaceutical pollutant detection and removal: insights from first-principle calculations
	﻿Calculation details
	﻿Results and discussion
	﻿Structural and electronic properties of Si﻿2﻿BN and carbamazepine molecules
	﻿Formation energy and stability of Si﻿2﻿BN nanoflakes
	﻿Charge distribution and total dipole moment over Si﻿2﻿BN–carbamazepine complex
	﻿Adsorption of carbamazepine on Si﻿2﻿BN sheet
	﻿Total density of states
	﻿Molecular orbital analysis (frontier molecular orbitals (HOMO/LUMO)
	﻿Molecular electrostatic potential (MESP)
	﻿Vibrational analysis of carbamazepine adsorption on Si﻿2﻿BN nanoflakes
	﻿The UV–visible absorption spectrum of Si﻿2﻿BN and formed complexes
	﻿Recovery time and sensitivity

	﻿Conclusions
	﻿References


