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Among the serious environmental problems that attracted much attention from the broader public is the
high toxicity of dioxins. Considerable efforts have been made to develop techniques and materials that
could help in their efficient removal from the environment. Due to its high specific surface area,
numerous active sites, and outstanding structural and electronic properties, antimonene is considered
for a variety of potential applications in different fields such as energy storage, electrocatalysis, and
biomedicine. The present study adds to this portfolio by suggesting antimonene as a promising
candidate for dioxin capture. Using density functional theory calculations, we studied the adsorption of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on pristine as well as Ca-, Ti-, and Ni-doped antimonene.
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Three spatial configurations of the adsorption of TCDD on antimonene were analyzed. The results
obtained from the calculation of adsorption energies, charge transfer, and densities of states provide
DOI: 10.1039/d4cp02589j evidence that antimonene outperforms other nanomaterials that have been previously suggested for
dioxin capture applications. Therefore, we propose these substrates (i.e., pristine and doped antimonene)

rsc.li/pccp as potential capture agents for removing such toxic organic pollutants.
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1 Introduction

The widespread environmental issue of the toxicity of organic
pollutants has garnered significant attention and concern within
both the scientific community and the general public. Dioxins,
such as polychlorinated dibenzodioxins (PCDD) and polychlori-
nated dibenzo-furans (PCDF), represent a subset of these harmful
organic pollutants. They originate from various sources like waste
incineration, cigarette smoke, car exhaust, and natural combus-
tion processes." These substances, known for their chemical
stability, readily accumulate in fatty tissues and persist for approxi-
mately 11 years, posing a threat to both humans and animals.

In particular, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), illu-
strated in Fig. 1, is identified as one of the most perilous dioxins.
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The International Agency for Research on Cancer (IARC) has
classified TCDD as a human carcinogen.” Numerous studies
have focused on addressing this problem by exploring diverse
chemical and physical processes for dioxin degradation.
These approaches encompass photocatalysis,””” hydrothermal
degradation,® burning,’ catalytic degradation,'® radiolysis,"""
electrochemical oxidation,"*'* and biodegradation."®

Recent studies have investigated various advanced sorbents,
such as zeolites, metal-organic frameworks (MOFs), and acti-
vated carbons, for the capture and removal of dioxins, particu-
larly TCDD. Zeolites, especially those doped with metals like
silver, copper, and iron, have demonstrated adsorption cap-
abilities due to their high surface area and the ability to form
strong interactions with dioxin molecules."®"” For instance, the
desorption activation energy of dioxins on Ag-zeolites is signifi-
cantly higher than that on other zeolites, indicating stronger
binding and more effective capture.'® Activated carbons have
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Fig. 1 Schematic chemical structure of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD).

Phys. Chem. Chem. Phys., 2024, 26, 22539-22548 | 22539


https://orcid.org/0000-0003-4746-3793
https://orcid.org/0000-0002-5933-5249
https://orcid.org/0000-0001-9588-1960
https://orcid.org/0000-0002-5132-2961
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02589j&domain=pdf&date_stamp=2024-08-16
https://doi.org/10.1039/d4cp02589j
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02589j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026034

Open Access Article. Published on 05 August 2024. Downloaded on 8/21/2025 5:52:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

also been extensively used for dioxin removal,'® benefiting from
their large specific surface area and porosity. Recent comparisons
have shown that carbon nanotubes (CNTs) exhibit superior adsorp-
tion efficiency and capacity compared to traditional activated
carbons, primarily due to their unique structure and higher
distribution of mesopores, which facilitate the adsorption of highly
chlorinated dioxins."” Moreover, MOFs, with their tunable porosity
and functionalizable surfaces, have also shown dioxin capture
capabilities, surpassing conventional materials in efficiency."
The peculiar properties of two-dimensional (2D) materials,
as well as the great potential that they have shown to contribute
to the solution of several problems, including environmental
ones,?*?! have attracted the attention of researchers from several
disciplines (e.g., condensed matter physics, materials science,
chemical engineering, and nanotechnology).>** The successful
preparation of one-atom-thick graphene sheets by Novoselov
et al®* triggered the discovery and investigation of other 2D
materials with remarkable properties such as aluminene,
silicene,**” germanene,”® phosphorene,*>*° and antimonene.*!
Several studies investigated the ability of various 2D and
other materials to capture and remove TCDD. For instance,
Ganji et al.®® studied the interaction of TCDD with CNTs and
boron nitride nanotubes (BNNTs). They found that the adsorp-
tion energy of TCDD on the BNNTSs is higher than that on CNTs
and the adsorption capability of pristine BNNTSs is better than
that of defected ones. Moreover, Fagan et al.*® investigated the
interaction between TCDD and CNTs and reported that it is
enhanced by the defects of CNTs. Zhang et al.** studied the
interaction of metal-doped graphene with TCDD molecules and
the results revealed that Ti-doped graphene enhances the cap-
ability for TCDD capture. Similarly, Kang®> theoretically studied
the binding of TCDD with metal-doped graphene and CNTs,
concluding that TCDD exhibits strong binding to Fe-doped
CNTs. Additionally, pristine and doped phosphorene have been
proposed as promising materials for adsorbing TCDD molecules
by Zhang et al.?® They reported that doping phosphorene with Ca
improved the adsorption of TCDD on the phosphorene surface.
In recent times, materials based on antimonene® ° have
exhibited distinct physical properties, positioning them as promis-
ing candidates for various applications, including energy
storage,"** gas sensors,"*® and spintronics.”’” Despite these
advancements, the application of antimonene in capturing organic
pollutants like TCDD has remained unexplored. Consequently,
this study delves into the interaction of TCDD with pristine
antimonene and 2D antimonene doped with calcium (Ca), tita-
nium (Ti), and nickel (Ni) concerning TCDD, utilizing DFT calcula-
tions. The aim is to assess the potential of these materials in
binding and ultimately eliminating this highly toxic compound.

2 Molecular models and
computational methods
2.1 Model systems

The TCDD molecule has an aromatic planar structure (¢f. Fig. 1),
while antimonene has a buckled geometry. First, the isolated
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Table 1 DFT-calculated structural parameters (namely, C-O, C-C, and
C-Clbond lengths and C—O-C angles) of TCDD versus their experimental
values reported by Boer et al.*®

Structural parameters

Method Cc-0 (A) c-C (A) Cc-Cl (A) C-0-C (%)
DFT 1.38 1.40 1.73 115.98
Experiment 1.37 1.36 1.73 115.70

structure of TCDD has been optimized and analyzed based on
selected structural parameters. The values of these selected
parameters calculated at the DFT level of theory (see details
below) are given in Table 1, together with the corresponding
experimental values reported by Boer et al.*®

To construct the antimonene crystal model, we adopted the
lattice and geometrical criteria of the antimonene primitive
unit cell calculated by Bafekry et al.*® In principle, the anti-
monene primitive unit cell consists of two Sb atoms in the
buckled form with two intersecting atomic planes. The values
of the structural parameters that fully describe the monolayer
antimonene unit cell, namely, lattice constant, Sb-Sb bond
length, Sb-Sb-Sb angle, and the height of the two atomic
planes of antimonene, are 4.12 A, 2.95 A, 88 A and 1.75 A,
respectively. Using this primitive unit cell,a 5 x 5 x 1 supercell
was built. Following this step, three doped-antimonene
(namely, doped with Ni, Ca or Ti) supercells were created by
replacing one Sb atom with the dopant atom.

Modifying antimonene by inserting a dopant atom is
expected to induce some distortion in the vicinity of this atom.
Therefore, prior to studying the adsorption of TCDD on the
surfaces of antimonene and doped-antimonene, cell relaxation
and geometry optimization calculations for all the constructed
supercells were performed to ensure that a minimum energy
lattice structure for each case was reached. Fig. 2 displays the
optimized molecular structures of isolated TCDD and the
antimonene supercells. The values of their lattice and geome-
trical parameters are given in Table 2. The computational
details (e.g., level of theory at which the calculations were
performed and the utilized software package) are given in the
next section.

Noteworthily, during cell relaxation the ¢ vector was kept
fixed at a value of 50 A to ensure enough vacuum preventing
any interaction with the image of the cell in the z direction. In
addition, the lattice angles were also kept fixed at the values of
90°, 90° and 120°. In other words, only a and b vectors, as well
as the atomic position, were allowed to change freely during the
relaxation.

The orientation of a molecule relative to the surface is
crucial for the interaction between the adsorbent and the
adsorbate. In this study, three configurations of TCDD/anti-
monene complexes were considered: (1) TCDD parallel to the
antimonene layer through hexagonal rings (denoted as Sb-
TCDD), (2) TCDD standing perpendicular to antimonene
through Cl atoms (denoted as Sb-TCDD-Cl), and (3) TCDD
standing perpendicular to antimonene through two hydrogen
atoms with a bridged oxygen atom (denoted as Sb-TCDD-O).

This journal is © the Owner Societies 2024
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Fig. 2 The optimized molecular structures of isolated TCDD and pristine and doped antimonene.

Table 2 Lattice and geometrical parameters of the optimized supercells
depicted in Fig. 2 (X = Sb, Ni, Ca, or Ti)

Systems aA) b(@A) Sb-X(A) Sb-X-Sb (A) Torsion angle (°)
Sb 20.784 20.784 2.905 91.4 53.6
Ni-doped-Sb 20.708 20.550 2.516 95.3 44.4
2.520 109.0
2.532 112.1
Ca-doped-Sb 20.825 20.669 3.167 97.7 46.8
3.135 103.1
3.087 105.1
Ti-doped-Sb  20.698 20.707 2.780 104.6 40.4
2.772 105.0
2.777 106.8

These three configurations were also examined for the adsorp-
tion of TCDD on doped antimonene. In total, 12 complex
structures were initially considered, and the optimized com-
plexes are depicted in Fig. 3.

2.2 Computational details

Density functional theory (DFT) has been used with the Per-
dew-Burke-Ernzerhof (PBE) exchange-correlation functional, a
widely adopted generalized gradient approximation (GGA)
functional.®® The calculations were performed with periodic
boundary conditions (PBC) wusing the CP2K software
package,”™> employing the hybrid Gaussian and plane wave

This journal is © the Owner Societies 2024

(GPW) method,> implemented in the QuickStep module.’ The
core electrons of all atoms were treated using the Goedecker—
Teter-Hutter (GTH)-PBE pseudopotential,® while the valence
electrons of Sb, Ca, Ni, and Ti are described with the short-
range double-{ valence polarized MOLOPT (DZVP-MOLOPT-SR-
GTH) basis set and those for all other atoms are described with
the DZVP-MOLOPT-GTH basis set.’® To account for van der
Waals (vdW) interactions, crucial in TCDD adsorption on the
2D antimonene surface, the Grimme D3 dispersion correction®”
was applied. The adsorption energies of TCDD on antimonene
and doped-antimonene were calculated as follows:

AE = Eantimonene+TCDD - Eantimonene - ETCDD (1)

where E,ntimonene+Tcpp 15 the energy of the optimized structure
of the TCDD-antimonene complex, while Ercpp and Eantimonene
are the respective energies of the optimized isolated dioxin
molecule and the isolated antimonene surface, respectively.
Note that, according to eqn (1), the more negative AE value
indicates stronger binding. In order to quantify the structural
relaxation upon adsorption, below we will also give the relaxa-
tion energy, i.e. the difference between AE calculated according
to eqn (1) and AE calculated with the fragments fixed at the
adsorption geometry.

Another factor that should be taken into account when
calculating adsorption energies using methods that include
an atomic-centered (i.e., localized) basis set is the basis set

Phys. Chem. Chem. Phys., 2024, 26, 22539-22548 | 22541
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Fig. 3 Optimized geometries of all considered configurations of the TCDD/Sb and TCDD/doped-Sb complexes.

superposition error (BSSE). Specifically, as the atoms of interacting
molecules/fragments approach each other, their basis functions
overlap, which may introduce an error when comparing energies.*®
This error becomes more pronounced for smaller basis sets
compared to larger basis sets. Therefore, the adsorption energies
presented in this work were corrected according to the following
equation:

AEcorrected =AE — BSSE, (2)

where AE is the energy calculated from eqn (1), while the BSSE
value for each TCDD-antimonene complex was calculated
based on the counterpoise scheme implemented in CP2K.>*®°

To gain insights into the adsorbate/adsorbent interaction,
further calculations (namely, the charge density differences
(Ap(r)) and partial density of states (PDOS)) were performed
on the optimized structures of selected complexes. The charge
density difference is given by the formula:

Ap(r) = PTCDD-antimonene complex — Pantimonene — PTCDD (3)

In some cases, the obtained adsorption complex exhibits
bonding between one of the O atoms of TCDD and the dopant
atom of the doped antimonene surface. This bonding inter-
action caused a noticeable deformation of the planar structure

22542 | Phys. Chem. Chem. Phys., 2024, 26, 22539-22548
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of TCDD. On the other hand, for non-bonded interactions,
TCDD can be mobile on the surface. To quantify this lateral
mobility of the TCDD on the antimonene surface, molecular
dynamics (MD) simulations were performed for selected cases.
Namely, 5 ps of MD simulations for these selected cases were
performed at 7' = 300 K with a time step of 0.5 fs in the NVT
ensemble, employing canonical sampling through a velocity
rescaling (CSVR) thermostat® with a time constant of 100 fs.
The initial structures for the MD simulations were the optimized
structures, and since there is no solvent, the equilibration is
reached in the very beginning, taking only a few steps. Energy
and force were computed at the same DFT level of theory as
employed in the geometry relaxation calculations.

3 Results and discussion
3.1 Adsorption of TCDD on pristine and doped antimonene

Twelve different configurations were considered for the adsorp-
tion of TCDD on the pristine and doped antimonene surfaces.
Interestingly, the geometry relaxation calculations revealed that
the adsorption of TCDD on both Ca- and Ti-doped-antimonene
through the orientation in which TCDD is standing perpendi-
cular to the surface via the H and O atoms cannot be observed.

This journal is © the Owner Societies 2024
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In these particular cases, the initial configurations (ie.,
X-TCDD-O where X is Ca or Ti) yield the parallel configurations
(i.e., X-TCDD). This observation is partially consistent with a
recent study by Zhang et al.*® on the adsorption of TCDD on the
surface of phosphorene; ‘partially” because the authors
reported that neither Ca-doped-phosphorene nor Ti-doped-
phosphorene could adsorb TCDD through standing orienta-
tions (regardless of being attached via Cl or O atoms).

Except for the two cases mentioned above (i.e., Ca-TCDD-O
and Ti-TCDD-0), the remaining 10 complexes were optimized
achieving the desired orientations of TCDD relative to antimo-
nene and doped-antimonene surfaces. With respect to the
initial configuration, slight adjustments to the TCDD direction
towards the antimonene surface took place in a manner that
maximizes the binding strength between TCDD and the surface.
For instance, when TCDD is positioned on antimonene with two
chlorine atoms, the geometry optimization process rotates and
tilts the TCDD molecule slightly. This leads to the situation where
the two chlorine atoms are positioned as closely as possible to two
Sb atoms in the case of pristine antimonene, or to a dopant atom
and an Sb atom in the case of Ca- and Ti-doped antimonene. All
optimized complexes can be found in Fig. 3.

Interestingly, in the aforementioned study of TCDD adsorp-
tion on phosphorene by Zhang et al.,*® the authors reported
that the phosphorene layer tends to bend due to its strong
interaction with TCDD. In contrast to phosphorene, neither
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pristine antimonene nor doped antimonene exhibits such a
phenomenon. As mentioned earlier, only a slight local distor-
tion around the dopant atom compared with pristine antimo-
nene was observed, while the adsorption of TCDD did not
cause any significant change to the adsorbents compared with
the isolated surfaces. To assess the extent of structural changes
in the surfaces upon adsorption, we calculated the root mean
square deviation (RMSD) values by comparing the post-
adsorption surface structures to their respective isolated forms.
This allows us to quantify the differences between the adsorbed
and isolated states. For instance, for the antimonene surfaces
in the parallel configuration (i.e., X-TCDD models where X =
Sb, Ni, Ca or Ti), we obtained RMSD values of 0.15 A for bare
antimonene, and 0.08 A, 0.17 A and 0.3 A for the Ni-, Ca- and
Ti-doped antimonene, respectively. Such small RMSD values
confirm that the antimonene layer sustains its planarity in all
perpendicular cases and for TCDD being parallel to pristine
antimonene. In the latter case, this could be attributed to the
equal effect of all the Sb atoms (i.e., the bare antimonene
surface is uniform). However, when TCDD is lying flat on Ca-
and Ti-doped antimonene, the dopant atom attracts the oxygen
atoms resulting in deformation of the planarity of TCDD (i.e.,
TCDD is bent) showing that the dopant atoms in these cases
have superior interactions with TCDD. As a consequence of this
bending, the closest TCDD-adsorbate distance decreases
from 3.88 A (i.e., in the case of Sb-TCDD) to 2.35 A and 2.64 A
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Fig. 4 BSSE-corrected adsorption energies for the complexes depicted in Fig. 3, the relaxation energies of their fragments (higher values indicate larger
deformation of TCDD upon adsorption), and the corresponding BSSE values.
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(in the cases of Ti-TCDD and Ca-TCDD, respectively). In con-
trast to Ti-TCDD and Ca-TCDD, one can see that the structure of
Ni-TCDD is, to a large extent, similar to that of Sb-TCDD in
terms of the planar structure of TCDD and the Ni-O distance ~
3.85 A. This discrepancy in structural deformation could be
attributed to differences in electron affinity. Namely, the electron
affinities of Ni and Sb are quite similar, both demonstrating
larger positive values ranging from 100 to 111.65 kJ mol *,°*%*
whereas Ti and Ca showcase smaller positive values in the range
of a few kJ mol *.5*%

Hence, Ti and Ca, along with TCDD (particularly with its
electronegative atoms, i.e., O and Cl), possess a greater affinity
to bind more strongly compared to Ni and Sb. Consequently, a
higher binding energy and greater deformation would be
observed on the surface, as well as in TCDD, for the doped
Ti- and Ca-antimonene cases compared to the pristine and Ni-
doped counterparts.

The stability of the investigated complexes in Fig. 3 and the
trend of the strength of the adsorbate-adsorbent interaction in
these complexes have been studied based on their adsorption
energies that were calculated according to eqn (2). Fig. 4 sum-
marizes the calculated energies, while the actual values are given in
Table 3. Inspecting these data, we first notice that all configurations
are stable (i.e., their adsorption energies have negative signs).

Ping Zhang et al.*® and Zhou et al.®® reported that, regard-
less of the kind of substrate material, the strongest interaction
between TCDD and a 2D surface takes place when TCDD is
lying parallel to the surface. Inspection of the data displayed in
Fig. 4 reveals that, similar to other 2D materials, TCDD prefers
the parallel configuration on both pristine and doped antimo-
nene. The next preference in orientation is the standing-via-O-
atoms orientation. Lastly comes the perpendicular one through
the Cl atoms. This preference can be rationalized by considering
the subjected surface area (SSA) of TCDD to the surface. As the
SSA (particularly containing electronegative atoms) increases,
the binding of TCDD with bare and doped antimonene
increases. The SSA of TCDD to the antimonene surface increases
in the order of TCDD-CI (two electronegative atoms) < TCDD-O
(three electronegative atoms) < parallel TCDD (6 electronegative
atoms + electron density of the aromatic ring).

Table 3 BSSE-corrected adsorption energies for the complexes depicted
in Fig. 3, the relaxation energies of their fragments (larger values indicate
larger deformation of TCDD upon adsorption), and the corresponding
BSSE values in eV

BSSE-corrected Fragment

System adsorption energy  relaxation energy = BSSE values
Sb-TCDD —0.83 —0.07 —0.08
Ni-TCDD —0.81 —0.11 —0.06
Ca-TCDD —1.02 —0.33 —0.12
Ti-TCDD -1.10 —0.33 —0.08
Sb-TCDD-Cl —0.25 —0.03 —0.02
Ni-TCDD-C1 —0.33 —0.08 —0.03
Ca-TCDD-Cl  —0.67 —0.06 —0.04
Ti-TCDD-CI —-0.87 —0.38 —0.08
Sb-TCDD-O —0.45 —0.04 —0.04
Ni-TCDD-O —0.43 —0.05 —0.04
22544 | Phys. Chem. Chem. Phys., 2024, 26, 22539-22548
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It is noteworthy that many similar studies
materials used almost the same setup of calculation and level of
theory as those employed in the current study. Hence, one can
directly compare the values of adsorption energies for our
systems with their counterparts in these previous studies. Inter-
estingly, it has been found that the adsorption energy in the case
of pristine antimonene remarkably exceeds those of previously
studied materials, including graphene,®® carbon nanotubes,*>
BN nanotubes,*” and phosphorene,*® by roughly 50% to 250%.

Given that pristine antimonene has such a superior ability to
bind TCDD, particularly in the parallel configuration, there
arises a question of whether doping improves its performance.
Comparing the values of adsorption energies of the pristine
antimonene complexes with their doped antimonene counter-
parts, it is observed that, in the case of vertical adsorption, i.e.
in the X-TCDD-CI configurations (where X = Ni, Ca or Ti), one
can see how doping significantly improved the performance
and raised the adsorption energy from —0.25 eV (in pristine
antimonene) to —0.87 (in Ti-doped antimonene). To be specific,
doping with Ni, Ca or Ti increased the adsorption energies by
32%, 168%, or 248%, respectively. For the parallel configu-
ration, doping with Ca and Ti enhances the adsorption energies
by 23% and 32%, respectively, while for doping with Ni no
significant effect is observed. For the standing-via-O (i.e., X-
TCDD-O) configuration, doping with Ni showed almost no
effect on the adsorption energy.

Finally, by examining the data in Fig. 4 and Table 3, the
relaxation energy of the fragments (i.e., the difference between
the adsorption energy calculated considering optimized sepa-
rate fragments and the adsorption energy calculated consider-
ing fragments at the adsorption structure) shows the degree of
structural deformation that occurs in the TCDD structure upon
adsorption. For instance, comparing pristine antimonene with
Ni-doped antimonene, one can see that the adsorption does not
affect the planar structure of TCDD. In contrast, comparing
pristine antimonene with Ca- and Ti-doped antimonene, it is
clear that the adsorption significantly affects the geometry of
TCDD, particularly the planar structure of TCDD in the parallel
configurations. As mentioned above, the significant effect of
doping antimonene with Ca or Ti is attributed to their higher
electron affinity (i.e., lower positive values) compared to Sb and
Ni. One may also notice that in the case of Ti-TCDD-CI the
relaxation energy of the fragments is prominent (—0.38 eV)
compared to its counterpart complexes (X-TCDD-CI models),
even though the planar structure of TCDD is preserved. Upon
investigating the origin of this high fragment relaxation energy,
we found that it arises equally from both the TCDD and the
Ti-doped antimonene surface.

As demonstrated earlier, the most stable adsorption case,
specifically the Ti-TCDD configuration, involves Ti-O bonding,
causing a noticeable deformation in the planar structure of
TCDD. While this deformation indicates stronger interactions
and thus more overall stability of such systems, it raises a
question regarding the lateral mobility and dynamical behavior
of TCDD on bare and doped antimonene surfaces. To address
this, MD simulations were carried out. In particular, we

This journal is © the Owner Societies 2024
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Fig. 5 RMSD of TCDD in the individual axis: (a) in the x-axis, (b) in the
y-axis and (c) in the z-axis throughout the MD trajectories.

performed 5 ps of DFT-based MD simulations (refer to Section 2
for details) for TCDD adsorption on pure antimonene (Sb-
TCDD) and Ti-doped antimonene (Ti-TCDD).

The analysis of the MD trajectories was conducted with the
primary objective of investigating the ability of the surface to
trap the TCDD molecule in the examined complexes. Therefore,
we computed the time evolution of the RMSD of the TCDD
molecule in individual directions throughout the MD trajectories,
and the results are depicted in Fig. 5. The RMSD along the x- and
y-axes provided insights into the diffusion of the TCDD molecule
in the xy plane, whereas the small values of RMSD along the z-axis
confirm the strong binding of TCDD to the surface. Fig. 5(a—c)

View Article Online
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illustrates the results, indicating that the TCDD molecule is
effectively immobilized in the three directions by the binding of
its O atom with the Ti atom in the Ti-doped antimonene surface.
In contrast, on the pure antimonene surface, TCDD exhibits
unrestricted movement across the xy plane due to the uniformity
of the surface, where it shows no preference for being trapped at a
specific location.

3.2 Electronic properties

Since the adsorption energy calculations indicated that the
parallel configuration is the most preferred one for both pris-
tine and doped antimonene, the subsequent analysis will focus
solely on this subset of systems.

3.2.1 Charge density differences. To analyze the electronic
interaction of TCDD with antimonene and doped antimonene,
the charge density differences Ap(r), defined as the difference
between the total charge density of the X-TCDD complex
(where X = Sb, Ni, Ca or Ti) and the sum of the charge densities
of the isolated TCDD and surface (cf. eqn (3)), were calculated.
To obtain the numerical values of transferred charge, the plane-
averaged charge density difference Ap(z) along the normal
direction (2) of the surface (i.e., antimonene or doped antimo-
nene) is calculated by integrating Ap(r) within the basal plane
at the z point. The amount of transferred charge at point z
(AQ(2)) is computed as follows:

80G) = | apez. (@)

The isosurfaces of Ap(r), together with the Ap(z) and AQ(z2)
curves, are displayed in Fig. 6.

Fig. 6 shows that, in all cases, the charge is transferred from
TCDD to the antimonene surface. This can be seen from the
isosurface plots in the top row of Fig. 6 as well as the Ap(z) and

AQ [€] AQ [e]
-0.25 0.00 0.25 0.50 -0.25 0.00 0.25 0.50
25 T T T 25 T T T
20 (a) Sb-TCDD 201 (b) Ni-TCDD 20 (d) Ti-TCDD
15 _ 15} _ _ 15}
=< =< = =<
N 10 + o 10 + N N 10
51 51 51
0 L L 1 0 1 1 1 0 L 1
—-0.25 0.00 0.25 0.50 —-0.25 0.00 0.25 0.50 -1 0 i
Ap [e/A] Ap [e/A] Ap [e/A] Ap [e/A]

Fig. 6 Top row: Charge density difference isosurface plots for parallel TCDD over (a) pristine antimonene, (b) Ni-doped antimonene, (c) Ca-doped
antimonene, and (d) Ti-doped antimonene. The color map indicates charge accumulation in green and charge depletion in red. Bottom row: Ap(z) and
AQ(z) curves corresponding to the respective isosurfaces (note the different scales). The position z = 0 corresponds to the bottom of the simulation box.
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AQ(z) curves. Moreover, the charge density difference plots
reveal a clear modification in the charge distribution (as well
as the amount of charge transferred) in Ca- and Ti-doped-
antimonene relative to pristine and Ni-doped antimonene.
Namely, the maximum AQ(z) values in the case of Ca-TCDD
and Ti-TCDD are about two times those of their counterparts
(i.e., Sb-TCDD and Ni-TCDD). Moreover, the charge distribution
in the case of Ca-TCDD and Ti-TCDD aligns with the relatively
shorter distance between TCDD and doped antimonene as
compared to the distance between TCDD and pristine and
Ni-doped-antimonene. In general, these observations are in line
with the behaviour expected from the differences in the electron
affinities of Ca and Ti compared with Sb and Ni. Based on these
results, one may conclude that the interaction between the O
atom of TCDD and the dopant atom (Ca or Ti) in the Ca-TCDD
and Ti-TCDD complexes is mainly a coordination bond.

3.2.2 Density of states. To gain a deeper understanding
of the electronic properties of the investigated systems, the
DOS were calculated for the isolated pristine and doped anti-
monene, as well as for the complexes after adsorbing TCDD
(focusing only on parallel configurations). Since there are two
variables that could influence the electronic properties (i.e.,
doping and TCDD adsorption), the DOS will be examined in the
two cases; first, Fig. 7 displays the DOS of pristine and doped
antimonene to explore the effect of doping and, second, Fig. S3
(ESIT) shows the DOS in each case before and after adsorption
to investigate the effect of TCDD adsorption.

It is clear from Fig. 7 that doping has a substantial effect
on the electronic properties of 2D antimonene. Namely, some
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Fig. 8 PDOS of oxygen (TCDD) and the dopant atoms in doped anti-
monene for (a) Ni-TCDD, (b) Ca-TCDD, and (c) Ti-TCDD. The corres-
ponding total DOS for each system is shown in the background.

peaks appear around the Fermi level in the DOS of Ni- and Ca-
doped antimonene which are missing in the pristine case.
Although Ti-doped antimonene has no peaks at the Fermi level,
the band gap is significantly reduced relative to that of pristine
antimonene. On the other hand, the adsorption of TCDD only
marginally affects the electronic properties of antimonene. This
can be seen in Fig. S3 (ESIf) for TCDD adsorption on both
pristine and doped antimonene substrates.

The origin of the peaks around the Fermi level that appear in
the DOS of doped antimonene can be traced by inspecting the
PDOS of the dopant atoms (as well as the O atoms of TCDD)
given in Fig. 8. Although it is clear that these peaks exist
because of the dopant atoms, the PDOS plots show that their
magnitudes do not coincide with the corresponding peaks in
the total DOS. This implies that the Sb atoms surrounding the
dopants may be also involved (see Fig. S4 in the ESIY). Finally,
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the PDOS of the O atoms of TCDD confirms that TCDD
adsorption on these substrates has no direct contribution to
the electronic states around the Fermi level.

4 Conclusions

We have explored the capability of antimonene as a potential
candidate for capturing the highly toxic 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD). DFT has been utilized to calculate the stable
structures of several adsorption configurations of TCDD on the
surface of pristine, as well as Ni-, Ca- and Ti-doped antimonene.
TCDD was found to bind preferentially in the parallel configu-
ration. While all the studied antimonene forms showed a remark-
able capability to strongly bind TCDD, it has been found that
doping (especially with Ca and Ti) could even improve the
performance of pristine antimonene. Specifically, doping antimo-
nene with Ca or Ti enhances its ability to bind TCDD by 23%
or 32%, respectively, whereas Ni-doped antimonene showed
TCDD capture capability quite similar to pristine antimonene. In
addition, doping antimonene with Ca and Ti significantly
increased its ability to bind TCDD through the configuration in
which TCDD is perpendicular to the antimonene surface through
two Cl atoms. Moreover, the stability of the TCDD-complexes that
involve bonding between the O atom of TCDD and a dopant atom
of the doped antimonene surface has been confirmed by further
DFT-based MD simulations.

The findings of the current study have been discussed in light of
the adsorption energies, the charge transfer between the adsorbate
and the adsorbent, and the electronic properties of the complexes
under investigation. Interestingly, the comparison between the
results reported in the present work and the findings of similar
studies revealed that, in terms of binding strength, pristine anti-
monene outperforms the other pristine nanomaterials (including
phosphorene, pristine graphene, and BN nanotubes). Therefore,
this study not only proposes antimonene as a promising candidate
for dioxin capture but it could also be the basis for further
investigations on tuning the properties of antimonene to maximize
its capability to be utilized in similar environmental applications.
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