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ABSTRACT: The environmental stability of 2D monolayers is critical for their applications across
various technology-related fields. These monolayers can degrade when exposed to gaseous
components in the environment, so minimizing these degrading effects is essential. In this paper,
chlorine exposure to the 2D monolayers, specifically graphene, silicene, phosphorene, and h-BN
monolayer, is investigated using van der Waals corrected density functional theory. The results find
that atomic chlorine chemisorbs on graphene, h-BN, silicene, and phosphorene with adsorption = i i mammes i oo
energies of —1.09, —0.65, —3.10, and —1.74 eV/atom, and bond distances of 3.0, 2.6, 2.2, and 2.1 A, S e
respectively. In contrast, molecular Cl, exhibits physisorption with adsorption energies around —0.22 .
eV and bond distances ranging from 3.3 to 3.6 A. NEB calculations show that Cl, dissociative
chemisorption is exothermic on buckled monolayers (silicene and phosphorene) and endothermic
on planar monolayers (graphene and h-BN). On buckled surfaces, Cl, dissociates after overcoming
energy barriers of 2.0 eV for silicene and 3.2 eV for phosphorene, forming a stable chemisorbed state
that is 0.9 eV lower than the physisorbed state. However, on planar monolayers, Cl, remains in the
physisorbed state because the dissociated chemisorbed state is & 1.5 eV higher in energy. These differences are due to the weaker 7-
bonds in buckled monolayers, which make dissociation easier, while planar monolayers stabilize the molecular form.

o
Degradation pathway

1. INTRODUCTION various fabrication and processing steps such as dry
etching'*'® wafer cleaning,"” chemical vapor deposition'®"”
passivation,20 etc. Hence, an atomic-level understanding of the
interaction of atomic chlorine (Cl) or Cl, with 2D monolayers
is essential. However, most of the studies focus on the
degradation of the 2D materials due to oxidizing agents such as
oxygen, ozone and moisture.'””' ~** This gap is now addressed
in this paper, in which we present a comprehensive analysis of
the interaction between CI and Cl, with graphene, h-BN
monolayer, silicene, and phosphorene using density functional
theory (DFT).

Graphene and silicene, despite both being composed of

Synthesis and characterization of two-dimensional (2D)
materials, comprising single or few layers of atoms bonded
by covalent bonds within each layer and weak van der Waals
forces between layers, has opened new avenues in technology
at the nanoscale.'~* For example, graphene shows exceptional
mechanical strength, electrical conductivity, and thermal
properties, while the h-BN monolayer offers a substrate surface
ideal for electronic devices. On the other hand, buckled
silicene and phosphorene offer alternatives to graphene for
applications in electronic devices. Before these novel 2D
materials can be reliably used in devices, their environmental

- elements from group IV of the periodic table, differ
stability needs to be investigated” ™" in terms of how well they . om sroup AV P ’

. . significantly in their chemical bonding; the former has a
respond when exposed to various environmental gaseous

strong sp” hybridization leading to the planar configuration
elements such as oxygen and ozone.”" & sp A 5, - ban gurabion,
- . ) . o whereas the latter has a weaker sp” hybridization, resulting in a
Chlorine is a highly reactive that can cause significant .
B L . . buckled (nonplanar) configuration. On the other hand, the
degradation by bonding with surface atoms, leading to - a4
) o ’ bonding in the h-BN monolayer exhibits some polar covalent
chemical changes and compromising material property. . .
: ) i character, while phosphorene has a lone pair of electrons,
Molecular chlorine (Cl,) is a noncombustible gas moderately - 3 o
. : 1112 resulting in sp° hybridization in its puckered structure. Thus,
soluble at ambient temperature and atmospheric pressure.
Due to its higher density than air, it tends to settle in low-lying
areas, providing microenvironmental exposure to technological
devices. Some of the previous theoretical and experimental
studies have studied the chlorination of graphene and
phosphorene to study their feasibility for various applica-
tions.">'* Chlorine also plays a significant role in the
semiconductor industry, making it an essential component in
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this difference in chemical bonding is expected to influence the
nature of Cl or Cl, adsorption on the planar or buckled
(puckered) monolayers. Nudged elastic band (NEB) calcu-
lations will also be performed to determine if an energy barrier
exists during the Cl or Cl, adsorption process on these
monolayers.

2. COMPUTATIONAL METHOD

Spin-polarized DFT Calculations were performed using the
Vienna Ab initio Simulation Package (VASP).**** The Perdew
Burke Ernzerhof (PBE) form of the generalized gradient
approximations™® was employed to describe the exchange—
correlation interaction, while the interactions between valence
electrons and ion-core were accounted for using the projected
augmented wave (PAW) method.”” The van der Waals (vdW)
correction D3 term was utilized to capture nonlocal dispersive
interactions in the chlorine-conjugated monolayers.”*

A (4 X 4 x 1) supercell containing a Cl or Cl, interacting
with a pristine monolayer was used for the periodic DFT
calculations. The supercell was fully relaxed until convergence
criteria were met. A plane wave energy cutoff of 520 eV was
set, with convergence criteria of 1 X 107> eV for energy and
0.01 eV/A for force. A 16 A vacuum along the z-axis direction
was used to minimize interactions between periodic images.
The Monkhorst—Pack scheme® was employed for k—point
sampling in the Brillouin zone, with a (3 X 3 X 1) k—point
mesh used for the structure optimization. A larger (12 X 12 X
1) k—point mesh was used for density of states (DOS)
calculations. The atomic charges of the interacting complexes
were determined using Bader’s atoms-in-molecules approach.*’

To gain a comprehensive understanding of the chlorination
process, the NEB method®' was used to determine the energy
pathway, representing the interaction between Cl or Cl, and
the monolayers. Five intermediate configurations between
predefined initial and final states were considered. In the initial
configuration, Cl, is placed above a noninteracting distance of
45 A from the monolayer, while the final configuration
consists of atomic Cl adsorbed onto neighboring host atoms of
the monolayer.” In this way, the final configuration represents
the dissociated chemisorption process of the molecular Cl,.

3. RESULTS AND DISCUSSIONS

3.1. Chlorine. Atomic chlorine has an electronic config-
uration of [Ne] 3s? 3p® with a *P,, electronic state. It is not
stable due to its high electronegativity. Molecular chlorine in
the ground state is linear, having a12g+ state with a bond
distance of 1.988 A, obtained by spectroscopic experi-
ments.”>** In the present case, the calculated bond distance
is 2.0 A, and the dissociation energy is 2.82 eV at the DFT
(PBE) level of theory.

3.2. Pristine Monolayers. Graphene, h-BN monolayer,
silicene and phosphorene are considered representative 2D
monolayers in the present study. Graphene consists of a single
layer of carbon atoms arranged in a planar sp*-hybridized
honeycomb lattice. It has a lattice parameter of 2.46 A and a
(C—C) bond length of 1.42 A.*>*® The h-BN monolayer,
despite having a hexagonal lattice-like graphene, consists of
alternating boron and nitrogen atoms, resulting in semi-ionic
B—N bonds. Its lattice constant is 2.50 A, and the (B—N) bond
length of 1.42 A73% The silicon analog of graphene, silicene,
has a honeycomb lattice, but due to sp* hybridization, it forms
a slightly buckled structure. This results in a sublattice

separation of about 0.44 A, a lattice parameter of 3.86 A,
and the (Si—Si) bond length of 2.25 A.*” Black phosphorus, in
its single-layer form, known as phosphorene, has a puckered
hexagonal anisotropic configuration with lattice constants of
3.30 and 4.60 A, and the (P—P) bond distance is 2.21 A.** The
calculated lattice constants and the band gap for the
monolayers are listed in Table 1, and the equilibrium

Table 1. Calculated Structural Parameters Lattice Constants
(a and b), the Nearest-Neighbor Distance (Ryx) and
Bandgaps (E,,,) for the Monolayers

gap
monolayers a=0b(A) Ryx (A)  Egy (eV)
graphene (Dg,) 2.46 1.42 ~0
h-BN monolayer (D) 2.51 1.44 432
silicene (Dsq) 3.86 2.27 ~0
phosphorene (D,;,) a=4.60,b=2330 221 0.81

configurations are shown in Figure S1 (Supporting Informa-
tion). The calculated results are consistent with the previously
reported DFT calculations.’®**** For example, the calculated
lattice parameters and bandgap value for pristine silicene (a =

3.86 A, Eg,, ®0 eV) and phosphorene (a = 4.60 A, b = 3.30 A,
Egp, = 0.81 eV) are in good agreement with the previously

39,40
reported values.”””

3.3. Cl/Cl, Adsorbed Monolayers. Three different sites,
top, hollow, and bridge (Figure S2, Table S1 Supporting
Information), on a given monolayer, were considered to
determine the energetically preferred adsorption site for Cl and
Cl,. Physisorption involves weak van der Waals interactions
with low adsorption energy (less than —0.5 eV), larger
molecule—substrate distances (greater than 3.0 A), and
minimal charge transfer. In contrast, chemisorption is
characterized by strong chemical bonding, higher adsorption
energy (greater than —0.5 eV), shorter bond distances (less
than 3.0 A), and significant charge transfer. """

The results, displayed in Figure 1, indicate that CI prefers to
be adsorbed on the top site of the monolayers; the calculated
bond distance is 3.0, 2.6, 2.1, and 2.2 A for graphene, h-BN
monolayer, silicene and phosphorene, respectively.

It should be noted that on the h-BN monolayer, chlorine
preferentially adsorbs on the top site of the nitrogen atom.
However, this is not the case for Cl,, which indicates different
preferences; Cl,, oriented parallel to the surface, prefers the top
site for graphene and h-BN monolayer, while it prefers bridge
site for silicene and phosphorene. The calculated bond
distance is 3.6, 3.6, 3.4, and 3.3 A for graphene, h-BN
monolayer, silicene and phosphorene, respectively. The
structural and electronic properties of the adsorbed complex
configurations are listed in Table 2. Table 2 lists the adsorption
energy (AE,;,), molecule—surface distance (Ry_¢;), and charge
transfer from the surface to the molecule (AQ) for the
adsorbed monolayer complexes. The adsorption energy, AE, 4
was calculated using the equation

AEad = ECl/C12+monolayer - (Emonolayer + ECI/CIZ) (1)

where Ecy/cipimonolayer 1S the total energy of the adsorbed
configuration, Enolyer 15 the total energy of the pristine
monolayer, and Egy/cp, is the total energy of the Cl or Cl,.
For the case of atomic Cl, the calculated AE 4 is —1.09,
—0.65, —=3.1, and —1.74 eV/atom for graphene, h-BN
monolayer, silicene, and phosphorene, respectively. The
binding site is at the top of the primary element atom (i.e.,
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Figure 1. Top and side views of the equilibrium configurations of (a) Cl and (b) Cl, adsorbed on graphene, h-BN monolayer, phosphorene, and
silicene. Color codes: red: Cl, yellow: C, blue: B, gray: N, black: P, and brown: Si.

Table 2. Calculated Adsorption Energy (AE,;), Molecule—Surface Distance (Ry.;), and Charge Transfer from the Surface to
Chlorine (AQ) of Graphene, h-BN Monolayer, Silicene and Phosphorene

monolayer graphene h-BN monolayer silicene phosphorene
Cl chemisorption AE,, (eV/atom) —1.09 —0.65 -3.10 -1.74
Ry ¢ ‘A) 3.00 2.60 2.10 2.20
AQ (e) —041 —024 —0.59 —029
Cl, physisorption AE,; (eV/atom) -0.22 —0.22 -0.23 -0.23
Ry_q (A) 3.60 3.60 340 3.30
AQ (&) ~0.0 0.02 —0.06 ~0.0

C, N, Si, or P) with equilibrium bond distances, Ry_¢; of 3.0,
2.6, 2.2, and 2.1 A, respectively. On the other hand, AE, is
approximately —0.22 (—0.23) eV for Cl,, with bond distances
in the range of 3.3—3.6 A. Based on the relative differences in
AE 4 and the bond distances calculated for Cl and Cl,, it can
be concluded that Cl undergoes chemisorption, while Cl,
undergoes physisorption on both planar and buckled
monolayers.

Figure 2 shows the charge density difference plots for
chemisorbed Cl and physisorbed Cl, monolayer complexes,
displaying that the latter case represents a weakly adsorbed
state with a relatively small degree of charge density
accumulation/depletion. This is further reaffirmed by the
calculated charge transfer for both cases, as listed in Table 2; a
noticeable charge transfer is seen in the Cl-adsorbed
complexes, and negligible charge transfer occurs in the Cl,-
adsorbed complexes. Since the alignment of the Fermi levels of
the monolayers with the lowest unoccupied molecular orbitals
(LUMO) of interacting molecules determines the direction
and feasibility of electron transfer, we plot the Fermi levels and
LUMOs in Figure S3 (Supporting Information). The results

12712

consistently predict a higher degree of charge transfer for
atomic Cl as compared to molecular Cl, in the adsorbed
monolayer complexes.

Next, we calculate the minimum energy path followed by Cl,
using the nudged elastic band (NEB) method. This method
samples the configuration space, encompassing various
intermediate states and their associated energies associated
with the energy pathway. For the NEB calculations, the initial
(noninteracting) configuration consisted of Cl, placed at ~4.5
A above the monolayer, and the final configuration consisted of
the dissociated molecule (Cl, — CI + Cl) adsorbed on the
surface (Figure S4 Supporting Information). The molecular
dissociation energy (AEgsociation) 18 calculated as the difference
between the total energy of the noninteracting configuration
(ie, Cl, about 4.5 A above the surface) and that of the
dissociated configuration, consisting of Cl adsorbed on the
neighboring host atom of the surface (e.g, Figure 2b). The
calculated molecular dissociation energy is 0.69 and 0.89 eV
for silicene and phosphorene, respectively. Note that the
chemisorption of atomic chlorine occurs without any energy
barrier as it approaches the surface of either planar or buckled

https://doi.org/10.1021/acsomega.5c01346
ACS Omega 2025, 10, 12710-12716
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Figure 2. Top and side views of the charge density difference plots: (a) physisorbed Cl, molecule and (b) dissociated chemisorbed Cl. The cyan
and yellow colors indicate the charge depletion and accumulation, respectively. The isosurface value is 1/10th of the maximum isosurface value.
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Figure 3. A schematic diagram showing (a) the minimum energy path of Cl, as it approaches the monolayers. The reaction coordinate is a set of
coordinates along the minimum energy path. Zero of the energy is taken to be the noninteracting system consisting of Cl, at a distance of 4.5 A

above the monolayer surface and (b) degradation pathway of silicene.

monolayers, except in the case of phosphorene (Figure SS
Supporting Information).

Figure 3a,b show the two energy pathways for Cl, as it
approaches the surface and the degradation pathway of
silicene. When interacting with the planar structures, graphene,
and h-BN monolayer, Cl, energetically prefers to remain in a
molecular physisorbed state. The dissociated chemisorbed
state is & 1.5 eV higher than the molecular physisorbed state,
suggesting the dissociation to be endothermic. In contrast, for
the buckled monolayers, silicene, and phosphorene, Cl, favors
a dissociated chemisorbed state after crossing relatively high
energy barriers of 2.0 and 3.2 eV, respectively. The dissociated
chemisorbed state is ~ 0.9 eV lower than the molecular
physisorbed state, suggesting the dissociation to be exothermic.

12713

The dissimilar energy pathways shown in Figure 3 by the
planar and buckled monolayers are primarily due to the nature
of their chemical bonding, e.g, sp® in graphene vs sp*like in
silicene (or sp® in phosphorene),* resulting in the presence of
a relatively weaker 7 bonds in the buckled monolayers. This
facilitates molecular dissociation with a high energy barrier on
the buckled monolayers due to their enhanced chemical
reactivity. Note that the molecular dissociation energy of Cl, is
calculated to be 2.82 eV.

Analysis of the total and partial density of states, as shown in
Figure 4, further highlights the modifications in the electronic
structure of the adsorbed monolayer configurations. For
physisorption, weak van der Waals interactions dominate,
leading to low adsorption energies, larger molecule—substrate
distances, and negligible charge transfer. In contrast,
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Figure 4. Total and atom-projected density of states of (a—d) pristine and (e—h) adsorbed monolayer configurations.

chemisorption involves stronger bonding due to significant
orbital hybridization and charge transfer, resulting in higher
adsorption energies and shorter bond distances. As shown in
Figure 4, analysis of the total and partial density of states
(DOS) highlights these differences. In physisorbed cases, such
as graphene and h-BN, molecular states appear near the Fermi
level with minimal interaction with the substrate, indicating
weak binding. However, in dissociated chemisorbed cases, such
as silicene and phosphorene, Cl p-states strongly hybridize
with the host-atom states, leading to stronger adsorption and
promoting decomposition. The differences among the 2D
materials are attributed to their electronic properties. Planar
materials like graphene and h-BN, with delocalized 7-electrons,
show weak interactions with chlorine, while buckled materials
like silicene and phosphorene, with reactive surface states,
exhibit stronger chemisorption. Additionally, the energy
barriers for dissociative chemisorption, as shown by NEB
calculations, further explain their behavior.

We further note that graphene and h-BN monolayer exhibit
stability and resistance toward oxidation at ambient conditions.
Enhanced sensitivity of phosphorene to oxygen is confirmed by
experiments, which have demonstrated rapid degradation of
this material.”* The DFT calculations have predicted the
dissociated chemisorption of molecular oxygen only for the
buckled monolayers, silicene and phosphorene in contrast to
the case of the planar monolayers, graphene and h-BN
monolayer.*’

Our results are consistent with the previously published
results on Cl-adsorbed graphene and phosphorene. For
example, the DFT calculations on Cl-absorbed graphene
reported AE,q ranging from —0.8 to —1.05 eV.**~** Compared
to these results, we find AE 4 to be —1.09 eV in the present
study. Likewise, Cl interacting with phosphorene was predicted
to prefer the top site for adsorption at a distance of 2.28 A with

AE,; of —1.61 eV.**° This is consistent with the values
obtained in the present study: AE 4 of —1.74 eV at a distance
of 2.20 A. On the other hand, in a combined experimental and
theoretical study of Br, interacting with substrate-supported
graphene or h-BN nanomesh, it was reported that Br, gets
trapped in the valley with a binding energy of —1.2 and —2.0
eV, respectively.”'

We note that photochemical techniques have synthesized
the chlorinated graphene.*”’ It was reported that edge
chlorination under ambient conditions can occur due to the
migration of Cl atoms across the surface with minimal energy
barriers.”® Our DFT results are consistent with the previous
results, as the adsorption of the ionic Cl~ (ie., the chloride
ion) on both planar and buckled monolayers was predicted to
be thermodynamically unfavorable, with the calculated AE 4
being positive. This is expected since ionic Cl is highly stable
due to its electronic configuration, similar to that of a noble gas
argon.

4. SUMMARY

In summary, a systematic and detailed investigation was
performed on the interaction of the atomic Cl and molecular
Cl, molecule with the planar (i.e, graphene and h-BN
monolayer) and the buckled (i.e., silicene and phosphorene),
using the van der Waals corrected density functional theory
together with the NEB method. The results find that atomic CI
prefers chemisorbed on top of a host atom with binding
energies ranging from —0.65 to —3.10 eV. Further, the
chemisorption is accompanied by a noticeable charge transfer
from the surface to the atomic Cl. On the other hand,
molecular Cl, interacting with both planar and buckled
monolayers undergo physisorption with a binding energy of
approximately —0.22 eV. This process is associated with a
negligible charge transfer to the molecule. Moreover, the NEB
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results show that a high energy barrier exists for the
(exothermic) dissociated chemisorption of the molecular Cl,
on the buckled monolayers, silicene and phosphorene. This is
not the case with the planar monolayers, graphene and h-BN
monolayers, where the dissociated chemisorption is found to
be endothermic. Overall, both planar and buckled monolayers
are predicted to be relatively robust against exposure to either
atomic or molecular chlorine, though the degree of robustness
is lower for the buckled monolayers, silicene and phosphorene.
These results are expected to help assess the environmentally
induced degradation of the 2D monolayer-based electronic
devices for technological applications.
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