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In the modern industrial era, the extensive release of toxic substances into the environment continuously
poses a threat to human health. To minimize the loss, it is crucial to carefully monitor and detect such
substances by developing efficient sensing materials. Adsorption of hazardous phenoxyethanol PE
(CgH100,) was investigated on pristine and X = Fe/Ti modified arsenene using DFT and COHP
calculations. The stability of the dopants (adsorbents) in/on arsenene was explored using the binding
(adsorption) energy. In all four forms, the X-atom strongly binds to arsenene via p—d overlapping. The
unpaired electrons of the X-atom induce magnetization in arsenene. Half-metallic or narrow band gap
features can be obtained when arsenene is modified with an X-atom. The given molecule, due to the
coulombic repulsion of the paired electrons on As atoms, is weakly adsorbed. However, adsorption is
slightly enhanced for the Fe-decorated system and significantly improved for the Ti-decorated ones.
Among all cases, the lowest adsorption energy of —2.5 eV was obtained for Ti-adsorbed arsenene
(AssoTi) due to reasonable charge exchange, change in actual charge density, and work function. The
molecule interacts chemically with AssgTi by forming a Ti—C bridge. The DOS and COHP analysis show
that this interaction originates from the overlapping of the Ti-3d orbital with the C-2p of the molecule.
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Accepted 24th September 2025 The ICOBI analysis predicts a mixed covalent-ionic bonding for the Ti—C pair. The Gibbs free energy

calculations reveal that the adsorption of PE has a spontaneous behavior at room temperature. This
DO 10.1039/d5ra06078h atomic-level study offers a profound understanding of the interaction between PE and arsenene

rsc.li/rsc-advances systems, which is beneficial in designing the desired sensing materials.
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1. Introduction

Volatile organic compounds (VOCs) are a large group of organic
compounds we regularly encounter in household items like
paints, furniture, cleaning supplies, and cosmetics, which
release gases we breathe in. Many VOCs may harm health,
causing cancer, respiratory issues, and discomfort. Despite this,
community awareness of VOCs and their risks is low. Detecting
VOCs via sensors is crucial for reducing hazardous effects and
ensuring a safe environment."

Two-dimensional (2D) materials possess exceptional elec-
trical, mechanical, and chemical properties, suitable for

“Department of Physics, College of Sciences, Imam Mohammad Ibn Saud Islamic
University (IMSIU), Riyadh 13318, Saudi Arabia

*Department of Physics, University of Poonch Rawalakot, Rawalakot 12350, AJK,
Pakistan. E-mail: mushtaq325@gmail.com

‘Department of Physics, College of Science, Taif University, Taif 21944, Saudi Arabia
“Physics Department, College of Science, King Saud University, Riyadh, Riyadh
Province, 11451, Saudi Arabia

‘Chemistry Department, Faculty of Science, Applied Science Private University,
Amman, 11931, Jordan

/Department of Basic Sciences, Middle East University, Amman 11831, Jordan

*MEU Research Unit, Middle East University, Amman 11831, Jordan

© 2025 The Author(s). Published by the Royal Society of Chemistry

applications in electronics, catalysis, energy storage, and envi-
ronmental sensing.>® Following the discovery of graphene,
numerous additional 2D materials like silicene, phosphorene,
and arsenene have been realized.*® A successful way to
customize 2D materials' electrical and magnetic properties is
surface modification via doping or decorating with transition
metal (TM) atoms.® Titanium (Ti) has been interesting for
doping due to its partially filled d-orbitals, which can boost
surface reactivity and create localized magnetic moments.”®

Limited understanding exists of how pristine and Ti-
decorated arsenene differ in adsorption, magnetic behavior,
and electronic structure, despite recent studies on their poten-
tial for gas sensing and energy storage. Graphene and similar
layered materials are promising for gas sensing due to high
surface activity and large surface area. Furthermore, no
comprehensive study has employed first-principles calculations
to examine the adsorption of CgH;,0, on 2D materials, which is
significant for environmental monitoring and breath analysis.

Arsenene has gained attention for its semiconducting
nature, structural anisotropy, and potential for tuning via strain
or functionalization.'>*> Monolayer arsenene has a tunable
band gap, unlike its bulk form, indicating potential in opto-
electronic and nanoelectronic devices."
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Our literature survey reveals that the adsorption of phenox-
yethanol on arsenene has not yet been studied experimentally
or theoretically. However, the interaction of various VOCs and
other substances on arsenene has been thoroughly explored in
DFT simulations."**® Recently, using DFT calculations, we
investigated how Mn and Cr atoms facilitate chemisorption for
pentanal on arsenene.** In another study, we explored the effect
of aluminum (Al) and tin (Sn) decoration on the adsorption of
hexanal on arsenene. It was found that in the presence of Al,
arsenene showed a strong chemisorption for the hexanal and its
electronic structure is extensively modified due to the overlap of
interacting orbitals.”® m-Xylene and toluene exhibit phys-
isorption on square-octagon arsenene.'” Similarly, hexane and
heptane also show physisorption on delta-arsenene nano-
ribbon."® These studies demonstrate the potential of arsenene
for the detection of VOCs. However, the weak chemical reac-
tivity and selectivity of arsenene, which are common in pure 2D
materials, restrict its practical applications, especially in gas
sensing and catalysis.”

Recent developments in computational materials science
have enabled the use of first-principles techniques based on
density functional theory (DFT) to study the behavior of low-
dimensional systems accurately.*® By using these methods,
scientists can explore atomic-level interactions that are other-
wise hard to observe experimentally, such as spin polarization
effects, orbital hybridization, and charge redistribution. DFT-
based simulations are now an essential tool for predicting
how 2D materials will behave under different modifications,
which accelerates the process of discovering and optimizing
materials for specific applications.”**® In addition, DFT can
accurately predict the properties of materials under various
conditions.***¢

Phenoxyethanol (PE), with a chemical composition of
CgH100,, is a colourless liquid with a rose-like odour, belongs to
glycol ethers, and is used in perfumes, insect repellents, and
other applications. This organic compound can be synthesized
via various routes.”’** PE demonstrates antimicrobial proper-
ties, serving as an effective preservative in pharmaceuticals,
cosmetics, and lubricants. The main hazards of PE relate to its
toxicologic properties. It is toxic through inhalation, ingestion,
and skin contact. Exposure may occur when used as a cosmetic,
perfume, or soap fixative. Although often considered safe at low
dose concentrations, it may induce skin and eye irritation as
well as allergic reactions in specific individuals.

This study investigates how X-atom (X = Fe or Ti) modifies
the adsorption capability of arsenene toward PE. It provides an
opportunity to design arsenene for catalysis and gas sensing
applications. We evaluated the sensing capability by analyzing
adsorption energy, electronic properties, chemical bonding and
charge transfer. The purpose of this research is to provide
a fundamental understanding of designing functionalized ars-
enene for PE-based sensors.

2. Computational method and detail

This study involves the first-principles calculations based on
density functional theory (DFT). All the calculations are
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performed using the Vienna Ab initio Simulation Package
(VASP).?>233° Fundamentally, the code solves the total energy
equations using plane waves and a pseudopotential approach.
The plane-waves were expanded using a kinetic energy cut-off of
500 eV. The electron-ion interactions were treated using the
projector-augmented wave method. The unknown exchange-
correlation energy was approximated in the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE).*" To obtain the ground structure and its electron density,
a complete scheme of relaxation, including the volume and
shape of the cell and atomic positions, is used in the conjugate
gradient (CG) algorithm. The ions were allowed to move to
minimize the net forces below —0.01 eV A~*. The energy crite-
rion of 1 x 10~* eV was applied during the electronic iterations.
As is known the normal DFT does not properly handle the
effects of strongly correlated d-orbital electrons, we have exter-
nally added some amount of onsite Coulomb interaction U and
exchange interaction energy J in the calculations. Such modified
DFT method is commonly known as DFT+U,¢, where Uegr = U —
J. In our calculations, we have used DFT+U,¢ by taking the Ue
value of 3.29 and 2.58 eV, respectively, for the Fe and Ti atom.*
Periodic boundary conditions were imposed in the z-direction
normal to the surface of the arsenene, such that periodic images
have a separation of 30 A. Weak van der Waals interactions were
treated in DFT+D3 approach.>* A5 x 5 x 1 supercell of perfect
monolayer arsenene (p-As) in buckled phase (also known as B-
As) was used as the basic structure model. For this supercell
size, the Brillouin zone integration was performed usinga 6 x 6
x 1 grid, which was increased to 9 x 9 x 1 for the density of
states (DOS) calculations. The binding strength of the dopants
with arsenene is calculated as.*

Ey, = (Egy.as T Ex) — Ex-as (1)

where Egsy.as, Ex, and Ex.,s represent the ground state DFT
energy of arsenene with a single vacancy (SV-As), isolated X
atom, and X-doped arsenene (X-As), respectively.

To estimate the adsorption stability of the adsorbed atoms
and PE, the adsorption energy (E.qs) was calculated using eqn

(2).35
E.as = Eap — (Ea + Ep) (2)

where all terms on the right side correspond to the ground state
energy, AB is the product, A and B are the reactants. Ej is taken
from the DFT energy of the isolated atom or molecule.

The chemical bonding analysis was performed with the
LOBSTER code.*® The geometries and electron localized func-
tion (ELF) plots were plotted using the VESTA code.’” We
acknowledge Professor Wang and his team for developing the
VASPKIT tool.?®

3. Results and discussion
3.1 Pristine arsenene

Arsenene, the monolayer (ML) of arsenic (As) atoms, is obtained
from the bulk arsenic. Bulk arsenic has a layered structure,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Pristine arsenene; (a) relax geometry, (b) band structure, (c) total density of states (TDOS), (d) orbital DOS (ODOS). The Fermi level (Ef) is set

at0eV.

where weak interactions separate atomic layers. Top and side
views of the ground state geometry of pristine arsenene (ML-As)
are shown in Fig. 1(a). The material has a hexagonal lattice of As
atoms arranged in a honeycomb pattern with some buckling in
the out-of-plane direction, as shown in the side view. This
system has a buckled structure composed of two atomic planes
of As-atoms separated by a specific distance called the buckling
height. The top view shows that the material has a graphene-like
honeycomb structure where each As-atom is bonded to three
neighboring As-atoms. The calculated in-plane lattice constant
is 3.60 A, the bond length of two connected As-atoms is 2.50 A
and the bond angle at each As-atom is 95°. In Fig. 1(b), the
electronic band structure of p-As is displayed along high-
symmetry sites in the Brillouin zone (I, M, K, and T). In the
zero-electron volt region, the Fermi energy lies within the band
gap, confirming the absence of charge carriers. The figure
emphasizes the conduction and valence bands, which represent
the semiconducting behavior with an indirect PBE band gap of
1.59 eV, following the literature.®* Such fundamental properties
of p-As and its derivatives are shown in Table S1 of the SI. In
general, the density of states (DOS) of a system in DFT theory
describes the proportion of states that are to be occupied by the
system at each energy. The results show that 4s-orbitals domi-
nate the deep orbitals, with no 3d-orbital occupied, implying no
magnetic properties. The orbital resolved DOS (Fig. 1(d)) reveals
that among the three orbitals, the 4p-orbital has a dominant
contribution to electronic states across the Fermi level. It
confirms that the electronic properties of arsenene are strongly
controlled by the 4p electrons.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.2 Chemically modified arsenene

To tune the basic and sensing properties, arsenene is modified
chemically by doping or surface decoration with X-atom (X = Fe,
Ti). Four new systems are obtained, two doped and two deco-
rated; (i) Fe-doped arsenene, where an Fe atom replaces one As
atom, (ii) Ti-doped arsenene, where one Ti atom replaces one As
atom, (iii) Fe-decorated arsenene, where one Fe atom is adsor-
bed on arsenene, (iv) Ti-decorated arsenene, where one Ti atom
is adsorbed on arsenene.

3.3 Fe-doped arsenene (AsyoFe)

The initial geometry of Fe-doped arsenene, named AsyoFe, is
shown in Fig. 2(a). The actual lattice before doping is composed
of fifty As atoms (Ass,), and after the doping of one Fe atom, it
becomes As,oFe. Due to different attributes of Fe, the doped
atom may experience imbalanced forces from the neighboring
As atoms. This effect may allow the doped atom to displace from
the actual site to occupy a site with minimum forces. The final
geometry of As,oFe is shown in Fig. 2(b). The insertion of the Fe
atom causes modifications in bond lengths and angles in the
structure. The calculated As-Fe bond length is 2.50 A, slightly
greater than the initial value of 2.47 A. The As-Fe-As bond angle
is 105°, greater than the initial value of 92°. The change in bond
length and bond angle at the doping site indicates local defor-
mation of the original symmetry of the arsenene. The obtained
binding energy of the Fe-atom in arsenene 4.76 €V per atom,
supports the literature.* The binding energy defined in eqn (1)
indicates that doping is favorable. These deformations may

RSC Adv, 2025, 15, 36473-36484 | 36475
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Fig.2 Single Fe-atom doped arsenene (AssgFe); (a) initial structure, (b) final structure, (c) band structure, (d) TDOS, (e) PDOS of As and Fe-atom,

(f) ODOS of As-atom, (g) ODOS of Fe-atom.

impart interesting new features to arsenene, which will be di-
scussed in the following sections.

The total energy calculations revealed that As,Fe is
magnetic in the ground state. The induced magnetism is mainly
attributed to the Fe atoms. The system's total magnetic moment
(M) is 4.2ug. The Fe atom carries a moment of 3.6ug, and each
As atom connected to the Fe atom has a moment of 0.2ug. The
positive sign of the moment of the As atoms indicates ferro-
magnetic coupling between the Fe atom and the As atoms.

The electronic band structure of As,oFe in Fig. 2(c) and total
DOS in Fig. 2(d) shows the half-metallic character of the mate-
rial. It is caused by the contribution of iron (Fe) to the 3d orbital,
which has strong spin-polarized properties. The material is
metallic for the majority spin electrons and a semiconductor for
the minority spin electrons. Such a high difference between the
electronic states for two types of electrons at the Fermi level
creates high spin polarization, which causes magnetism. The
PDOS in Fig. 2(e) indicates that band edges are dominated by
the As-atoms, and the ODOS plots in Fig. 2(f) and (g) show that
the Fe-d orbital has large spin splitting, which is responsible for
the observed significant magnetic moment of the Fe-atom. The
Fe-3d and As-4p hybridization redistributes the electronic
charge, which induces spin-polarization in the As-atom. This
leads to the As atoms in the 4p orbital gaining weight near the
Fermi level, whereas the 4s orbital remains essentially inert
near the Fermi level.

36476 | RSC Adv, 2025, 15, 36473-36484

3.4 Fe-adsorbed arsenene (Ass,Fe)

To decorate the As with the Fe atom, the Fe atoms are initially
placed at four high-symmetry sites above the surface of the As,
shown in Fig. S1 of the SI. The combined system is AssoFe.
These highly symmetric sites include the top site (T-site), valley
site (V-site), hollow site (H-site), and bridge site (B-site).

5 Fe-ad-As
[ Ti-ad-As

E,(s (eV/atom)

Site

Fig. 3 Adsorption energy for single X-atom (X = Fe or Ti) adsorbed
arsenene at bright (B), hollow (H), top (T), and valley (V) sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06078h

Open Access Article. Published on 01 October 2025. Downloaded on 4/8/2026 1:38:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

70

(b) TDOS As

I

\

DOS (states/eV)

'70 T T v v
6 -4 2 0 2 4
Energy (eV)
2 |(c) PDOS = |(d) opos L - Fe
@ ——
o — 3
=
- 0 $
70]
-
a : . | (e) ODOS
"6 2 0 2 4 6 4 2 0 2 476 3 3 0 3 4

-4
Energy (eV)

Energy (eV)

Energy (eV)

Fig.4 Single Fe-atom adsorbed arsenene (AssgFe); (a) band structure, (b) TDOS, (c) PDOS of As and Fe-atom, (d) ODOS of As-atom, (e) ODOS of

Fe-atom.

Fig. S2 displays the relaxed geometries of these decoration
configurations. The related calculated adsorption energy (E.qs) is
shown in Fig. 3. It reveals that the H-site has the lowest adsorp-
tion energy. Therefore, this site is marked as the most favorable
site. All the electronic and magnetic properties of AssoFe are
hence calculated only for AssoFe in the H-site configuration. The
As-Fe bond length is 2.50 A, greater than the As-Fe bond length
found in As,oFe. The larger value of the bond length is due to the
weak coupling between the Fe atom and its neighboring As atom.
As a result, the AssoFe has a relatively larger value of M of 3.76ug,
greater than the M value found in As,gFe. The Fe and As atoms
have a partial moment of 3.71 and 0.06ug, respectively.

The band structure of Ass,Fe in Fig. 4(a) and TDOS in Fig. 4(b)
both confirm that AssoFe has a semiconducting character. The
calculated band gap is 0.14 eV. The PDOS plot in Fig. 4(c)
demonstrates that the As atom has a significant contribution to
the valence band and conduction band states. In contrast, due to
its small percentage, the Fe atom has a negligible contribution to
the formation of band edges. The ODOS in Fig. 4(d) and (e) shows
that As-4p states have a dominant contribution in the electronic
states below and above the Fermi level. The ODOS of the Fe atom
helps us in understanding the source of magnetism in AssoFe. We
noticed that the Fe-d orbital has an obvious antisymmetric
distribution in two spins, which induces a net magnetic moment
in the material.

3.5 Ti-doped arsenene (As,oTi)

Similar to As,oFe, the As,oTi is obtained by replacing one As
atom in arsenene with one Ti atom. Initial and final geometry

© 2025 The Author(s). Published by the Royal Society of Chemistry

and electronic properties are displayed in Fig. 5. Our observa-
tions revealed a slight displacement of the doped Ti-atom from
its initial position, resulting in a slight deformation and a shift
of the hexagonal rings downward. The downward displacement
was probably due to the push from the surrounding As-atoms.
The computed binding energy is 5.62 eV per atom. The As-Ti
bond is 2.57 A, which is marginally longer than the original
value of 2.50 A. Compared to the initial value of 92°, the As-Ti-
As bond angle is now 100°. By changing the link length and
bond angle at the doping location, the original symmetry of the
lattice has been locally distorted. These deformations may give
arsenene some interesting properties. In the ground state,
As,oTi is magnetic, according to the total energy calculations. In
particular, the Ti atoms are responsible for the induced
magnetism. The entire system has a moment of 1ug. The
moment of the first neighboring As atoms is —0.037ug, while
the moment of the Mn atom is 1.006ug. Antiferromagnetic
coupling between the Ti and As atoms is indicated by the As
atom moment's negative sign. Consequently, the overall
magnetization is decreased. The electronic band structure and
the total DOS both show that the material is half-metallic, such
that the material is metallic for majority spin and semi-
conducting for the minority spin electrons. The electronic states
of the two types of electrons differ significantly at the Fermi
level, leading to strong magnetism and spin polarization. The
As-atoms dominate the band edges, according to the PDOS, and
the Ti-d orbital has significant spin splitting, which accounts for
the Ti-atom's observed intense magnetic moment, according to
the ODOS plots.

RSC Adv, 2025, 15, 36473-36484 | 36477
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Fig. 5 As4oTi; (a) initial structure, (b) final structure, (c) band structure, (d) TDOS, (e) PDOS of As and Ti-atom, (f) ODOS of As-atom, (g) ODOS of

Ti-atom.

3.6 Ti-adsorbed arsenene (AssoTi)

In arsenene decorating with Ti (Ass,Ti), the Ti atom is initially
placed at four symmetry sites, as mentioned in Fig. S1. Thus,
a total of four adsorption configurations are obtained. To achieve
the lowest energy adsorption configuration, each configuration
was fully relaxed, and its adsorption energy was calculated, as
shown in Fig. 3. The H-site configuration yields the lowest E 4. As
a result, only this configuration is considered for further analysis.
The As-Ti bond length of 2.71 A is longer than the As-Ti bond
length of 2.71 A in the doping case. The As-Ti-As bond angle is
81°. For AssTi, the value of M is 2.3ug, where Ti atom has
a moment of 1.7ug and each connected As atom has a small
moment of +0.2ug. The band structure and TDOS confirm the
semiconducting nature of Ass,Ti in Fig. 6(a) and (b) with a band
gap of 0.13 eV. According to PDOS in Fig. 6, the As atom plays
a significant role in the valence band and conduction band
states. In contrast, the tiny percentage of Ti atoms means that
they make a minimal contribution to the formation of band
edges. The ODOS demonstrates that As-4p states dominate the
electronic states below and above the Fermi level.

3.7 Phenoxyethanol (CgH,;,0,) on pristine arsenene

Detecting and monitoring the concentration of PE requires

sensitive detection materials to be used in sensor

36478 | RSC Adv, 2025, 15, 36473-36484

manufacturing. Computationally, the ability of a material to
detect a given substance is determined by the adsorption energy
and related parameters. These parameters themselves may
depend on various other factors such as the nature of the
environment, the orientation of the landing substrate, and its
position on the surface of the detecting material. To accurately
predict the adsorption energy and its strength, various initial
orientations (I0) of the PE relative to the adsorbent’s surface,
and various adsorption sites (AS) are considered. The product of
10 and AS yields the number of adsorption configurations (ACs).
The number of AS depends on the chemical composition and
atomic structure of the substance. In p-As, there are four
distinct AS covering top (T), hollow (H), bridge (B), and valley
(V), all of which are well described in the literature. For a large-
sized molecule, the two main IOs are horizontal and vertical
relative to the adsorbent, while the IO. For all AC, the adsorp-
tion energy is calculated. Among all, the lowest energy is
considered for further analysis of the properties. In case of PE
on p-As, three different horizontal (h1, h2, h3) and two vertical
(v1, v2) orientations were involved. The calculated adsorption
energy is —0.49, —0.41, —0.43, —0.2, and —0.15 eV, respectively,
for h1, h2, h3, vi1, and v2 orientations. All these values are
minimal, and the molecule moves away from the adsorbent in
the final configuration. It shows that arsenene cannot capture

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AssoTi; (a) band structure, (b) TDOS, (c) PDOS of As and Ti-atom, (d) ODOS of As-atom, (e) ODOS of Ti-atom.

the molecule and the resulting adsorption is weak, termed as
physisorption. Therefore, the molecule with arsenene (p-As/PE)
will not be discussed in detail.

3.8 Phenoxyethanol (CgH;00,) on Fe/Ti modified arsenene

The central theme for introducing Fe/Ti atoms in arsenene is to
tune the adsorption strength for PE molecule and achieve
a strong detection. The initial ACs for the X (X = Fe or Ti) doped
arsenene are shown in Fig. S4, and for the X adsorbed arsenene
systems in Fig. S5. A comparison of the adsorption energy of
some other VOCs is documented in Table S2. Each configura-
tion is relaxed in the ground state, and its adsorption energy
and adsorption height & are calculated, shown in Fig. 7 and
Table 1. In this figure, the adsorption energy is taken in

3 . —
2.58 h(A)
m= |[Eads| (eV)

2.12 2.12

2 1 1.77
1.16 1.17 1.15 1.16

g -
0 1 1 I 1

Ti-ad Ti-dp Fe-ad Fe-dp

Fig.7 Finaladsorption height (h) and absolute adsorption energy |E 4|
for CgH100, on doped and decorated arsenene systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry

absolute form (|E,qs|). We find that the lowest E,4s (the highest
|E.qs|) is achieved when PE is adsorbed on Ass,Ti. Therefore, for
further discussion, we consider only this case. The geometries
of final ACs for PE on As;,Ti (As5¢Ti/PE) are shown in the main
manuscript in Fig. 8. Accordingly, the final configurations for
the PE on AsyoFe, AssoFe, and As,oTi are shown in Fig. S6, S7,
and S8, respectively. According to Fig. 8, in all ACs, the molecule
interacts with the adsorbent (As;¢Ti) through the Ti atom. In h-
C, the adsorbent (As;,Ti) is through the Ti atom. In h-C and h-H
configuration, the C-atoms of the molecule interact with the Ti-
atom, forming a Ti-C bridge. For the h-O case, the C and O-
atoms interact with the Ti-atom, leading to two types of
bridges, Ti-C and Ti-O. In v-H, the interaction is through Ti-H,
and in v-O, the Ti-O bridge facilitates the interaction. The E,qs
—2.56, —2.58, —1.48, —0.21, —1. The E,q4; value is —2.56, —2.58,

Table 1 Adsorption energy E,qs for CgH100, on pristine arsenene (p-
As: Assp), single X atom (X = Fe or Ti) doped arsenene (As4oX), and
single X-atom adsorbed arsenene (AssoX) in various horizontal (h-C, h-
H, h-O) and vertical (v-H, v-O) orientations. The lowest energy
configuration for each adsorbent is marked in bold

E,qs (eV per molecule)

Orientation p-As As,oFe AsgoFe As,oTi As;oTi
h-C —0.49 —0.96 —1.03 —1.24 —2.56
h-H —0.41 —1.05 —1.17 —1.51 —2.58
h-O —0.43 -1.17 —0.93 -1.77 —1.46
v-H —0.21 —0.53 —0.36 —0.95 —0.21
v-O —0.16 —-1.14 —0.92 —1.61 —1.41
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Fig. 8 Finaladsorption configurations of molecule on single Ti-atom adsorbed arsenene (AssgTi) in orientation; (a) h-C, (b) h-H, (c) h-O, (d) v-H,

(e) v-O.

—1.46, —0.21, and —1.4 eV, respectively, for h-C, h-H, h-O, v-H,
and v-O orientation. Thus, the v-H case has the lowest E,4c. In
the following sections, we will consider only this case for the
analysis of the electronic properties of PE on Ass,Ti.

3.9 Electronic properties of As;Ti/PE

The observed chemisorption of PE on Ass,Ti may alter the
actual electronic properties of these two reactants. To examine
how these properties evolve after adsorption, the band structure

1
&
2
B o
800
u 4
S
| As
-14 Ti
g Molecule

DOS (States/eV)

and DOS plots are calculated and displayed in Fig. 9. In the
projected band structure in Fig. 9(a), the contribution of As, Ti,
and molecule is shown in red, blue, and green. We find that the
Ti and molecule mainly contribute to the valence band top. The
conduction band bottom has a substantial contribution from
the As atoms. To under how new states emerge near the Fermi
level, DOS plots are involved. TDOS shows that the maximum
states in the valence band belong to the adsorbent; however,
there is a considerable part of the states that originate from the

TDOS
Ti-ad-As, Molecule

DOS (States/eV)

4
! C— px
| mm— total
1
-4 = 4-4 -2 2 4

0 2
Energy (eV)

0
Energy (eV)

Fig. 9 AssoTi with molecule in the lowest energy configuration; (a) band structure, (b) total density of states, (c) orbital density of states (ODOS)

for Ti-atom, and (d) ODOS for C-atom.
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molecule. Similar to band structure, a narrow band gap is
observed at the Fermi level in DOS plots. The ODOS for Ti and C
atoms reveal that the interaction between PE and adsorbent
originates from the overlapping of Ti-3d and C-2p orbitals. This
p-d overlapping establishes a reasonably attractive binding
between Ti and C, which stabilizes chemisorption. In addition,
such orbital overlapping plays a key role in the exchange of
charge, the change of electronic charge density, and the work
function of the host material. Interestingly, the Ass,Ti system
becomes non-magnetic after the adsorption of the molecule.
This is because the unpaired electrons of the Ti atom are
utilized in bonding with the C atoms of the molecule. To
analyze the charge exchange, Bader charge analysis is per-
formed, and its results are shown in Fig. 10. In this figure, the
atom index indicates the position of each atom in the POSCAR
file. For example, atom index 50 indicates the 50th atom in the
POSCAR file. The reference line along the y-axis shows no
charge exchange. The positive values of partial charge on each
atom show charge donor character, while the negative value of ¢
shows charge acceptor property. In Fig. 10(a), the partial charge
is displayed for Ass,Ti without a molecule. It shows that some
As atoms accept charge from the Ti atom. These As atoms are
connected to the Ti atom. The Ti atom has a large net positive
charge, showing its charge donation. The net partial charge on
the Ti atom is +0.8e, and its nearest As atoms have a net partial
charge of —0.18e. All other As atoms have a zero partial charge.
When the molecule is adsorbed (Fig. 10(c)), charge exchange

© 2025 The Author(s). Published by the Royal Society of Chemistry

occurs between Ti atom and the nearest atom of the molecule. A
close observation reveals that the partial charge on the As atoms
does not change; however, the Ti atom loses more electrons
while interacting with the molecule and bears a large net partial
charge of +1.4e. Among the C, H, and O atoms of the molecule,
some C atoms have a positive charge while some others have
a negative charge. The C atoms with a negative charge are, in

Fig. 11 Charge density difference (CDD) plot for CgH100, on AsggTi in
h-H orientation.
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fact, in contact with the Ti atom, whereas the C atoms with
a positive charge are far away from the Ti atom. Another inter-
esting feature is that more than one C atoms have a negative
charge. It confirms that the molecule interacts with the adsor-
bent's Ti atom through more than one C atom. Here, it is
essential to mention that exchange of charge deforms the actual
charge distribution, which leads to a change in the Fermi level
position, and a shift in electron transport properties. One
crucial parameter is the work function, which measures the
energy required for electrons to be ejected from the material's
surface. To better understand the change in work function, we
have shown the electrostatic potential curves in Fig. 10(b)
(without molecule) and Fig. 10(d) (with molecule). In the
absence of a molecule, As5,Ti has a Fermi energy and work
function of —1.2 and 3.8 eV, respectively. When a molecule is
adsorbed, it changes to —2.1 and 3.2 eV, respectively, for the
Fermi energy and work function. The change in work function
reflects the change in electrical conductivity of the material,
which is used as a fingerprint for the detection of the molecule
in the sensor. To further explore the interaction of molecules
with adsorbents, charge density difference (CDD) is shown in
Fig. 11. Here, charge exchange is shown in two distinct colors,
yellow and cyan. The size of colored contours reflects the
magnitude of change. Charge density is deformed at the inter-
action site on the adsorbent. The yellow region around the Ti
atom shows charge transfer, and the cyan regions around the C
atoms close to the Ti atom have charge accumulation. When
interaction is strong, the charge density is more deformed, and

View Article Online

Paper

more change occurs in the electronic and electrical properties of
the adsorbent. All these changes provide helpful information in
the sensing process.

To deeply understand how the molecule interacts with the
adsorbent, crystal orbital Hamiltonian population (COHP)
analysis is performed, shown in Fig. 12. In this analysis, the
bonding and antibonding interactions are considered for the
Ti-C pair. The bonding states induce stability in the bonding,
whereas antibonding states cause instability. In the first plot,
the bonding states are dominant far below the Fermi level,
around —34 eV. The antibonding states also occur in the valence
band around —16 and —8 eV below the Fermi level. These states
weaken the binding strength between the C and Ti atoms. In
addition, the small or no separation between bonding and
antibonding states at the Fermi level also causes instability in
the interaction. Further analysis of COHP for various orbital
pairs shows that among Ti(3d)-C(2p), Ti(4p)-C(2p), Ti(4s)-
C(2p), Ti(3d)-C(2s), Ti(4p)-C(2s), the deep bonding states
around —34 eV belong to 4p-2s and 4p-2p orbital interactions.
The states just below the Fermi level mainly belong to 3d-2p
orbital interactions. As the states lie in the uppermost part of
the valence band, they are energetically less stable. Such states
occur when the chemical interaction between the two atoms is
of moderate strength or weak. The ICOBI value for this Ti-C pair
is found to be 0.50, which is an intermediate value between the
two extreme values 0 and 1. Such a moderate value is an indi-
cation of a mixed covalent-ionic bonding between Ti-C pair. In
short, the observed chemisorption for this molecule on Ass,Ti is

0 —— tof 3d-2p —— 4p-2p
- L
S =
2 _10/ 1 ] i
ml-L ‘
' —l
w —
—20 - 4 4
_30 < . 4
s —
-6 -4 -2 0 2 4-2 0 2 -2 0 2
o —— 4538 3d-2s — ap-2s
i
2 _104 = ] ! ]
ur g L
w . # —
_20 - . -
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Fig. 12 Total and orbital-wise partial crystal orbital Hamiltonian population (—pCOHP) for Ti—C bonding pair in AssoTi/molecule. Positive
(negative) values of —pCOHP correspond to bonding (antibonding) states. The Fermi level is at O eV, marked in a dotted line. For better

comparison, the x-axis scale is set the same for all orbital interactions.
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Fig. 13 Gibbs free energy (AG) for phenoxyethanol on (a) Ti-atom
doped arsenene (Ti-dp-As), and (b) Ti-atom decorated arsenene (Ti-
ad-As). The temperature T is varied in the range of 150-350 K. The
pressure P is kept constant at 1 atm.

caused by the mixed covalent-ionic bonding, which occurs due
to the overlapping of Ti-3d and C-2p orbitals.

3.10 Thermodynamics of adsorption

In the adsorption process, temperature plays a key role in the
sensitivity of the sensing material. To address the effect, the
thermodynamics of the adsorption are investigated by calcu-
lating the(AG) Gibbs free energy for adsorption (AG) at various
temperatures (150-350 K) using the following expression (eqn

(3))-*
AGugs = Eags + AEzpg — TAS (3)

where the 1st, 2nd, and 3rd term on the right side of eqn (1)
represents the adsorption energy (at 0 K), zero-point energy
(ZPE) correction and entropy contribution at temperature 7.
The results are shown below in Fig. 13.

It is clear that the adsorbed molecule shows spontaneous
adsorption on both base materials, evidenced by the negative
Gibbs free energy. However, the feasibility of the reaction
decreases with temperature. In addition, the adsorption is more
favorable for Ti-ad-As owing to its more negative Gibbs free
energy. It can be assumed that at high elevated temperatures,
the Gibbs free energy may become positive, where the adsorp-
tion would not be spontaneous. These results show that the
adsorption of the given molecule is sensitive to temperature,
but it can be predicted to be feasible at room temperature if
other factors are ignored.

4. Conclusion

In this study, the adsorption of phenoxyethanol PE (CgH;,0,)
was investigated on arsenene using first-principles based on
density functional theory (DFT) calculations. Arsenene was
modified using both doping and decoration of Fe and Ti atoms.
Binding energy and adsorption energy confirm that the intro-
duced defects are energetically favorable. These defects strongly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influence the electronic and magnetic properties of the host
material. The X and arsenic (As) atoms interact via ferromag-
netic coupling. Half-metallic or narrow band gap features can
be obtained when arsenene is modified with an X-atom. The
given molecule shows physisorption on pristine arsenene.
However, adsorption is slightly enhanced for Fe-decoration and
strongly improved for Ti-decoration. Among all cases, the lowest
adsorption energy of —2.5 eV was obtained for Ti-adsorbed
arsenene (AssoTi) due to reasonable charge exchange, change
in actual charge density, and work function. The molecule
interacts chemically with As;(Ti by forming a Ti-C bridge. The
DOS and COHP analysis show that this interaction originates
from the overlapping of the Ti-3d orbital with the C-2p of the
molecule. The ICOBI analysis predicts a mixed covalent-ionic
bonding for the Ti-C pair. The thermodynamic analysis shows
spontaneous adsorption for PE on the modified arsenene. This
study promises Ti-element decorated arsenene as an effective
sensing material for the development of PE-based sensors.
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