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ABSTRACT: Adsorption of carbon monoxide (CO) and hydro-
gen fluoride (HF) gas molecules on a ZnS monolayer with weak
van der Waals interactions is studied using the DFT + U method.
From our calculation, the ZnS monolayer shows chemisorption
with CO (Eads = −0.96 eV) and HF (Eads = −0.86 eV) gas
molecules. Bader charge analysis shows that charge transfer is
independent of the binding environment. A higher energy barrier
for CO when migrating from one optimal site to another suggests
that clustering may be avoided by the introduction of multiple CO
molecules upon ZnS, while the diffusion energy barrier (DEB) for
HF suggests that binding may occur more easily for HF gas upon
the ZnS ML. Adsorption of the considered diatomic molecule also
results in a significant variation in effective mass and therefore can be used to enhance the carrier mobility of the ZnS ML.
Additionally, the calculation of recovery time shows that desirable sensing and desorption performance for CO and HF gas
molecules can be achieved at room temperature (300 K).

1. INTRODUCTION
In the atmosphere, carbon monoxide (CO) and hydrogen
fluoride (HF) exist as colorless gases that can potentially cause
significant changes in the environment as well as severe acute
health effects.1,2 Considering the growing interest in the
environmental field and human health, efficient and effective
sensing of these harmful gases is imperative. Therefore,
attempts have been made to discover materials that possess
promising sensing characteristics such as high selectivity, low
noise, low power consumption, high recovery time, high limit
of detection, low cost, and rapid response.3,4 The discovery of
low-dimensional graphitic structures5 and their large surface
area and high mobility of charge carriers increase the
possibility of implementing them as a potential gas sensor.6−8

However, due to the absence of band gap in graphene, various
methods have been designed to improve its sensing ability,9

including surface modification.10,11 As a result, other graphene-
like materials with a finite band gap, such as germanene,12

MoS2,
13 carbon nitride,14 arsenene,15 h-BN,16 transition-metal

dichalcogenides (TMDCs),17,18 and many others were also
studied extensively to explore their quality in gas sensing.
Consequently, these two-dimensional (2D) materials are found
to be highly suitable for gas sensing via modulating the carrier
density and shifting the Fermi level.

After the stabilities and formation of 2D monolayers were
verified experimentally,19 the ZnS monolayer has attracted
more attention due to its close morphologies with the ZnO
monolayer,20 which is known to possess interesting tunable
properties in the field of nanoelectronics, including gas
sensing.21−23 Stabilities and promising tunable properties of
ZnS have been studied extensively with respect to various
applications.24−29 With the ZnS nanowire already shown to
possess promising properties in the field of sensing,30 its
monolayer counterpart may actually be far more promising due
to the high surface−volume ratio as a result of its low-
dimensional structure. Xu et al.,31 in fact, demonstrated that
the ZnS monolayer is a potential gas sensor for NH3 gas with
its high sensitivity and selectivity. However, a detailed study of
ZnS sensing properties for harmful gases such as CO and HF is
still not presented. Therefore, we hope to provide insight into
the adsorption properties of ZnS through our theoretical study.
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In this work, the interaction of CO and HF gas molecules
with the ZnS monolayer (ZnS ML) is studied using first-
principles calculations based on density functional theory with
its van der Waals interactions corrected using DFT-D2 and its
electronic interactions taken into account by introducing
Hubbard potential (U) for strongly correlated orbitals.
Geometry optimization and adsorption of CO/HF on the
ZnS ML are first investigated to obtain the most stable
configuration. Analysis of structures and electronic properties
is done on the obtained most stable adsorbed configuration.
Our results show that the ZnS monolayer exhibits
chemisorption with both gas molecules. A higher energy
barrier for CO suggests that clustering may be avoided by the
introduction of multiple CO molecules upon ZnS, while the
DEB for HF suggests that binding may occur more easily upon
the ZnS ML in the case of HF adsorption. In addition to large
adsorption energies, the calculation of recovery time shows
that desirable sensing and desorption performance can be
achieved at room temperature. The calculation of effective
mass shows that the adsorption of both diatomic molecules
results in a considerable variation in the effective mass and
therefore can be used to enhance the carrier mobility of the
ZnS ML.

2. COMPUTATIONAL DETAILS
Geometry optimizations and electronic property calculations
were performed within the framework of spin-polarized plane-
wave DFT as implemented in the Vienna Ab initio Simulation
Package (VASP).32 Generalized gradient approximation
(GGA) as revised by Perdew, Burke, and Ernzerhof33 was
used for the plane-wave basis set in all relaxation processes.
Projector augmented wave (PAW)34 was used to describe the
interactions between ions and electrons. For an accurate
description of interactions between the monolayer and gas
molecules, GGA-PBE and van der Waals were implemented in
all of the calculations using DFT-D2 (Grimme).35

The orbital-dependent on-site Coulomb repulsion inter-
actions between Zn:3d and S:3p electrons were taken into
account using the DFT + U method. It is well known that the
local density approximation (LDA) method overestimates the
hybridization between Zn:3d orbitals. Also, DFT + U corrects
self-interaction error (SIE), which is present not only in the d
and f states but also in the s and p states.36 Therefore, the
Hubbard parameter, U, was added to the PBE functional to
define the on-site Coulomb interaction in d orbitals37 and also
to correct SIE in the d and p orbitals.38 We have adopted U
parameters from Monteiro et al.39 as Ueff (Zn:3d) = 14.36 eV
and Ueff (S:3p) = 3.69 eV, which are obtained from the
ACBN0 method, developed by Agapito et al.,40 calculated
directly from the Coulomb and exchange integrals.
A system of a 3 × 3 supercell is considered with 18 atoms

consisting of nine Zn and O atoms each. A vacuum of 20 Å has
been considered along the perpendicular Z-direction to avoid
periodic interactions between the monolayers. All of the
geometric structures are relaxed until the force on each atom is
smaller than 0.005 eV/Å and by setting the energy
convergence criteria of 10−6 eV. An energy cutoff of 400 eV
is used for the plane-wave expansion of the electronic wave
function, and the first Brillouin zone integration was performed
using a 4 × 4 × 1 k-point mesh within the Monkhorst−Pack
scheme.41 For electronic structure calculations, the Brillouin
zone is sampled by a denser 12 × 12 × 1 k-mesh.

The charge transfer between the ZnS ML and the adsorbed
gas molecule is obtained via Bader charge analysis.42

Adsorption energy (Eads) is calculated to determine the
strength of the adsorption process on the ZnS ML using the
following equation

E E E E( )ads total ZnS gas molecule= + (i)

where Etotal, EZnS, and Egas molecule are the total energy of the gas
molecules adsorbed on the pristine ZnS monolayer, the
pristine 3 × 3 supercell ZnS ML, and the isolated gas molecule,
respectively.
Climbing image nudged elastic band (CI-NEB)43 is used to

calculate the transition state search (TSS). This method maps
the minimum energy pathway between the initial and final
configurations using a chain of configurations (images)
connected by elastic springs. The diffusion energy barrier is
then calculated from the following relation

E E EDEB TS IS= (ii)

where ETS and EIS are the energies of the transition state and
the initial state, respectively.
The recovery time for the gas molecules is estimated by the

following equation

e E kT
0

1 /ads= (iii)

where υ0 (= 1012 s−1)44 is the attempted frequency of the
molecule, Eads is the adsorption energy, k (= 8.617 × 10−5 eV/
K) is the Boltzmann constant, and T is the temperature.
For obtaining effective masses of electrons and holes, we

used the parabolic E−k dispersion relation near the Γ-point in
the form

E k E
k

m
( )

20

2 2

e,h
= ± * (iv)

where E0 is the energy eigenvalue of the selected conduction
band minimum (CBM) or valence band maximum (VBM)
used for the effective mass calculation and me,h* is the effective
mass of electrons/holes.
Introduction of the gas molecules into the pristine ZnS ML

induces changes in the conductivity of the system, which is
calculated by the following relation

E kTexp ( /2 )g (v)

where σ is the electrical conductivity of the material, k is the
Boltzmann constant, T is the thermodynamic temperature, and
Eg is the band gap energy.
Work function, defined as the minimum thermodynamic

work (energy) required to remove an electron from the Fermi
level to infinity, of the gas molecules before and after
adsorption is also calculated using the equation

V E( ) Fermi= (vi)

where Φ, V(Φ), and EFermi are the work function, the
electrostatic potential at the vacuum level, and the Fermi
energy of the ZnS ML, respectively.

3. RESULTS AND DISCUSSION
To understand the optimal binding configuration of CO/HF
molecules on the pristine ZnS ML, four adsorption sites are
considered for each of CO and HF molecules upon the relaxed
ZnS monolayer. The center of the ZnS hexagon is named as
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site 1, the top of the Zn atom as site 2, the top of the S atom as
site 3, and the site above the center of the Zn−S bond as site 4,
as shown in Figure 1. For the adsorbed gas molecules on the

ZnS monolayer, the adsorption energy is calculated by the
relation given in eq i. Our calculation shows that the
adsorption energy for diatomic molecules (CO and HF) in
the ZnS ML is the highest in site 1, i.e., the center of the ZnS
hexagon. At site 1, the two diatomic molecules have two
possible orientations, with either of the atoms in the gas
molecule pointing to Zn or S atoms, which are all taken into
consideration. However, regardless of the initial adsorption
sites considered, all of the proposed sites result in the same
configuration, as shown in Figure 2, after optimization. This
may be the result of large minimization steps taken in each
optimization. For proper convergence of the system with the
input criteria and specific interaction of Zn-d and S-p orbitals,
the minimization step limit is taken to a large value such that
the diatomic molecules may have possibly shifted to the most
optimal adsorption sites in each of the cases. Hence, the only
optimal absorption site and its energy for CO and HF in that
site, i.e., site 1, are given in Table 1. For optimal configurations,
it can be seen that the adsorption of CO and HF molecules
gives rise to structural deformations of the ZnS ML surface, as
shown in Figure 2. In the case of the CO-ZnS system, the
optimized structure shows that the CO molecule vertically
aligns with the ZnS ML with the C atom toward the Zn atom
(Figure 2a), with an adsorption energy of −0.96 eV. Similarly,
HF aligns vertically toward the ZnS ML but with the H atom
toward the S atom (Figure 2b), with a lower adsorption energy
of −0.86 eV. The adsorption energies are both negative,
indicating that the adsorption process is exothermic with a
large adsorption distance of 2.55 and 2.57 Å for the CO-ZnS
and HF-ZnS system, respectively. The observed results

indicate that the two gas molecules show chemisorption on
the pristine ZnS ML.
For further insight into the optimized configuration, a

transition state search is performed between two optimal
adsorption sites, as shown in Figure 3a,b, for CO and HF,
respectively. The reaction path with respect to its energy shows
that the optimal site taken for adsorption is, in fact, the lowest
energy site, confirming the accuracy of adsorption energy
calculations. In CO-ZnS, two transition states, TS1 and TS2,
are observed, and TS2 is taken for DEB calculation.
Consequently, the intermediate state is observed between
TS1 and TS2. An intermediate is a short-lived unstable
reaction in adsorption that is formed when migrating from the
initial state toward the optimal final site. In this case, CO gas is
shortly adsorbed by the S atom in-between the transition
states. The diffusion energy barrier (DEB) is then calculated
using the relation given in eq ii. The DEB for CO on the ZnS
ML surface is found to be 1.89 eV, while HF shows a DEB of
0.26 eV. A higher energy barrier for CO when migrating from
one optimal site to another suggests that clustering may be
avoided by the introduction of multiple CO molecules upon
ZnS. Meanwhile, the DEB for HF suggests that binding may
occur more easily upon the ZnS ML in the case of HF
adsorption, even without the application of external energy.
To understand the interaction between the gas molecules

and ZnS ML, electronic band structures and DOS of the
adsorbed systems are investigated. The electronic band
structures of pristine ZnS ML and the adsorbed systems are
shown in Figure 4. The band structure of the pristine ZnS ML
shows a band gap of 3.34 eV (Figure 4a), which is consistent
with previous DFT + U studies39 and much larger than that
obtained using GGA-PBE (2.54 eV). The presence of Fermi
energy closer to the valence band maximum indicates p-type
behavior. For CO- and HF-adsorbed ZnS ML systems, the
conduction band numbers slightly increased, in comparison

Figure 1. Adsorption sites of the gas molecules on the ZnS ML.

Figure 2. Most stable adsorption configurations (top and side view) of (a) CO and (b) HF adsorbed on the ZnS ML. The C, O, F, and H atoms
are shown as black, red, cyan, and white balls, respectively.

Table 1. Optimized Geometric Parameters of CO and HF
Adsorbed on Optimal Sites of ZnO-ML: Adsorption Energy
(Eads), Adsorption Distance of Nearest-Neighbor Atoms
between the Gas Molecule and Substrate (h), Charge
Transfer (Q) between the Gas Molecule and Substrate, and
Diffusion Energy Barrier (DEB) upon the ZnS ML

gas
molecule adsorption sites h (Å)

Eads
(eV) Q (e)

DEB
(eV)

CO site 1 (C point Zn) 2.55 −0.96 0.02 1.89
HF site 1 (H point S) 2.57 −0.86 −0.08 0.26
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with the pristine system (Figure 4b,c). Both adsorbed systems
also show a slight reduction in the energy band gap with a gap
of 2.96 and 2.94 eV for the CO- and HF-adsorbed systems,
respectively, as shown in Table 2. Our calculation shows that
the ZnS ML exhibits nonmagnetic semiconductor properties
before and after adsorption of the proposed gas molecules.
For analysis of the new band lines and contribution of the

gas molecules in adsorbed ZnS ML, we calculate the total

density of states (TDOS) and projected density of states
(PDOS) for the pristine and the adsorbed systems. Figure 5
shows the resultant DOS of pristine ZnS ML and CO-ZnS and
HF-ZnS systems. In contrast to the pristine ZnS ML, the CO-
ZnS system shows new peaks around 3 eV, which is attributed
to C 2p and O 2p orbitals. In the case of the HF-ZnS system, a
new peak is observed at around −2.5 eV due to the F 2p
orbitals. In all of the systems, the filled valence bands near the
Fermi level are mostly the bonding states of d orbitals of Zn
and p orbitals of S. On the other hand, the bottom of the
conduction band is formed mainly by the unoccupied s and d
orbitals of Zn and empty p orbitals of S in the case of the
pristine system.
In gas sensors, recovery time can be used to calculate

reusability. Using the relation given in eq iv, the recovery time
of the two gas molecules was calculated at different
temperatures and is plotted in Figure 6. We have found that
at room temperature, the recovery time of CO upon ZnS ML
was 1.34 × 104 s (∼3.73 h), and HF molecules exhibit a further
rapid recovery time of 2.81 × 102 s (∼4.68 min), which shows
that desirable sensing with rapid recovery time can be achieved
for both gas molecules at an ambient temperature (300 K).45,46

Recovery time was further studied to see the variation under
different temperatures (at T = 200 and 400 K). At 200 K, CO

Figure 3. Diffusion energy barrier as a function of diffusion coordinate and diffusion pathway of (a) CO atoms and (b) HF atoms on the ZnS ML,
where IS, TS, and FS are the initial state, transition state, and final state, respectively.

Figure 4. Band structures of (a) pristine ZnS ML, (b) CO-ZnS system, and (c) HF-ZnS system.

Table 2. Band Gap Energy (Eg), Effective Mass, and Work
Function (Φ) of Pristine and Gas-Adsorbed ZnS ML

effective mass (× me)

system
band gap
Eg (eV) me* mhh* mlh*

work
function Φ
(eV)

Pristine
ZnS ML

3.34 0.18 1.67 1.003 6.001
0.24a (ZB) 0.86a 0.18a

0.30a (WZ)
0.28b

CO-ZnS 2.96 3.39 2.78 2.03 6.104
HF-ZnS 2.94 0.23 2.79 2.12 6.402

aRef. D’Amico et al.47 (bulk ZnS structure). bRef. Miklosz et al.48

(experimental value of bulk ZnS).
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and HF showed recovery times of 1.5 × 1012 and 4.69 × 109 s,
respectively. Meanwhile, at an elevated temperature of 400 K,
CO and HF showed recovery times of 1.25 and 6.85 × 10−2 s,
respectively. Decreasing the temperature results in a longer
recovery time, which may be too large, while an increase in the
temperature decreases its recovery time by a considerable
range. Nonetheless, this observation shows that the desirable
sensing and reusability of ZnS ML for CO and HF can be
achieved effectively at room temperature.
For the relaxed ZnS monolayer, the effective mass of

electron me* is calculated to be 0.18 me, which is slightly
smaller than the reported value of 0.24 me and 0.30 me for zinc
blende (ZB) and wurtzite (WZ) structures, respectively,47 and
an experimental value of 0.28 me.

48 Effective mass of light holes
and heavy holes are found to be 1.003 me and 1.67 me,
respectively, which is significantly larger than that of its zinc
blende structure counterpart of 0.18 me and 0.86 me,
respectively. Differences in the value of effective mass from
its bulk counterpart may be attributed to the deviation of its
band structure from the parabolic E vs k2 relation.49 In the
direction considered within the reciprocal space, VBM shows
slightly flat band lines (shown in Figure 4a) in comparison

with its bulk counterpart. This is attributed to the variation in
the effective mass of holes in the monolayer structure. With the
adsorption of CO, the effective mass significantly increases to
values of 3.39 me, 2.03 me, and 2.78 me for electrons, light
holes, and heavy holes, respectively. These changes in the
electron effective mass are also evident from the changes in the
curvature around the band edge in the electronic band
structure, particularly on the significantly visible flat band lines
of the CBM. In this case of flat band lines, electron effective
mass should be large according to the electronic band theory,
which is consistent with our finding. Meanwhile, in addition to
reducing its band gap energy, the adsorption of HF molecules
does not offer significant changes in the conduction band
nature of the pristine ZnS. This, in fact, is reflected upon its
electron effective mass, which is found to be 0.23 me. The
effective mass of light holes and heavy holes, however, are
significantly increased to 2.12 me and 2.79 me, respectively,
which is evident from its VBM along the reciprocal space
(Figure 4c). Significant variations in the hole effective mass are
observed both in the case of CO and HF adsorption, which
could be quite promising for modifying its carrier mobility. In
the case of electron effective mass variation, CO adsorption
particularly yields a very interesting result owing to its
nonisolated flat band line in the CBM. This flat band line
indicates a type of band structure with constant energy
independent of the crystal momentum. Apart from its
enhanced carrier mobility, this particular nature is known to
have potential in the study of superconductivity.50,51

Bader charge analysis from electronic charge calculation
shows charge transfer between HF and ZnS ML (∼−0.08e) to
be significantly larger in comparison with the CO/ZnS ML
system (∼0.02e). Test calculation shows that the charge
transfer between these gas molecules and ZnS ML remains the
same with or without the introduction of the Hubbard
parameter. This observation shows that charge transfer
depends on the universal properties of the gas molecules and
2D materials rather than the local binding environments, which
is consistent with previous studies on these particular charge
transfer characteristics.52 For a better understanding of charge
transfer, the electronic charge density difference for the CO-
ZnS and HF-ZnS system is calculated, as shown in Figure 7.

Figure 5. Projected density of states (PDOS) of (a) pristine ZnS ML, (b) CO-ZnS system, and (c) HF-ZnS system.

Figure 6. Recovery time of the ZnS monolayer for CO/HF gas
desorption.
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Blue and red colors represent charge depletion and
accumulation at an isovalue of 0.02 eV/Å3, respectively. It is
indicated in the figure that there is a charge accumulation on
the pristine ZnS surface for CO gas molecules, suggesting the
charge-donor characteristics. On the other hand, HF acts as an
electron acceptor and accepts electrons from pristine ZnS as
observed from the charge density difference plot. The
observation is in agreement with the charge transfer from
Bader charge analysis. Charge transfer when exposed to gases
has a key effect on the resistance. Charge depletion reduces
charge carriers in the monolayer and enhances its resistance,
while accumulation increases charge carriers and results in the
reduction of its resistance.
Furthermore, the change in conductivity due to the variation

in carrier mobility after the adsorption of CO/HF gas is further
analyzed using eq v. The equation indicates that the
conductivity is proportional to the exponential of band gap,
which reflects that a change in the band gap width results in a
change in the conductivity. Our calculation shows that the
adsorption of both gas molecules results in a change in the
band gap energy, i.e., 0.38 and 0.40 eV for CO and HF/ZnS
systems, respectively. Although the energy change in the gap
may seem small, its exponential value can result in significant
variations at different temperatures. This suggests that the
adsorption of CO/HF gas molecules possesses the possibility
of modifying the conductivity of ZnS ML, as observed earlier
from effective mass calculations.
Work function, which is equal to the potential difference

between the Fermi energy and the electrostatic potential
outside the system, is also calculated from the relation given in
eq vi. In comparison with the pristine ZnS ML (6.001 eV), the
work function after chemisorption of CO and HF becomes
6.104 and 6.402 eV, respectively, as shown in Table 2. When
adsorption occurs, charge concentration changes in both the
gas molecules and the substrate, which alters the conductivity
of the surface. This is closely related to the work function of
the surface.53 As discussed earlier in Bader charge analysis,
charge transfer and its alteration of work function are
independent of the local binding environment but rather
depend on the nature of elements. Hence, a slightly larger
variation in work function is observed in HF adsorption,
although CO offers larger adsorption energy. Nonetheless, this
alteration of the work function of the ZnS ML upon gas
adsorption thereby confirms the presence of strong inter-
actions between the two systems. This variation also indicates
that two gases can be distinguished via measuring the work
function.

4. CONCLUSIONS
Our DFT + U calculations show that the ZnS monolayer
shows high adsorption energies for CO and HF gas molecules.
The calculated adsorption energies are −0.96 and −0.86 eV for
CO and HF gas, respectively. The higher energy barrier for CO
when migrating from one optimal site to another suggests that
clustering may be avoided by the introduction of multiple CO
molecules upon ZnS, while the DEB for HF suggests that
binding may occur more easily for HF gas upon the ZnS ML.
Calculation of recovery time shows that desirable sensing and
desorption performance for CO and HF gas molecules can be
achieved at 300 K. Changes in effective mass with the
adsorption of these gas molecules open the possibility of
tuning carrier mobility and hence the electrical property of
two-dimensional ZnS structure. Bader charge analysis shows
that charge transfer is independent of the binding environ-
ment. Our calculations indicate that chemisorption also results
in the shift of work function, further confirming the strong
interaction between the gas molecules and the substrate. From
our study, we hope to provide insight into the sensing property
of ZnS ML and the possibility of tuning such property through
effective means in future studies.
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