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First-principles based on density functional theory (DFT) calculations were performed to investigate the
interaction of two-dimensional (2D) HfS, with SO,, a harmful gas with implications for climate change.
In particular, we describe the effect of water and sulfur vacancies on such interaction. The former
promotes the physisorption of SO,, whereas the latter promotes its chemisorption with structural
changes on the absorbing surface. The results show that both structures are exothermic to adsorb the
SO, molecules, but the adsorption type is different. The reaction of the stable structure in the presence
of water with the sulfur oxides is a physisorption interaction that enhances the band gap value of the
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isolated monolayer. However, for the defective structure, we have a chemisorption interaction type,
where the adsorption of SO, molecules widens the band gap values. To understand this behavior,
we used Bader charge calculations and the noncovalent interactions index. While the water enhances
the charge transfer between the monolayer and the adsorbed gas, the results show, however, that the
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1 Introduction

The development generated during the Industrial Revolution has
contributed notoriously to the emissions of greenhouse gases
due to our dependency on fossil fuel combustion, petroleum
refinement, and transport vehicles, to name a few." Among such
gases, sulfur oxides SO, (SO, and SO;) are air pollutants that
alter the atmosphere of our planet,>* and their mitigation is a
challenge.*® SO, along with NO, (ie, N,O, NO and NO,)
contribute to damage to our environment by promoting acid
rain, photochemical smog, and ozone layer destruction. In
addition, such acid gases are also one of the major public health
problems because of respiratory diseases.” The removal of these
harmful gases has been the subject of many studies and a great
challenge for innumerable experimental and theoretician
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defective structure is a more favorable gas sensor due to the metallic edge of the active site.

groups.® ™ In this context, wet flue gas desulfurization (FGD)
and selective catalytic reduction (SCR) are the most broadly used
technologies for SO, abatement in industrial effluents and for
NO, removal from automotive exhaust gases to complement the
three-way-catalyst system (TWC) in particular for diesel
engines."*®

Stringent environmental regulations have accelerated the
development of low-cost, less energy-consuming strategies. One
of them is SO, capture and sequestration, inspired by the
technology developed for CO, capture and sequestration
(CCS)." The process is based on a gas sensor that captures
SO, from both static sources like industries and power plants
and ambient air, followed by recycling for further utilization
(as H,SO, for example) or permanent sequestration in order to
mitigate S, emissions. From a physico-chemical point of view,
the sensing mechanism is based on SO, adsorption over suitable
supports.>* 2> Furthermore, porous materials, activated
carbon, and zeolites have been experimentally used as SO,
adsorbents.”>?® In addition, recent investigations into two-
dimensional (2D) systems have shown promising performance
due to the intrinsic exposed large surface area and the affinity for
SO, such as graphene® and AIN monolayer.*®

The understanding of the adsorption mechanism is of
fundamental knowledge for manufacturing efficient sensors
based on 2D materials. Indeed, the gas adsorption (SO, in
our case) is the very first step before its reaction with the
mechanism discussed below. 2D carbon-derived materials have
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been proved as efficient substrates for oxygen-derived molecu-
lar compounds like SO,, which is oxidized to S0, %3132
Furthermore, it was found that the functionalization of these
carbon-derived compounds with oxygen improves the reactivity
towards SO,.>*° These studies have contributed to under-
standing the interaction mechanism. However, they did not
include the effect of water on the simulations. Thus, further
realistic results are required by considering the presence of
water, as it is always present in the ambient air together with
SO,. In fact, the presence of contaminants such as water
drastically changes the adsorption performance and kinetics
of zeolites in the case of CO, capture.*®*’

Lizzio and DeBarr,>® showed that the trapping ability of SO,
molecules depends on the concentration of empty active sites
and the grade of oxygenation on the surface. The study shows
that the SO, adsorption capacity of activated char was found to
be inversely proportional to the amount of oxygen adsorbed on
its surface. Consequently, one way to adsorb SO, gas requires a
desulfurization reaction. However, another way was developed to
overcome the problem of reactivity between SO, and the surface,
namely the use of naturally formed monatomic vacancy
defects.”® For instance, physical or chemical modifications like
a change in the nature of the band structure of the graphene
surface have been shown to boost its gas sensor performance.*®
Besides, S vacancy in MoS,*® or SnS,*® monolayers, showed
stronger chemisorption and a noted change in their electronic
properties, yielding better gas sensor and storage devices.
Additionally, it has been demonstrated experimentally by the
physical vapor method*! that the single sulfur vacancy in MoS,
leads to a stable structure with low formation energy, and the use
of reduced MoS, to capture gas molecules such as O,, NO, NHj,
CO,, NO,, and CH, is enhanced.****

Experimental studies by Mochida*® and Lizzio>> showed that
adsorbed SO, at the surface of activated carbon is oxidized into
adsorbed SO; by reaction with molecular oxygen in the vicinity
of the active site or/and with an oxygen atom from the solid
surface (C-O). The adsorbed SO; further reacts with a water
molecule to form sulfuric acid H,SO, while the free active site is
restored. The production of H,SO, proceeds indefinitely until
saturation of the adsorbent, in which case, regeneration is
required by water wash (liberating diluted sulfuric acid solution).

1—Hf site H
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Fig. 1 (a) the top and (b) the side views of the most stable configuration of
S v-2D-HfS; structure. The plot shows also the active sites and the S,
position on the studied monolayers. The bull in blue represent the oxygen
atoms. Bridge (B), top on S atom (S), top on Hf atom (Hf), H and F positions
represent the actives sites tested.
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Thermal regeneration (>400 °C) is not suitable because it
decomposes adsorbed H,SO, into SO, and water. We expect a
similar mechanism at the surface of the HfS, monolayer as its
surface includes sulfur vacancies as active sites and surface
oxygen atoms upon exchange with water molecules. Based on
this, we investigated by density functional theory (DFT) and
thermodynamic calculations the adsorption of SO, onto the
HfS, monolayer to check its efficiency as a SO, sensor. After
describing our computational methods, we will first investigate
the dynamic stability of the HfS, monolayer before evaluating its
surface chemistry evolution under the presence of water. Then
the adsorption of SO, will be assessed for realistic surfaces,
including partially oxygenated and defective ones. The
adsorption will be described with several tools, such as Bader**
and NCI*>*® analysis. Subsequent electronic properties will be
determined. We will finally deliver the conclusions and
perspective of this work.

2 Calculations settings

First-principles density-functional theory (DFT) based calculations
were performed by using the Vienna Ab initio Simulation Package
(VASP).*"*® The ion-electron interactions were described using the
projector augmented plane wave potential (PAW).*® For the
exchange-correlation functional, we employed the generalized
gradient approximation (GGA), proposed by Perdew, Burke, and
Ernzerhof (PBE).*° Grimme’s DFT-D3/B] with Becke-Jonson
damping®" ** dispersion correction approach was also considered
to include the contribution of the London dispersion interactions.
The planewave energy cutoff was set at 500 eV. The convergence
criterion of the self-consistency process between successive
iterations was set at 10~° eV, and the Hellman-Feynman force
on each relaxed atom was less than 0.03 eV A", The Brillouin
zone was sampled by using a 7 x 7 x 1 I'-centered k-point grid
within the Monkhorst-Pack scheme.>® A large supercell p(3 x 3) of
HfS, monolayer containing 27 atoms (9 Hf and 18 S atoms)
was modeled within a 20 A vacuum along the z-axis to avoid
interactions between the adjacent molecules and slabs, see Fig. 1,
respectively. Further analyses were performed with larger super-
cell models p(4 x 4) and p(5 x 5). Analogous electronic and
adsorbing properties were found on the p(3 x 3) one. Therefore,
the former p(3 x 3) supercell is sufficient to avoid the lateral
interactions between adsorbed molecules. Furthermore, the
hybrid Heyd-Scuseria-Ernzerhof functional (HSE06)>* was
employed to simulate accurately the band gap to avoid the
underestimation of the GGA density functional.>®> Due to the
presence of Hafnium atoms, the effect of spin-orbit was taken
into account in the calculation of electronic properties by a second
variational method.>®

On the other hand, the dynamical stability of our mono-
layered HfS, was evaluated by the phonon dispersion as
implemented in Phonopy.”” Vibrational modes were calculated
within the framework of finite displacement (FD) method.>®
This method allowed for the inclusion of van der Waals inter-
actions in phonon/VASP calculations. Finally, the thermal
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stability was also analyzed by performing molecular dynamics
(MD) based-simulations. The MD was carried out using the NVT
ensemble and controlled by the Nose-Hoover method>*"** with
a temperature set at 300 K for a total of 6 ps. The charge transfer
induced by the interaction between the HfS, monolayer and the
adsorbed gas molecules SO, was estimated using Bader charge
analysis.** The adsorption energy on the surface was defined
as: Eags = E(gas+rrs) — Eurs, — NEgas. E(gas+nrs,) represents
the total energy of the optimized adsorption configuration.
Meanwhile, Eug, and Eg,s stand for the energies of the
calculated monolayer and target molecule, respectively, and n
is the total number of molecules. According to such a definition,
the more negative the adsorption, the more exothermic and
favorable the interaction.

3 Results and discussions

3.1 Stability of the pristine HfS, mono-layer

We first analyzed in detail the stability of the 1T-HfS, structure by
investigating its structural properties, stability (i.e., mechanical,
dynamical, and thermal) based on Born criteria, phonon spectra,
and ab initio molecular dynamics (AIMD) simulations. The
optimized lattice parameter was found to be equal to 3.64 A,
consistent with previous theoretical values of 3.61 A®* and
3.65 A.®* To investigate the dynamical stability of the pristine
structure, the phonon dispersion curve was calculated. Fig. 2
shows the phonon dispersion plot along with the high symmetry
points in the Brillouin Zone (BZ) of the trigonal system. We took
care to plot two cases, one with VDW interactions including the
LO/TO correction, and the second one without it. The figure
shows that the inclusion of VDW correction terms leads to rising
in most of the phonon frequencies due to increased atomic force
constants brought by the additional energy terms. We point out that
the absence of soft-phonon modes (ie.,, imaginary frequencies),
indicates the dynamical stability of 1T-HfS,. The irreducible
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Fig. 2 Phonon dispersion curves and its corresponding phonon density of
states (PhDOS) calculated using the PBE and PBE+vdw DFT models. The
plot shows that nine phonon branches are defined by longitudinal acoustic
(LA) and optical (LO), transverse acoustic (TA) and optical (TO), and out-of-
plane acoustic (ZA) and optical (ZO) symbols. The blue curve stands for PBE
calculation and the black one stands for the PBE+vdw + LO/TO correction.
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representation is composed of nine vibrational modes, I' =
Aig(R) + Eg(R) + 2Ey(IR) + 2A,,(IR), where IR and R notation
indicate Infrared and Raman active modes, respectively, of
which one A,, and one E, are acoustic modes. Note that they
are incompatible due to the center inversion symmetry of the
HfS, monolayer, see Fig. 2. Furthermore, due to the LO-TO
correction, there is a split between the longitudinal (L) and
transverse (T) optical phonon branches due to long-range
Coulombic interactions that significantly affect the lattice
dynamics at the I' point. Such a trend ultimately depends on
the symmetry of the crystal structure, which also determines the
phonon transport in the crystal. We can also remark that the ZA
branch in the phonon dispersion does not have a perfect
parabolic form. This trend was discussed in relation to the bulk
counterpart of HfS,, see ref. 64. According to this study, the split
results mainly from the polarizability of the system, and, from
the hybridization between in-plane and out-of-plane atomic
vibrations, which is an indication that the HfS, has nontrivial,
and possibly anisotropic Born effective charge tensors.**

Furthermore, the 2D optimized structure having a trigonal
(1T) shape requires the calculation of two elastic constants
(C11, C12). We found Cy; =112.63 N m™ " and Cy, =25.59 Nm™*,
in good agreement with the reported ones of ref. 65, where C;; =
141.98 N m~ ! and C;, = 25.95 N m ™. These values satisfy the
Born-Huang criteria for a 2D trigonal structure (C;; > 0 and
Ci1 — Cy > 0),°%% indicating that the HfS, monolayer is
mechanically stable. In addition, we can also deduce the shear
modulus G = 43.52 (N m '), Young’s modulus
Gy — G
B Cn
suggests that the HfS, monolayer has great resistance to uni-
directional compression compared to shear deformation. These
results are comparable to the synthetized MoS, (122 N m™*).%®
However, the studied material is less rigid than graphene,
whose C,p, is equal to 330 N m™*. The thermal stability of the
HfS, monolayer was also analyzed at ambient temperature
within the MD simulation. The total energy oscillation and
temperature at ambient and 600 K are gathered in Fig. 3. We
note that no bond-breaking or structural distortion was
observed during the MD simulation, even after 6 ps. In short,
we assume that the synthesis of HfS, monolayer may be
achievable at room temperature and even at high temperatures
according to our detailed stability analysis.

Cop =106.81 (N m~!). In addition, this value

3.2 Surface state in the presence of water

Once the stability of 1T-HfS, has been proved, we focus on the
effect of water on the surface state of 1T-HfS, prior to the study
of the adsorption of SO,. We consider both adsorption of water
and sulfur-oxygen atom exchanges, which can greatly modify
the affinity of 1T-HfS, with SO,. Thus, to get a more realistic
view of the stability of the studied material, we report a 2D HfS,
structure considering the sulfur and oxygen exchange and the
H,0 adsorption simultaneously.

To search for the most stable geometry for H,O molecules
adsorbed, various configurations of water connected to different
active sites on the surface of HfS, have been investigated, placing
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Fig. 3 MD simulation of temperature oscillations and energy fluctuations as a function of MD simulation time step at T = 300 and 600 K for the pure

HfS, monolayer.

gas molecules at different adsorption sites with different
orientations over the S and the top of Hf atoms. The favorable
active sites are gathered in Table S1 and Fig. S1 of the ESIf and
Fig. 1. No chemical bonds are formed and the only physisorption
by means of weak interactions takes place on bare 1T-HfS,.
Negative adsorption energy was found for the more active
site, namely that placed on the hafnium atoms, with a value of
—23.7 k] mol . This indicates that the interaction between a
water molecule and the basal plane of the sulfur surface is weak.
This result is also comparable with what was found for
MoS, monolayer where E,qs = —14.5 k] mol™" in ref. 69 or
—13.5 k] mol™" in ref. 70, and even for graphene (E,gs =
—11.6 k] mol ).*° This result is very comprehensible due to
the very small affinity between oxygen and the sulfur atoms
forming the surface of the investigated monolayer. The result is
also more reasonable compared to what was already reported in
ref. 63, where an unrealistic adsorption energy of —621.7 k] mol "
was reported.

The exchange reactions have been studied using water as the
source of oxygen (see ESIt). Due to the fact we used a supercell
p(3 x 3) in our calculations, the empirical formula including all
atoms is HfyS;5. According to this, we can write the sulfur-
oxygen (S/O) exchanges as follows:

HfoS,g + nH,O = Hf,S;5 ,0, + nH,S 1)

Because of the symmetry between the sides of 2D HfS,, only
one of the S layers was examined. Consequently, nine successive
S/O exchanges were examined (n = 1 to 9) on the sulfur
termination.

Table 1 shows the S/O exchange considering the progressive
substitution of S atoms by O ones. The exchange is energetically
favorable at a low concentration of O atoms. In particular, the
first exchange is favorable by —23.2 k] mol " (see Fig. S2 of the
ESI¥), but the second one is favorable by only —7.7 kJ mol .
From an exchange S/O ratio equal to 3 and above, the exchange
is clearly unfavorable. Thus, this first analysis confirms that low
partial pressure of water is demanded; otherwise, the 1T-HfS,

23658 | Phys. Chem. Chem. Phys., 2021, 23, 23655-23666

Table 1 The calculated electronic contribution for the S/O exchange
reaction from the reference surface AE,. E; is the energy required to
perform the nth exchange (kJ mol™), E, in the energy per exchanged
oxygen atom AE,/n (kJ mol™)

n E, (k] mol™") AE, (k] mol ™) E, (k] mol ™)
1 —23.16 —23.16 —23.16
2 —7.72 —30.88 —15.44
3 9.65 —21.23 —7.04
4 54.03 32.81 8.20
5 32.81 65.61 13.12
6 52.10 117.71 19.59
7 50.17 167.88 23.93
8 70.43 238.32 32.99
9 93.59 331.91 36.86

could be passivated and, thus, inhibiting its sensibility towards
SO,. A step further consists of the inclusion of the temperature
to obtain more realistic conditions at which 1T-HfS, could
operate. The free enthalpies A,G of the S/O exchange reactions
were, therefore, determined according to the equation.”*””?

A,G = p(HfoS15_,0,) — 1(HfoS1s) + nu(H,S) — nu(H,0)  (2)

If we assume that the difference in the chemical potential of
solid phases can be approximated by the difference in their
electronic energy obtained by VASP, we obtain:”"7*

A,G = AE, + Au (3)

AE, corresponds to the electronic contributions calculated by
eqn (1):

P(H
Au=AL(T)+RxT xIn 10xlogP( 25)

mo) @

is the difference between H,S and H,O chemical potentials.”"”*
The chemical potential (u°(7)) includes the effect of temperature
by accounting for the vibrational contribution of the system in
the following equation:”""
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P(H,S) B
versus logm at T = 300 K.

Ap°(T) =AZPE + AHyy, + AH,op + AHy — T(ASyip + ASpor + ASy)

(5)

where AZPE, H, and S refer respectively to zero-point energy,
enthalpy, and entropy for vibrational (vib), rotational (rot), and
translational (tr) contributions.””®
The stability of the different surfaces of the S/O exchange
reactions was examined by plotting A,G as a function of
P(H,S
log (P(H2S) ,
(P(H,0))
formed at 7= 300 K and for a partial pressure ratio of 10~ bar
H,S . .
< Lo 2 o < 10 bar. Taking that the 100% sulfurized surface as
2
the origin of A,G = 0 eV highlighted by the black line in Fig. 4,
we can stipulate that the most stable humid surface is obviously
the one with three (O-S) exchanges, which corresponds to 33%
of atoms of the surface of HfS, monolayer, for a partial pressure

as shown in Fig. 4. The calculations were per-

. H,S
ratio in the range of 0.01 bar < H72O < 0.10 bar.
2

We have also calculated E,qs for the oxygenated surface of
HfS, monolayer (HfS, ,O,). We recall that the stable structure
in the presence of water has 33% of its surface replaced by
oxygen atoms. The presence of an oxygenated surface increases
the affinity of additional water, reaching an adsorption energy
of —80.61 k] mol . This stipulates that the 33% oxygenated
surface captures more water fragments than the pure surface of
the HfS, monolayer. Also, this trend shows that the pristine
HfS, structure interacts very weakly with water. However, the
adsorption can be approved if its surface is treated in the
presence of water.

Finally, the effect of a single S-atom vacancy defect (Sv) is
investigated on the adsorption of the H,0 molecule, see Fig. S3
of the ESL.{ Thus, one sulfur atom is removed from the surface.
Due to atomic relaxation, the structure is slightly deformed.
Therefore, the bond lengths and angles nearest the vacancy
atoms are changed, and this is depicted in Fig. S3 of the ESL ¥
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Table 2 Band gap (Eg) (eV) and calculated adsorption parameters:
distance between the SO, and the surface (D) (A), energy of adsorption
(Eags) (kd mol™), the corrected energy of adsorption (Eagscorr = Eads + Ezpe)
in (kJ mol™). Here Ezpe corresponds to zero-point energy (ZPE) of SO,
molecule in the harmonic approximation and the charge transfer
(Q7)(electrons)

SyStem Eg D Eads Eadscorr QT

Pure 2.12 4.43 —22.19 —3.86 —-0.07
Sv-2D-HfS, 2.29 2.06 —288.49 —270.16 —0.47
0O-2D-HfS, 2.51 2.19 —31.84 —13.51 —-0.23

The results show that water may fill the vacancy site with an
adsorption energy of —120.5 kJ mol ', Thus, in contrast to the
pristine structure, the sulfur vacancy sites have a high affinity
for water molecules due to the exposed metallic hafnium
atoms. This energy is in agreement with the result found for
a closed system by Qiang et al.”® (—138.9 k] mol ™).

At this stage, let us calculate the adsorption energy of SO,
molecules on the pristine (pure), oxygenated (HfS, ,O,), and
Sv-defect (Sv-2D-HfS,) structures. The values of adsorption
energy E,qs of these three systems are listed in Table 2.
Considering the pure structure, we have examined the adsorption
of SO, on the same site used in ref. 77. We have found a value of
Eaqs = —22.2 K] mol ™%, which is in a similar order to the results
found by Chen et al.”” of —26.1 k] mol . However, even with the
weaker interactions found between SO, molecule and the pure
HfS, monolayer, the physisorption is identified. Besides, we can
also show in Table 2, and Fig. 5 that the adsorption of this
molecule on oxygenated and Sv defect surfaces is more important
than on pure ones. Obviously, the Sv-defect surface absorbs more
strongly the SO, gas. Here, the energy of adsorption has a value of
—288.5 k] mol . Whereas, the oxygenated structure (stable
structure in the presence of water) of HfS, adsorbs the SO, gas
with a value of —31.9 k] mol ™" in the same order as the adsorption
of this molecule by the pristine MoS, monolayer.”® This means
that this structure is more reactive and anchor stronger the SO,
molecule. The result is similar to the one found for the HfSe,
defect surface, which adsorbs the same molecule with a value of
Eaqs = —274.9 kK] mol 1.7°

The thermal correction was also calculated from the equation 2
and applied to correct the adsorption energy® for a temperature
equal to 300 K. The result gives a value of —270.2 kJ mol %,
showing the strong gas sensing in the Sv-2D-HfS, structure.

3.3 Influence of the SO, on electronic and bonding properties
of the HfS, monolayer

To further understand the adsorption behaviors of SO, gas on
the three investigated systems, the electronic properties of the
HfS, monolayer with molecules adsorbed were calculated.
However, it is mandatory to start by exploring the properties of
the pristine 1T-HfS2 structure. The electronic band gap values
were calculated at the PBE and HSEO06 levels with and without
spin-orbit coupling (SOC) correction and are represented in
Table 3 and Fig. S4 of the ESI.f We note that the forthcoming
analysis does not include this correction. This trend was already
mentioned by Singh et al.®* Additionally, as mentioned by these

Phys. Chem. Chem. Phys., 2021, 23, 23655-23666 | 23659


https://doi.org/10.1039/d1cp04069c

Published on 14 October 2021. Downloaded by Universitat de Barcelona on 10/27/2021 3:00:32 PM.

Eads = -22.2 kJ/mol

/ A Q\N@

Eads = -31.8 kJ/mol

View Article Online

PCCP

Eads = -288.8 kJmol

Fig. 5 Relaxed configurations of SO, adsorption on different surfaces: (a) pure (b) HfS,_,O, and (c) Sv-2D-HfS,. The SO, molecule is depicted with

yellow and blue spheres which correspond to sulfur and oxygen atoms.

authors, we found that the 2D HfS, monolayer has a semi-
conducting nature with an indirect band gap with a value equal
to 2.05 eV (see Fig. S3 of the ESIt), in fair agreement with the
literature.®**® Interestingly, we note that the Sv structure has a
metallic nature. This behavior was also shown in ref. 83. We also
calculated the band gap values of 2D-HfS, pure, oxygenated
(HfS,_,O,), adsorbed on pure structure (2D-HfS,@SO0,),
adsorbed on the oxygenated structure (HfS, ,O,@SO,) and
adsorbed on the Sv structure (Sv-2D-HfS,@S0,), see Table 3
and Fig. S5 of the ESI.} It is seen that while the SO, molecule is
adsorbed on the oxygenated structure, we show a decrease in its
band gap value. However, when the Sv-2D-HfS, adsorbs the SO,,
the band gap is widened. This trend is the opposite of what is
shown in the case of the oxygenated surface. Finally, it is noted
that there is no effect of the SO, molecule on the value of the
band gap of the pure surface. It is also noted that the nature of
the band gap becomes direct in the HfS, ,0,@S0, system, after
the adsorption of the SO, gas.

The projected densities of states of pure and S v structures
together with SO, are also calculated and gathered in Fig. S6 of
the ESL.T It is worth mentioning that the vacancy defect (S v)
structure does not keep its semiconducting behavior after the
removal of one sulfur atom from its surface. In this case, the
Hf-d orbital is localized on the Ey level,®® yielding a metallic
trend to the Sy structure. However, for the pure one, we show
clearly that the Hf-d, S-p orbitals are the more dominant states
near the Fermi level Ex. Additionally, we show a strong 3p-S/5d-Hf
hybridization which governs this region. The projected density of
states of the SO, shows that the S-s states dominate the region
near the Fermi level (see Fig. S6 of the ESIT). This state will form
lone pair-bonding in addition to a covalent one with the S v
structure.

Before analyzing the effect of adsorption of SO, gas on the
three investigated structures, we should recall that in all these

cases, the SO, molecule was set at the top of the Hf atom. So, as
expected, due to the strong adsorption energy, we show in
Fig. 6(c), a new electronic level occurring near the Fermi level
for Sv-2D-HfS,@S0,. In this case, the new state (S/O-p orbitals)
originated from the SO, gas induces a hybridization with the 5d
orbitals of Hf atoms near the S vacancy, creating a new Hf-O
bonds through adsorption processes. This new bond eliminates
the effect of defect states upon the adsorption of the SO,
molecule. These findings are consistent with the creation of
chemical O-Hf bonds clearly shown in Fig. 5(c). However, the
effect of the SO, molecule on the pure structure is almost nil
(see Fig. 6(a)). The plot does not exhibit notable PDOS of the
adsorbed molecule on the surface of the monolayer. Also, in the
HfS, ,0,@S0, case, the p-d hybridization shown in the S v
case is also present, but with a weak effect (see Fig. 6(b)).
Nevertheless, the interaction is mainly a physisorption type.
The case where the adsorption energy is larger in the Sy case is due
to the fact that the SO, molecule forms a chemisorption interaction
with the surface of the Sv-2D-HfS, structure, which makes this
structure a candidate for SO, gas sensor applications.

From above, it is demonstrated that the stable surface in the
presence of water (HfS, ,O,), as well as the vacancy (Sv) ones,
improves the sensing of SO, gas. Thus, it will be important to
analyze the physisorption/chemisorption interaction between
the SO, molecule and these surfaces. For this task, we will use
the non-covalent interaction index (NCI). NCI can be investigated
by identifying the low density of charge p and low reduced
gradient s regions. Further, colored interactions can be classed
conforming to their position on the (sign(4,)p(r)) scale. (sign(4,))
being the sign of the second eigenvalue of the Hessian matrix of
p.2%%° The domaines of blue color is referenced to strong
attractive interactions (sign(4,)p(r) < 0), red regions for repulsive
or closed-shell ones (sign(4,)p(r) > 0), and finally, the van der
Waals (sign(4,)p(r) ~ 0) domaines in the green color.

Table 3 The calculated band gap in (eV) of 2D-HfS, pure, vacancy defective (Sv-2D-HfS,), oxygenated (HfS,_,O,), adsorbed on pure structure (2D-
HfS,@S0O,), adsorbed on oxygenated structure (HfS,_,0,@SO,) and adsorbed on S v structure (Sv-2D-HfS,@SO,) at PBE, PBE + SOC, HSEO6, and
HSEO6 + SOC levels. The results are compared to available theoretical data

2D-HfS, S v-2D-HfS, HfS, O, 2D-HfS, @S0, HfS, _,0,@S0, Sy-2D-HfS, @S0,
Eg(PBE) 1.30, 1.28¢ 0.00 1.98 1.31 1.62 1.44
Eg(PBE +50C) 1.22 0.00 1.91 1.22 1.54 1.37
E,(HSE06) 2.13, ~ 2P 0.00 2.89 2.12 2.51 2.29
Eg(HSEOG +50C) 2.05, (1.96, 2.13, 1.8, 1.87)° 0.00 2.82 2.03 2.44 2.22

“ Ref. 63. ” Ref. 81. ° Experimental data quoted from ref. 82.
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Fig. 6 Partial densities of states of (a) 2D-HfS,@SO,, (b)HfS, _,O,@SO,
and (c) Sv-2D-HfS,@SO, structures at the HSEO6 level. Only the more
important orbitals are highlighted in (b) and (c).

Fig. 7 and 8 show a large region with a green and orange
disks isosurface. These ones are signs of the van der Waals
interactions and repulsive ones governing both the Sv-2D-
HfS,@S0, and HfS, ,O0,@S0, monolayers. The plots show an
ionic interaction appearing in the form of hydrogen bonding
between the hafnium and oxygen atoms (from SO, gas) in both
Sv-2D-HfS, @S0, and HfS,_,0,@S0, cases. These interactions are
represented by blue spike isosurfaces. Dipole-dipole interactions,
represented by a less blue isosurface, are also highlighted in these
regions. Besides, no-bonded overlap colored in red is depicted
between the sulfur of the HfS, surface and that of the SO, gas, see
Fig. 7(a) and (b). Despite the resemblance of interaction types

Atractive interactions
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found in both investigated structures, some differences appear in
the region where SO, is adsorbed. For example, the Steric
repulsion is enhanced in the HfS, ,0,@SO, case, see Fig. 8(a)
and (b). For this aim, a real chemisorption interaction is formed
in the case S v-2D-HfS,@SO, structure, while a physisorption
interaction takes place in the HfS, _,0,@SO, system, with a
strong hydrogen/dipole-dipole interaction bonding type. We also
represented in Fig. S7(a) and (b) of the ESI,i the NCI plot of the
case where the water molecule is adsorbed by both Sv-2D-HfS,@
HO, and HfS, ,0,@HO, systems, the interactions are identified
as weak by the NCI index criteria due to the low density in the
region of adsorption. However, Fig. S7(a) of the ESIt shows a
much thicker bluish isosurface between Hf and H atoms of the
H,0 molecule, indicating increased interaction strength due to
the hydrogen bond and some deficit of electron density in the S
vacancy site.

The charge density difference (Ap) between the SO, molecule
and the investigated surfaces was also quantified using the
quantum theory of atoms in molecules.**® This quantity was
calculated according to equation

Ap = Apsorimr, — Apmr — Apsoa-

Psoz+mr, P and pso, are respectively, the total charge densities
of the investigated monolayer with the adsorbed SO, molecule,
the studied ML monolayer, and the SO, gas. The electron density
difference plots are also gathered in Fig. 9(a) and (b). Herein, it is
observed that the red and green isosurfaces indicate the gain
and loss of electrons, respectively. The charge redistribution at
the interface leads to strong electron accumulation between
the SO, and the Sv-2D-HfS,@SO, and HfS, ,0,@S0, systems.

van der Waals
Interactions

4.9

chemisorption
interaction

Fig. 7 (a) Side and (b) top views of NCI isosurfaces of the Sv-2D-HfS,@SO; structure. Surfaces are colored in the [-0.04, 0.04] a.u. range of sign(4,)p(r))
(isovalue s = 0.23 a.u.). Repulsive interactions are shown as red isosurfaces, van der Waals interactions as thin, delocalized green regions, and strong
attractive interactions as localized blue lentils. The plot in (c) represents a capture of the circled region.
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physisorption interaction

Fig. 8 (a) Side and (b) top views of NClI isosurfaces (s(r) = 0.23 a.u.) of the HfS,_,0,@SO, structures. The plot in (c) represents a capture of the circled

region.

Fig. 9 The electron density difference plots of (a) HfS,_,0,@SO, (b) S v-
2D-HfS,@SO, structures.

Thus, the trend is enhanced around the O-Hf bond formed in
the Sv case. The calculation of charge transfer after the adsorption
gives values of Q7= —0.47 electrons and Qr = —0.23 electrons for
the Sv-2D-HfS,@SO, and HfS, ,0,@SO, systems respectively.
Here, the charge transfer (Q;) between the gas molecules and
the monolayer is defined by Qr = Q, — Q. where Q, and Q,
represent the net carried charge of gas molecules before and after
adsorption. Notice that electron donation occurs through the
bonds Hf-O. It is seen that the amount of charge transfer between
SO, and the Sv-2D-HfS,@SO, surface is very comparable to a
similar system with the HfSe, monolayer.”” This study gives a
value of Q= —0.554 electrons, whereas we have a charge transfer
of the O atom to the surface of the Sv-2D-HfS,@SO,, system of Q7=
—0.47 electrons. The small difference is mainly due to the
difference in electron negativity between the Se and S atoms.

4 Conclusions

We show in this study that SO, gas can be adsorbed onto the
HfS, monolayer in two different ways. The first one requires a
stable structure in the presence of water, and the second is by

23662 | Phys. Chem. Chem. Phys., 2021, 23, 23655-23666

removing one sulfur atom from its surface. To accomplish this
task, we have employed a density functional theory procedure.
Various adsorption sites and molecular orientations are
involved in determining the most stable configuration. To
investigate the effect of water on the surface state of the HfS,
monolayer, we employed the strategy of exchanging a large
number of basal sulfur atoms with oxygen atoms. We also show
that the water treatment depends on the H,S/H,O pressure.
The calculation of Gibbs energy at ambient temperature
showed that the favored surface in the presence of water should
contain 33% of oxygen atoms. By this, the adsorption energy
with regard to water becomes four times more favorable than in
the case of pure structure. The second way necessitates the use
of a defect vacancy structure. This latter has significantly
enhanced the adsorption of water. We calculated the values
of adsorption energy of three cases: pure, defective, and stable
in the presence of water. While the pure structure showed a very
weak interaction with the SO, molecule, we noted that SO,
uptake is lower. However, as the S vacancy structure offers a
favored metallic active site, it makes the defective 2D-HfS, as
SO, gas sensor more suitable.

Furthermore, we have analyzed the effect of SO, adsorption
on both the electronic and bonding properties of the three
involved structures. As expected, the electronic properties of the
pristine structure due to the weak affinity between the adsorbed
molecule and its surface remain untouched. The band gap
value in a stable structure in the presence of water becomes
larger. This trend is due to the enhancement of p-d hybridization
between the adsorbed molecule and the processed surface. In the
case of the defective structure, we note that S/O-p orbitals
originated from the SO, gas induces a hybridization with the 5d
orbitals of Hf atoms near the S vacancy, creating new Hf-O bonds
through adsorption processes. In fact, the p orbital from the
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adsorbed gas replaces the defective one, opening the band gap of
the isolated defective structure. Based on topological Bader
and NCI bonding analysis, we confirm the physisorption and
chemisorption (with structural changes on the absorbed species)
of SO, on HfS, in presence of water and defected HfS,,
respectively.
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