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ABSTRACT

Elemental mercury is one of the elements found in stack gasses which is detrimental to the ecosystem.
Removing elemental mercury from the gas phase is a one of the major challenges since it is soluble in
water, chemically stable, and highly volatile. Hence, developing novel adsorbents with high efficiency
for removing elemental mercury from gas mixtures is of paramount importance. Here, we used density
functional theory (DFT) calculations to help us develop novel adsorbents for removing mercury by inves-
tigating the adsorption of Hg® onto silicon carbide (SiC) monolayers. We found that Hg® atoms are
adsorbed chemically onto pure SiC monolayers with adsorption energy of approximately —0.51 eV.
Additionally, the adsorption of Hg® molecule increased the electrical conductivity of SiC monolayers.
Also, there was a charge transport form SiC monolayers to Hg®, which shows that the interactions
between Hg® and SiC monolayers are intensive. The proposed adsorption of Hg® molecules on SiC

monolayers provides useful insights into developing novel adsorbents for industrial removal of Hg°.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Mercury (Hg) is one of the detrimental elements, which has been
considered as the cause of considerable concern in the world since it
is highly toxic and detrimental to the central nervous system and the
peripheral nervous system as well. Combustion of fossil fuels is the
main source of anthropogenic mercury emissions to the atmo-
sphere, especially combustion of coal [1,2]. For example, approxi-
mately 25-40% of anthropogenic mercury emissions are due to the
combustion of coal in China, which is used for various purposes such
as producing steel, iron, cement, and gold, and smelting non-ferrous
metals [3]. Also, it is predicted that the contribution of coal to the
Chinese energy mix will be 35 percent by 2040, accounting for
almost 41% of the global demand for coal. Hg emissions thus must
be controlled in coal utilization processes.

Hg in stack gasses is normally present in three different forms,
namely particulate-bound mercury (HgP), elemental mercury
(Hg®), and gaseous oxidized mercury (Hg?"). Fabric filters and
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electrostatic precipitators can be utilized for capturing HgP. How-
ever, Hg?" is soluble in the water and wet flue gas desulfurization
can be utilized to remove it [4]. On the other hand, the electronic
configuration of Hg? is 5d!°6s2, and it has no unoccupied orbitals
as all of its orbitals are filled with electrons. Hence, since Hg? is rel-
atively inert chemically, highly volatile and is less soluble in the
water, it is difficult to be removed from flue gasses [5-7]. For the
sake of meeting strict regulations on mercury emission, researchers
have made a lot of efforts for developing adsorbents with high per-
formance in order to capture Hg®, including. pure metals [8], metal
oxides [9-11], metal sulfides [12-14], MOFs [15-18] and
nonmetal-based catalysts like active carbon[19-21]and h-BN
[20]. Nevertheless, owing to their high cost, these noble metal-
based adsorbents are hard to use commercially at a large scale. These
nobles metal can be used as catalysts or adsorbents at lower costs by
employing different two-dimensional (2D) nano-materials.

Over the past decade, 2D nano-materials have enjoyed great
attention as gas sensors following the successful experimental
exploitation of graphene [22-24]|. These 2D nanomaterials enjoy
considerable advantages such as higher carrier mobility, larger
specific surface area, stronger adsorption capacity for gasses under
limited-size conditions, and the related charge transport between
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the substrates and gas molecules. Recently, 2D silicon carbide (SiC)
monolayers, simply shown as silicene/graphene, in which chemi-
cally identical C/Si atoms are substituted for half or part of the
atoms, were predicted theoretically and fabricated successfully in
designing novel electronic devices like gas sensors, lithium batter-
ies as well as field effect transistors [25-29]. Also, it has been
recently demonstrated that 2D SiC monolayers possess a non-
buckled honeycomb structure which is the same as graphene and
they are both chemically and thermodynamically stable. Also, 2D
SiC monolayers possess semiconducting characteristics with a
wider band gap (hereafter referred to as BG) [25-29], particularly
for stoichiometric bilayers and monolayers of graphite SiC
[26,30]. In spite of the that Si and C atoms in 2D SiC monolayer
are bonded through sp? hybridization, the adsorption sites of Si
atoms are more than those of C atoms, thereby increasing their
adsorption activities [30,31]. Furthermore, we can employ SiC
monolayers, formed by using silagraphene rolls, for detecting gases
like HCN [32], NO3, [33] Oy, [34] and CO, [35]. Thus, we can expect
that stoichiometric bilayers and monolayers of 2D SiC might pos-
sess unique gas-sensing characteristics for detecting toxic gases,
which are considered as promising candidates for gas sensors with
high sensitivity.

In this paper, DFT calculations were used to investigate and
expound the adsorption of Hg® atoms on SiC monolayers to inves-
tigated the adsorption possibility of Hg® by SiC monolayers. We
also investigated the distribution of charge, electronic characteris-
tics, adsorption energies, and geometry structures in detail to
demonstrate the impacts of SiC monolayers upon the adsorption
of Hg? atoms.

2. Computational details

We selected a monolayer of SiC with 102 atoms. The saturation
of end atoms was carried out using hydrogen atoms to prevent the
boundary impacts. The optimizations of geometry were done at
B3LYP/6-31 G* level of theory on the monolayers with and without
Hg® molecules. B3LYP functional is commonly employed for the
computational study of nano-structure materials [36,37]. The
range of hybrid functional is covered by the very successful
B3LYP. A hybrid exchange-correlation functional is usually con-
structed as a linear combination of the Hartree-Fock (HF) exact
exchange functional [38]. The percentage HF exchange is about
20% one the B3LYP function. Which behaves as a typical hybrid
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functional at short ranges but which adds up to 65% HF exchange
at long ranges, was chosen to represent the family of long-range
corrected functional [38]. The energy of adsorption (E,q) was
defined as follows:

Ead = ESiC—HgO - EHgU - ESiC + EBSSE (l)

where Esicyg = total energy of SiC-Hg® complexes (hereafter
referred to as CMPLXs), Esic = energy of an isolated monolayer;
and Eyg = energy of the Hg® molecule. Here, a negative E.qvalue
shows that the adsorption is exothermic. Egssg is basis set superpo-
sition error (BSSE). The same level of theory was used in order to
perform Mulliken charge analyses, density of state (DOS), and all
energy computations. All of the calculations were performed
through a locally modified version of GAMESS software program
[39]. We adopted the Grimme (D3) approach [40] for describing
the dispersion corrections between various species involved in
Hg® and SiC monolayers. Also, we carried out self — consistent field
(SCF) calculations with 107® au convergence criterion on the total
energy. To achieve accurate results, we set the real — space global
orbital cutoff radius to 4.60 A.

3. Results and discussion
3.1. Structural and electronic characteristics of SiC monolayers

First, SiC monolayers were optimized and the optimized struc-
ture was depicted in Fig. 1a. The optimized lattice parameters of
SiC monolayers were a = b = 3.11 A with C-Si bond length of
1.79 A. The results related to structural characteristics are consis-
tent with those in the literatures [25,28]. In addition, we computed
the electronic characteristics of SiC monolayers. Also, density of
states (DOS) and band structures were depicted in (Fig. 1b). The
direct BGs for SiC monolayers were 1.71 eV. The interaction
between Si and C atoms in SiC monolayers was due to the
hybridization between Si 3p state and C 2p state, and sp-
hybridization took place far from the Fermi level, being entirely
dissimilar to that of SiC crystals in which the main contribution
belongs to sp? hybridization. It is well known that the GGA func-
tional underestimates the SiC of semiconductors. The main concern
we noted was the change in the electronic characteristics of the
systems under study before and following the adsorption, which
can assist us in realizing the Hg®-removal characteristics of the sys-
tems understudy.
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Fig. 1. (a) The optimized structures and (b) the corresponding density of states (DOS) of the SiC monolayer.
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Fig. 2. The optimized geometry of SiC monolayer after adsorption of Hg® molecular in (a) Si atom, (b) C atom, (c) SiC ring, and (d) Si-C bond.

3.2. Adsorption of Hg® molecules on SiC monolayers

Here, various adsorption sites were investigated for the adsorp-
tion of Hg® molecules on SiC monolayers in order to find CMPLXs
with most stability, namely the center of 6-membered rings, the
bridge site of each C-Si bond, and on C or Si atom. The most stable
CMPLXs of the adsorption of Hg® molecules on the SiC monolayer
were obtained following full optimization. As will be discussed,
in order to estimate the physical or chemical adsorption, we calcu-
lated charge transport, E,4, and bond distances. In order to differ-
entiate between physisorption and chemisorption, there is
generally an energy limit, i.e.,, —0.5 eV [41]. Moreover, researchers
have used this limit for the description of chemisorption and
physisorption of molecules on various systems, including mole-
cules on SiC nano-tubes, nano-cages, and other semiconducting
monolayers [42,43].

As illustrated in in Fig. 2, first, the adsorption of Hg® was inves-
tigated, and the results were provided in Table 1. As illustrated in
(Fig. 2a), Eaq of the most stable CMPLX of the Hg® molecule on SiC
monolayers was — 0.51 eV, where the Hg® molecule interacted
with SiC monolayers, forming a Hg®-Si bond of 2.17 A. Apparently,
there are structural deformations around the interaction sites in
SiC monolayers. However, there is no obvious change in Hg® mole-
cules. The results might pinpoint to the chemical adsorption of Hg°
molecules on SiC monolayers. Additionally, there is only 0.091 e
charge transport from SiC monolayers to Hg® molecules. As illus-
trated in (Fig. 2b), a Hg-C bond is formed which has a bond length
of 2.96 A in the second stable CMPLXs which has E,q of — 0.48 eV,
showing the chemisorption of Hg® on SiC monolayers.
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Fig. 3. The density of states of SiC monolayer after Hg® adsorption above Si atom.

3.3. Evaluations of DOS plots and electrical properties

As illustrated in Fig. 3, the band DOS of Hg® molecules, which
were adsorbed onto SiC monolayers, was also investigated to bet-
ter understand the adsorption behavior of Hg® molecules onto SiC

Table 1

summarized on different electrical properties of the optimized structures SiC monolayer before and after adsorption of Hg® molecule.
System Eaqs (eV) Eads * Epsse (€V) D (A) Q(e) E; (eV) E¢ (eV)
sic - - - - 1.71 ~3.78
A -0.51 -0.53 217 —0.091 0.78 -243
B —0.48 —0.49 2.96 -0.73 1.49 -3.21
C -0.34 -0.37 3.01 -0.039 1.52 -3.28
D -0.31 -0.32 3.17 —0.028 1.64 -3.31
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monolayers. Compared to the electronic characteristics of pure SiC
monolayers (Fig. 1b), the total DOS of the Hg®-SiC COMPLX demon-
strates that there are various pathways for the adsorption of Hg®
for modulating the electronic characteristics of SiC monolayers.
Firstly, the adsorption of Hg® molecules could induce impurity
states in the BG, thus reducing the original BG, which shows that
the adsorption of these molecules slightly altered the electronic
characteristics of SiC monolayers. Secondly, in conduction bands,
the adsorption of Hg® molecules induced unoccupied local states,
and more importantly, the Fermi level crossed these states. The
findings show the change in the semiconducting characteristics
of SiC monolayers into conducting characteristics following the
adsorption of Hg® which clearly shows that the adsorption of
Hg® molecules is capable of improving the conductivity of SiC
monolayers. Based on the DOS plot in Fig. 3, we can suggest that
the adsorption of Hg® molecules onto SiC monolayers followed
the first pathway. The stabilization feature of the Fermi level into
the conduction band by inducing impurity states using the mole-
cules understudy in 2D nano-materials was also reported by other
researchers [24], which shows that Hg® molecules are highly sen-
sitive to SiC monolayers.

J)& & A A A
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The change in the BG widths of SiC monolayers reflected the
change in conductance, which is described using the formula
below:

0 o exp(5 %) @

2kT

where ¢ = the material’s electrical conductance; k = Boltzmann’s
constant; T = thermodynamic temperature; and E; = BG. ¢ and BG
are directly related to each other. Thus, the change in the G can
be computed for obtaining the change in o prior to and following
adsorption, and then the change in ¢ was used for assessing the
sensitivity to Hg® adsorption. For the adsorption of Hg® molecules,
there was a change in the BG of SiC monolayers from 1.71 to
0.78 eV, which leads to a dramatic change in G.

3.4. Bader charge analysis

For the sake of gaining a deeper understanding of the adsorp-
tion characteristics of Hg® on these systems, the plots of charge dif-
ferences for Hg® atoms onto the surface of SiC monolayers were
depicted in Fig. 4. As can be seen, there is an accumulation of elec-

(b)

Fig. 4. (a) Plots of 3D Bader charge densities and (b) MEP plots of a Hg® atom being adsorbed on the SiC monolayer.

4



Y. Cao, M.A. El-Shorbagy, P. Kumar Singh et al.

-0.30

-0.35

-0.40

")

E

-0.45

—=—one Hg
—e— average
-0.50 -

- e —
T 2 3 4 5 6

Number of Hg atom

Fig. 5. The adsorption energy of single mercury atoms being gradually adsorbed
(black line) and the average adsorption energy of multiple mercury atoms (red line)
on the SiC surface.

trons on Hg® atoms, which can be ascribed to the charge transport
which was computed using Bader Charge analysis. There is 0.091 e
charge transport from SiC monolayers to Hg® in the SiC-Hg’
CMPLX, which shows that there is a strong interaction between
them and that Hg® is chemically adsorbed. In other words,
chemisorption of Hg® caused the charge to be redistributed in
the adsorption system. The electrostatic potential related to the
Hg® molecule directly reflected the charge distribution characteris-
tics, and electropositivity or electronegativity was illustrated using
different colors. However, Hg® atoms were also blue in color. We
demonstrated that there was a decrease in the number of Hg®
atoms and electrons were obtained from the surface of SiC mono-
layers during the adsorption. This was in line with the results of
the Bader charge analysis.

3.5. Adsorption capacity of SiC monolayers

Here, we investigated the Hg® adsorption capacity of SiC mono-
layers as illustrated in Fig. 5. we can see that all of the stable sites
identified earlier can exist in the same place in the whole system,
i.e., 6 Hg® atoms can be simultaneously adsorbed onto both sides of
the SiC ring. Furthermore, Fig. 5 depicts a comparison of E.q4 of indi-
vidual Hg® atoms, which were gradually adsorbed onto the SiC ring
and the average E,q of multiple Hg® atoms, which were simultane-
ously adsorbed onto the SiC ring. Apparently, the adsorption of one
Hg® atom has the least amount of E,q, which shows the strongest
affinity between Hg® atoms and the SiC surface. When the number
of Hg? atoms reaches more than 1, multiple Hg® atoms could have
less negative average E,q in the range of —0.46 to -0.38 eV, while
E.q of Hg® atoms, which were gradually adsorbed on the SiC, was
in the range of — 0.43 eV to — 0.33 eV. This shows that remaining
active sites do not yield a considerable impact upon each other fol-
lowing the adsorption of Hg® atoms, and there is no dramatic
change in the subsequent adsorption behavior. Moreover, the
adsorption becomes the strongest following the adsorption of the
sixth Hg® atom, implying that 6 Hg® atoms are the he maximum
adsorption capacity on such a SiC ring.

3.6. Evaluations of recovery time

The recovery time has been estimated by the following
equation:

Journal of Molecular Liquids 347 (2022) 118285

T = v, 'exp(— Eqq/kT)

where v, represent the attempt frequency (~10'2 s 1), k is the
Boltzmann’s constant (1.99 x 107> kcal/mol-k) and T is tempera-
ture. We calculated the recovery times of Hg molecules at T = 298
and 450 K. We found that the recovery time of Hg® molecules are
56.87 ms and 6.89 ms for 298 and 400 K, respectively. Which show
that the SiC monolayer has rapid recovery time to ensure it serves
as a reusable adsorbent with rapid recovery time for Hg® molecules
removal.

4. Conclusions

We employed DFT calculations to scrutinize the adsorption of
the Hg® molecule on SiC monolayers to investigate the possibility
of removing Hg®. The Hg® atoms were adsorbed onto the surface
of pure SiC monolayers and the adsorption energy was — 0.51 eV.
We found that Hg molecules were chemisorbed onto SiC monolay-
ers. After the adsorption of Hg® molecules, the electronic character-
istics of SiC monolayers changed dramatically, particularly in
terms of electronic conductivity. The analysis DOS analysis demon-
strated that introducing impurity states in E, reduced the interac-
tions between Hg® and SiC monolayers, thus reducing the original
band gap. Each ring of SiC monolayers consisted of six active sites
for the adsorption of Hg®, showing the potentials of these monolay-
ers to be used as adsorbents for the removal of Hg®.
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