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ARTICLE INFO ABSTRACT

Mercury pollution from coal-fired power plants is a severe environmental issue globally. Although integrated
removal facilities can achieve ultra-low emissions, there is still a need to develop efficient adsorbents to remove
mercury, especially elemental mercury. Single-atom catalysts (SACs), which have high activity and selectivity
for adsorption, provide a promising option to do this. However, it remains unknown what would be the best,
most effective SAC to be used for mercury removal. Density functional theory (DFT) calculations were conducted
to investigate the adsorption characteristics of elemental mercury by single atom transition metals (TMs), in
particular vanadium (V), chromium (Cr), manganese (Mn), and cobalt (Co), supported on different graphene
substrates (single vacancy, single vacancy doped with three nitrogen, double vacancy, double vacancy doped
with four nitrogen). Moreover, the projected density of states, electronic density difference, electronic locali-
zation function, electrostatic potential and Fermi softness were analyzed. It is found that the relationship be-
tween the distance between the elemental mercury and TM atom (dyg.tv) and adsorption energy is linear. The
electrostatic potential can roughly evaluate the adsorption energy. The Fermi softness provides a good descriptor
for the adsorption activity of single-atom TM supported on different graphene substrates. Furthermore, this
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research lays the foundation to develop efficient SAC-based adsorbents to remove elemental mercury.

1. Introduction

Mercury is a harmful atmospheric pollutant due to its toxicity and
transport and accumulation in the atmosphere. Human activity is the
main cause of mercury pollution, especially through coal-fired power
stations emissions [1]. Mercury emissions from coal-fired power plants
can be divided into three types: elemental mercury (Hg®), oxidized
mercury (Hg2+) and particulate-bound mercury (HgP) [2]. Hg2+ can be
absorbed by wet flue gas desulphurization (FGD) facilities whereas HgP
can be removed by electrostatic precipitators (EPS) and fabric filters
(FF). For elemental mercury, although selective catalytic reduction
(SCR) can remove small amounts of Hgo, a considerable proportion of
the elemental mercury is still released into the air due to the volatility
and poor solubility of Hgo in alkaline aqueous solutions of SCR [2-4].
To deal with mercury pollution in coal-fired plants, injection of acti-
vated carbon is one solution. However, the adsorption capacity of ac-
tivated carbon is affected by sulfur dioxide and the removal efficiency
of elemental mercury is low on the filter surface [5,6]. Therefore, it is
necessary to find efficient adsorbents for elemental mercury.

* Corresponding authors.

Many adsorbents have been tested for removal of elemental mer-
cury. He et al. [7] evaluated the adsorption characteristics of metal
oxide CuO (1 1 0) doped with X (X = Mn, Si, Ti, Al, Zn) by using
density functional theory (DFT). They concluded that Zn doped CuO
has the highest adsorption capacity for elemental mercury. Ma et al. [8]
found that a silver ferrous ferric oxide/reduced graphene oxide com-
posite material has a high removal performance for gaseous mercury.
Other materials such as TiO, and other catalytic alloys have also been
examined [9-13]. For activated carbon, Fan et al. [14] used DFT cal-
culations to study the adsorption and oxidation of mercury species on
activated carbon loaded with a single atom (Fe, Co, Ni, Cu, Zn) and
concluded that activated carbon doped with Fe atom had the best
performance as a catalyst for adsorption of elemental mercury. Zeng
et al. [15] investigated the adsorption of mercury on activated carbon
with ZnCl,, and found that this adsorbent enhances the adsorption of
mercury vapor.

Graphene has been widely investigated due to its excellent ad-
sorption characteristics and large specific surface area [16]. In addition,
single-atom catalysts (SACs) have demonstrated high activities and
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Fig. 1. Optimized adsorbent case geometries.

selectivities [17]. Recently, SACs on graphene have shown good per-
formance for heterogeneous adsorption. Chu et al. [18] examined ad-
sorption of CO, NO and O, on TM (TM = Fe, Co, Ni, Cu, Zn) embedded
in graphene revealing that these catalysts have high stabilities and can
be used in gas sensing. Rad et al. [19] explored the adsorption of SO,
and O3 on Pt-decorated graphene (PtG) demonstrating that PtG is a
good adsorbent for Os. In addition, TM-doped graphene (TM-G) has
been evaluated for adsorption of NO [20,21], SO, [22], CH4 [23-25]
and CO [22,26,27]. In recent years, TM-G has been utilized to adsorb
mercury: Liu et al. [28] compared the adsorption of elemental mercury
between pure, vacancy graphene, and graphene doped with Al atom
and concluded that single vacancy graphene with a single Al atom
achieves the best adsorption of elemental mercury. Yang et al. [29]
studied the adsorption of mercury species by different graphene sup-
ports decorated with single atom Fe and found that single vacancy (SV)
graphene doped with three nitrogen is a promising material for Hg®
adsorption. It is deduced from the above research that graphene sub-
strates doped with metal atom should affect mercury adsorption.
However, there are few studies that clarify the influence of both doped
metals and various graphene substrates on mercury adsorption.

To fill this gap, the selection of transition metal (TM) elements
needs to be taken into account. Robertson et al. [30] demonstrated that
a single Fe atom supported on graphene has great stability. Therefore,
we have chosen four transition metals: V, Cr, Mn, and Co, which are
located near Fe on the periodic table. Single or double vacancies in
graphene leads to changes of its charge characteristics and mechanical
properties [31,32]; graphene doped with nitrogen atoms also alters its
electronic and formation properties [33]. Therefore, we examine four
graphene substrates: 1. single vacancy graphene substrates with single
transition metal atom (TM/SV-GN), 2. single vacancy graphene sub-
strates doped with three nitrogen atoms with single transition metal
atom (TM/SV-N123), 3. double vacancy graphene substrates with
single transition metal atom (TM/DV-GN), and 4. double vacancy gra-
phene substrates doped with four nitrogen atoms with single transition
metal atom (TM/DV-N1234). Given four TMs and four graphene sub-
strates, there are a total of sixteen cases to examine. The aim of this
study is to investigate the influences of transition metals and substrates
on the adsorption of elemental mercury and explore descriptors of ad-
sorption energy for elemental mercury.

In this study, first, the geometric structures of the sixteen adsorbents
cases were investigated. Second, to further examine the influencing
factors of adsorption energy, the projected density of states (PDOS)
were plotted, and the electronic density differences were calculated to
demonstrate the orientation of electron transfer. Third, the d band
center, work function and Fermi softness were analyzed.

2. Method

All calculations were calculated by the Vienna ab initio simulation
package (VASP) using the projector augmented wave (PAW) method
[34-36]. To calculate electronic exchanges and interactions, the
Perdew-Burke-Ernzerhof (PBE) exchange energy functional of the gen-
eralized gradient approximation (GGA) was used [37]. In terms of
modeling, a 4 x 4 supercell of graphene was established. Taking into
account the effects of interaction between mirror images, the vacuum
layer was set as 15 A [38,39]. The standard Kohn-Sham density func-
tional theory with a dispersion correction (DFT-D3) was applied to
consider Van der Waals forces [40,41].

For the optimization, the kinetic energy cutoff was selected as
500 eV for the plane-wave basis settings and the Gaussian smearing
width was set to 0 = 0.05 eV [42]. For relaxation of the atomic
structure for structural optimization, the conjugate gradient algorithm
was used with maximum force between each atom being 0.02 eV/A.
The Brillouin zone was selected with a 7 x 7 X 1 I'-centered k-point
lattice for optimizing structure. For density of states (DOS) and energy
calculations, a 15 x 15 x 1 I'-centered k-point lattice was used. In
addition, the convergence criterion between two self-consistent steps
was 1075 eV.

To describe the energy conveniently, we defined the binding energy
(Ep,) between the TM and graphene substrates as E, = Eg
+1™ — Esuw — ETm, Where Egyp,, Ery and Egyp 41y are the energies of the
graphene substrates, TM atom, and total energy of the adsorption
system, respectively. The adsorption energy (E.qs) between elemental
mercury and catalysts is defined as E.qs = Eng-tm/cs — Erm/cs — Eng,
where Erv/gs, Eng, Eng.tm/gs are the energies of the adsorbent, ele-
mental mercury, and adsorption system, respectively. Moreover, ne-
gative values of E,4s and E;, indicate that the absorption process is stable
and a higher value implies a stronger adsorption capacity [43].
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Table 1
The bond length of C-TM or N-TM (d, A), the height of TM atom (h, 10\), the
charge of TM atom (g, e) and bonding energy (Eyp, V).

Adsorbent d A) h (A) q(e) Ey(eV) (reference)
V/SV-GN 1.88 1.55 3.81 -7.28(=7.17)
V/SV-N123 1.91 1.52 3.85 —5.72 (—5.54)
V/DV-GN 2.01 0.80 3.67 —6.96 (—6.80)
V/DV-N1234 1.98 0.68 3.68 -7.62 (—7.16)
Cr/SV-GN 1.85 1.52 4.96 —6.13 (—-6.01)
Cr/SV-N123 1.82 1.38 4.85 —3.67 (—3.47)
Cr/DV-GN 2.00 0.79 4.84 —5.36 (—5.40)
Cr/DV-N1234 1.94 0.13 4.75 —6.66 (—6.20)
Mn/SV-GN 1.83 1.40 6.11 —6.22 (—-5.97)
Mn/SV-N123 2.00 1.65 6.03 -3.91(-3.73)
Mn/DV-GN 1.98 0.73 5.94 —5.56 (—5.52)
Mn/DV-N1234 1.91 0.02 5.72 —6.59 (—6.00)
Co/SV-GN 1.77 1.27 8.45 -7.61 (—-7.31)
Co/SV-N123 1.83 1.39 8.20 —4.80 (—4.47)
Co/DV-GN 1.94 0.63 8.33 —6.48 (—6.25)
Co/DV-N1234 1.88 0.00 8.13 —7.58 (—6.86)

3. Results & discussion
3.1. Adsorbent model

The sixteen adsorbent cases are shown in Fig. 1 [29,44-47]. The
single atomic V, Cr, Mn and Co are depicted in red, dark blue, purple
and dark green, respectively. In Fig. 1, h is the distance between the
single-atom and the graphene substrate horizons whereas d is the dis-
tance between the single-atom TM and surrounding C or N atom. To
describe the structures quantitatively, the bond length of C-TM or N-TM
d, A), the height of TM atom (h, ;\), the charge of TM atom (q, €) and
bonding energy (Ey, eV) are listed in Table 1.

From Fig. 1 and Table 1, it is apparent, for all TMs, that the h of TM/
DV-GN and TM/DV-N1234 are smaller than that of TM/SV-GN and TM/
SV-N123. Moreover, the h of TM/SV-GN and TM/SV-N123 are similar
in size. In addition, the structure of DV-N1234 is still flat even with the
decoration of the SAC. It is worth noting that the charges of the TM
atom at every group has an overall decreasing trend from (a) to (d) and
the values of bonding energy have the following overall trends: TM/DV-
N1234 > TM/SV-GN > TM/DV-GN > TM/SV-N123. The cohesive
energies of V, Cr, Mn, and Co in bulk are —5.3, —4.09, —2.92, and
—4.43 eV, respectively [48]. Apart from Cr/SV-N123, all of the
bonding energies are smaller than the corresponding cohesive energies,
indicating that the other fifteen adsorbent cases are stable. Taken into
the reliability of bonding energy, compared with related references
results of binding energy [49], the difference is little, which proves the
reliability of this study. In addition, the bader charge [50-52]of ad-
sorbent was sorted into Table. S1, involving the transferred charge of
graphene substrates (Aqsypstrates; €), and the transferred charge of metal
(AQmetar, €), @ positive value means getting charge, a negative value
means losing charge. The result show that the metal is the electronic
donor and the graphene substrate is the electronic receiver in the
process of bonding.

3.2. Adsorption geometry structures and parameters

To investigate adsorption characteristics, the optimized geometric
structures after elemental mercury adsorption for all cases are depicted
in Fig. 2. The distance between the mercury and TM atoms as well as
the height of the TM above the horizon of the graphene substrates is
noted. The results show that the distance between the Hg and TM atoms
gradually decreases from for the TM ordering of V, Cr, Mn, and Co with
the exception of the DV-N1234 case where the ordering is Mn, Cr, V,
and then Co. For Co, the variability of the distance between the Hg and
TM atoms is smallest despite differences of the h amongst the four
graphene substrates. The distance between Hg and TM atoms tends to
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be similar for the single and double-vacancy graphene especially for V
and Co.

The raised height of the Hg atom (Ah, A), transferred charges of the
Hg atom (Aqpy, e), transferred charges of the TM atom (Agry, ),
transferred charges of substrates (Agsup, €) are listed in Table 2. For the
barder charge, from V to Co, the size of charge transfer has a downward
trend, and Hg is the main electrons receiver and TM is the main elec-
trons donor. To study the origin of charge transfer, it is known that
electronegativity determines the ability of atoms to attract electrons to
a certain extent, according to Xu et al. [53], TM and its surrounding
carbon or nitrogen atoms are defined as active center of single-atom
catalysts and the corresponding descriptor of single-TM-atom catalysts
was defined as X = 63 X (Ey + hy X Ex + nc X Ec), where Ey and Ec
denote the electronegativity of nitrogen and carbon atom in active
center, ny and n¢c denote the amount of nitrogen and carbon atoms in
active center, and 04 denotes the valence eletrons in the d orbital of TM.
Taking into account the result from the above formula describes the
electronegativity of multiple atoms, averaging it to get the average
electronegativity descriptor. The X of mercury is 20 based on the for-
mula. The descriptor of total and average electronegativity of in all
cases were sorted into Table. S2. It is obvious that all averages are less
than 20, indicating mercury will get electrons, which is consistent with
the conclusion that Hg is the main electron receiver. Moreover, the
average X has an upward trend from V to Co, which corresponds well to
the downward trend of charge transfer.

The charge transfer size of the Hg and TM atoms of TM/SV-N123 is
the largest in every group, indicating the relatively strong adsorption
properties of TM/SV-N123. For the raised height (Ah), all of the values
are small revealing that the position of the TM atom does not vary
significantly for the adsorption of elemental mercury. In addition, the
adsorption energy of sixteen adsorbent cases are illustrated in Fig. 3. It
is worth noting that the distance between elemental mercury and TM
atom (dyg.tv) exhibits a linear relationship with the adsorption energy
as depicted in Fig. 4. Their relationship can be described as
Eaqs = 0.187 dygm + 0.124 with correlation coefficient (R?) 0.69.
This suggests that dyg.rv can be used as a descriptor for adsorption
energy.

From Fig. 3, the results of adsorption energy show that the ad-
sorption energy of TM/SV-N123 is the largest of all, indicating that TM/
SV-N123 adsorbs elemental mercury more easily compared to the other
adsorbents, consistent with the obvious charge transfer of Hg and TM in
TM/SV-N123 and h distances displayed in Fig. 2. Moreover, the ad-
sorption energy value of Co/SV-N123 is 0.53 eV. Compared to the
elemental mercury adsorption on activated carbon, Co/SV-N123 has
higher value of adsorption energy [14,54]. In addition, compared with
other related graphene materials [28,55], Co/SV-N123 has larger ad-
sorption energy than the graphene substrates decorated copper cluster
and is close to the graphene doped aluminum. Considering the issue of
adsorbent recovery, the Gibbs free energy at high temperatures were
studied. Co/SV-N123 with the largest adsorption energy was selected
and 1000 K high temperature were selected. The value of Gibbs free
energy is 0.95 eV, indicating mercury can desorb at high temperature
and the adsorbent can be recycled. Considering the influence of toxic
gases on adsorption, the co-adsorption of mercury with O, and SO, on
Co/SV-N123 was simulated and the optimized structures were shown in
Fig. S1. In both cases, the adsorption energy of mercury is —0.01 eV,
indicating that SO, or O, can inhibit the adsorption, but mercury does
have the possibility of being adsorbed. So it can potentially be a pro-
mising adsorbent. Then, TM/DV-N1234 has the weakest activity among
all adsorbents considered here, and TM/DV and TM/SV have similar
adsorption energy. In summary, the adsorption energy of the sixteen
adsorbents follows the order of TM/SV-N123 > TM/SV-GN=TM/DV-
NG > TM/DV-N1234, which is consistent to the results of our previous
study [29].

According to related study of spin-orbit coupling [56,57], TM are
greatly affected from it. To study the influence of spin-orbit coupling,



Z. Gao, et al. Applied Surface Science 516 (2020) 146037

2.98 CIP 2.94 ? 2.86 ? 294 ?
& h=1.56 B h=153 b, h=076 -+ oOnaad2070
(a) VISV-GN (b) VISV-N123 (c) VIDV-GN (d) V/IDV-N1234
2.81 ? 2.83 ('P 2.83 ? 2.96 ?
h=1.52 & h=1.40 sga h=0.80 " h=0.37
°C
(e) Cr/iSV-GN (f) CriSV-N123 (g) Cr/DV-GN (h) Cr/DV-N1234 ° N
o Q ov
2.82 | 2.72 | 270 ¢ 305 9 : |\C/|r
D h=1.41 8; h=1.60 ' h=0.73 == h=0.09 n
o 00—0 o—oo=oo=o&o=oo-=oo—o 0—00—00—00@o0—00—00—0 O Co
(i) Mn/SV-GN (i) Mn/SV-N123 (k) Mn/DV-GN (I) Mn/DV-N1234 © Hg
o @
: 257 1 Q °
2.57 &' h=1.27 B ph=1:39 257 o, h=0.63 2.57 i h=0.00
(m) Co/SV-GN (n) Co/SV-N123 (o) Co/DV-GN (p) Co/DV-N1234
Fig. 2. Adsorption geometric structures of Hg® on the graphene substrate cases.
Table 2 0.6
Raised height of TM atom (Ah, A) above the graphene horizon, transferred
charges of Hg (Aqy, €), transferred charges of TM atom (Agry, €), transferred 05 b
charges of substrates (Aqsup, €). a *
Adsorbent Ah(&) Agug(e) Agru(e) Adoun(®)
0.4+
V/SV 0.01 0.01 0.03 —0.02 .
V/SV-N123 0.01 0.17 -0.14 -0.01 S
V/DV -0.04 0.03 0 0 L 3l
V/DV-N1234 0.02 0.10 —0.05 —0.02 § ’
Cr/SV 0 0.01 0.01 0 u
Cr/SV-N123 0.01 0.10 —0.05 —-0.03 0.2
Cr/DV 0.01 0.02 0 0.01 €
Cr/DV-N1234 0.04 0.04 0.01 —-0.03
Mn/SV 0.01 0.06 —-0.03 0
Mn/SV-N123 -0.05 0.08 -0.09 0.04 0.1+ _
Mn/DV 0.00 —0.02 0.04 0.01 i ° Eads_o' 1 87dHQ'TM+0' 124
Mn/DV-N1234 0.07 0.01 0.02 0 R?=0.69
Co/SV-GN 0 0.02 0 0 0.0 r . . r r . r ; r
Co/SV-N123 0 0.04 0.04 —-0.05 02 00 02 04 06 08 10 12 14 16 18
Co/DV-GN 0 —0.01 0.03 0.01 d A
Co/DV-N1234 0 0.02 0.01 0 HQ'TM( )

Fig. 4. Relationship between dyg.rv and adsorption energy.

Fig. 3. The adsorption energy of different adsorbents cases.
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Fig. 5. The PDOS of Hg® and V atom on V/SV-GN, V/SV-N123, V/DV-GN and V/DV-N1234.

the Co/SV-N123 which is the most stable adsorption structure was se-
lected. Through computing the spin-orbit coupling of Co/SV-N123, the
result of adsorption energy was —0.55 eV, while the result without
spin-orbit coupling was —0.53 eV, indicating the effect of spin-orbit
coupling phenomenon on this system is small or negligible.

3.3. Projected density of states (PDOS) analysis

To gain further insight into the adsorption energy on the different
substrate cases, the PDOS were plotted in Figs. 5-8. DOS describe the
number of states per interval energy at each energy level that are
available to be occupied by electrons. The PDOS depends on mercury
and TM energies [58]. From Figs. 5-8, the orbital states before ad-
sorption and after adsorption are denoted in black and red colors, re-
spectively. The peaks of the s, p and d orbital states before Hg® is ad-
sorbed are 0.1, 5.7 and 3.1 eV, respectively, which are well consistent
with previous results [58-60]. After adsorption of Hg?, all the peaks of
s, p and d orbitals of the Hg® atom shift to the left whereas the move-
ment of TM atom orbital states is not clear. According to frontier mo-
lecular orbital theory [61], the d orbital states are important for ad-
sorption. For intuitive description, the energy of relative Fermi level of
Hg® d orbital peak (eV), and the shift distance of Hg® d orbital peak
before and after adsorption (eV) were sorted into Table S3. There is a
trend that the larger shift distance the more adsorption energy and they
show a certain proportion but not obviously linear. For example, TM/
DV-N1234 has the smallest d orbital shift distance which is consistent

with the conclusion that TM/DV-N1234 has the smallest adsorption
energy. To study the interaction between Hg® and TM as well as TM and
C or N in adsorption process, the total PDOS was plotted in Fig. S2. It is
found that there is no obvious orbital hybridization, indicating this is a
week interaction.

3.4. Electronic density, bonding analysis

To further investigate electron transfer, the electronic density dif-
ferences and two-dimensional (2D) electronic density differences of
adsorption process are shown in Fig. 9. For the electronic density dif-
ferences, the cyan-blue area represents regions losing charge density
whereas the yellow area denotes regions gaining charge density. The
results show that the distributions of the adsorbent cases have simila-
rities: Apart from Co/DV-N1234, there are yellow rings between the
Hg® and adsorbent layer, indicating that charge accumulates there.
However, the size of the yellow and cyan-blue regions of TM/DV-
N1234 are relatively smaller, indicating that the transferred charge
density are less. The smaller electronic density difference of TM/DV-
N1234 corresponds with smaller adsorption energy of TM/DV-N1234.
Moreover, Co/DV-N1234 has the smallest transferred charges, which is
consistent with the previous result that the adsorption energy of Co/
DV-N1234 is the smallest. For the 2D electronic density differences in
Fig. 9. The red area represents regions losing charge density whereas
the blue area represents regions gaining charge density. 2D electronic
density difference can clearly observe the relative situation of the
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Fig. 6. The PDOS of Hg0 and Cr atom on Cr/SV-GN, Cr/SV-N123, Cr/DV-GN and Cr/DV-N1234.

accumulation of electrons on the cross section. Blue region distribute
above and below the mercury, and red ring region is between the
mercury and TM, indicating the charge transfer from mercury and TM
to the middle.

To study the bonding between mercury and TM, the electronic lo-
calization function (ELF) analysis was studied and the results were
sorted into Fig. 10. The ELF analysis can analyze the bonding between
atoms [62], the blue region denotes electron highly delocalized while
the red region denotes electron highly localized. There is no obvious
localization and delocalization around Hg® and TM atom, indicating
there is no obvious bonding formation between them. Therefore, it is
necessary to consider the non-covalent interactions. According to the
section of method, the dispersion correction (DFT-D3) is added to the
simulation. To verify the contribution of dispersion force to adsorption
energy, two systems with higher adsorption energy, Mn/SV-N123 and
Co/SV-N123 were selected. It is found that the difference of dispersion
and no-dispersion is 0.15 eV and 0.17 eV in Mn/SV-N123 and Co/SV-
N123, respectively. It indicates that the dispersion force contributes to
the total adsorption energy, but the dispersion is not the only con-
tributor by comparing the values of the energy from dispersion inter-
action and adsorption energy. In addition to the effects of dispersion,
electrostatic effects also need to be considered. The electrostatic po-
tential (ESP) of adsorbent surface was studied, which was listed in
Fig. 11. The ESP reflects the density of electrons on the surface. Blue
area represents the region with a high electron density, which is easy to
attract negatively charged particles, while red area represents the low

electron density region, which is easy to attract positively charged
particles [63]. It is obvious that the active center is mainly surrounded
by blue apart from Co/DV-N1234, indicating the corresponding area on
the adsorbent surface is in high electron density. According to the bader
charge of mercury, mercury is the main electronic receiver, illustrating
mercury is negatively charged. Consequently, the active center with
high electrostatic potential is attacked by negatively charged mercury
and produces electrostatic interaction, which also contributes to the
total adsorption energy. In addition, the relative situation of adsorption
energy can be roughly estimated by the size of blue area on the active
center. For instance, Mn/DV and Co/DV have the similar size of blue
region, and their adsorption energy are also similar; the order for TMs/
DV is V/DV = Cr/DV > Mn/DV = Co/DV, and the order of size of
their blue regions is also same.

3.5. D band center and work function analyses

According to Hammer et al.[56] and Ngrskov et al. [64,65], the d
orbital states have a significant influence on the activity of the TM. The
d band center (g4) is calculated from [65]:

~ S 2 E-D(E)dE
-~ [D@E)E a

where D(E) is the d orbital states of the TM atom in the corresponding
adsorbent. The d band centers are listed in Table 3 which reveals that
there are both positive and negative values, indicating that the
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Fig. 7. The PDOS of Hgo and Mn atom on Mn/SV-GN, Mn/SV-N123, Mn/DV-GN and Mn/DV-N1234.

substrates have different electronic structure versus TM atom. Based on
the order of the adsorption energy, the order of the d band centers
should be TM/SV-N123 > TM/SV-GN=TM/DV-NG > TM/DV-
N1234. However, from the results for TM/SV-GN to TM/DV-N1234, the
trend of the d band center does not follow the previous order, indicating
the relationship between the E,4s and d band center may be weak and
thus, the d band center may not be suitable to describe adsorption
energy.

Shen et al. found that the work function (WF) can be used to de-
scribe adsorption energy on TMs [66]. The work function is the lowest
energy of an electron escaping from the solid surface given by
WF = Eyac-Er where Eyc is the vacuum level and Eg is the Fermi level
[67]. The work function values for adsorption were computed and are
listed in Table 4. The values listed in Table 4 have been compared with
the CRC handbook [68] and the values are similar confirming the
current calculations. From Table 4, the work function values of TM/SV-
GN and TM/DV-GN were larger than the others but this trend does not
match with the adsorption energy. Because elemental mercury is hard
to be adsorbed [14,43,58], the work function is not a good descriptor
for this system. Therefore, simple descriptors like the d band center and
work function do not explain the characteristics of adsorption energy.

3.6. Fermi softness analysis

The frontier molecular orbital theory proposed by Fukui [61] has
made outstanding contributions to computational chemistry. Huang
et al. [69] showed that the frontier electronic band is reactive in a solid

surface but not all contribute to surface reaction equally. Therefore, the
solid surface reaction can be described by using the density of states, g
(E), and a weight function, w(E). On the basis of the above, the Fermi
softness (Sr) was proposed to describe the electronic structure of solid
surface with the TM:

Se=J gEW(E)E = ~ [ g(E)fy (E — Er)dE @

where w(E) is taken to be the derivative of the Fermi-Dirac distribution
function, —f,.(E — Ep), given by:

1 1
ﬁ. (e(E—EF)/kBT + 1)(e(EF—E)/kBT +1) 3

—fp(E—Ep) =

where kg is Boltzmann’s constant and T is the parametric temperature.
According to Huang et al. [69], Sg is affected by kT and the adsorption
strength of adsorbents. To explore their interactions, we calculated the
Sp of the sixteen adsorbent cases and the correlation coefficient (R%)
between the adsorption energy and Sg. According to above, Mn ad-
sorbents abide by Mn/SV-N123 > Mn/SV-GN=Mn/DV-NG > Mn/
DV-N1234. We chose the four Mn adsorbents to examine the Fermi
softness. The relationship of Fermi softness and adsorption energy are
displayed in Fig. 12 with intervals of kT = 0.1 from 0.1 to 4.0. Mn/SV-
GN, Mn/SV-N123, Mn/DV-GN and Mn/DV-N1234 are shown in black,
blue, pink and green, respectively. The R? coefficient is plotted in red.
From Fig. 12, the Fermi softness of the four adsorbents have a similar
trend: the Sy increases gradually with the increase of kT. Moreover, the
order of the Fermi softness is consistent with that of the adsorption
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Fig. 8. The PDOS of Hg® and Co atom on Co/SV-GN, Co/SV-N123, Co/DV-GN and Co/DV-N1234.
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Fig. 9. Electronic density difference and 2D electronic density difference of Hg® adsorption on TM-GN catalysts (the contour lines in plots are drawn at 0.001e/A3
intervals, Co/DV-N1234 is at 0.04e/A® intervals for electronic density difference, and the 2D section were taken from Hg®, TM, and vertical carbon).
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Fig. 10. Electronic localization function of Hg® adsorption on TM-GN catalysts.
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Fig. 11. Electrostatic potential of adsorbents surface with 0.002e/Bohr? electron density.

Table 3 Table 4
d band centers (g4, €V) on different adsorbents. Work function (WF, eV) on different adsorbents.
Adsorbents SV-GN SV-N123 DV-GN DV-N1234 Adsorbents SV-GN SV-N123 DV-GN DV-N1234
A% 0.13 -0.39 0.28 0.51 \% 3.48 3.71 4.35 3.56
Cr —-0.05 -0.78 0.34 0.42 Cr 4.68 3.98 4.45 3.8
Mn —-1.24 -1.21 -0.39 —0.98 Mn 4.63 3.86 4.18 3.64
Co -1.91 -1.25 -1.07 —-1.00 Co 3.97 3.56 4.41 4.42

energy. The largest values of R? is at kT = 1.1 eV where it reaches unity
which indicates there is a very strong relationship between Fermi
softness and adsorption energy at this electron temperature.

Similarly, the adsorption energy of V, Cr, Co also has a good linear

relationship with their Fermi softness at kT = 1.1 eV. The relationship
between Fermi softness at kT = 1.1 eV for V, Cr, Co adsorbents and
their adsorption energy are all plotted in Fig. 13 with interval of
kT = 0.1. The results show that correlation coefficients are 0.84, 0.97
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and 0.82, respectively, indicating there is a strong relationship between
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Fig. 14. Adsorption energy of Hg, on Co/SV-N123(n = 1, 2, 3, 4).

E.qs = 0.364Sp-1.898, and for Co it is E,gs = 0.662S:-3.679. The
coefficients in the linear equations are all positive values, so the ad-
sorption energy in different substrates will increase as their Fermi

Fermi softness and adsorption energy. For V, the linear relationship is

Eads =

E, i (eV)

0.107Sg-0.351, for Cr it is E,gs = 0.197S5-0.905, for Mn it is
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Fig. 13. Adsorption energy versus Fermi softness for adsorbents doped V, Cr, Mn and Co when kT = 1.1 eV.
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softness increases. From the result of Fig. 13, the order of Fermi softness
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is TM/SV-N123 > TM/SV-GN=TM/DV-NG > TM/DV-N1234, which
is consistent with the result of adsorption energy, so Fermi softness
leads to the difference in the adsorption energy of different substrates.
The Fermi softness can be used as a reasonable descriptor to predict
adsorption energy and has an ability to screen adsorbents for elemental
mercury.

3.7. Adsorption of Hg, (n = 1, 2, 3, 4) on Co/SV-N123

To determine the maximum number of adsorption sites of mercury,
the adsorption of Multiple Hg atoms was simulated in Co/SV-N123. The
results of adsorption energy was shown in Fig. 14 and the geometric
structures sort into Fig. S3. The structure of Hg, adsorption on Co/SV-
N123 shows good symmetry from the geometric structures. As the
number of Hg atoms adsorbed increases, the total adsorption energy of
Hg, have an upward trend, indicating previous adsorbed mercury atom
promotes the adsorption of the latter one. It is worth mentioning that
when the system adsorbs more than five mercury, it will cause struc-
tural damage, so the maximum amount of mercury adsorbed on Co/SV-
N123 is four.

4. Conclusions

Through a systematic and theoretical study, an analysis of adsorp-
tion structures, adsorption energy, projected density states, and elec-
tronic structure has been investigated to determine the influences of a
transition metal (TM) on graphene substrates (TM/GS) on the adsorp-
tion of elemental mercury. The results reveal that the nature of the
graphene substrates has a significant influence on the adsorption of
elemental mercury.

The geometric structure, given as the distance between mercury and
TM atoms (dpg.twm), has a linear relationship with adsorption energy,
and dyg.rv appears to be a good descriptor of the adsorption of ele-
mental mercury by single-atom adsorbents. Additionally, the adsorp-
tion energy of element mercury follows the order: TM/SV-
N123 > TM/SV-GN=TM/DV-NG > TM/DV-N1234 where TM stands
for V, Cr, Mn, and Co. The adsorption energy of Co/SV-N123 are
0.53 eV, and the maximum amount of adsorbed mercury in Co/SV-
N123 is four, so it can be considered as promising adsorbents for ele-
mental mercury.

With respect to electronic structure, apart from Co/DV-N1234, there
is a good interaction between Hg® and adsorbents. But there is no ob-
vious chemical bonding in ELF and the non-covalent interaction con-
sists of dispersion and electrostatic. The d band center and work func-
tion are inappropriate for describing TM/GS. On the other hand, the
Fermi softness appears to provide a reasonable representation of the
adsorption energy of TM/GS. The results of the study suggest that TM/
GS have potential for removal of elemental mercury from pollutant
streams.
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