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ARTICLE INFO ABSTRACT

Keywords: Mercury (Hg) pollution caused by coal-fired power plants has raised global concerns, and it is imperative for
Hg developing a new low cost technology to control Hg emissions. Single atom iron catalyst with graphene-based
Adsorption substrates (Fe/GS) which has high catalytic activity and high selectivity is a promising material for removal of
Support Fffects mercury pollution. The adsorption characteristics of mercury species on single atom iron catalysts with different
Electronic structure graphene-based substrates were investigated systematically using first-principles calculation. It is found that the
Thermodynamic analysis s . . I
support effects of graphene-based substrates have a significant influence on adsorption characteristic of mercury
species, and the support effects can be well understood through electronic structure analysis. Fermi softness is a
good descriptor for adsorption activity of Fe/GS which can be an indicator for design and optimization of new
materials. Fe/GS may be a new material for removal of Hg® pollutant, and the temperature has an inhibitory
effect on mercury species adsorption. Furthermore, the findings can provide a novel perspective for adsorption
and oxidation of Hg and lay a foundation for the further study of graphene-based support effects in single atom

catalysts.

1. Introduction

Mercury (Hg), as one of the most hazardous trace elements, has
caused worldwide concern for its volatility, persistence, and bioaccu-
mulation in the environment. Coal-fired power plants have been iden-
tified as the main source of anthropogenic mercury pollution. In coal-
fired flue gas, Hg exists mainly in three different forms: elemental
mercury (Hg®), gaseous oxidized mercury (Hg®'), and particulate-
bound mercury (Hg") [1]. Hg" can be collected by electrostatic pre-
cipitators and fabric filters, and highly water-soluble Hg>* can be ef-
fectively captured by wet flue gas desulfurization. However, Hg® is
difficult to remove by existing air pollution control devices due to its
highly volatile and low solubility in water [2-4]. Therefore, the ad-
sorbing Hg® to generate HgP and oxidizing Hg® to convert Hg>" are
effective ways to control mercury pollution from coal-fired power
plants.

Due to the high toxicity and stringent regulation of Hg, various
adsorbents and catalysts for controlling Hg emissions, including mod-
ified activated carbon [5-7], metal [8,9], metal oxides [10-12], kao-
linite [13] and metal-organic framework [14] have been investigated.
Unfortunately, there are many hindrances to apply these adsorbents
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and catalysts widely in practical operation owing to its high cost and
low efficiency [15]. Therefore, it is imperative globally for developing a
new low cost technology to control Hg emissions from coal-fired power
plants.

Recently, single atom catalysts (SACs) have attracted increasing
attention in the field of heterogeneous catalysis owing to their high
catalytic activity and high selectivity. As a type of novel heterogeneous
catalyst, SACs promise to become a bridge between homogeneous and
heterogeneous catalysis and show super catalytic activity in many in-
dustrial catalytic reactions [16-20]. Graphene is an excellent support
for SACs because of its large specific surface area and unique physical
and chemical properties [21]. SACs which are synthesized by embed-
ding transition metal atoms in graphene-based substrates (TM/GS) can
further reduce the cost of catalysts, and TM/GS have been widely in-
vestigated in many research field, such as CO oxidation [22-24], O,
activation [25,26], CO, reduction [27], hydrogen evolution reaction
[28] and oxygen evolution reaction [29,30]. Although TM/GS have
been successfully applied to many industrial reactions, its application
field remains to be further widened. Applying TM/GS to remove mer-
cury pollution from coal-fired power plants is worth exploring, but
there is limited investigations on the removal of Hg® through TM/GS.
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For the feasibility of TM/GS on the removal of Hg?, there are many
studies about controlling Hg emissions through carbonaceous materials
modified by metal which proves that applying TM/GS to remove mer-
cury pollution is advisable [31-34]. Fan et al. applied Cu-impregnated
activated carbon to remove Hg® and concluded that the removal effi-
ciency of Hg® can reach 71% and the active sites are mainly the copper
on carbonaceous surface [31]. Teresa Izquierdo et al. investigated the
performance of carbonaceous materials supported Au nanoparticles for
Hg® removal in a fixed bed and found that the removal efficiency of Hg°
can reach 89% [33]. They also emphasized that the size of Au nano-
particle has significance influence on the removal efficiency of Hg®, and
the smaller the size of the nanoparticles, the higher the removal effi-
ciency of Hg0 [33]. Therefore, it is quite plausible that carbonaceous
materials supported Au nanoparticles can turn into SACs when the size
of Au nanoparticles further decrease to single Au atom. Furthermore,
Fan et al. investigated the adsorption of mercury species and catalytic
oxidation of Hg® on graphene-based materials modified by transition
metal atoms and concluded that graphene-based material modified by
Fe atom is a favorable heterogeneous catalyst for Hg® oxidation because
the oxidation energy barrier of Hg® is the lowest (0.437eV) [32].
However, the support effects of graphene-based substrates on the ad-
sorption and catalytic oxidation of Hg® was not considered in the re-
search of Fan [32]. As supported catalysts, the support effects of SACs
have significant influences on the performance of catalysts [35-38],
which is helpful to understand the structure-activity relationship of
SACs and design high efficiency catalyst.

In order to fill this gap, the adsorption characteristics of mercury
species on single atom iron catalysts with different graphene-based
substrates were comprehensively investigated using first-principles
calculation. According to the previous researches [32,39], Fe/GS
should be a promising catalyst for the removal of Hg®. Therefore, we
further investigate the adsorption characteristics of mercury species
under different substrates based on Fe/GS so as to design for high ac-
tivity catalysts and explore the support effects in SACs. Taking into
account the catalyst preparation in practical, vacancy defects and ni-
trogen doping are common and accessible modification methods, four
kinds of graphene-based substrates were constructed through vacancy
defects and nitrogen doping to systematically study the adsorption
characteristics of mercury species under different graphene-based
substrates.

In this work, firstly, four different geometric structures of Fe/GS
were optimized and key parameters such as bond length, charge and
binding energy were discussed. Secondly, the adsorption characteristic
of Hg®, HgCl and HgCl, were investigated respectively. The density of
states analysis were performed to study the difference of Hg® on Fe/GS,
the potential energy diagrams for different pathways of HgCl and HgCl,
on Fe/GS were discussed to investigated the adsorption and desorption
of HgCl and HgCl, on Fe/GS. Thirdly, the d band center and Fermi
softness analysis were conducted to reveal the support effects of gra-
phene-based substrates on mercury species adsorption. Lastly, the
thermodynamic analysis was carried out to investigate the effect of
temperature on the adsorption characteristic of mercury species on Fe/
GS. We hope this work can not only broaden the application field of
SACs to promote the efficiency of Hg® removal, but also lay a founda-
tion for the further study of graphene-based support effects in single
atom catalysts.

2. Calculation method

All calculations were performed with the first-principles method by
the Vienna ab initio simulation package (VASP) with a projector aug-
mented wave (PAW) method [40-42]. The generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional
was adopted to treat the exchange correlation interactions [43]. The
spin polarization was taken into account to obtain accurate ground-
state energy [44]. According to the pervious study, the adsorption of
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Hg® on solid surface may be physical adsorption [45,46], the DFT-D3
method [47,48] was used to include the Van Der Waals interaction.
Consistent with previous research models [49-51], a 4 X 4 supercell of
graphene was built as catalyst supports and the vacuum layer was set to
15 A to avoid the interaction among mirror images [49,52].

Through the convergence test, the kinetic energy cutoff for the
plane-wave basis set was chosen as 500eV (as shown in Fig. S1 of
supporting information). Gaussian smearing with a width of
o0 = 0.05eV was adopted for the occupation of the electronic levels
[53]. For structure optimization, the positions of all atoms were al-
lowed to fully relax with the conjugate gradient method until the
maximum force on any atom was less than 0.02 eV/A. Considering the
computational time and accuracy, the Brillouin zone was sampled with
a 7 x 7 x 1 I'-centered k-point grid for structure optimization calcu-
lation, and k-point grid selection was tested until energy change was
less than 10 meV/atom (as shown in Fig. S1 of supporting information).
While a 15 X 15 x 1 TI'-centered k-point grid was used to calculate
energy and density of states (DOS). Additionally, the convergence
precision of total energy between two self-consistent steps was taken to
be 105 eV for structure optimization and DOS calculation.

The binding energy (E;,) between Fe adatom and graphene-based
substrates was defined as E}, = Epe/gs — Esub — Epe, Where Ere/gs, Esup
and Ep, are the total energy of Fe/GS, graphene-based substrates and Fe
atom, respectively. The adsorption energies (E,qs) of mercury species
(Hg®, HgCl and HgCl,) on Fe/GS were calculated to describe the in-
teraction strength between mercury species and Fe/GS. The adsorption
energies of Hg® HgCl and HgCl, can be calculated according to
Eadas = Engre/Gs — Eng — Ere/gs, wWhere Engre/cs, Eng and Ere,cs are the
total energy of adsorption systems, mercury species and Fe/GS, re-
spectively. According to the calculation formula, a negative E,4s or Ej,
value represents a stable adsorption interaction, and a higher negative
value of E,qs or E}, corresponds to a stronger adsorption [45]. Frequency
calculation was performed to confirm the accuracy of equilibrium
structures and to acquire zero point energy correction. There was no
imaginary frequency in equilibrium structures. In detail, the vibrational
frequencies were obtained from numerical Hessian calculations with
finite displacements of + 0.02 A [54]. The energies of isolated Fe atom
and mercury species (Hg®, HgCl and HgCl,) were calculated in a large
cell of 9.84 A x 9.84 A x 15 A with only I' point. In addition, the binding
energy and adsorption energy were calculated through zero point en-
ergy correction. Furthermore, Bader charge was calculated to quanti-
tatively analyze the relevant electron transfer [55].

3. Results and discussion
3.1. Catalyst model

Taking into account the catalyst preparation in practical, vacancy
defects and nitrogen doping are common and accessible modification
method, four kinds of graphene-based substrates were constructed
through vacancy defects and nitrogen doping to investigate the ad-
sorption characteristic and support effects of graphene-based sub-
strates. The optimized geometric structures of Fe/GS are shown in
Fig. 1, and the corresponding bond length of C—Fe or N—Fe, adsorption
height of Fe atom, charge of Fe atom, and binding energy are sum-
marized in Table 1. In detail, the distance between Fe atom and gra-
phene-based substrates plane was defined as the adsorption height of Fe
atom. From Fig. 1, the adsorption height of Fe atom decreases gradually
from (a) to (d), and the Fe atom almost locates in the graphene plane in
Fe/DV-N4. From Table 1, the charge of Fe atom increases gradually
from (a) to (d), and the charge of Fe atom in Fe/DV-N4 is biggest with a
value of 1.081 e. Taking into account the stability of SACs, the cohesive
energy of Fe bulk in experiment was selected as a reference to discusses
it. The value of cohesive energy is 4.28 eV [56] which is smaller than
the binding energies of Fe/GS, suggesting that Fe/GS should have high
stability. In addition, the calculated results in this work correspond well
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Fig. 1. The geometric structures of Fe/GS.

Table 1
The bond length of C—Fe or N—Fe (d, ;\), adsorption height of Fe atom (h, 10\),
charge of Fe atom (g, e) and binding energy (Ey, eV) for Fe/GS.

Table 2
The uplift height of Fe atom (Ah, ;\) charge variation (Ag, e) and adsorption
energy (E,gs, €V) for Hg0 adsorption system.

Fe/GS d@A) h @A) q(e) Ey, (eV) Fe/GS AR (R) Agyg (e) Agre (€) Agup (€) Eags (€V)
Fe/SV-GN 1762 1.345 (1.36 [57]) +0.687 —7.154 (—7.28 [23]) Fe/SV-GN 0.008 —-0.019 0.003 0.016 —0.438
Fe/SV-N3 1.780  1.230 +0.889 —4.406 Fe/SV-N3 0.312 0.052 0.007 —0.061 —0.805
Fe/DV-GN  1.862  0.660 (0.67 [57]) +0.895 —6.123 (—6.47 [23]) Fe/DV-GN —~0.026 -0.021 0.012 0.007 -0.386
Fe/DV-N4 1.887  0.053 (0.03 [58]) +1.081 —7.129 (=7.07 [59]) Fe/DV-N4 0.140 —0.006 0.091 —-0.079 0.298

with the previous results, which can further guarantee the rationality
and validity of this work [23,57-59].

3.2. Adsorption of mercury species

3.2.1. Hg® adsorption

The stable adsorption configurations of Hg® on Fe/GS are shown in
Fig. 2. In pervious study [39], the adsorption height of Fe atom will
have an obvious variation in gas adsorption process, and there may be a
negative relationship between uplift height of Fe atom (Ah) and ad-
sorption energy. In detail, a positive value of Ah means that the ad-
sorption height of Fe atom increases. In addition, the adsorption process
is usually accompanied by charge transfer, so the charge variations of
Fe, Hg and substrates before and after adsorption process (Aq, e) were
calculated, as shown in Table 2. In detail, a positive value of Aq means
gaining electron.

From Fig. 2, Fe atom is the adsorption site of Hg® on Fe/GS, which is
same to the previous researches [32,60,61]. Different from previous
study [39], there is no obvious relationship between the uplift height of
Fe atom and adsorption energy. The bond length of Fe—Hg obviously
varies on different Fe/GS, and there is a negative relationship between
bond length of Fe—Hg and adsorption energy. The E,q, of Hg® on Fe/SV-
N3 is the biggest (—0.805 eV) with the smallest bond length of Fe—Hg
(2.619 A), suggesting that the adsorption of Hg® on Fe/SV-N3 is che-
misorption. Compared with other researches, the E,q; of Hg® on Cu
(111)[31],Au(111)[8] and CaO (001) [62] are —0.49, —0.42 and
—0.24 eV respectively, which are all smaller than the E,4s of Hg0 on Fe/
SV-N3, indicating that Fe/SV-N3 has higher adsorption activity for Hg®
than traditional materials.

From Table 2, the difference of adsorption energy between different
Fe/GS is obvious, which suggests that the effect of graphene-based
substrates on adsorption activity of SACs is significant. In detail, the
value of E,4s on Fe/DV-N4 is positive which suggests that the adsorption
of Hg® on Fe/DV-N4 is unstable, and the adsorption of Hg® on Fe/SV-
GN and Fe/DV-GN is physisorption. The adsorption energy of Hg® on
Fe/SV-GN is —0.438 eV which is similar to the calculated results of Fan

2667 ; 2.619 '
£ h=1.353 i;& h=1.551

(a) Fe/SV-GN (b) Fe/SV-N3 (c) Fe/DV-GN
All distances in Angstrom (A)

2734'

h=0.488

942

(—0.418¢eV) [32], indicating the calculated results of this work is re-
liable. Different from Fe/SV-GN and Fe/DV-GN, the charge variation of
Hg® in Fe/SV-N3 is positive and the direction of electron transfer is
from graphene-based substrates to Hg®. Among the process of electron
transfer, the Fe atom in Fe/SV-3 N act as bridge of electron transfer. The
different electron transfer may be caused by the different adsorption
interaction mechanism between chemisorption and physisorption.

In order to obtain the binding mechanism of Hg® on Fe/GS and
explain the difference of E,ys under different Fe/GS, the projected
density of states (PDOS) was calculated to provide a further insight. The
density of states (DOS) of a system describes the number of states per
interval of energy at each energy level that are available to be occupied
by electrons, and the PDOS examines the contribution from each energy
band to a given atomic orbital [46,63]. The atom states shift down to
lower energy states means a bonding between atoms, and greater hy-
bridization of states leads to a stronger bond [32]. The PDOS of Hg0 and
Fe atom under different Fe/GS were plotted in Figs. 3-6.

In Fig. 3 to Fig. 6, the s, p and d orbital of Hg® and Fe atom have
been plotted, PDOS of Hg® and Fe atom before and after adsorption are
plotted in red solid land blue dashed line. Before the adsorption of Hg®,
the s sharp peaks of s, p and d states are —0.1, 5.7 and — 3.1 eV which
are well consistent with previous studies [46,62,63]. After the adsorp-
tion of Hg® on Fe/GS, the s, p and d states of Hg® are all shift down to a
lower energy states, indicating that there is an interaction between Hg®
and Fe/GS. Moreover, the shift distances of s and d states are propor-
tional to adsorption energies of Hg® on Fe/GS. In detail, the shift dis-
tance of occupied states in Fe/SV-N3 is biggest, and the adsorption of
HgP on Fe/SV-N3 is also the biggest at the same time.

According to the frontier molecular orbital theory [64,65], the d
states of metal atom in TM/GS play an important role in adsorption and
reaction, so the d states variation of metal atom in adsorption process
should be focused on. There is no obvious broadened in d states var-
iation of Fe atom in the adsorption of Hg® on Fe/SV-GN, Fe/DV-GN and
Fe/DV-N4, implying that the bonding interaction between Hg and Fe
atoms are weak. In addition, the PDOS analysis results of Fe/SV-GN are
in agreement with the relevant research of Fan [32]. It is noteworthy,

Fig. 2. The adsorption configurations of

Q Hg® on Fe/GS.
28951 p=0.191 ©C
oN
OFe
(d) Fe/DV-N4 o
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Fig. 3. The projected density of states diagrams of Hg® and Fe atom on Fe/SV-GN.

there is an obvious broadened of Hg d states, which can be a good
indication of strong interaction between Fe and Hg in Fe/SV-N3. Fur-
thermore, based on the performance of Hg® adsorption on different Fe/
GS, we can conclude that the support effects of graphene-based sub-
strates is one of the key factors that affect the adsorption activity of Fe/
GS and the adsorption activity of Fe/GS can be significantly improved
through doping nitrogen atoms.

3.2.2. HgCl adsorption
The stable adsorption configurations of HgCl on Fe/GS are shown in
Fig. 7, and corresponding key parameters of adsorption process are

summarized in Table3 and Table 4. In Fig. 7, there are two adsorption
models, molecule and dissociation adsorption. In molecule adsorption
model, the bond lengths of Hg—Cl are all slightly elongated compared
to HgCl molecule (2.23 10\) [66], indicating that there is a bonding in-
teraction between HgCl molecule and Fe/GS. In dissociation adsorption
model, the bond lengths of Hg-Cl all exceed 3 A, which suggests that
there is no chemical interaction between Hg and Cl atoms. From Table 3
and Table 4, the E,45 of HgCl on Fe/GS is much higher than E,q4, of Hgo
on Fe/GS, and the interaction between HgCl and Fe/GS belongs to
chemisorption. Consistent with the adsorption of Hg® on Fe/GS, the
adsorption energies of HgCl on Fe/SV-N3 in two adsorption model are
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Fig. 4. The projected density of states diagrams of Hg® and Fe atom on Fe/SV-N3.
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Fig. 5. The projected density of states diagrams of Hg® and Fe atom on Fe/DV-GN.

all biggest, which confirms the high adsorption activity of Fe/SV-N3 for
HgCl. Moreover, combined with adsorption energy and bond length, we
can conclude that the longer the bond length of Hg—Cl is, the greater
the adsorption energy of HgCl on Fe/GS is. It is worth noting that the
charge variation of HgCl in Fe/SV-GN and Fe/SV-N3 is ten times as
large as that in Fe/DV-GN and Fe/DV-N4. The direction of electron
transfer in Fe/SV-GN and Fe/SV-N3 is from graphene-based substrates
and Fe atom to HgCl, while the direction of electron transfer in Fe/DV-
GN and Fe/DV-N4 is from graphene-based substrates to Fe atom and
HgCl. The different electron transfer mechanism may cause the differ-
ence in charge variation of HgCl.

In order to investigate the desorption characteristic of HgCl on Fe/
GS, the potential energy diagrams of HgCl on Fe/GS were calculated in
Fig. 8. From Fig. 8, in dissociation adsorption model, Hg atom is likely
to desorb and convert to Hg®, because only no more than 0.1 eV energy
is needed for Hg desorption. In molecule adsorption model, desorption
of Cl atom from Fe/GS is difficult to take place for its high energy
barrier, so HgCl molecule can be firmly adsorbed on the surface of Fe/
GS. According to the exothermic property, dissociation adsorption is
more favorable in thermodynamics. Therefore, HgCl molecule inclines
to the dissociated adsorption on Fe/GS, which is accordance with the
HgCl adsorption on Fe,O3 [67], ZnO [68] and MnFe,O, [69].
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Fig. 6. The projected density of states diagrams of Hg® and Fe atom on Fe/DV-N4.
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Fig. 7. The adsorption configurations of HgCl on Fe/GS.
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Molecule adsorption
23807 2395
2.51
(a) Fe/SV-GN-a (b) Fe/SV-N3-a
Dissociation adsorption
Q Q@
3.9851 4.531"
2.117 ! 2.134?
/ n=1.379 fﬁ h=1.375
(e) Fe/SV-GN-b (f) Fe/SV-N3-b
Table 3

The uplift height of Fe atom (Ah, A), charge variation (Aq, e) and adsorption
energy (E,qs, €V) for HgCl adsorption system in molecular adsorption model.

Molecule AR (R) Augar (€) Agre (&) Agoub (€ Eags (eV)

Fe/SV-GN —0.020 0.312 —0.041 —0.245 —1.866

Fe/SV-N3 0.218 0.386 —0.001 —0.356 —-2.126

Fe/DV-GN —-0.336 0.038 0.006 —0.042 —-1.749

Fe/DV-N4 0.194 0.085 0.022 -0.107 —1.493
Table 4

The uplift height of Fe atom (Ah, 10\), charge variation (Aq, e) and adsorption
energy (E,qs, €V) for HgCl adsorption system in dissociation adsorption model.

Dissociation ~ Ah(A)  Agugai ()  Agre (€) Agub (€ Eags (eV)
Fe/SV-GN 0.034 0.498 —0.163 -0.321 —2.880
Fe/SV-N3 0.136 0.594 —0.251 —-0.332 —-3.172
Fe/DV-GN 0.302 0.424 —0.105 —0.304 —2.267
Fe/DV-N4 0.299 0.478 —0.062 -0.397 —1.653

Furthermore, HgCl, an important intermediate for Hg® oxidation,
cannot adsorb molecularly on Fe/GS, which implies that the oxidation
of Hg® on Fe/GS may take place in one step oxidation mode, such as the
oxidation of Hg0 on the surface of Au [70].

3.2.3. HgCl, adsorption

The stable adsorption configurations of HgCl, on Fe/GS are shown
in Fig. 9, and corresponding key parameters of adsorption process are
summarized in Table 5 and Table 6. From Fig. 9, there are two main
adsorption model according to the adsorption configurations of HgCl,
on Fe/GS, vertical adsorption and bending adsorption, and some im-
portant bond lengths are marked. In vertical adsorption model, the
bond lengths of Hg—Cl are all stretched compared to HgCl, molecule
(2.314) [66], suggesting that there is a bonding interaction between
HgCl, molecule and Fe/GS. In detail, the bond length of Hg—Cl on Fe/
SV-N3 in vertical adsorption model is longest (3.085A), and corre-
sponding adsorption energy is largest (—1.194 eV) at the same time. In
bending adsorption model, there are two bonding interaction between
HgCl, molecule and Fe/GS, and the adsorption energy is bigger than
that in vertical adsorption model. From Table 5 and Table 6, there is an
obvious difference of HgCl, adsorption energy on different Fe/GS,
confirming that graphene-based substrates have an important influence
on HgCl, adsorption on Fe/GS. In detail, the adsorption of HgCl, on Fe/
GS is unstable because its adsorption energy is positive, while Fe/SV-N3
has the biggest adsorption energy in both adsorption model which
suggests that Fe/SV-N3 has high adsorption activity for HgCl..

The potential energy diagrams of HgCl, on Fe/GS were calculated to
investigate the desorption characteristic of HgCl, on Fe/GS. From

Fig. 10, in vertical adsorption model, the adsorbed HgCl, molecule will
desorb from the surface of Fe/GS in the form of HgCl molecule, because
the energies needed are 0.509, 0.412, 0.529 and 0.357 eV respectively,
which is relatively easy to take place in coal-fired flue gas environment.
Specially, HgCl, molecules adsorbed on Fe/DV-GN and Fe/DV-N4 are
more likely to desorb from Fe/GS in the form of HgCl, molecule, be-
cause the energy of 0.416 eV is needed for HgCl, desorption on Fe/DV-
GN and there is no energy needed for HgCl, desorption on Fe/DV-N4. In
bending adsorption model, expect for Fe/DV-N4, the adsorbed HgCl,
molecule can firmly exist on the surface of Fe/GS. Compared with
vertical adsorption, the bending adsorption is the main adsorption
model according to thermodynamic stability. Noteworthily, in
Fig. 10(d), from Fe/DV-N4-Cl + HgCl(g) to Fe/DV-N4-HgCl, (h or d),
the oxidation of HgCl on the chlorinated surface of Fe/DV-N4 is exo-
thermic reaction which indicates that the oxidation of HgCl is ther-
modynamically favorable. From Fe/DV-N4-HgCl, (h or d) to Fe/DV-
N4 + HgCl,(g), the formation product (HgCl,) cannot be adsorbed
firmly on the surface of Fe/DV-N4, indicating that the desorption of
HgCl, is thermodynamically favorable and can take place sponta-
neously. Therefore, the oxidation reaction of Hg® on the surface Fe/DV-
N4 may be promoted through accelerating the oxidation process of
HgCl and the HgCl, desorption form Fe/DV-N4. The detail oxidation
reaction mechanism should be performed in the further to examine
whether Fe/DV-N4 can be a promising catalyst for Hg® oxidation.

3.3. Electronic structure analysis

From the above analysis, the effect of graphene-based substrates on
mercury species adsorption is significant, and the difference of ad-
sorption energy between different Fe/GS originates from the effect of
graphene-based substrates. Furthermore, it is known that there is a
close relationship between performance of catalysts and electric struc-
ture of catalysts. In order to gain further insight to the support effects of
graphene-based substrates, the analysis of d-band center and Fermi
softness were performed.

The previous studies have demonstrated that the d-band center is a
good descriptor of activity of transition-metal surface and it can be
calculated from the following equation [64,71]:

_ [JE-D(B)E

£ =
¢ S 2 DE)E

(€]

D(E) is the d states of Fe atom in Fe/GS. The d-band center value of
Fe/SV-GS, Fe/SV-N3, Fe/DV-GS and Fe/DV-N4 are —0.97, —1.85,
—1.17 and —1.15 eV, respectively. According to the calculated value of
d-band center, the adsorption activity of four Fe/GS should decrease in
the following order, Fe/SV-GN > Fe/DV-N4 > Fe/DV-GN > Fe/SV-
N3, while the sequence of adsorption activity of four Fe/GS based on
the calculated data of adsorption energy is Fe/SV-N3 > Fe/SV-
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Fig. 8. The potential energy diagrams of HgCl on Fe/GS.

GN > Fe/DV-GN > Fe/DV-N4. The contradictory adsorption activity
order suggests that the d-band center is not suitable to describe the
adsorption activity of Fe/GS.

According to frontier molecular orbital theory, the whole frontier
electronic band of the solid surface is reactive. It is known that the
closer the electronic state to the Fermi level, the greater the contribu-
tion to bonding interaction. Therefore, the reactivity of a catalyst
should be determined by both density of states (g(E)) and a weight
function (W(E)) which quantifies the contribution of every electronic
state to the surface bonding. According to this idea, Fermi softness (Sr),
which can describe the chemical reactivity of solid surfaces in quantity,
is proposed by the research group of Zhuang [72]. In addition,

Vertical adsorption

2.524
2.380 ‘
2538 3.085
2.224

h=1.369

2.1
35..q h=1.369

Table 5

The uplift height of Fe atom (Ah, 10\), charge variation (Aq, e) and adsorption
energy (Eaqs, €V) for HgCl, adsorption system in vertical adsorption model.

Vertical Ah (;\)

Agugerz (€) Agge (€) Agsub (€) Eaas (eV)
Fe/SV-GN 0.127 0.340 -0.115 —0.204 —-0.751
Fe/SV-N3 0.255 0.722 —0.105 —0.604 —1.194
Fe/DV-GN 0.422 0.221 —0.044 —0.156 —0.416
Fe/DV-N4 0.007 0.155 0.034 —-0.167 0.387
2354} 2.320

2478 2.354
2.234 4=0.727 2.702 h=0.186
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Fig. 9. The adsorption configurations of HgCl, on Fe/GS.
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Table 6
The uplift height of Fe atom (Ah, A), charge variation (Ag, e) and adsorption
energy (E,qgs, €V) for HgCl, adsorption system in bending adsorption model.

Bending Ak (A) Agsgarz (€) Agse (€) Agsup (€) Eags (eV)
Fe/SV-GN 0.270 0.299 —0.096 —0.165 —-1.010

Fe/SV-N3 0.375 0.652 —0.146 —-0.471 —2.234

Fe/DV-GN 0.422 0.361 —0.086 —-0.256 —0.801

Fe/DV-N4 0.515 0.298 0.095 —-0.354 0.403

according to our previous studies [39], we found that the chemical
activity of Fe/GS on toxic gases adsorption can be well described by the
Fermi softness (Sg). Therefore, we try to understand the difference of
adsorption energy between different Fe/GS through Sr. The Sy can be
calculated from the following equation:

se=f :° g(E)W (E)dE @

where g(E) is the total density of states. W(E) is can be acquired from
the derivative of the Fermi-Dirac function, —f;. (E—Er). The —f; (E—Ep)is
defined as the following equation:

1 1
kgT (e®E/KBT  1)(eEr—EVksT 4 1) 3)

—f; (E—Efp) =

where kpT is the nominal electron temperature (k is the Boltzmann
constant and T is parametric temperature) [72]. According to previous
researches [39,72,73], the Sy is can be adjusted with the value of kT,
and the selection of kT is depended on adsorbates. For example, the
adsorption of H atom on VS, surface [74] and the adsorption of O atom
on 27 kinds of Pd derived surfaces [72] can be well characterized by
Fermi softness when the value of kT is 0.4 eV, while the adsorption of
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Fig. 11. The effect of kT on Fermi softness and the square of the correlation
coefficient.

NO,, NH3, SO3 and HsS on the surface of single atom iron catalysts with
graphene-based substrates can be well characterized by Fermi softness
at kT = 0.25 eV. Therefore, we calculated the Sy of four kinds of Fe/GS
with different kT to investigate the effect of kT on Sp, and the square of
correlation coefficient (R?) between adsorption energy of Hg® and Sp
with different kT was plotted to select the optimal value of Sr for next
analysis, as shown in Fig. 11. From Fig. 11, the value of Sy and R? varies
with kT, and R? reaches the maximum value (0.99) when kT is 1.35 eV,
and the Fermi softness of Fe/SV-GN, Fe/SV-N3, Fe/DV-GN and Fe/DV-
N4 are 6.15, 6.39, 6.05 and 5.64 eV, respectively.

In order to further verify the correlation between Sp and E,gs,
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Fig. 10. The potential energy diagrams of HgCl, on Fe/GS.
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Fig. 12. The adsorption energies of HgCl and HgCl, as a function of Sg (kT = 1.35eV).

adsorption energies of HgCl and HgCl, as a function of Sp
(kT = 1.35eV) were plotted, as shown in Fig. 12. From Fig. 12, an
obvious relationship between adsorption energy and Fermi softness can
be found. The R? between adsorption energy and Fermi softness for
HgCl and HgCI, all exceed 0.9, confirming that Fermi softness is an
efficient descriptor for adsorption activity of the present adsorption
system. Furthermore, we can apply Fermi softness as indicator to design
new graphene-based single atom catalysts.

3.4. Thermodynamic analysis

From adsorption and electronic structure analysis, the support ef-
fects of graphene-based substrates have been well understood, and the
effect of temperature of adsorption energy should be further considered
for practical application. Therefore, the thermodynamic analysis was
performed through Gibbs free energy calculation under different tem-
perature. The Gibbs free energy of gas and solid can be calculated from
the following equations [62,63,75,76]:

Gyas = Eoe + ZPE + RT——TS )

(5)

where E.. is the ground-state energy of the system; ZPE is the zero
correction energy; R is gas constant; T is the temperature; S is the en-
tropy; ZPE and S can also be obtained through frequency calculation.
Furthermore, Gibbs free energy was applied to redefine the adsorption
energy through the following equation:

Gyolid = Eele + ZPE —TS
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AG = Grg—re/cs——Gre/Gs——CHg (6)
where Gug_re/Gs, Gre/gs and Gyg are the Gibbs free energy of adsorption
systems, Fe/GS and mercury species, respectively. From this calculation
formula, a negative value of AG suggests adsorption process can take
place spontaneously and a higher negative value of AG corresponds to a
stronger adsorption interaction. According to the coal-fired power plant
operation conditions, we select a wide temperature range
(298.15-1000 K) to calculate the AG of mercury species on different Fe/
GS, as shown in Fig. 13.

From Fig. 13, the value of AG increases with the increase of tem-
perature, indicating that low temperature accelerates mercury species
removal. In detail, the adsorption process of Hg®, HgCl (molecule and
dissociation adsorption model) and HgCl, (bending adsorption model)
can take place spontaneously at the selected temperature range
(298.15K to 1000K) for its negative value of AG, suggesting that Fe/
SV-N3 has super high adsorption activity for mercury species. However,
according to above potential energy diagrams of HgCl and HgCl,
(Fig. 8(b) and Fig. 10(b)), the decomposition of adsorbed HgCl and
HgCl, can take place on the surface of Fe/SV-N3 which indicates that
Fe/SV-N3 cannot firmly adsorb HgCl and HgCl,. Therefore, considering
the adsorption and desorption properties of mercury species, it may be
suitable for Fe/SV-N3 to be a new adsorbent for removing Hg® pollu-
tant. Different from Fe/SV-N3, the value of AG for Hg® and HgCl, on
Fe/DV-N4 are all positive, which suggests that Fe/DV-N4 has the lowest
affinity for Hg® and HgCl,. From the obvious difference between Fe/SV-
N3 and Fe/DV-N4 in mercury species adsorption, the support effects of
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Fig. 13. The AG of mercury species on different Fe/GS as a function of temperature.

graphene-based substrates on the properties of SACs can be proved
again.

4. Conclusion

The adsorption characteristics of mercury species on four kinds of
Fe/GS were systematically investigated through the adsorption con-
figurations, projected density of states, potential energy diagrams,
electronic structure and thermodynamic analysis. It is found that the
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support effect of graphene-based substrates on mercury species ad-
sorption is significant, and we can design new graphene-based mate-
rials with different properties through modifying graphene-based sub-
strates. According to the adsorption characteristic and thermodynamic
analysis, it is reasonable that Fe/SV-N3 can be used as a new adsorbent
for removing Hg®.

Moreover, d band center is not suitable for describe the adsorption
activity of Fe/GS, while Fermi softness is a good descriptor for ad-
sorption activity of Fe/GS. Fermi softness can not only be a bridge



W. Yang et al.

between support effects and electronic structure, but also be utilized to
design and optimization of new catalysts. We hope this work can pro-
vide a novel perspective for adsorption and oxidation of Hg and lay a
foundation for the further study of graphene-based support effects in
single atom catalysts.

For further investigations, the adsorption characteristics of HCI, Cl,
and O, on the surface of Fe/GS will be researched to lay a foundation
for studying catalytic oxidation of Hg®. The catalytic oxidation of Hg®
on Fe/GS will be studied to further confirm the catalytic activity of Fe/
GS, and the support effects of graphene-based substrates on energy
barrier will also be discussed for catalyst optimization. Additionally,
according to diversity and complexity of flue gas, such as SO, and H,0,
the effects of flue gas on catalytic oxidation will also be studied.
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