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ABSTRACT: Density functional theory (DFT) studies of mercury oxidation
on Au(111) are conducted to determine the potential Hg oxidation
mechanisms taking place on catalytic gold surfaces by using the Perdew
and Wang approximation (PW91) described by a generalized gradient
approximation (GGA). The Hg oxidation was examined via a Langmuir−
Hinshelwood mechanism where each Hg0 and Cl2 (or HCl) species is
separately adsorbed on the gold surface and the bimolecular reaction occurs
through the formation of bound HgCl and HgCl2. For this, the Climbing
Image-Nudged Elastic Band (CI-NEB) method has been employed to
calculate the activation energies of HgCl and HgCl2 formation pathways. In
the three-step Hg oxidation mechanism (Hg → HgCl → HgCl2), the second
Cl attachment step is endothermic which is the reaction rate-limiting step, while the first Cl attachment step is exothermic. This
observation implies that Hg oxidation prefers a pathway in which HgCl and HgCl2 are formed, rather than a pathway directly
oxidizing Hg to HgCl2. In the presence of H atoms due to HCl dissociation on the Au surface, the H atoms lower the activation
energy for Hg oxidation by consuming the electron charge of Au atoms, thereby weakening the strength of interaction between
Cl and the Au surface and lowering an energy required to detach Cl from the Au surface. This mechanism is in the absence of site
competition on the Au surface. In addition, details of the electronic properties of these systems are discussed.

1. INTRODUCTION

The release of anthropogenic mercury (Hg) is of serious global
concern, and its major emissions source is from coal-fired
power plants.1−3 Mercury is highly volatile and therefore exists
almost exclusively in the vapor phase of combustion and
gasification flue gases.4,5 In coal-derived flue gas, it is known
that Hg exists in three forms: elemental (Hg0), oxidized (Hg2+),
and particle-bound (Hgp).

2,4 Both Hg2+ and Hgp are readily
removed from the flue gas using wet flue gas desulfurization
(FGD) units for Hg2+ and electrostatic precipitators for Hgp.

2

However, it is difficult to capture Hg0 due to its high vapor
pressure and low solubility.2,4 Activated carbon is currently
used to remove Hg0 and Hg2+, and noble metals (gold (Au),
platinum (Pt), palladium (Pd)) are also potential alternatives
for Hg oxidation.2,6,7 In particular, Au has been considered as a
potential catalyst for Hg oxidation2,6,7 because Au can be
catalytically very active in the presence of highly under-
coordinated Au atoms8 or in the form of nanoparticles on
suitable supports9 such as TiO2, SiO2, Fe2O3, Al2O3, MgO, and
ZnO.10−12 In addition, pilot-scale tests13 of Hg oxidation have
suggested that the higher cost of precious metals (Au or Pd)
can be offset by requiring less metal (44% less in volume) and a
potential longer life compared to carbon-based sorbent
catalysts.
The predominant and actual physicochemical forms of the

elemental and inorganic Hg2+ phases are Hg0(g), HgCl2(g),
HgO(s,g), and HgSO4(s).

4 The HgCl2(g) phase is dominant at
temperatures less than about 450 °C and the relative

proportion of HgO(g) is minor compared to HgCl2(g) and
Hg0(g).4 Considering the predominant HCl concentration
compared to Cl2 (∼1% of the HCl concentration) in the flue
gas, the overall reaction of the catalytic oxidation of Hg to
HgCl2 is assumed as Hg + 2HCl → HgCl2.

7

It has been known that Hg oxidation can occur via one of
three possible Hg oxidation mechanisms:7 a Langmuir−
Hinshelwood mechanism, an Eley−Rideal mechanism, or a
Mars-Maessen mechanism. According to the Langmuir−
Hinshelwood mechanism,14 each gas species (Hg0 and Cl2) is
first separately adsorbed on a catalyst surface, the adsorbed
species react and form an adsorbed product of HgCl2, and the
product is ultimately desorbed into the gas phase. In an Eley−
Rideal mechanism,15,16 one of two species (Hg0 or Cl2) is
adsorbed while the other remains in the gas-phase, and they
react with each other producing HgCl2 in the gas phase. Lastly,
in a Mars-Maessen mechanism17 adsorbed Hg0 reacts with a
lattice oxidant (either Cl or O) that is replenished from the gas
phase, and an adsorbed product, HgCl2 or HgO, desorbs into
the gas phase. In the case of the Pt catalyst, Presto and Granite7

suggested that adsorbed Hg on the Pt catalyst may react with
gas phase HCl in accordance with an Eley−Rideal mechanism
based on experimental observation that Hg oxidation stops in
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the absence of HCl.7 To date, none of the three mechanisms
has been verified as the dominant mechanism for catalytic Hg
oxidation.7

From experimental observations, it appears that Hg reacts
from an adsorbed state,2 and it is also well-known that Hg
adsorbs to Au, Pt, and Pd surfaces.7 Presto and Granite7

measured Hg oxidation on Au and Pd catalysts by exposing the
catalysts to HCl and changing the HCl concentration up to
zero. They observed that Hg oxidation continues on the
catalysts in the absence of gas phase HCl but with a declining
reaction rate. From this observation, they concluded that Hg
reacts with HCl that is bound to the catalyst surface. They also
assumed that surface-bound chlorine should be available for Hg
oxidation on the Au and Pd surfaces, based on the fact that Cl2
can chemisorb to Au surfaces18 and HCl dissociatively adsorbs
to Pt surfaces.19 Other experimental studies of Hg oxidation in
flue gas have also shown that Hg oxidation increases with
increasing HCl content.20−22 However, details of Hg oxidation
mechanisms in the flue gas are not yet well understood.
The specific goal of the current study is to investigate the

potential of catalytic oxidation of Hg0 by Cl2 and HCl using
density functional theory (DFT) predictions. Based on the
experimental observation of Hg oxidation on Au7 as previously
discussed, we examine Hg oxidation via a Langmuir−Hinshel-
wood mechanism where each Hg0 and Cl2 (or HCl) species is
separately adsorbed on the Au surface and the bimolecular
reaction occurs to form HgCl2. In addition, details of the
structural and electronic properties of these systems are
discussed.

2. COMPUTATIONAL METHODOLOGY
Density functional theory calculations were performed using
the Vienna ab initio Simulation Package (VASP).23−26 Ultrasoft
Vanderbilt pseudopotentials27 are used to describe core
orbitals, and electron exchange correlation functionals were
calculated using the Perdew and Wang28 approximation
(PW91) described by a generalized gradient approximation
(GGA). The PW91 exchange-correlation functional has been
known to provide a better description of Au−Au binding than
Perdew-Burke-Ernzerhof (PBE) and revised-PBE (RPBE)
functionals in terms of the calculated cohesive energy and the
surface energy.29 A plane-wave expansion with a cutoff of 300
eV was employed with Methfessel and Paxton30 Gaussian-
smearing of order 2 with a width of 0.1 eV. Geometric
relaxation was obtained with the conjugate-gradient (CG)
algorithm until the total energy change upon two iterations of
the electronic self-consistent loop was less than 10−4 eV. The
Monkhorst-Pack31 scheme was used for the k-point sampling.
Using 16 × 16 × 16 k-point meshes, the lattice constant of bulk
Au was determined as 4.181 Å, which is in reasonable
agreement with the experimental measurement of 4.08 Å32

with a relative error of 2.5%. The cohesive energy of bulk Au
(i.e., the energy required to break the atoms of the solid into
isolated atomic species) was 3.14 eV/atom. This cohesive
energy is underestimated by a relative error of 16.2% compared
to the experimental value of 3.81 eV/atom;33 however, it is
consistent with other previous DFT studies with reported
cohesive energies of 3.20,34 3.15,35 and 3.0636 eV/atom.
The Au(111)−p(4×4) surfaces were used for Hg oxidation

modeling and were represented as a four-layer slab with 16
atoms in each layer and a 21.7 Å-thick vacuum region to
prevent interactions between periodic images (Figure 1). The
Brillouin zone integration of the Au(111)−p(4×4) surface was

calculated using 5 × 5 × 1 Monkhorst-Pack31 k-point meshes.
The xy-plane is parallel to the surface, and the z-axis is
perpendicular to the surface. The bottom two layers were fixed
at the equilibrium lattice constant of 4.181 Å and the top two
layers were fully relaxed. In our previous Hg adsorption study
on Au(111) surfaces where a cutoff energy of 350 eV was
used,37 the four-layer slab showed convergence of the surface
energy within 1 meV/Å2 compared to a 20-layer slab. It was
also validated in the previous study that a dipole correction
associated with the asymmetric slab and the spin-polarized
correction had a negligible effect on the Hg adsorption energy
on Au(111) surfaces37 and therefore were not taken into
account in the current study. Additional details of the validation
of the DFT calculations are presented in our previous
studies.37,38

The defective Au(111)−p(4×4) surfaces were modeled with
a varying number of Au vacancies. The formation energy of n-
vacancies on the Au(111) surface (Ef_vac) (i.e., an energy
required to break the bond between atoms of the Au surface)
was calculated from39,40

= − +E E E nEf vac Au vac Ref bulk

where n is the number of the vacancy, EAu_vac is the total energy
of Au(111) containing n-vacancies, Eref is the total energy of
Au(111) with no vacancy, and Ebulk is the total energy per Au
atom in the bulk. The adsorption energies (Eads) of adsorbates
on defective Au(111)−p(4×4) surfaces are calculated as Eads =
EAu+Adsorbate − EAu − EAdsorbate, where the three terms on the
right-hand-side represent the total energy of the Au(111)
surface with adsorbates, the total energy of the Au(111) surface,
and the total energy of gas-phase adsorbates, respectively. With
this definition of adsorption energy, the more negative the
energy, the stronger the interaction.
The activation barriers for Hg oxidation are calculated using

the climbing image nudged elastic band (CI-NEB) method that
is known to effectively locate the minimum energy paths
(MEPs) and the corresponding transition states of adsorbate
molecules.41 Once the initial and final configurations of a
reaction path are known, intermediate configurations are
determined by interpolating between the initial and final
configurations. The interpolated chain of configurations is
connected by springs and relaxed simultaneously to the MEP,
through which the highest-energy configuration climbs uphill to
the saddle point.41

Figure 1. Perfect Au(111)−p(4×4) surface model: (A) top and (B)
side views. Orange and light gray colors represent the top Au surface
and the subsurface, respectively. a, b, and c indicate the adsorption
sites of atop, bridge, and 3-fold, respectively.
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3. RESULTS AND DISCUSSION
3.1. Perfect and Defective Au(111) Surface Models.

The perfect four-layer Au(111)−p(4×4) slab has a rhombus-
shaped surface with a side length of 11.8 Å, which consists of 16
Au atoms as shown in Figure 1. Among the adsorption sites of
atop, bridge, and 3-fold in Figure 1A, the 3-fold site shows the
most stable adsorption of atomic Hg and Cl atoms. The Hg
(and Cl) adsorption energies at atop, bridge, and 3-fold sites of
the perfect Au surface are −0.32 (−0.69), −0.40 (−0.98), and
−0.43 (−0.99) eV, respectively. The most favorable adsorption
configurations of Hg and Cl atoms give insight into the
determination of the initial configurations of the reactants and
products in the Hg oxidation pathways. More details of Hg
adsorption behavior on the Au surfaces can be found in our
previous study.37

The vacancy formation energies are compared in Figure 2 to
determine a proper defective surface model of the Au surface

for the Hg oxidation. Two criteria for the defective surface
selection were the stability of the Au surface with vacancies in
terms of the vacancy formation energy and the availability of
the surface space for the mobility of adsorbates (Hg, Cl, and
H). In Figure 2, the supercell of the Au(111)−p(4×4) is
expanded to a (2×2) boundary for better visualization of the
surface shape with periodic images. The 4-vacancy surface
model has two closely packed steps, so that the product
molecules of Hg oxidation (HgCl and HgCl2) are readily stuck
between the steps, leading to dispersed adsorption of the
product components between the steps; the 14-vacancy surface
model has the most favorable formation of the surface Au

atoms but has too small of a surface for Hg oxidation to take
place. Instead, the 9-vacancy surface model was chosen to have
a large enough space between two steps, minimizing the
interference of neighboring steps. The step sites promote the
adsorption of atomic species; for example, the Hg and Cl
adsorption energies at the step site of the 4-vacancy Au surface
are −0.50 and −1.30 eV, respectively.
In Figure 2, the Au surfaces with continuous steps (4-, 8-,

and 9-vacancy surface models) show more favorable formation
requiring less energy to form vacancies, compared to the island-
like surface (10-vacancy model). The continuous steplike Au
surfaces are different from the well-known herringbone
reconstruction of the Au(111) surface42,43 where the top
layer atoms are laterally compressed along the [01 ̅1] direction
and appear as lines approximately 0.2 Å higher than the surface
(i.e., known as discommensuration lines);44 however, the
results shown in Figure 2 support a linear reconstruction of the
Au(111) surface, rather than a dispersed islandlike surface
reconstruction.

3.2. Hg Oxidation on Perfect Au(111) Surfaces. Prior to
the Hg oxidation pathway analyses, it is necessary to determine
the possible reactants, intermediates, and products in the Hg
oxidation pathways. The initial configurations of the Hg
oxidation species were estimated and optimized based on the
most stable adsorption configurations of atomic Hg, Cl, and H
atoms. Two Hg oxidation schemes were investigated: via the
Cl2 molecule (Cl2 model) and via 2HCl molecules (HCl
model). Three Hg oxidation steps for the Cl2 model were taken
into account on the Au(111) surfaces: 1) Hg + Cl + Cl, 2)
HgCl + Cl, and 3) HgCl2. For the HCl model, two atomic H
atoms were added to each step assuming that HCl dissociatively
adsorbs to the Au surface, as observed for HCl on Pt surfaces.19

Figure 3 shows only one representative step for each Hg
oxidation pathway model but gives to an overall picture how
Hg oxidation proceeds since the geometry configurations of
each step of the different oxidation schemes are similar except
for the H atoms in the HCl models. At each initial oxidation
step, atomic species are located at the 3-fold or bridge sites; at
each second step, the HgCl molecule stands upright; at each
third step, the HgCl2 molecule is anchored with Hg bound and
two Cl atoms turned upward.
Activation energies for Hg oxidation were calculated

assuming two possible reaction pathways: three-step Hg
oxidation (step 1 → 2 → 3) with transition states 1 and 2
(TS1 and TS2) and two-step Hg oxidation (step 1 → 3) with a
transition state 3 (TS3) in Figure 3. When H atoms are absent
(Figure 3A) and located far from the Hg and Cl atoms (Figure
3B), the three-step pathway is more favorable than the two-step
pathway, showing lower activation energies. In the three-step
pathway, the first Cl attachment is exothermic, but the second
Cl attachment is endothermic (Table 1); in other words, the
reaction rate-limiting step lies in the formation of HgCl2 from
HgCl. These theoretical observations lead to the conclusion
that atomic Cl serves as a key role in oxidizing Hg by forming
HgCl and HgCl2 step by step, rather than oxidizing Hg directly
to HgCl2. This Hg oxidation trend agrees well with Zhao et al.
experimental measurements of Hg oxidation with 3 ppm Cl2 on
gold where the rate constants (k at 473 K) of the reactions
Hg→HgCl, HgCl→HgCl2, and Hg→HgCl2 are computed as
2.0 × 1017, 8.0 × 1016, and 1.0 × 1016, respectively6 (the rate
constants are of the form k = ATne−E/RT where A is the pre-
exponential factor (cm3/(mol/s)), T is temperature (K), n is
unitless, E is activation energy (kcal/mol), and R is the ideal gas

Figure 2. Defective Au(111)−p(4×4) surface models with vacancies
(vac.) and the formation energies of n-vacancies (in parentheses) on
the Au(111) surface (Ef_vac). The four rhombuses on the surface
models represent (2×2) supercells of the Au(111)−p(4×4) surface.
Orange and light gray colors represent the top Au surface and the 2nd
Au subsurface, respectively. The third and fourth layers of Au are
omitted.
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constant (kcal/(mol·K))). Although our DFT activation energy
was calculated for the ground state at 0 K, it ranges from 0.22 to
0.57 eV in the case of the Cl2 model (Figure 3A) agreeing with
the measurement of Zhao et al. with a reported apparent
activation energy of 0.31 eV (7.2 kcal/mol) for the global
reaction of Hg0 + Cl2 → HgCl2 on gold at 473 K.6

In the presence of H atoms attributed to HCl dissociation on
gold (Figure 3B and 3C), the Hg oxidation reaction pathway is
affected, altering the magnitude of the activation energies. The
closer the H atoms are to the Hg oxidation intermediates, the
greater influence the H atoms have on the reaction pathway. In
Figure 3B where the H atoms are relatively far from the
reaction intermediates, the activation energies are slightly lower
compared to those of the Cl2 model (Figure 3A). However,
when the H atoms are relatively closer to the intermediates
(Figure 3C), they significantly alter the activation energy of
TS3 (0.14 eV for Hg + Cl2 → HgCl2). It should be noted
though that this extreme case of Figure 3C is one of many
possible Hg oxidation pathways when the H atoms are closely
placed near the reaction intermediates. Despite the difference in
the magnitude of activation energy in the presence of H atoms,
the H atom serves as an ‘impurity’ on the gold surface that
consumes the electron charge of the gold atoms thereby
lowering the strength of interaction between the gold atoms

and the reaction intermediates, which ultimately enhances the
Hg oxidation reaction by lowering the activation energy
required to detach Cl atoms from the gold surface for the
formation of HgCl and HgCl2 species. Presto and Granite7

measured an apparent activation energy of 0.41 eV (9.6 kcal/
mol) for the global reaction of Hg0 + 2HCl → HgCl2 on gold
over temperatures ranging from 411 to 433 K, which agrees
with our DFT activation energies ranging from 0.16 to 0.51 eV.
To understand in greater detail the role of the H atoms, the

projected density of states (PDOS) of the gold atoms adjacent
to the Hg atoms were analyzed by decomposing the electron
density and wave function into the atomic orbital contributions.
The PDOS of the Au surface atom adjacent to adsorbed Hg on
each model marked as (P) in Figure 3A and 3C was analyzed as
shown in Figure 4. Figure 4A and 4B represent the Au s-, p-,
and d-orbitals of the Cl2 model and HCl model-2, respectively.
In the presence of H atoms in Figure 4B, the Au s-, p-, and d-
orbitals are strongly hybridized with the H s-orbital and shifted
to the lower energy level. In particular, the Au s-orbital
significantly interacts with the H s-orbital as shown by the
orbital overlap between approximately −7 and −9 eV in Figure
4B. This strong orbital hybridization between the Au and H
orbitals stabilizes adsorption of the H atom on the Au surface,
resulting in reducing the Au electron charge available for the

Figure 3. Reaction pathways of Hg oxidation on perfect Au(111)−p(4×4) surfaces via the Cl2 molecule (A) and two HCl molecules (B and C
depending on different H atom locations). Each model has three Hg oxidation steps (steps 1−3), but only one representative step is shown in
parentheses for each model. TS1, 2, and 3 indicate transition states with activation energies in parentheses. TS1 and 2 (in red) are in a three-step Hg
oxidation mechanism (step 1→ 2→ 3) and TS3 (in blue) is in a two-step Hg oxidation mechanism (step 1→ 3). Purple, green, white (small circle),
orange, and light gray colors represent the Hg atom, Cl atom, H atom, top Au surface, and 2nd Au subsurface, respectively. The third and fourth
layers of Au are omitted. (P) in blue indicates the Au atoms used for the projected density of states (PDOS) in Figure 4.

Table 1. Reaction Energy Barriers (in eV) for Hg Oxidation on Perfect and Defective Au(111)−p(4×4) with 9 Vacancies via the
Cl2 Molecule (Cl2 Model) and 2HCl Molecules (HCl Model-1 and -2) According to Figures 3 and 5a

perfect Au(111) defective Au(111)

three-step pathway two-step pathway three-step pathway two-step pathway

step 1 → 2
(Hg→HgCl)

step 2 → 3
(HgCl→HgCl2)

step 1 → 3
(Hg→HgCl2)

step 1 → 2
(Hg→HgCl)

step 2 → 3
(HgCl→HgCl2)

step 1 → 3
(Hg→HgCl2)

Cl2 model 0.22 0.35 0.57 0.52 0.45 0.94
HCl model-1 0.20 0.31 0.51 0.45 0.55 0.91
HCl model-2 0.23 0.33 0.16 0.22 0.27 0.62

aNumbers 1, 2, and 3 in the second row indicate three Hg oxidation steps of 1) Hg + Cl + Cl, 2) HgCl + Cl, and 3) HgCl2, respectively.
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reaction intermediates and relatively weakening the interactions
between the intermediates and the Au surface. The weakened
adsorption of the intermediates on the Au surface in turn
lowers the activation energy for Hg oxidation, which ultimately
promotes Hg oxidation. In addition, the d-band centers
(relative to the Fermi level) of Figures 4A and 4B are −3.25

and −3.40 eV, respectively. It is known that the higher shift of
the d-band center toward the Fermi level indicates the higher
reactivity of a transition metal resulting in an increase in the
stability of adsorbates.45 The d-band center shifts downward
relative to the Fermi level from Figures 4A to 4B due to the H
atoms, which supports the relatively weakened adsorption of
the intermediates on the HCl model-2 compared to on the Cl2
model.

3.3. Hg Oxidation on Defective Au(111) Surfaces. The
same Hg oxidation pathways examined on perfect Au(111)−
p(4×4) surfaces were investigated on the Au surface with 9
vacancies as shown in Figure 5; two Hg oxidation schemes (Cl2
model and HCl model), three and two oxidation steps for each
model, and different H atom locations for the HCl model were
considered. Figure 5 shows only one representative step for
each Hg oxidation pathway model where the reaction
intermediate species are adsorbed at the edge of the step.
Activation energies for Hg oxidation were calculated according
to the three-step (TS1 and TS2) and two-step (TS3) reactions.
Compared to the perfect Au surfaces, the defective Au

surfaces become more reactive in terms of adsorption strength
due to the defect sites, making it more difficult for Hg to be
oxidized. The defective Au surfaces show approximately two
times higher activation energy on average (Table 1), except for
the HCl model-2 case, in which the H atom strongly interferes
with the interaction between the intermediates and the Au
surface. This trend is attributed to the stronger interactions of
adsorbate species (Hg and Cl atoms) on the step site of the
defective Au surface compared to the surface of perfect Au
since the relatively stronger binding of the adsorbate species
requires higher energy to be detached from the surface for Hg
oxidation. A similar phenomenon has been reported in the case
of the oxygen reduction reaction (ORR) on platinum (Pt)
nanoparticles, indicating that stronger oxygen binding on Pt
nanoparticle surfaces requires higher energy barriers for the
ORR.46 The Cl adsorption energies on the perfect Au surface,

Figure 4. Projected density of states (PDOS) of the Au surface atoms
adjacent to adsorbed Hg atoms on perfect Au(111)−p(4×4) surfaces
(marked as (P) in Figure 3): Cl2 model (A) and HCl model-2 (B).
The Fermi energy is referenced at 0 eV.

Figure 5. Reaction pathways of Hg oxidation on defective Au(111)−p(4×4) surfaces with 9 vacancies via Cl2 molecule (A) and two HCl molecules
(B and C depending on different H atom locations). Each model has three Hg oxidation steps (steps 1−3), but only one representative step is shown
in parentheses at each model. TS1, 2, and 3 indicate transition states with activation energies in parentheses. TS1 and 2 (in red) are in a three-step
Hg oxidation (step 1 → 2 → 3), and TS3 (in blue) is in a two-step Hg oxidation (step 1 → 3). Purple, green, white (small circle), orange, and light
gray colors represent Hg atom, Cl atom, H atom, the top Au surface, and the 2nd Au subsurface, respectively. The third and fourth layers of Au are
omitted. (P) in blue indicates the Au atoms used for the projected density of states (PDOS) in Figure 6.
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for example, range from −0.69 to −0.99 eV, while showing
−1.30 eV at the step site of a defective Au surface with 4 Au
atom vacancies.
As concluded from the Hg oxidation pathways on perfect Au

surfaces, the Hg reaction pathways on defective Au surfaces also
indicate an important role of atomic Cl in Hg oxidation, leading
to a step-by-step Hg oxidation (Hg → HgCl → HgCl2) rather
than directly from Hg to HgCl2. In addition, the H atoms
adjacent to the reaction intermediates promote the Hg
oxidation by weakening the interaction between the Au surface
and intermediates as discussed in Section 3.2.
An interesting comparison between the current theoretical

calculations and Zhao et al. experimental observations6 lies in
the effect of HCl on Hg oxidation. Zhao et al. measured Hg
oxidation by separately applying 50 ppm HCl and 3 ppm Cl2 at
473 K and reported that the reduction percentages of inlet Hg
were approximately 5 and 50% for the HCl and Cl2 conditions,
respectively. In a combination of the two gas conditions, the Hg
reduction percentage was even reduced to approximately 40%.
This observation implies that HCl has relatively weaker
oxidizing capability compared to Cl2 and competes with Cl2
for the active sites.6 It seems that Zhao et al. experimental
results are contrary to the current DFT results showing
enhanced Hg oxidation in the HCl models. It is important to
recognize that the HCl model used in the current study (Figure
3 and 5) is not a gold surface exposed to HCl gas but rather a
gold surface containing adsorbed H and Cl atoms. In the
current DFT simulation it was assumed that HCl is first
dissociated on gold prior to Hg oxidation, based on the fact that
HCl dissociatively adsorbs to Pt surfaces.19 Due to this
difference, the H atoms in the DFT simulations serve as
“impurities” that weaken the adsorption energies of Hg and Cl
atoms on the Au surface thereby lowering the activation
energies for combining Hg and Cl atoms, which ultimately
enhances Hg oxidation. Furthermore, as discussed in the
Introduction, the HCl molecule interacts with Hg in a bound
form on the Au surface in the Hg oxidation mechanism, rather
than as gas phase HCl.7 Also, the current DFT results suggest
that the dissociated H atoms from HCl molecules help oxidize
Hg and the experimental observations support relatively weaker
oxidizing capability of HCl compared to Cl2. Considering all of
these findings, it may be suggested that HCl molecules may be
bound on the Au surface in a configuration in which the Cl
atoms are directly adsorbed on gold with H directed toward the
gas phase, in which the H atoms may not be dissociated prior to
Hg oxidation. Another possible interpretation for the
discrepancy may lie in the difference in the surface area
between the experimental conditions and the pure computa-
tional environment. Considering the higher concentration of
HCl (50 ppm) compared to Cl2 (3 ppm) in Zhao et al.
experiment conditions, if the gold surface area is relatively
small, H and Cl atoms and HCl molecules may compete with
one another for active sites, resulting in lower Hg oxidation by
HCl compared to Cl2. On the other hand, the current DFT
modeling environment provides no competition effect (no
coverage effect) for the active sites between H and Cl atoms.
Figure 6 shows the PDOS of the Au surface atom adjacent to

the adsorbed Hg atom on each defective Au model marked as
(P) in Figures 5A and 5C. Figures 6A and 6B represent the Au
s-, p-, and d-orbitals of the Cl2 model and HCl model-2,
respectively. As discussed in the PDOS of the perfect Au
models in Figure 4, when the H atoms are present, the Au s-, p-,
and d-orbitals are strongly hybridized with the H s-orbital and

shifted to the lower energy level, especially between
approximately −6 and −8 eV in Figure 6B. This significant
interaction between the Au and H atoms weakens the
interaction between the Au surface and the Hg intermediates
and in turn lowers the activation energy for Hg oxidation,
which ultimately promotes Hg oxidation. The d-band centers of
Figures 6A and 6B (−3.02 and −3.25 eV, respectively) also
support the relatively weakened interaction of the intermediates
on the HCl model-2 compared to the Cl2 model. In addition,
due to the presence of the H atoms, the overall d-band center
shifts of the perfect model (−3.25 to −3.40 eV) and the
defective model (−3.02 to −3.25 eV) indicate that the defective
surface has higher reactivity in terms of adsorbate stability, but
this higher stability hinders Hg from being oxidized to HgCl
and HgCl2.
For environmental technology implications, the current DFT

work provides insight into the Hg oxidation mechanism on
gold, which will be used for the design of effective Hg control
technologies. For example, it will be indispensable for
promoting Hg oxidation to recognize that a balance in Hg
adsorption stability on gold may be necessary to provide stable
binding of Hg on gold while still maintaining weak binding of
Hg oxidizing species for release into the gas phase. This balance
may, for example, be applied by controlling the degree of defect
sites on gold as well as precovering gold surfaces with atomic S
or O species.37

For future studies, it may be of interest to use DFT modeling
to investigate the effects of real flue gases that include trace
species such as SO2, NO, O2, and H2O and to investigate the
impact of catalyst supports on mercury oxidation. In addition,
similar DFT modeling studies of the current work on Pd and Pt
surfaces may provide further insight into the Hg oxidation since
Pd and Pt metals are also of commercial interest.

Figure 6. Projected density of states (PDOS) of the Au surface atoms
adjacent to adsorbed Hg atoms on defective Au(111)−p(4×4)
surfaces with 9 vacancies (marked as (P) in Figure 5): Cl2 model
(A) and HCl model-2 (B). The Fermi energy is referenced at 0 eV.
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