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A B S T R A C T

LaMnO3, known for its high thermal stability, redox activity and cost-effectiveness, is a promising material for 
coal chemical looping combustion (CLC). Density functional theory (DFT) calculations are carried out to 
investigate the catalytic mechanisms of Hg0 oxidation by oxygen species (lattice oxygen, perpendicularly 
adsorbed O2 and dissociative adsorbed O2) on the LaMnO3(010) surface. The results indicate that Hg0, HgO and 
O2 can all be chemisorbed on the LaMnO3(010) surface, with O2 capable of dissociating on the lattice. Despite 
variations in oxygen species, Hg0 oxidation proceeds via a consistent three-step mechanism: Hg0 → Hg (ads) → 
HgO (ads) → HgO. Among the species, perpendicularly adsorbed O2 is the most active oxygen for Hg0 oxidation, 
featuring the lowest rate-limiting energy barrier (1.354 eV), thus representing the most favourable pathway. This 
study elucidates the adsorption and oxidation mechanisms of Hg0 on the LaMnO3(010) surface, offering 
microscopic insights into its catalytic role in mercury removal. These findings would provide a theoretical 
foundation for developing efficient and low-emission Hg0 control strategies.

1. Introduction

Direct combustion of coal produces huge amounts of CO2, which acts 
as a major source of global warming [1–3]. To address this problem, 
researchers have explored a wide range of technologies aimed at miti
gating its impact, with chemical looping combustion (CLC) emerging as 
a particularly promising solution [4,5]. In a CLC system, oxygen carriers 
(OCs) transfer oxygen from the air reactor to the fuel reactor, effectively 
eliminating direct contact between air and fuel [6,7]. This unique pro
cess allows for the efficient separation of pure CO2 by condensing H2O 
from the exhaust stream of the fuel reactor. Therefore, CLC is widely 
recognized as a cost-effective and highly efficient carbon capture 
technology.

In the CLC system, OCs play a pivotal role in determining overall 
efficiency and performance [8,9]. Various materials have been explored 
as OCs in CLC, including single metal oxides, single non-metallic oxides, 
composite oxides, perovskite oxides, etc. [10]. Among these, perovskite 
oxides have attracted considerable interests due to their high reactivity, 
outstanding thermal stability, and cost-effectiveness [11,12]. Perovskite 
materials are commonly represented by the formula ABO3 [13]. In this 
structure, the A-site, enclosed by 12 oxygen atoms, is typically occupied 

by rare earth or alkaline earth metals with relatively large atomic radii, 
while the B-site, coordinated with 6 oxygen atoms, is usually occupied 
by transition metals with smaller cationic radii [14].

LaMnO3, a representative Mn-based perovskite oxide, is well known 
for its high thermal stability, superior redox activity and low cost, 
making it a prominent material for CLC applications [15,16]. Notably, 
Ma et al. conducted experimental and theoretical studies to explore the 
reactivity and microscopic reaction mechanisms of LaMnO3 with CO in 
CLC [15]. Sarshar and co-workers prepared LaMnO3 using the nano
casting method, demonstrating its high α-O2 availability and excellent 
reducibility for CH4-based CLC [17]. LaMnO3 exhibited stable perfor
mance, effectively preventing CO formation under low CH4 pressure 
[17]. Additionally, they developed LaMn0.7Fe0.3O3.15@mSiO2 core–
shell structures, which demonstrated both high reactivity and stability 
for CH4 combustion [18]. Iliopoulou et al. synthesized La1-xCaxMnO3 
OCs via the coprecipitation method and demonstrated their excellent 
stability over eight successive redox cycles at 1000 ◦C during CH4-based 
CLC [19]. However, previous studies have primarily focused on the 
reactivity of LaMnO3-based oxygen carriers in the CLC process, while 
neglecting the influence of potential pollutants generated during coal 
CLC. These pollutants can lead to equipment corrosion, oxygen carrier 
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degradation, environmental concerns and a reduction in the purity of 
captured CO2 [20,21].

According to recent reports from the World Health Organization 
(WHO) and the United Nations Environment Programme (UNEP), coal 
combustion remains the largest anthropogenic source of atmospheric 
mercury emissions, accounting for approximately 21 % of global re
leases (approximately 2220 t annually) [22,23]. Mercury (Hg) is a 
typical trace element in coal, inevitably released during coal combustion 
and converted into elemental mercury (Hg0), oxidized mercury (Hg2+) 
and particulate mercury (HgP) [24,25]. Among these species, Hg0 

dominates emissions due to its chemical inertness and low water solu
bility, presenting a significant challenge for effective mitigation [24,25]. 
In chemical looping combustion (CLC) systems, the interaction between 
mercury species and oxygen carriers plays a pivotal role in determining 
pollutant removal efficiency. Wang and co-workers utilized density 
functional theory (DFT) calculations to elucidate the fundamental 
mechanisms of Hg0 oxidation by HCl on the LaMnO3 surface [26]. 
However, their study did not consider the direct oxidation of Hg0 by 
LaMnO3 itself, which is a crucial pathway in coal CLC, particularly for 
coals with low Cl content [27].

To address this gap, we employed DFT calculations, a powerful 
computational approach for elucidating electronic structures and reac
tion pathways at the atomic level [20], to investigate the reaction 
mechanisms of Hg0 on the LaMnO3 surface. Firstly, the adsorption be
haviours of Hg0, O2 and HgO on the LaMnO3 surface were examined. In 
addition, the transition states and energy profiles of potential Hg0 

oxidation pathways were analysed to gain deeper insight into the un
derlying oxidation mechanisms.

2. Methods

2.1. Computational details

All DFT calculations were performed using the Vienna Ab Initio 
Simulation Package (VASP) [28,29], within the framework of the 
generalized gradient approximation (GGA) and employing the Per
dew–Burke–Ernzerhof (PBE) functional [30]. A plane wave energy 
cutoff of 500 eV was applied, with convergence criteria for the total 
energy and forces set to 1.0 × 10− 5 eV and 0.03 eV/Å, respectively. 
Monkhorst-Pack k-point grids of 5 × 4 × 5 and 2 × 2 × 1 were employed 
for the unit cell and supercell of LaMnO3, respectively. The computa
tional parameters were primarily derived from the existing literature 
[15,16,26]; however, the energy cutoff value has been increased to 500 
eV to enhance the accuracy and reliability of the calculations. The 
climbing image nudged elastic band (CI-NEB) method was utilized to 
locate the transition state (TS) and determine the reaction barriers [31]. 
The CI-NEB calculations employed the same computational settings as 
those used in the static calculations, including the exchange-correlation 
functional, energy cutoff, k-point sampling, and convergence criteria. 
The validity of the obtained TS structures was confirmed by vibrational 
frequency analysis. The calculations were facilitated using the VASPKIT 
[32] and QVASP [33] software packages. The visualizations were 
generated using the VESTA software [34].

The adsorption energy (Eads), energy barrier (Eb) and overall reaction 
energy (Eall) are determined using Eqs. (1)–(3), respectively. 

Eads = E(AB) − E(A) − E(B) (1) 

Eb = E(TS) − E(IS) (2) 

Eall = E(FS) − E(IS) (3) 

where E(AB), E(A), E(B), E(TS), E(IS) and E(FS) are the energies of 
adsorption structure, substrate, adsorbate, transition state, initial state 
and final state, respectively. Zero-point energy (ZPE) corrections were 
applied to adsorption and activation energies based on vibrational 

frequency calculations.

2.2. Computational models

The unit cell of LaMnO3 is an orthorhombic structure with a Pnma 
space group from the Materials Project database (MP-17554) [35]. The 
optimized LaMnO3 unite cell is presented in Fig. 1a. The LaMnO3(010) 
surface demonstrates both energetic stability and catalytic activity [36]. 
Previous simulations show that Hg0 adsorption on the La-terminated 
surface is primarily physisorption and weaker than the chemisorption 
on the Mn-terminated (010) surface [26]. Thermodynamic studies 
indicate that below 927 ◦C, the Mn-terminated LaMnO3 surface is more 
stable than the La-terminated one, suggesting that Mn-terminated sur
faces dominate under practical conditions [37]. Experimentally, Hg0 

capture efficiency by LaMnO3 increases with temperature from 100 ◦C to 
150 ◦C, consistent with a chemisorption mechanism [38–40]. Based on 
these findings, the Mn-terminated LaMnO3 (010) surface was selected 
for modelling in this study. A p(2 × 2) supercell consisting of eight 
atomic layers was constructed with a 20 Å vacuum layer incorporated to 
eliminate interactions between periodic slabs. To improve computa
tional efficiency, during structural optimization, the top four layers were 
allowed to relax, while the bottom four layers were kept fixed. After 
geometric optimization, the LaMnO3(010) surface (Fig. 1b) revealed six 
potential active sites: Mn, O1, O2, bridge1, bridge2 and hollow. All sur
face models employed in our calculations were fully relaxed prior to 
adsorption and transition state simulations.

3. Results and discussion

3.1. Interaction of Hg0 and HgO on LaMnO3 surface

As the reactant and final product, respectively, understanding the 
adsorption behaviours of Hg0 and HgO on the LaMnO3(010) surface are 
the fundamental prerequisite for elucidating the catalytic oxidation 
mechanism of Hg0. After evaluating six possible adsorption sites on the 
LaMnO3(010) surface (Fig. 1b), four stable configurations are identified, 
as shown in Fig. 2. The corresponding adsorption energies and Bader 
charges are provided in Table 1. The adsorption strength of the four 
configurations decreases in the following order: 1B > 1D > 1A > 1C. The 
most stable structure for Hg0 adsorption is 1B, where Hg0 adsorbs onto 
Mn, forming a Hg–Mn bond, which is consistent with previous work 
[26]. The binding energy of 1B is − 0.226 eV with a Bader charge 
transfer of − 0.04 e, indicating chemical adsorption of Hg0. In configu
rations 1A, 1C, and 1D, Hg0 is adsorbed at the hollow, O1, and O2 sites, 
respectively, with relatively low binding energies of − 0.043 eV, − 0.033 
eV and − 0.156 eV. The corresponding Bader charge transfers are 
negligible, suggesting that Hg0 adsorption in these cases is dominated by 
physisorption.

It is worth noting that the binding energy and charge transfer values 
for the 1B configuration exhibit slight deviations from those reported in 
previous studies [26], due to differences in the computational software, 

Fig. 1. Schematic representation of the LaMnO3(010) surface. (a) unit cell of 
LaMnO3; (b) Mn-terminated LaMnO3(010) surface.

Z. Bai and K.H. Luo                                                                                                                                                                                                                            Chemical Engineering Journal 520 (2025) 166154 

2 



parameters and charge analysis methods used. Specifically, CASTEP and 
VASP employ distinct DFT algorithms, which can influence both the 
energy and charge distributions. Additionally, Mulliken and Bader 
charge analyses use different approaches for partitioning the electron 
density, resulting in variations in the charge values. Considering that the 
overall conclusions regarding Hg0 adsorption remain consistent, these 
variations can be regarded as a normal outcome inherent to the 
computational methodologies employed.

For HgO adsorption on the LaMnO3(010) surface, six possible 
adsorption sites and orientations, both perpendicular (Hg-down and O- 
down) and parallel, are systematically explored. Eight stable structures 
(2A-2H) are identified, as illustrated in Fig. 3. The corresponding 
adsorption energies and Bader charge transfers are summarized in 
Table 1. There are three stable configurations for the perpendicular (Hg- 
down) orientation of HgO adsorption, wherein the Hg atom adsorbs onto 
the Mn (2A), O1 (2B), and O2 (2C) sites, respectively. The binging 
configuration of 2A is the most stable with adsorption energy and Bader 
charge transfer of − 1.756 eV and 0.27 e, respectively. For the perpen
dicular (O-down) orientation of HgO adsorption (2H), the O atom binds 
to a Mn site forming an O–Mn bond; however, the Hg–O bond is 
broken, with a bond length of 3.092 Å, indicating that a stable HgO 
adsorption structure cannot be formed. In the parallel orientation of 
HgO adsorption, the Hg and O atoms form bonds with Mn atoms on the 
LaMnO3(010) surface, resulting in the formation of Hg–Mn and O–Mn 
bonds. Depending on the relative positions of the two Mn atoms 
involved in bonding, four different adsorption configurations (2D-2G) 
are obtained. In all parallel adsorption cases, the Hg–O bond is broken, 
indicating dissociative adsorption of HgO. Notably, for configurations 
involving molecular dissociation upon adsorption (such as 2D–2H, 3A, 

and 3B), the calculated adsorption energy reflects not only the mole
cule–surface interaction but also the energy gain from bond cleavage. 
Therefore, it no longer directly represents the stability of the intact HgO 
molecule on the surface. In such cases, the adsorption energy reported in 
Table 1 are the total stabilization energy of the dissociated configura
tion, rather than the binding energy of the intact molecule.

To gain deeper insight into the adsorption mechanisms of Hg0 and 
HgO on the LaMnO3(010) surface, projected density of states (PDOS) 
analysis is performed for their most stable adsorption configurations (1B 
and 2A). Fig. 4a and b presents the projected density of states (PDOS) for 
Hg and Mn atoms in configurations 1B and 2A, respectively. Overall, the 
Hg 5d orbital is fully occupied and lies at relatively low energies (around 
− 6 eV) under both Hg and HgO adsorption conditions, making it 
chemically inert and contributing little to the Hg–Mn bonding in
teractions. In the Hg adsorption configuration, the Hg-s orbital exhibits 
hybridization with the Mn-d orbital around − 2.5 eV. In contrast, under 
the HgO adsorption configuration, the Hg-s orbital shows stronger hy
bridization with the Mn-d orbital at a similar energy level (around − 2.5 
eV), and additionally, the Hg-p orbital displays hybridization with the 
Mn-d orbital around − 0.9 eV. These features indicate a stronger Hg–Mn 
interaction in the HgO case, which corresponds to a more robust 
adsorption strength in the 2A configuration. That is consistent with the 
result that the adsorption energy of HgO is more negative than that of 
Hg0 on LaMnO3(010) surface.

3.2. O2 adsorption on the LaMnO3 surface

Under high-temperature conditions in chemical looping combustion, 
LaMnO3(010) can release lattice oxygen to form O2 which may adsorb 
on the surface and significantly affect the oxidation mechanisms of Hg0 

and the catalytic performance. Therefore, a systematic investigation of 
O2 adsorption configurations and surface sites is essential to better un
derstand the catalytic activity and heterogeneous oxidation pathway of 
Hg0. All possible adsorption orientations (perpendicular and parallel) 
and adsorption sites are considered during calculations. The optimized 
configurations of O2 adsorption on the LaMnO3(010) surface are pre
sented in Fig. 5, while the corresponding adsorption energies and Bader 
charge transfers are summarized in Table 1.

There are three stable configurations for O2 adsorption on the 
LaMnO3(010) surface, including two parallel adsorption structures (3A 
and 3B) and one perpendicular adsorption structure (3C). In the 3A and 
3B configurations, each oxygen atom forms a bond with an adjacent Mn 
atom, resulting in the dissociation of the O–O bond. Under the parallel 
adsorption mode of O2, each oxygen atom forms a bond with a neigh
boring Mn atom, resulting in the dissociation of the O–O bond. 
Depending on the identity of the surface oxygen atom (O1 and O2 sites in 
Fig. 1) located between the two adjacent Mn atoms involved in bonding, 
two distinct configurations (3A and 3B in Fig. 5) are identified. These 
configurations are denoted as A-C-B types, where atom C lies between 
the two adsorption sites A and B. Accordingly, the two configurations 
are herein referred to as the Mn-O1-Mn and Mn-O2-Mn adsorption 
structures, respectively. The adsorption energies for these configura
tions are − 4.909 eV and − 4.975 eV, respectively, with corresponding 
charge transfers of 0.94 e and 1.04 e. The O–O bond lengths for 3A and 
3B configurations are 3.882 Å and 3.661 Å, respectively. In the 
perpendicular adsorption configuration of O2 (3C), one oxygen atom 
binds to a surface Mn atom, forming an O–Mn bond with an adsorption 
energy of − 2.578 eV and a Bader charge transfer of 0.43 e. Given the 
significant charge transfer and strong interaction with the surface, the 
adsorption of O2 in this configuration is characteristic of chemisorption. 
The O2 molecule remains intact without dissociation and is stably 
adsorbed on the LaMnO3(010) surface. The O–Mn and O–O bond 
lengths are 1.739 Å and 1.292 Å, respectively.

Previous studies have demonstrated that O2 molecule dissociation is 
a key step that significantly influences the overall oxidation process 
[41]. Consequently, we subsequently investigated the dissociation 

Fig. 2. Adsorption configurations of Hg0 on LaMnO3(010) surface. The unit for 
bond length is Å.

Table 1 
Summary of adsorption energies (Eads, eV) and Bader charge transfer (Q, e) for 
Hg0 adsorption on LaMnO3(010) surface (1A-1C), HgO adsorption on 
LaMnO3(010) surface (2A-2H), O2 adsorption on LaMnO3(010) surface (3A-3C) 
and Hg0 adsorption on oxygen covered LaMnO3(010) surface (4A-4H). A 
negative charge transfer value indicates electron transfer from the adsorbate to 
the surface.

ID Eads Q ID Eads Q

1A − 0.043 0.00 3A − 4.909 0.94
1B − 0.226 − 0.04 3B − 4.975 1.04
1C − 0.033 0.00 3C − 2.578 0.43
1D − 0.156 − 0.01 4A − 0.242 − 0.12
2A − 1.756 0.27 4B − 0.209 − 0.10
2B − 1.356 0.03 4C − 0.268 − 0.13
2C − 1.345 0.03 4D − 0.222 − 0.10
2D − 4.563 0.44 4E − 0.072 − 0.04
2E − 4.562 0.45 4F − 0.275 − 0.12
2F − 4.622 0.43 4G − 0.187 − 0.10
2G − 4.674 0.44 4H − 0.063 − 0.02
2H − 4.446 0.52
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Fig. 3. Adsorption configurations of HgO on LaMnO3(010) surface. The unit for bond length is Å.

Fig. 4. PDOS of Hg and Mn atoms for configurations (a) 1B and (b) 2A.
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behaviour of O2 on the LaMnO3 surface. Fig. 6 illustrates the energy 
profile along with the optimized geometries of the intermediate (IM), 
transition state (TS) and final state (FS). O2 adsorption serves as the 
initial step, forming the intermediate IM1 (3C in Fig. 5). From IM1, two 
possible dissociation pathways of O2 are identified. In the first pathway 
(IM1 → TS1 → FS1, corresponding to 3A in Fig. 5), the dissociation 
process is exothermic, releasing 2.331 eV of energy, with an activation 
energy barrier of 1.470 eV. During this process, the O–O bond pro
gressively elongates and eventually dissociates, with bond lengths 
increasing from 1.292 Å in IM1 to 1.355 Å in TS1, and reaching 3.882 Å 
in FS1. In the second pathway (IM1 → TS2 → FS2, corresponding to 3B 
in Fig. 5), the process is also exothermic, with an energy release of 2.397 
eV and a lower energy barrier of 0.966 eV. Similarly, the O–O bond 
elongates and breaks during the reaction, with bond lengths of 1.292 Å 
in IM1, 1.384 Å in TS2, and 3.661 Å in FS2.

3.3. Hg0 and O2 adsorption on LaMnO3 surface

Based on the preceding analysis, O2 exhibits a stronger adsorption 
affinity on the LaMnO3(010) surface compared to Hg0, suggesting that 
O2 is likely to preferentially occupy surface sites and thereby influence 
the subsequent adsorption and oxidation behaviour of Hg0. Accordingly, 

this section focuses on the investigation of Hg0 adsorption on O2-covered 
LaMnO3(010) surfaces. Three representative O2 adsorption configura
tions (3A, 3B and 3C) are considered in the computational analysis. After 
thoroughly exploring all potential adsorption sites, eight stable config
urations are identified, as illustrated in Fig. 7. The corresponding 
adsorption energies and Bader charge transfers are summarized in 
Table 1.

In the case of perpendicular O2 adsorption, the Hg atom preferen
tially binds to the neighbouring Mn atom adjacent to the adsorbed O2 
molecule. Two stable configurations (4A and 4B in Fig. 7) are identified. 
The Hg–Mn bond lengths are 2.765 Å and 2.792 Å, respectively. The 
corresponding adsorption energies are − 0.242 eV and − 0.209 eV, 
accompanied by charge transfers of 0.12 e and 0.10 e from Hg to the 
LaMnO3(010) surface.

In the case of O2 adsorption structure of 3A, two different Hg0 

adsorption types are identified. In the first type, the Hg0 atom adsorbs 
onto a Mn atom adjacent to the surface oxygen, and there are two stable 
configurations: Mn-O2-Mn (4C) and Mn-O1-Mn (4D). These configura
tions exhibit adsorption energies of − 0.268 eV and − 0.222 eV, with 
corresponding Bader charge transfers of 0.13 e and 0.10 e, respectively. 
In the second type, the Hg0 atom is adsorbed above the two oxygen 
atoms, forming an HgO-like bond, as represented by configuration 4E in 
Fig. 7. Compared to 4C and 4D, 4E shows a weaker interaction with the 
surface, characterized by a lower adsorption energy of − 0.072 eV and a 
smaller charge transfer of 0.04 e.

In the situation of O2 adsorption structure of 3B, the behaviour is 
similar to that of the Mn-O1-Mn structure, with three stable Hg0 

adsorption configurations identified: 4F, 4G and 4H. The corresponding 
adsorption energies are − 0.275 eV, − 0.187 eV, and − 0.063 eV, 
respectively, accompanied by Bader charge transfers of − 0.12 e, − 0.10 e 
and − 0.02 e (Table 1).

Overall, compared with the clean surface, the presence of surface 
oxygen atoms has a limited impact on the adsorption energy of Hg0, 
which is consistent with previous studies [27,42]. Furthermore, the Mn- 
O2-Mn adsorption configuration exhibits lower adsorption energy than 
the Mn-O1-Mn configuration.

3.4. Reaction mechanism of Hg0 oxidation by oxygen species on LaMnO3 
surface

In this section, the oxidation process of Hg0 on the LaMnO3(010) 
surface is systematically investigated. Based on the preceding analysis, 
four types of oxygen species are considered: lattice oxygen, 

Fig. 5. Adsorption configurations of O2 on LaMnO3(010) surface. The unit for 
bond length is Å.

Fig. 6. Energy profiles and optimized structures of O2 adsorption and dissociation on LaMnO3(010) surface. The unit for bond length is Å.
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perpendicularly adsorbed O2, dissociative adsorbed O2 in Mn-O1-Mn 
configuration and dissociative adsorbed O2 in Mn-O2-Mn configuration. 
The corresponding energy profiles for Hg0 oxidation, along with the 
optimized structures of intermediates, transition states and final states, 
are presented in Figs. 8, 9, 10, and 11, respectively.

In the oxidation of Hg0 by lattice oxygen (Fig. 8), there are two 
different reaction pathways. In the first pathway, surface lattice oxygen 
O1 oxidizes Hg0 to HgO, while in the second pathway, surface lattice 
oxygen O2 serves as the oxidizing species. Both pathways proceed 
through three elementary steps: Hg0 → Hg (ads) → HgO (ads) → HgO. In 
the first step (Hg0 → Hg (ads)), a mercury atom adsorbs onto a surface 
Mn atom, forming the intermediate IM2 with an exothermicity of 
− 0.226 eV. In the second step (Hg (ads) → HgO (ads)), two unique 
pathways are identified. In Pathway 1, the adsorbed Hg0 atom migrates 
from the Mn site to the surface oxygen site O1 via the transition state 
TS3, forming a surface-adsorbed HgO species (IM3). This step is endo
thermic by 4.269 eV, with an activation barrier of 4.403 eV. In Pathway 
2, the adsorbed Hg0 atom similarly migrates to the adjacent O2 site via 
TS4, yielding another HgO intermediate (IM4). This step is endothermic 
by 4.514 eV, with a corresponding energy barrier of 4.538 eV. The 
Hg–O bond lengths in IM3 and IM4 are 1.957 Å and 1.961 Å, respec
tively, suggesting the generation of HgO. In the final step (HgO (ads) → 

HgO), the formed HgO species desorbs from the LaMnO3(010) surface, 
resulting in the generation of an oxygen vacancy (vac-LaMnO3(010)). 
This desorption proceeds via two pathways: IM3 → TS5 → FS3 (Pathway 
1) and IM4 → TS6 → FS4 (Pathway 2). Both steps are endothermic, with 
energy barriers of 1.670 eV and 1.539 eV, respectively. For the oxidation 
of Hg0 by lattice oxygen, the second step (Hg (ads) → HgO (ads)) is 
identified as the rate-limiting step. The energy barrier for the rate- 
limiting step in Pathway 1 (4.403 eV) is slightly lower than that of 
Pathway 2 (4.538 eV), indicating that the surface lattice oxygen at the 
O1 site exhibits higher oxidation activity toward Hg0.

In the case of Hg0 oxidation by perpendicularly adsorbed O2 (Fig. 9), 
the fundamental reaction steps are similar to those observed in Hg0 

oxidation by lattice oxygen. Based on the variations in adsorption sites 
for Hg0 and HgO, a total of four different reaction pathways are iden
tified. Under Pathways 1 and 2, the Hg0 atom initially adsorbs onto a 
surface Mn site, forming intermediate IM5 with an exothermic adsorp
tion energy of − 0.274 eV. Subsequently, the Hg0 atom reacts with the 
oxygen atom located above the adsorbed O2 species, forming a surface- 
bound HgO species adsorbed on the Mn site (Pathway 1) or the sub
surface oxygen atom (Pathway 2). The channels are IM5 → TS7 → IM6 
(Pathway 1) and IM5 → TS8 → IM7 (Pathway 2), with corresponding 
energy barriers of 1.095 eV and 1.541 eV, respectively. Subsequently, 

Fig. 7. Adsorption configurations of Hg0 on O2-covered LaMnO3(010) surface. The unit for bond length is Å.

Z. Bai and K.H. Luo                                                                                                                                                                                                                            Chemical Engineering Journal 520 (2025) 166154 

6 



Fig. 8. Energy profiles and optimized structures of Hg0 oxidation by lattice oxygen on LaMnO3(010) surface. The unit for bond length is Å.

Fig. 9. Energy profiles and optimized structures of Hg0 oxidation by perpendicular adsorbed O2 on LaMnO3(010) surface. The unit for bond length is Å.
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Fig. 10. Energy profiles and optimized structures of Hg0 oxidation by dissociative adsorbed O2 on LaMnO3(010) surface (3A). The unit for bond length is Å.
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Fig. 11. Energy profiles and optimized structures of Hg0 oxidation by dissociative adsorbed O2 on LaMnO3(010) surface (3B). The unit for bond length is Å.
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HgO desorbs from the surface through the reaction pathways IM6 → 
TS9 → FS5 (Pathway 1) and IM7 → TS10 → FS6 (Pathway 2). The 
cleavage of the Hg–Mn and Hg–O bonds require overcoming energy 
barriers of 1.354 eV and 1.176 eV, respectively. The rate-limiting steps 
differ for the two pathways: IM6 → TS9 → FS5 in Pathway 1 and IM5 → 
TS8 → IM7 in Pathway 2, with corresponding energy barriers of 1.354 
eV and 1.541 eV, respectively. The reaction processes in Pathways 3 and 
4 are generally similar to those in Pathways 1 and 2, with the primary 
difference being the Mn adsorption site for the Hg atom. In these path
ways, Hg0 initially adsorbs onto a different surface Mn atom, forming 
intermediate IM8 with an adsorption energy of − 0.209 eV. For Pathway 
3, the reaction proceeds through IM8 → TS11 → IM9 → TS13 → FS7, 
while for Pathway 4, it follows IM8 → TS12 → IM7 → TS10 → FS6. The 
rate-limiting steps for these pathways are IM9 → TS13 → FS7 and IM8 → 
TS12 → IM7, with corresponding activation energy barriers of 1.367 eV 
and 1.735 eV, respectively. Based on the above analysis, Pathway 1 
exhibits the lowest energy barrier for the rate-limiting step, indicating 
that it is the most favourable pathway for Hg0 oxidation by perpendic
ularly adsorbed O2.

In the oxidation of Hg0 by dissociative adsorbed O2 in Mn-O1-Mn 
configuration (3A), eight possible reaction pathways were identified 
based on the different adsorption sites of Hg0 and generated HgO, as 
illustrated in Fig. 10. Among these, Pathways 1–3 start from the same 
initial adsorption configuration, IM10, in which the Hg atom is adsorbed 
with an energy of − 0.257 eV. In Pathway 1, the surface O atom migrates 
toward the adsorbed Hg0 atom to form HgO. In Pathway 2, both the Hg0 

atom and the O atom simultaneously migrate toward each other, 
forming HgO that subsequently adsorbs onto the oxygen site. In Pathway 
3, the Hg0 atom moves toward the O atom to form HgO. Finally, the 
forming HgO species desorbs from the surface. The corresponding re
action routes are IM10 → TS14 → IM11 → TS17 → FS8 for Pathway 1, 
IM10 → TS15 → IM12 → TS18 → FS9 for Pathway 2, and IM10 → TS16 
→ IM13 → TS19 → FS10 for Pathway 3. In all three cases, the second 
step (Hg (ads) → HgO (ads)) is the rate-limiting step, with energy bar
riers of 3.633 eV, 3.657 eV and 3.868 eV, respectively. The reaction 
processes in Pathways 4–6 are similar to those in Pathways 1–3, with the 
primary difference being the initial Mn adsorption site of the Hg0 atom. 
In all three cases, the conversion from Hg (ads) to HgO (ads) remains the 
rate-limiting step, with energy barriers of 3.838 eV, 3.885 eV and 4.053 
eV, respectively. In Pathways 7 and 8, the Hg atom is initially adsorbed 
above and between two dissociated oxygen atoms, forming the IM18 
configuration with an exothermic energy of 0.061 eV. In Pathway 7, the 
Hg atom migrates toward one adsorbed O atom to form HgO, which 
binds to the Mn atom with the Hg–Mn bond length of 2.476 Å. In 
Pathway 8, one of the O atoms migrates to the Hg atom forming HgO, 
which is adsorbed on the other surface O atom, with the O–Hg bond 
length of 2.023 Å. After that, the formed HgO desorbs from the surface. 
The intermediate transitions for Pathways 7 and 8 proceed as follows: 
IM18 → TS26 → IM13 → TS19 → FS10 and IM18 → TS27 → IM19 → 
TS28 → FS15, respectively. In both cases, the second step Hg (ads) → 
HgO (ads) is the rate-limiting step, with energy barriers of 3.672 eV and 
3.399 eV, respectively. Besides, the second step (Hg (ads) → HgO (ads)) 
serves as the rate-limiting step across all eight pathways. Among them, 
Pathway 8 exhibits the lowest energy barrier for the rate-determining 
step, 3.399 eV, indicating it is the most thermodynamically favourable 
pathway.

The oxidation of Hg0 by dissociative adsorbed O2 in the Mn-O2-Mn 
configuration (3B) proceeds similarly to that in the Mn-O1-Mn config
uration (3A), with the primary difference arising from the relative po
sitions of the two adsorbed oxygen atoms. A total of eight reaction 
pathways are identified. In all cases, the step involving the conversion 
from Hg (ads) to HgO (ads) is the rate-limiting step. Among these, 
Pathway 7 exhibits the lowest activation barrier of 2.984 eV, indicating 
it is the most favourable reaction route.

In summary, the oxidation of Hg0 by four distinct types of oxygen 
species on the LaMnO3(010) surface is found to be endothermic in all 

cases, with overall reaction energies (Eall) exceeding zero. The impact of 
individual reaction pathways on the total reaction enthalpy is relatively 
minor within each oxidation type. Among them, oxidation via perpen
dicularly adsorbed O2 exhibits markedly lower activation barriers and 
reaction energies, consistent with previous studies [27]. Notably, 
Pathway 1 in this category shows the lowest rate-limiting barrier (1.354 
eV), making it the most favourable route for Hg0 oxidation. Further
more, HCl significantly influences Hg0 oxidation. A comparison with 
HCl oxidation results reveal that the energy barrier for Hg0 oxidation by 
HCl on the LaMnO3(010) surface is 0.74 eV [26], substantially lower 
than that for O2 (1.354 eV). This suggests that Hg–Cl interactions are 
thermodynamically more favourable than Hg–O interactions, which 
agrees well with previous studies [27,43].

4. Conclusions

In this study, DFT calculations were employed to investigate the 
oxidation mechanisms of elemental mercury (Hg0) on the LaMnO3(010) 
surface by four types of oxygen species: lattice oxygen, perpendicularly 
adsorbed O2, dissociative adsorbed O2 in the Mn-O1-Mn configuration, 
and dissociative adsorbed O2 in the Mn-O2-Mn configuration. We first 
examined the adsorption behaviour of Hg0, HgO and O2 on 
LaMnO3(010), suggesting that all of them can be chemisorbed on the 
surface. Additionally, the dissociation mechanisms of O2 were explored. 
Subsequently, the adsorption configurations of Hg0 on O2-covered 
LaMnO3(010) surfaces were analysed. A total of 22 possible reaction 
pathways were systematically investigated for Hg0 oxidation by the four 
types of oxygen species. Among them, oxidation by perpendicularly 
adsorbed O2 is found to be kinetically more favourable. Notably, 
Pathway 1 within this category exhibits the lowest rate-limiting energy 
barrier (1.354 eV), making it the most favourable route for Hg0 oxida
tion. It is worth noting that the PBE functional, while being widely used 
for transition metal oxides, has known limitations in accurately 
describing strongly correlated electron systems such as underestimating 
band gaps and overly delocalizing localized d-electrons. In future work, 
more advanced methods such as DFT + U or hybrid functionals may be 
employed to improve the description of localized d-electrons and 
enhance the quantitative accuracy of the calculations. Furthermore, real 
flue gas typically contains additional components such as H2O, Cl2 and 
SO2, which may influence the oxidation behaviour of Hg0. Therefore, 
further studies are necessary to elucidate the effects of these species on 
Hg0 oxidation over LaMnO3 surface.
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