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ABSTRACT 

The adsorption of sulfur oxides (SOx) represents the fundamental step towards their conversion to 

lower-risk sulfur-containing species. Herein, we investigate the adsorption and dissociation 

mechanism of sulfur dioxide (SO2) and sulfur trioxide (SO3) on layered iron sulfide (FeS) 

nanocatalyst (001), (011), and (111) surfaces using density functional theory methodology. Both 

SO2 and SO3 exhibit strong reactivity towards the (011) and (111) surfaces, the with the most 

stable geometry for SO2 and SO3 on the (011) surface predicted to be a tridentate 3

2 (S,O,O) and a 

bidentate 2

2 (O,O) configuration, respectively, whereas on the (111) surface, they are predicted 

to be coordinated in a monodentate 1

2 (S) and 1

2 (O) geometry, respectively. Significant charge 

donation from the FeS surface to the SOx species is observed, which resulted in elongation of 

S−O bond lengths, confirmed by vibrational frequency analyses. Favourable reaction energy and 

activation barrier is predicted for SO2 dissociation at the (111) surface. 
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1. INTRODUCTION              

The removal of sulfur oxides (SOx) is important from both environmental and human respiratory 

health protection aspects.
1-4 

Owing to their acidic properties, SO2 and SO3 are responsible for acid 

rain and photochemical smog formation, acidification of soil and water bodies, and corrosion of 

buildings.
5,6

 Short-term and long-term exposures to SOx has been linked to an array of adverse 

respiratory effects including breathing difficulties, aggravated asthma conditions and worsened 

existing cardiovascular diseases.
7,8

 For this reason, a very strict curb on SO2 emission limit of 75 

ppb in a 1-hr period is enforced by the United States Environmental Protection Agency  (US EPA 

2018).
9
 

To decrease emissions of sulfur oxides into the atmosphere, there is urgent need to develop novel 

techniques that can effectively remove harmful sulfur oxides (DeSOx). Various mitigation 

approaches including the commonly used wet flue gas desulfurization (WFGD)
10-12

 and selective 

catalytic reduction (SCR) reactions of sulfur oxides have been employed to reduce the severity of 

SO2 on the environment.
13

 Adsorption technology has also been used extensively for the removal 

of sulfur oxides.
14-16

 There have been significant investigations on the interaction of SO2 with 

transition metal oxide surfaces, for instance, ZnO(0001),
17

 Fe3O4(100)
18

, MgO,
19,120

 

Cr2O3(0001)
19

, and TiO2(110)
21

. Other traditional adsorbents like porous carbons
22-24

 and 

zeolites
25-28

 have also been extensively investigated for SO2 capture and removal. However, due 

to their large pore size distribution and weakly binding sites, porous carbons material exhibit low 

selectivity towards SO2. 

Two-dimensional (2D) layered materials are attractive alternatives to porous carbon materials for 

SOx removal because of their large specific surface areas and highly exposed reactive active sites 

for adsorption. Various 2D materials such as MXenes,
28 

graphene,
29 

silicene,
30 

graphene oxide,
31-

35
 and monolayer InN,

36
 have been widely investigated for SOx gas sensing and trapping. The 
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application of graphene-like MoS2 monolayer in heterogeneous catalysis and gas adsorption has 

also attracted a great deal of research attention lately.
37,38 

Like MoS2, layered iron (II) sulfide 

(FeS) has emerged as a novel material for environmental and catalytic applications due of its 

germane electronic properties and high surface reactivity.
39-43 

Earlier investigations have shown 

that FeS exhibits strong catalytic activity towards major environmental pollutants such as 

nitrogen oxide (NO2),
42

 and carbon dioxide (CO2).
41

 There also exist reports on the adsorption 

and the direct desulfurization mechanisms of organosulfur compounds such as thiophene (C4H4S) 

on FeS nanocatalyst, with favourable thermodynamics and kinetics predicted for the scission of 

the C−S bonds.
43

 A plasma-assisted catalytic reduction of SO2 to elemental sulfur has been 

demonstrated over supported iron sulfide catalysts (FeS and FeS2), which dramatically promotes 

low-temperature reduction of SO2 by 148–200%, with over 98% selectivity to elemental sulfur.
44-

45
 Although the  surface chemistry of a catalyst directly influences the catalytic performance, 

there exists limited reports dedicated to the characterizing surface structures and composition of 

FeS, and subsequently  unravelling adsorption and dissociation mechanisms of SOx on the FeS 

surfaces. 

Knowledge of the initial adsorption geometries and the subsequent dissociation mechanism of 

SOx on the different surfaces of FeS will provide a deeper understanding of the reactivity of 

organosulfur compounds. Notwithstanding, the determination of the lowest-energy adsorption 

geometries of SOx at FeS surfaces is limited and the physical factors that dictate the adsorption 

remain poorly understood at the atomic level. In present work, we have performed a 

comprehensive first-principles density functional theory calculations to provide detailed 

molecular-level insights into the adsorption and dissociation mechanism of SOx at FeS (001), 

(011), and (111) surfaces. The energetically most favourable adsorption geometries and 

adsorption sites of SO2 and SO3 at the FeS surfaces are predicted and the corresponding structural 

parameters are systematically characterized. Partial density of states (PDOS), differential charge 
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density, and vibrational frequency analyses were carried out to provide molecular-level insights 

into the bonding mechanism of SOx on the FeS surfaces. Finally, the reaction energies and 

activation barriers for the dissociation of SO2 on the reactive FeS (011) and (111) surface are 

presented and discussed.  

2. COMPUTATIONAL DETAILS 

All calculations to determine the lowest-energy adsorption geometries and their energetics were 

carried out within the Vienna Ab-initio Simulation Package (VASP).
46,47

 The electronic 

exchange-correlation potentials were described using the generalized gradient approximation of 

Perdew, Burke, and Ernzerhof (GGA-PBE) functional.
48,49 

Dispersion forces were accounted for 

in our calculations via the Grimme’s  DFT-D3 scheme.
50

 The energy cut-off for the plane-waves 

was set 500 eV, which convergences the total energy of the SOx-FeS systems to within 10
−6

 eV. 

The conjugate gradient minimization algorithm was employed for geometry optimizations, 

ensuring that the forces on each relaxed atom reached 0.01 eV/Å. A 11×11×9 and 5×5×1 

Monkhorst-Pack
51

 k-point meshes were used to sample the Brillouin zone of the bulk and 

surfaces of FeS, respectively.  

Mackinawite (FeS) was modelled in the tetragonal structure (space group, P4/nmm)
52-55

 as shown 

in Figure 1. Full geometry optimization predicts the lattice constants at a = b = 3.615 Å, c = 

5.001 Å,  in good agreement with known experimental
52-54 

and previous theoretical studies (See 

Table S1, Supplementary Information).
42,55-57

 The commonly expressed growth facets in FeS 

nanocrystals
42,57

 (i.e., (001), (011), and (111) surfaces) were employed for the characterization of 

SOx adsorption and dissociation mechanisms. A vacuum size of 15 Å was introduced in the c-

direction to avoid interactions between periodic slabs. To ensure the prediction of reliable 

adsorption energies for the isolated SOx species, large surface areas ((3×3), (3×2), and (3×2) 

supercells for the (001), (011), and (111) surface, respectively) were considered (Figure 2). The 
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strength of SOx–FeS interactions was characterized by the adsorption energy, calculated using the 

equation: Eads = Esurface+SOx – (Esurface + ESOx), where Esurface+SOx, Esurface, and ESOx are the total 

energy of the combined FeS-SOx system,  the isolated FeS surface, and the isolated SOx 

molecule, respectively. Charge transfers between the FeS surfaces and SOx molecules was 

quantified via Bader charge analyses.
58

 Transition state (TS) structures were located using the 

climbing-image nudged elastic band (CI-NEB) method
59

 and confirmed via vibrational frequency 

calculations.   

3. RESULTS AND DISCUSSIONS  

3.1 SO2 Adsorption at FeS (001), (011) and (111) Surfaces 

In the gas-phase, SO2 has a bent structure with S−O bond length of 1.431 Å and the α(OSO) 

angle of 119.0°.
60,61

 The optimized S−O bond length 1.454 Å and α(OSO) angle of 119.3° 

compare closely with the experimental
61

 and previous theoretical
62−66

 gas phase results. Different 

initial adsorption possibilities of SO2 at the FeS (001), (011) and (111) surfaces have been 

considered in order to determine the most-stable adsorption geometries. The FeS-SOx 

coordination is denoted as x

y (m,n), wherein x is represents the number of interacting SOx atoms, 

y represents number surface binding sites, m and n in the bracket denotes the specific interacting  

atoms of SOx. For example, the notation 2

2 (S,O) indicates that two SOx atoms (S and O) interact 

with two different surface binding sites (if at Fe-sites, then it forms one Fe−O bond and one Fe−S 

bond). The FeS(001) surface is found to be the least reactive surface towards SO2 adsorption, as 

the molecule physisorbed at all binding sites and binding geometries (Figure 3a1), releasing 

adsorption energy of 0.24 eV. Consistent with the weak adsorption, no significant charge 

redistribution within the SO2−FeS(001) complex was found (Figure 3a2), and a negligible charge 

transfer of 0.08 e
−
 is calculated.  
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Unlike the FeS(001) surface, the SO2 molecule chemisorbs strongly at the Fe sites on the 

FeS(011) surface as shown in Figure 4. The SO2 molecule can be adsorbed in a tridentate 

coordination configuration with all three atoms interacting with two surface iron sites (denoted as 

3

2 (S,O,O)), bidentate configurations with either two Fe−O bonds (denoted as 2

2 (O,O)) or with 

one Fe−O bond and one Fe−S bond (denoted 2

2 (S,O)) or a monodentate configuration via a 

single Fe−O bond (denoted 1

1 (O)). The most stable configuration is calculated to be a tridentate

3

2 (S,O,O) configuration (Figure 4a), with an adsorption energy of −2.18 eV. The adsorption 

energies of the bidentate 2

2 (O,O), 2

2 (S,O), and monodentate 1

1 (O) configurations on the other 

hand are calculated at −1.99, −1.77, and −1.29 eV, respectively. In the lowest-energy tridentate

3

2 (S,O,O) configuration (Figure 4a), the interacting S−Fe bond is predicted at 2.342 Å, whereas 

the two O−Fe bonds are predicted at 2.005 and 1.949 Å. For the 2

2 (O,O) configuration (Figure 

4b), the two O−Fe bonds are predicted at 1.928 and 1.940 Å, and for the 2

2 (S,O) configuration 

(Figure 4c), the S−Fe and O−Fe bonds are respectively calculated at 2.087 and 1.971 Å. For the 

monodentate 1

1 (O) configuration (Figure 4d), the O−Fe bond is obtained at 1.849 Å.   

In all four adsorption configurations, the adsorption process lengthens the S−O bonds and 

contracts the α(OSO) angle relative to the gas-phase SO2 molecule as confirmed by vibrational 

frequencies analyses (Table 1). For instance, in the lowest-energy tridentate 3

2 (S,O,O) 

configuration (Figure 4a), the two S–O bonds are calculated at 1.568 Å and 1.547 Å, compared 

with the gas-phase bond length of 1.454 Å, and the intramolecular α(OSO) angle reduced from 

119.0 in the gas-phase to 113.0
o 

in the adsorbed state. Elongation of the S–O bond distances have 

been reported in many earlier theoretical and experimental works on metallic
62,65-69

 and metal 

oxide
70-73

 surfaces. In all four chemisorbed configurations at the FeS(011) surface, the 

asymmetric (υas) and symmetric (υs) vibrational modes of SO2 were significantly red-shifted 
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compared to the gas-phase SO2 molecule (υas =1277 and  υs =1087 cm
-1

). For instance, in the 

most stable 3

2 (S,O,O) configuration, the υas and υs are predicted at 915 and 812 cm
-1
, which

 
are 

much lower than that gas-phase values, confirmation their elongation and activation (Table 1).   

Similar to the FeS(011) surface, a strong adsorption is predicted for SO2 at the FeS(111) surface 

(Figure 5 and Table 1). In the lowest-energy 1

2 (S) adsorption geometry (Figure 5a), SO2 binds 

via the S atom at FeFe bridge site, releasing an adsorption energy of −2.15 eV. The other 

coordination geometries: 2

2 (S,O), 2

2 (O,O), and 1

2 (O) (Figure 5b-d) released adsorption 

energies of −1.78 eV, −1.54 eV, and −1.24 eV, respectively. The interacting S−Fe bond in the 

most stable 1

2 (S) coordination geometry is predicted at 2.176 Å (Figure 5a). In the 2

2 (S,O) 

configuration (Figure 5b), the S−Fe and O−Fe bond distances are respectively predicted at 2.155 

and 2.009 Å. For the bidentate 2

2 (O,O) configuration (Figure 5c), the average O−Fe bond 

distance is obtained at 2.008 Å, whereas for the monodentate 1

2 (O) configuration (Figure 5d), 

the O−Fe bond is 1.928 Å. Due to the strong interaction of the SO2 molecule with the FeS(111) 

surface, an elongation in the S−O bonds and a decrease in the α(OSO) angle is observed  in all 

adsorption geometries as shown in Table 1. The largest elongation in the S−O bond is calculated 

for the 1

2 (O) geometry at 1.649 Å, compared to that of the 1

2 (S), 2

2 (S,O), and 2

2 (O,O) 

geometries, which are calculated at 1.473 Å, 1.534 Å, and 1.518 Å, respectively, (Figure 5, 

Table 1). Consistently, the υas and υs vibration frequencies of SO2 were significantly red-shifted 

relative to the gas-phase molecule (Table 1). The (υas, υs) of SO2 adsorbed in the 
1

2 (S), 2

2 (S,O), 

2

2 (O,O), and 1

2 (O) configurations are predicted at (1202, 1028 cm
-1

), (1163, 890 cm
-1

), (1011, 

889 cm
-1

), and (1119, 569 cm
-1

), respectively, compared to gas-phase SO2 (1277, 1087 cm
-1

). 

Because of its high electron affinity of 1.1 eV,
74,75 

SO2 act as an electron acceptor when it binds to 

metallic surfaces.
62,65-69 

At pure metal surfaces, the metal−SO2 bonds occur through the 
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hybridization of the SOx π*-orbital with the dz
2
 surface orbital, giving rise to a charge transfer 

from the interacting surface species to the SO2 molecule.
66, 76,77 

To gain insights into the charge 

transfer processes within the FeS−SO2 systems, we have carried out Bader population analyses of 

the adsorbate atoms and the interacting surface species for all stable adsorption geometries. Due 

to physisorption at the FeS(001) surface, no charge transfers was observed (Figure 3a). However, 

due to SO2 chemisorption at the (011) and (111) FeS surfaces, large charge transfers occurred 

from the surface to the adsorbing SO2 (Table 1). The net charge gained by the SO2 molecule 

when adsorbed at Fe sites on the FeS(011) surface via the 3

2 (S,O,O), 2

2 (O,O), 2

2 (S,O) and 1

1

(O) coordination geometries are calculated at 0.79, 0.72, 0.66, and 0.51 e
−
, respectively (Table 

1). Comparably, when adsorbed at the FeS(111) surface in the 1

2 (S), 2

2 (S,O), 2

2 (O,O), and 1

2

(O) coordination geometries, a net charge of 0.80, 0.68, 0.57, and 0.53 e
− 

were gained by the SO2 

molecule. The amount of charge transferred to the adsorbed SO2 is found to dictate the binding 

energetics, with higher charge transfers leading to stronger adsorption. The geometrical changes 

observed in the SO2 molecule upon adsorption (i.e., elongation of S–O bonds and contraction in 

the α(OSO) angles) can be attributed the higher charge gained. Differential charge density (

)(
22 SOsurfaceSOsurface    ) iso-surface contours analyses,

78-80
 provide further insights into 

electron density redistribution within the FeS-SOx systems (Figure 6(a1 & b1)). A significant 

charge density accumulation (green contours) in the centers of the newly formed bonds is 

observed, which is consistent with SO2 chemisorption. Besides, a strong hybridization between 

the SO2 molecule and the interacting surface Fe atoms was observed (Figure 6 (a2 & b2)).  

 

3.2 SO3 Adsorption FeS (001), (011) and (111) Surfaces 

The S−O bond length and α(OSO) angle of gas-phase SO3 are calculated at 1.435 Å and 120.0
o
 in 

good agreement with experimental
81

 and previous theoretical
82,83

 results. Different initial 

adsorption possibilities of SO3 were subjected to energy minimization in order to determine the 
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most-stable adsorption geometries at the (001), (011) and (111) FeS surfaces. Like SO2, the SO3 

molecule is only physisorbed at the FeS(001) surface (Figure 3b1), releasing an adsorption 

energy of −0.51 eV. A shorter Smol−Ssurf distance is calculated for SO3 adsorption (2.544 Å) 

compared to SO2 adsorption (3.225 Å) at the FeS(001) surface. This rise to small charge transfer 

of 0.17 e
−
 from the surface species to the adsorbing SO3, resulting from electron density 

redistribution within the SO3−FeS(001) as shown in Figure 3b2. For the SO3−FeS(011) 

adsorption systems, the lowest-energy configuration was calculated to possess a 
2

2 (O,O) 

coordination (Figure 7a), with the SO3 molecule interacting with the surface via two O−Fe bonds 

of average length 1.855 Å. This configuration released an adsorption energy of −3.03 eV, which 

is larger than the adsorption energies of the bidentate 2

2 (S,O), and 
2

1 (O,O), and the 

monodentate 1

1 (O) configurations (Figure 7(b−d)), which are calculated at −2.68 eV, −1.83 eV, 

and −1.29 eV, respectively. It can be seen from the optimized geometrical parameters listed in 

Table 2 and displayed in Figure 7, that the S−O bond distances become elongated and the 

α(OSO) angle smaller compared to the gas-phase SO3 geometry. In the case of the lowest-energy 

2

2 (O, O) geometry (Figure 7a), the surface-bound S−O bonds and α(OSO) angle are calculated 

at 1.605 Å and 104.6
o
 compared to the gas-phase geometry (S−O = 1.435 Å, α(OSO) =120

o
). 

The optimized adsorption geometries of SO3 at the FeS(111) surface are displayed in          

Figure 8(a−c), whereas the calculated adsorption energetics and optimized geometrical 

parameters are reported in Table 2. The most favourable adsorption (Eads = −3.17 eV) was 

calculated for the 1

2 (O) coordination geometry (Figure 8a), in which the SO3 molecule binds 

through only one oxygen atom at a bridge Fe-Fe site. The strong adsorption promoted the 

dissociation of the surface bound S−O bond (SO3 → SO2 + O), which is elongated to 2.444 Å, 

compared to 1.460 Å and 1.460 Å in the SO2 fragment. When adsorbed in the 3

2 (S,O,O) and 2

2

(O,O) coordination geometries (Figure 8(b & c), the adsorption energies are calculated at −2.15 
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eV and −1.91 eV, respectively. These results suggest that on a normal FeS(111) surface, the SO3 

molecule will preferentially exist in a dissociated state.  

Owing to its higher electron affinity (1.7 eV), higher charge transfers and larger adsorption 

energies are calculated for SO3 compared to SO2 (electron affinity = 1.1).
74,75 

This can be seen 

when comparing the increased charge donation from the FeS surfaces to adsorbing SO3 than SO2 

as revealed by Bader population analysis (Tables 1 and 2). The charge gained by SO3 when 

adsorbed in the most-stable adsorption geometries at the (011) and (111) surfaces was calculated 

at 1.10 e
−
 and 1.23 e

−
, respectively, compared to 0.74 e

−
 and 0.80 e

−
 calculated for the most-

stable SO2 adsorption geometries at the (011) and (111) surfaces. Due to the strong charge gained 

by SO3, the S−O bond distances are predicted to be elongated relative to the gas-phase geometry 

(Table 2). It is obvious that the charge transfers from the FeS(111) surface to the both SO3 and 

SO2 adsorbates is more than that from the FeS(011) surface, which explains the stronger 

chemisorption of both species at the (111) surface than at the (011) surface. Analyses of the 

differential charge density iso-surface contour plots reveal strong electron density redistribution 

and accumulation within the bonding regions of the newly formed bonds, which is very much 

what one would expect for chemisorption (Figure 9(a1 & b1). The partial density of states 

analyses (Figure 9(a2 & b2) reveal strong hybridization especially between the O p-orbitals of 

the SO2 molecule and the d-orbitals of the interacting surface Fe atoms.  

3.3 Dissociation Mechanism of SO2 and SO3 at FeS (011) and (111) Surfaces 

The optimized SO2 adsorption geometries at the FeS (011) and (111) surfaces reveal significant 

activation of the S−O bonds, suggesting that these molecular species are probable precursors for 

SO2 dissociation. Thus, the dissociation energetics (reaction energy (E
rxn

) and activation energy 

barrier (E
a
)) of SO2 at the FeS (011) and (111) surfaces (i.e., SO2 → SO + O) has been 

investigated. The reaction profile for SO2 dissociation to SO+O fragments at the (011) and (111) 
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FeS surfaces are shown in Figure 10 and Figure 11, respectively. The S−O bond dissociation of 

is predicted to be endothermic by 0.82 eV with an activation barrier of 1.21 eV at the (011) 

surface (Figure 10). In the transition state structure, the dissociating S---O bond was calculated at 

2.120 compared to 3.611 Å for the fully dissociated S−O bond. The S−Fe and O−Fe distances in 

the fully dissociated SO and O fragments is predicted at 1.985 and 1.623 Å, respectively. In 

contrast, the dissociation of the S−O bond at the FeS(111) surface is predicted to be highly 

exothermic (E
rxn

 = −1.89 eV) with an activation barrier of 1.37 eV (Figure 11). The fully 

dissociated structure showed the SO and O fragments adsorb at bridge-Fe sites with the average 

S−Fe and O−Fe bonds calculated at 2.133 Å and 1.751 Å. The favourable thermodynamics for 

the dissociation of SO2 at the (111) surface coupled with the low activation energy barrier suggest 

that the FeS(111) surface will not only strongly adsorb the SO2 molecules but further convert it 

other sulfur-containing species of lower risk. Compared to SO2, a spontaneous dissociation of 

SO3 is observed at the FeS(111) surface due to the strong adsorption (Figure 8a). At the 

FeS(011), the dissociation of one of the S−O bonds is predicted to be exothermic by 0.28 eV with 

an activation barrier of 1.31 eV as shown in Figure 12. In the fully dissociated state, the SO2 and 

O fragments remained adsorbed at Fe-sites. Further dissociation of the SO2 fragment in the 

presence of the atomic O is expected to result in the formation of SO and O2 molecule.  

4. SUMMARY AND CONCLUSIONS  

We have systematically investigated the surface chemistries of sulfur oxides (SO2, and SO3) 

adsorbed on the low-index FeS (001), (011), and (111) surfaces using the dispersion-corrected 

density functional theory (DFT-D3) methodology. Overall, SO3 is demonstrated to exhibit 

stronger reactivity than SO2 towards the different FeS surfaces preferentially at the Fe sites. The 

lowest-energy adsorption geometry for SO2 and SO3 on FeS(011) surface is predicted to be 3

2

(S,O,O) and 2

2 (O,O), respectively, whereas on the (111) surface, they are predicted to 
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coordinate in the 1

2 (S) and 1

2 (O) geometry, respectively. The adsorption process is 

demonstrated to be driven by a strong charge transfers from the FeS surface to the adsorbing SOx 

species, which resulted in their significant structural changes (elongated SO bond and α(OSO) 

reduction), confirmed by Bader charge and vibration frequency analyses. The FeS(111) surface is 

shown to display stronger catalytic activity towards SO2 adsorption and dissociation than the 

FeS(011) surface with favourable thermodynamics and kinetics. We believe that the molecular-

level insights obtained from the present study will be useful in the design of novel iron sulfide 

nanocatalysts for the removal SOx or converting them to lower-risk sulfur-containing species. 
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LIST OF TABLES 

Table 1: Adsorption energy and structure parameters of SO2 adsorbed on FeS (001), (011) and (111) surfaces. ∆q denote net charge gained by 

the SO2 molecule. 
 

 
a
Reference 61; 

b
Reference 84 

 

Surface Configuration E
ads /eV d(S−O1) /Å d(S−O2) /Å d(S−Fe) /Å d(O−Fe) /Å α(OSO) /

o
 ∆q /e υas, υs (S−O) cm

−1
 

 Free SO2 --- 1.454 (1.431)
a
 1.454 (1.431)

a
 --- --- 119.3 (119.0)

a
 0.00 1277, 1087 (1362, 1151)

b
 

FeS(001) physisorbed −0.24 1.459 1.457 4.421 4.109 118.9 0.08 1259, 1068 

          

FeS(011) 3

2 (S, O, O) −2.18 1.568 1.547 2.342 2.005, 1.949 113.0 0.74 915, 812 

 2

2 (O, O) −1.99 1.545 1.543 --- 1.928, 1.940 112.4 0.70 1121, 768 

 2

2 (S, O) −1.77 1.559  1.471 2.087 1.971 111.0 0.66 932, 801 

 1

1 (O) −1.29 1.536 1.400 --- 1.849 113.5 0.51 923, 811 

          

FeS(111) 1

2 (S) −2.15 1.473 1.466 2.176 --- 117.5 0.80  1202, 1028 

 2

2 (S, O) −1.78 1.534 1.464 2.155 2.009 113.8 0.68 1163, 890 

 2

2 (O, O) −1.54 1.518 1.516 --- 2.008 108.2 0.57 1011, 889 

 1

2 (O) −1.24 1.649 1.476 --- 1.928 109.3 0.53 1119, 569 

Jo
ur

na
l P

re
-p

ro
of



 

17 

 

Table 2: Adsorption energy and structure parameters of SO3 adsorbed on the FeS (001), (011) and (111) surfaces. ∆q denote net charge gained 

by the SO3 molecule.  

 
a
Reference 81; 

b
Reference 85 

 

 

 

Surface Configuration E
ads /eV d(O−Fe) /Å d(S−Fe) /Å d(S−O) /Å α(OSO) /

o
 ∆q /e υ(S−O1) /cm

−1
 

 Free SO3 --- --- --- 1.442 (1.420)
a
 120.0 (120.0)

a
  1311, 1303, 989 (1391, 1391, 1065)

b
 

FeS(001) physisorbed −0.51 3.708 3.983 1.449, 1.453, 1.450 119.0, 118.4, 119.5 0.17 1272, 1256, 967 

         

FeS(011) 2

2 (O, O) −3.03 1.855 --- 1.605, 1.605, 1.476 104.6, 108.6, 107.8 1.10 1088, 661, 582 

 
2

2 (S, O) −2.68 1.908 2.210 1.588, 1.468, 1.462 109.2, 109.1, 118.4 0.95 1182, 1028, 688 

 
2

1 (O, O) −1.83 1.882 --- 1.644, 1.640, 1.466 89.8, 109.9, 109.6 1.13 1093, 673, 595 

 1

1 (O) −1.29 1.849 --- 1.566, 1.470, 1.470 110.5, 110.1, 119.4 0.72 1144, 975, 746 

         

FeS(111) 
1

2 (O) −3.17 1.756 --- 2.444, 1.460, 1.460 118.3 1.23 1248, 1073, 608 

 
3

2 (S, O, O) −2.15 2.084 2.303 1.526, 1.518, 1.450 108.5, 116.5, 115.7 0.94 1209, 985, 858 

 
2

2 (O, O) −1.91 1.872 --- 1.586, 1.583, 1.466 101.1, 110.4, 110.3  1119, 715, 667 
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LIST OF FIGURES 

Figure 1: The layered structure of FeS with the tetragonal unit cell highlighted by dashed 

line. (Colour code: Fe = grey, S = yellow).
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Figure 2: Optimized surface structures of the (a) FeS(001), (b) FeS(011), and FeS(111) surfaces, in side (top) and top (bottom) views, used for 

the SOx adsorption characterization. (Colour scheme: Fe = grey, S = yellow). 
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Figure 3: Optimized adsorption geometries of SO2 and SO3 (a1 & b1) on FeS (001) surface. 

The corresponding electron density difference isosurface contours upon their adsorption 

shown in (a2) and (b2), respectively. (Colour code: Fe = grey, Sslab = yellow, Smolecule = green, 

and O = red). 
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Figure 4: Optimized adsorption geometries of SO2 on FeS (011) surface. The inserts show 

top views. (Colour code: Fe = grey, Sslab = yellow, Smolecule = green, and O = red). 
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Figure 5: Optimized adsorption geometries of SO2 on FeS (111) surface. The inserts show 

top views. (Colour code: Fe = grey, Sslab = yellow, Smolecule = green, and O = red). 
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Figure 6: The electron density difference isosurface contours upon SO2 adsorption at 

FeS(011) (top, a1) and at FeS(111) (down, b1) surfaces, showing regions of electron density 

accumulation (brown) and depletion (purple) by 0.03 e/Å
3
. The corresponding partial DOS 

projected on the interacting surface Fe d-states and on the S and O p-states of the adsorbed 

SO2 molecule (a2, b2).   
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Figure 7: Optimized adsorption geometries of SO3 on FeS (011) surface. The inserts show 

top views. (Colour code: Fe = grey, Sslab = yellow, Smolecule = green, and O = red). 
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Figure 8: Optimized adsorption geometries of SO3 on FeS (111) surface. The inserts show top views. (Colour code: Fe = grey, Sslab = yellow, 

Smolecule = green, and O = red). 
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Figure 9: The electron density difference isosurface contours upon SO3 adsorption at 

FeS(011) (top, a1) and at FeS(011) (down, b1) surfaces, showing regions of electron density 

accumulation (brown) and depletion (purple) by 0.03 e/Å
3
. The corresponding partial DOS 

projected on the interacting surface Fe d-states and on the S and O p-states of the adsorbed 

SO3 molecule (a2, b2).   
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Figure 10: Optimized structures for the initial (IS), transition (TS), and final (FS) states of 

the most favourable path for the dissociation of SO2 on the FeS(011) surface. 
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Figure 11: Optimized structures for the initial (IS), transition (TS), and final (FS) states of 

the most favourable path for the dissociation of SO2 on the FeS(111) surface. 
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Figure 12: Optimized structures for the initial (IS), transition (TS), and final (FS) states of 

the most favourable path for the dissociation of SO3 on the FeS(011) surface. 
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Graphical Abstract 

 

 

 

 

 

Highlights 

 

 Sulfur oxides (SO2 and SO3) adsorption on layered FeS surfaces are characterized. 
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 The adsorption process is characterized by significant charge donation from the 

interacting surface Fe sites to the SOx species. 

 S−O bond activation and elongation is observed and confirmed via vibrational 

frequency analyses. 

 The thermodynamics and kinetics of SOx dissociation are analyzed. 
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