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Abstract: Sulphide gas is an impurity that affects the quality of natural gas, which needs reasonable
storage and transportation. In this work, we investigated the adsorption structure and electronic
behavior of hydrogen sulfide (H2S), carbonyl sulfur (COS), and methyl mercaptan (CH3SH) on
sulphide gas molecules on pure and vacant α-Fe2O3(001) surfaces by density functional theory with
geometrical relaxations. The results show that H2S and CH3SH are mainly adsorbed in the form of
molecules on the pure Fe2O3(001) surface. On the vacant α-Fe2O3(001) surface, they can be adsorbed
on Fe atoms in molecular form and by dissociation. The absolute value of the adsorption energy
of H2S and CH3SH on the vacancy defect α-Fe2O3 surface is larger, and the density of states show
that the electron orbital hybridization is more significant, and the adsorption is stronger. The charge
differential density and Mulliken charge population analysis show that the charge is rearranged and
chemical bonds are formed. The affinity of H2S to the vacancy α-Fe2O3(001) surface is slightly higher
than that of CH3SH, while COS molecules basically do not adsorb on the α-Fe2O3(001) surface, which
may be related to the stable chemical properties of the molecules themselves.

Keywords: adsorption; sulphide molecules; α-Fe2O3(001) surface; electron

1. Introduction

As one of the most important energy sources, natural gas has been more and more
widely used in the past few decades [1,2]. However, some sulphide gas impurities will
inevitably be introduced into the exploitation of natural gas, such as hydrogen sulfide
(H2S), carbonyl sulfur (COS), and methyl mercaptan (CH3SH) [3–5]. The excessive content
of these sulphide gases will seriously corrode the transportation pipeline and storage room,
and the leakage will endanger human health and raise safety risks [6–8]. Therefore, in the
anticorrosion work, the material selection of gas cylinders and the inhibition of sulphide
adsorption are particularly important.

Some iron products, such as pipes and cylinders, are used to transport and store
natural gas. Stable α-ferric oxide (α-Fe2O3) is formed when iron is placed on the surface
in an atmospheric environment for a long time [9]. Transition metal oxide α-Fe2O3 is not
only a stable oxide, but also an n-type semiconductor [10,11]. At the same time, α-Fe2O3
is also used for sulfur removal and has high catalytic activity [12]. From the viewpoint
of the microscopic mechanism, the basic study on the interaction between sulphide gas
molecules and α-Fe2O3 surfaces is not only helpful to grasp the adsorption mechanism of
sulfides, but also provide a theoretical insight for inhibiting sulphide adsorption, which
has extremely important practical significance and scientific research value.

Quantum chemistry methods based on density functional theory (DFT) are increas-
ingly used to clarify the mechanism of adsorption. Song et al. reported the adsorption
characteristics of NO and H2O2 on perfect and oxygen defect α-Fe2O3(001) surfaces. The
results show that NO and H2O2 are adsorbed on two kinds of surfaces in molecular form,
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while H2O2 is dissociated on oxygen defect α-Fe2O3(001) surfaces [13]. The oxygen vacancy
significantly increased the adsorption strength of NO and H2O2 on the catalyst surface
and promoted the decomposition of H2O2. Ling et al. investigated the adsorption and
decomposition mechanism of H2S on different metal-doped α-Fe2O3(001) surfaces. They
found that the Fe vacancy surface showed good catalytic activity for the decomposition
of H2S, and Zn is beneficial to improve the desulfurization performance [14]. Li et al.
discussed the adsorption characteristics of NO molecules on oxygen-defective and oxygen-
free α-Fe2O3(001) surfaces, and the two surfaces showed opposite electron transfer [15].
With the introduction of a NO molecule, the electron carrier concentration decreases and
the surface resistance of oxygen defect α-Fe2O3(001) increases. Oxygen defects change the
direction of electron transfer. Chen et al. calculated the interaction of water and oxygen
with the α-Fe2O3(001) surface [16]. After the adsorption of H2O and O2 molecules, the
surface structure of Fe2O3 changed substantially; the O–Fe bond was weakened, and the
H–O bond of water molecules was broken to form hydroxyl groups. It is difficult to control
the point defect in the experiment. Furthermore, this reaction process is difficult to clarify
by experimental method. Therefore, the theoretical study can provide a certain guiding
significance for in-depth understanding of the adsorption mechanism [17–20]. However,
there are rare reports on the adsorption of sulfide gases, especially H2S, COS and CH3SH
molecules, on the α-Fe2O3 surface using first-principle calculation. Little is known about
bonding and charge transfer.

In this work, we calculated the sulphide gas molecules’ adsorption property on the
α-Fe2O3(001) surface by using density functional theory, and investigated the possible
binding mechanism of sulfides on the α-Fe2O3 surface. The adsorption configuration,
bonding type, and charge transfer between sulfides and substrates were discussed. In
addition, the effect of oxygen vacancy on adsorption is fully considered. The information
of adsorption energy and electronic parameters described in this paper will provide a
meaningful, theoretical understanding for the adsorption of sulfides on the α-Fe2O3 surface
and provide theoretical guidance for anticorrosion or inhibition of adsorption.

2. Computational Methods and Models
2.1. Theoretical Calculation Methods

All the calculations in this work are based on the DFT calculation method and com-
pleted through the CASTEP (Cambridge Sequential Total Energy Package) module of
the Materials Studio software [21,22]. Basically, all the calculations are mainly carried
out through geometrical relaxations of each model. Using periodic boundary conditions,
the electron wave function is expanded through the plane wave basis set [23]. The PBE
(Perdew–Burke–Ernzerhof) functional of the GGA (generalized gradient approximation) is
selected to deal with the exchange correlation energy of all electrons [24,25]. The ultra-soft
pseudopotential is used to describe the ionic nucleus. A BFGS (Broyden–Fletcher–Goldfarb–
Shanno) algorithm is selected in the process of structure optimization [26]. Considering the
calculation accuracy and efficiency, the kinetic energy cutoff value of the plane wave basis
group is 400 eV. After testing different k-point grid schemes, the 3 × 3 × 1 Monkhorst-Pack
format k-point grid is used to integrate the Brillouin zone (the k-point setting of 5 × 5 × 2
α-Fe2O3 unit cell is optimized) [27]. The convergence criteria for structure optimization
and energy calculation are set as follows: the self-consistent field (SCF) cycle converges to
2.0 × 10−6 eV/atom; the maximum force convergence value of each atom is 0.05 eV/Å;
the maximum internal stress of the crystal is 0.1 GPa; and the maximum displacement
convergence value of the atom is 0.002 Å.

Although the DFT–GGA theory provides accurate lattice constants, it usually under-
estimates the band gap [28]. The prediction of the α-Fe2O3 band gap can be improved by a
GGA+U calculation [29,30]. In addition, in order to achieve the accuracy of calculation, all
model calculations in the current work are adopted functional PBE+U. Referring to previous
studies [31,32], the spin arrangement of antiferromagnetism (+ − − +) is set (+ represents
spin relative to z-axis, − relative to z-axis), as shown in Figure 1a. The α-Fe2O3 of this
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spin arrangement has the lowest energy and the most stable structure [14]. In order to
more accurately describe the Coulomb interaction of Fe-3d electronic states, U = 5 eV ‘s
GGA + U method is used to deal with the exchange correlation energy for Fe atoms [33].
The energy bands of bulk α-Fe2O3 are calculated. The total density of states (DOS) and
fractional densities of states (PDOS) are shown in Figure 1b,c. The band gap is 2.20 eV,
which is in good agreement with the indirect optical energy gap of 1.9–2.2 eV [34,35]. The
top of the valence band of α-Fe2O3 is mainly contributed by O-2p, and the bottom of the
conduction band is mainly contributed by Fe-3d. The 3d orbitals of Fe overlap with the 2p
orbitals of O in a large energy range, and there is hybridization in the range of 2~3 eV.
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The positive or negative adsorption energy and the adsorption distance reflect the
stability of the structure after adsorption [36]. If the adsorption energy is negative, the
adsorption distance decreases, indicating that the process is the release of heat, and the
structure is more stable after adsorption. Otherwise, the adsorption distance increases,
indicating that the process is the absorption of heat, and the structure is not stable after ad-
sorption [37]. In order to analyze the stability of gas molecules at different adsorption sites,
the adsorption energy Eads of each model is calculated according to the following formula:

Eads = Emolecule/slab − Emolecule − Eslab

where Emolecule/slab is the total energy of the system after adsorption, Emolecule is the energy of
the adsorbed free gas molecules, and Eslab is the energy of the substrate before adsorption.

The charge difference density reflects the charge transfer in different regions. The
expression is:

∆ρ = ρmolecule/slab − ρslab − ρmolecule

In the formula, ρmolecule/slab, ρslab, and ρmolecule represent the total charge density of the
system after adsorption, the charge density of the substrate before adsorption, and the
charge density of free gas molecules, respectively. Mulliken charge population analysis is
used to examine the charge transfer before and after gas adsorption on the surface [38]. A
negative number represents an electron, and a positive number indicates a loss of electron.

2.2. Models

The optimized crystal cell of α-Fe2O3 is shown in Figure 1a. It has a space group
crystal structure of R-3C and contains 12 iron atoms and 18 oxygen atoms. The lattice
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parameters of the cell are a = b = 5.18◦, c = 14.11◦, α = β = 90◦, and γ = 120◦, which are
in good agreement with the experimental values (a = b = 5.04◦, c = 13.75◦, α = β = 90◦,
and γ = 120◦). It shows that the model is reliable [39]. Referring to previous studies, the
Fe-O3-Fe termination of (001) surface is the most stable surface termination [10,40,41].
Therefore, on the basis of the optimized α-Fe2O3 cell, a 12-layer p (2 × 2) supercell was
constructed and cut out (001) surface. To avoid interaction during continuous plate weeks,
a vacuum layer of 15 Å was added in the z direction to build the slab model, as shown in
Figure 2a. The six layers of atoms at the bottom are fixed to simulate the bulk phase, and
the six layers of the surface are completely relaxed in the process of calculation. However,
previous studies have shown that the outermost atomic layer of the relaxation 4 layers is
sufficient to obtain sufficient convergence results on the α-Fe2O3(001) surface [42]. It is well
known that crystal defects do not have a negligible effect on molecular adsorption. Oxygen
vacancy defects easily occur on the surface of α-Fe2O3 [13]. The vacancy α-Fe2O3(001)
surface model is obtained by removing an oxygen atom on the surface. Based on this, we
constructed the α-Fe2O3(001) surface with and without vacancy at the same time. The
adsorption models of three sulphide gas molecules at five symmetric adsorption sites (O
top site, Fe top site, Bridge site, Hollow site, and vacancy) are shown in Figure 1b,c.
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H2S, COS, and CH3SH molecules are put into a three-dimensional cubic lattice with
an edge length of 10 Å, and have been geometrically optimized without restriction. The
k-point sampling in Brillouin zone is set to 1 × 1 × 1. The geometrically optimized
configuration is shown in Figure 3. The values of all structures are consistent with the
previous research or experimental values. The reliability of the calculation is guaranteed.
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3. Results and Discussion

Using the HOMO and LUMO in the electron cloud around molecules [43,44], we
analyzed the electronic properties of H2S COS and CH3SH, as shown in Figure 3. We
found that the HOMO orbitals of the three molecules were concentrated on the S atoms,
indicating that the S atoms in the molecules more readily give electrons in the adsorption
process.

3.1. H2S Adsorption

The optimized H2S molecules were placed near several adsorption sites described
above in a parallel or vertical manner. As shown in Figure 4, several stable adsorption
configurations were obtained through geometric optimization of high-precision criteria.

The corresponding adsorption energy and the geometric parameters of the stable
adsorption configuration are listed in Table 1.

In A1 and A2 configurations, although the specific spatial position and direction of
H2S molecules are different, the whole molecule was adsorbed on the top of the terminal
Fe atom by a S atom in an inclined way. The adsorption distance between the S atom
and the Fe atom is 2.59 Å and 2.57 Å, respectively, and the corresponding adsorption
energy is about −0.56 eV and −0.53 eV. By examining the different adsorption sites, it can
be inferred that the adsorption sites of H2S molecules on the α-Fe2O3(001) surface were
mainly concentrated near the three-coordinated Fe atoms. The configuration shown in
A3 and A4 is that in which the H2S molecule was adsorbed on the Fe atom on the surface
with oxygen vacancy. The bond angle of H2S molecule in A3 increased slightly to 93.0◦

compared with that before adsorption, indicating that H2S was activated after adsorption.
That is, this reaction belongs to stable chemical adsorption. For the A4 case, H2S molecules
were dissociated and adsorbed, and one of the S–H bonds was broken due to the influence
of adsorption. The H atom was trapped by the O atom in the attachment. SH was firmly
adsorbed on the Fe atom. The adsorption energy was −1.53 eV and the adsorption distance
was 2.34 Å. Compared with the adsorption on the surface without vacancy, the absolute
value of adsorption energy on the vacancy surface was larger and the adsorption effect
was stronger.
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Table 1. The adsorption energy and characteristic parameters of adsorption configuration of H2S on
the α-Fe2O3(001) Surface.

Adsorption
Configuration Bond Length (Å) Bond Angle (◦) Eads (eV) d (Å)

A1
S-H1 1.36 H1-S-H2 91.3 −0.56 2.59S-H2 1.36

A2
S-H1 1.36 H1-S-H2 91.9 −0.53 2.57S-H2 1.36

A3
S-H1 1.36 H1-S-H2 93.0 −0.64 2.51S-H2 1.36
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The PDOS of the S atom in H2S molecule before adsorption is shown in Figure 5. The
DOS of the S atom was mainly contributed by 3p orbitals, and 3s and 3p orbitals showed
discrete sharp peaks, indicating that the localization of electrons is very strong and the
corresponding energy bands are relatively narrow.

Figure 6a shows the PDOS of Fe atoms on the α-Fe2O3(001) surface before adsorption.
The TDOS of Fe was mainly contributed by its 3D orbital, showing an obvious peak,
indicating that the d-electron phase is localized. There is almost no symmetry in the spin-
up and spin-down PDOS, indicating that the Fe atom has magnetism. Vacancy defects will
affect the PDOS of Fe atoms near the surface. Due to the absence of the coordinated O
atom, the highly localized 3d orbital peak of Fe atom split, several small peaks appeared,
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and the energy level shifted slightly. In Figure 6b, when H2S was adsorbed on the pure
α-Fe2O3(001) surface, the 3p orbital of the S atom broadened in the −6~−1 eV energy range.
The contribution of the upper and lower spin states of the S atom was different, which is
related to a certain magnetization. The PDOS of the interacting Fe atom changed slightly
compared with that before adsorption, and the strong magnetic property of the Fe-3d band
did not change with the adsorption of H2S. It shows that there was a weak interaction
between them. When H2S was adsorbed on the Fe atom of the vacancy α-Fe2O3(001)
surface, the 3p orbital of the S atom broadened in the –7~0 eV energy range, and hybridized
with the 3d orbital of the Fe atom at the adsorption site, and there was obvious resonance.
The peak shape of the Fe atom in the vacancy changed obviously after adsorption. It
shows that the adsorption between them is strong. This is consistent with the results of
adsorption energy.
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Figure 7a,b shows the charge difference density of A2 configuration. As can be seen,
the electron accumulation region of α-Fe2O3 was mainly concentrated near the O atom and
the charge depletion region near the Fe atom. Combined with the results of the Mulliken
charge population analysis shown in Table 2, the adsorption of H2S molecules did not lead
to obvious charge redistribution, indicating that the adsorption of H2S molecules with the
pure α-Fe2O3(001) surface was weak. In the A4 configuration, as shown in Figure 7c,d, the
Fe atoms at the adsorption site lost some electrons, and a large number of charges gathered
between the S–Fe to form chemical bonds. The dissociated SH obtained 0.47 e from the
α-Fe2O3(001) surface indicated that there was a strong interaction between them, resulting
in charge rearrangement.
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drawing of the Mulliken charge population for A4 configuration; (d) Two dimensional drawing of
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Table 2. The Mulliken charge population analysis of H2S adsorption on the α-Fe2O3(001) surface.

Adsorption
Configuration Mulliken Charge (e) Q (e)

A2
S −0.25

0.09H1 0.17
H2 0.17

A4
S −0.54 −0.47H1 0.07

3.2. COS Adsorption

All possible surface adsorption sites and the straight-line adsorption of COS molecules
were taken into account. Due to the asymmetric structure of COS molecules, the adsorption
processes of parallel, vertical, and S atoms toward the surface, and O atoms toward the
surface were investigated. After geometric optimization, several configurations, shown
in Figure 8, were finally obtained, which are recorded as B1–B4. As shown in Table 3, the
adsorption energy of each configuration was positive, indicating that COS molecules could
not be adsorbed on the surface of α-Fe2O3 spontaneously. The C atom of the COS molecule
was connected to a S atom by double bond and an O atom, and there was a stable π bond.
Therefore, the fact that COS molecules were not spontaneously adsorbed on the surface of
α-Fe2O3 may be related to the stable chemical properties of the molecules themselves.
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Table 3. The adsorption energy and adsorption configuration characteristic parameters of COS on
the α-Fe2O3(001) surface.

Adsorption
System Bond Length (Å) Bond Angle (◦) Eads (eV) d (Å)

B1
C-O 1.17

S-C-O 179.6 0.36 2.73C-S 1.57

B2
C-O 1.17

S-C-O 179.9 0.44 2.34C-S 1.56

B3
C-O 1.17

S-C-O 179.7 0.22 2.64C-S 1.59

B4
C-O 1.17

S-C-O 179.3 0.42 2.49C-S 1.56

3.3. CH3SH Adsorption

As shown in Figure 9, two stable adsorption configurations of CH3SH molecules
were obtained, named as C1 and C2. The characteristic parameters of each adsorption
configuration are listed in Table 4. In the C1 configuration, the CH3SH molecule was
adsorbed on the Fe top site of the pure α-Fe2O3(001) surface in an inclined posture with
an adsorption distance of 2.52 Å and adsorption energy of −0.50 eV. The bond angle
of H1-S-C was larger than that of free molecules, and other structural parameters were
almost unchanged. This suggests that there is a weak interaction between CH3SH molecule
and the pure α-Fe2O3(001) surface. The C2 of Figure 9 shows the dissociative adsorption
configuration of CH3SH molecules. The S–H bond was broken during the adsorption
process, and the H atom was adsorbed on the nearby tri-coordinated O atom. CH3S
was adsorbed on the vacancy defect site with an adsorption energy of −1.40 eV and
an adsorption distance of 2.34 Å. It is worth noting that the Fe atoms on the surface of
α-Fe2O3(001) at the adsorption site relaxed and protruded slightly from the adsorption
molecules after CH3SH adsorption. We found that the relaxation degree of the Fe atoms on
the defective surface was greater than that on the surface without vacancy.
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Figure 9. The stable adsorption configuration C1 of CH3SH molecules on the pure α-Fe2O3(001)
surface; the stable adsorption configuration C2 of SH molecule on the vacancy α-Fe2O3(001) surface
(the unit of number is Å).

Table 4. The adsorption energy and adsorption configuration characteristic parameters of CH3SH on
the α-Fe2O3 surface.

Adsorption
Configuration Bond Length (Å) Bond Angle (◦) Eads (eV) d (Å)

C1

S-H1
S-C

C-H2
C-H3
C-H4

1.36
1.83
1.10
1.10
1.10

H1-S-C
S-C-H2
S-C-H3
S-C-H4

98.2
108.7
109.9
108.0

−0.50 2.52

C2

S-H1
S-C

C-H2
C-H3
C-H4

-
1.84
1.10
1.10
1.10

H1-S-C
S-C-H2
S-C-H3
S-C-H4

-
112.1
107.3
108.9

−1.40 2.34

The PDOS of the S atom in the free CH3SH molecule is shown in Figure 10a. Figure 10b,c
shows the PDOS of the S atom after adsorption and the Fe atom on the surface with and
without vacancy, respectively. On the pure α-Fe2O3(001) surface, the 3s orbital of the S atom
changed slightly, but still maintained a discrete energy level. The 3p orbital of the S atom
broadened in the −7.7~0 eV energy region. At the same time, the peak shape and number
of electron orbitals of the Fe atom did not change obviously. According to Figure 10d,e
and Table 5, there was almost no electron exchange and transfer, which indicates that
the adsorption of CH3SH molecules on the pure α-Fe2O3(001) surface was very weak. In
Figure 10c, the 3p orbitals of the S atoms were broadened in the −7.7~0 eV and 1.7~6.3 eV
energy regions. The 3d orbital peak shape of the Fe atom changed and there was a
hybrid conjugation between the 3p orbital of the S atom and the 3d orbital of the Fe atom.
According to Figure 10f,g, it is obvious that there was a charge enrichment region between
the adsorbed molecule and the surface. The surface obtained 0.42 e from the dissociated
and adsorbed H atom, and the Mulliken charge population of CH3S was −0.40 e, indicating
that some electrons were captured from the surface. There was an overlap between the
electron loss region and the electron enrichment region in the figure, indicating that the
electrons were rearranged, and part of the electrons migrated to form a chemical bond
between the adsorbed molecule and the surface. That is, CH3SH chemisorption occured on
the vacancy α-Fe2O3(001) surface and the adsorption effect was strong.
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surface; and (f,g) the charge difference density of CH3SH molecules adsorbed on the vacancy α-Fe2O3(001) surface.

Table 5. The Mulliken charge population analysis of CH3SH adsorbed on the α-Fe2O3(001) surface.

Adsorption Configuration Mulliken Charge (e) Q (e)

C1

S
C

H1
H2
H3
H4

−0.04
−0.88
0.15
0.31
0.30
0.27

0.11

C2

S
C

H1
H2
H3
H4

−0.31
−0.83
0.42
0.28
0.24
0.22

-
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4. Conclusions

In summary, the periodic DFT method was used to investigate the adsorption mecha-
nism of H2S, COS, and CH3SH gas molecules at different sites on the α-Fe2O3(001) surface.
The exposed three-coordinate Fe atoms are the main active centers. The results show that
H2S and CH3SH are mainly adsorbed in the form of molecules at the Fe top site, and the
adsorption energies are −0.56 eV and −0.50 eV, respectively. Molecules can be adsorbed
on Fe atoms in the form of molecules or dissociation in the oxygen vacancy. The oxygen
vacancy can promote the dissociation of H2S and CH3SH molecules, thus promoting the
adsorption. The DOS results show that the electron orbitals of the dissociated states are
more coincident, and the interaction is stronger. Charge differential density and Mulliken
charge population analysis shows that charge exchange and transfer lead to the new surface
chemical bonds formatted. However, no adsorption of COS molecules on the surface of
α-Fe2O3 was observed, which may be related to the inherent stable chemical properties of
COS molecules.
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