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2 on the u-Fe (0001) surface:
insights from density functional theory

S. Assa Aravindh, *a Wei Cao, a Matti Alatalo,a Marko Huttulaa and Jukka Kömib

The stabilization of a hexagonal phase known as the u-phase in steel has recently been identified. The

presence of C in steel samples is found to be helping the formation of this otherwise meta stable phase.

This indicates that the probability of degradation of the surface is high in steel samples containing the u-

phase, through surface adsorption. Here we calculate the adsorption process of CO2 on the u-Fe(0001)

surface, for different sites and find that it strongly adsorbs horizontally with a bent configuration. The

adsorption is characterized by significant charge transfer from the surface Fe atoms to the CO2

molecule, and structural modification of the molecule is occurring. The density of states calculations

indicate that hybridization and subsequent charge transfer is probable between the d orbitals of Fe and p

orbitals of CO2, resulting in strong chemisorption, that further leads to spontaneous dissociation of the

molecule.
1 Introduction

A hexagonal phase, known as omega (u) has been identied in
transmission electron microscopy (TEM) measurements in steel
samples.1–12 The u phase is supposed to be metastable, yet
getting trapped in crystal defects and it has been shown that the
stabilization of u occurs as an intermediate phase between the
bcc–fcc transition in steel7 and the presence of C is known to
inuence its formation. Ping et al.1 have shown that the u phase
possesses 3.6% lower volume and 0.18 eV per cell higher energy
than bcc-Fe, with atoms in alternate layers coupling anti-
ferromagnetically. The increase in C concentration is found to
assist in the stabilization of the u phase and at higher
concentrations, it will be stabilized as u-Fe3C. This hexagonal
phase oen acts as a sink for vacancies and impurities such as
H or He atoms. In this scenario, the probability of CO2 corrosion
in steel, aided by the presence of the u phase and dissolved CO2

is highly probable, and that will be detrimental to many
industries.13 The mechanisms underlying CO2 corrosion consist
of many mechanical and environmental factors.14 Temperature
is one of the prominent factors in CO2 corrosion, as it affects the
formation of a protective layer. Hence, the possibility of
formation of a protective layer is lower in omega-Fe surfaces as
this meta stable structure is oen formed due to mechanical
constraints at grain/twin boundaries.6 The u-phase forms
mostly at interfaces or twin boundaries in steel in the presence
of atomic constraints,6 which was earlier attributed to extra
electron diffraction spots arising from internal twins or
t, University of Oulu, FIN-90014, Finland
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carbides. Another important factor inuencing the formation of
u is the presence of C in steel.1,7,8 Since the u-phase is found to
be formed at the interfaces and boundaries, exposure to gases
and contaminants is higher than that of the bulk part of the
material. Hence the possibility of CO2 induced corrosion is
highly probable in this meta stable phase and present investi-
gation focus on the energetic of CO2 adsorption on u-Fe
surfaces. It has been reported that the presence of CO2

combined with moisture exposure can lead to formation of
carbonic acid and cause corrosion in steel pipe lines.15 Hence it
is important to investigate the stability and structural changes
caused by the adsorption of CO2 as well as the possibility of
activation of the C]O bonds, that leads to dissociation. In this
scenario, we employ density functional theory (DFT) to inves-
tigate the adsorption energy, electronic structure and quantify
the charge transfer properties of CO2 on u surface. Our results
provide useful insights into the CO2 dissociation mechanism at
the u-Fe surface, since we have seen that the activation of the
molecule occurs at the surface followed by dissociation, due to
the strong charge transfer between surface and adsorbates. This
indicates that compared to the more inert CO2 molecule, the CO
moiety can interact with atmospheric moisture and enhance the
degradation of the surface.
2 Computational methodology

The DFT calculations are carried out using plane wave-based
pseudopotential code Vienna Ab initio Simulation Package
(VASP).16–18 A kinetic energy cut-off of 520 eV is used to expand
the plane waves included in the basis set. Spin polarization is
included in the calculations with Gaussian smearing and
a smearing width of 0.01 eV is used.19 The u-Fe(0001) surface is
RSC Adv., 2021, 11, 6825–6830 | 6825
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modeled using the optimized atomic coordinates of a unit cell
of (1 � 1 � 1) u-Fe. The optimized lattice parameters for the u-
Fe unit cell are a ¼ 3.85�A and c ¼ 2.42�A, and are in agreement
with previously reported values.1 To construct a surface slab,
vacuum layers are added along the z-direction to make the
interaction between the periodically repeated images negligible.
The supercell dimensions are a ¼ 7.94 �A, b ¼ 7.94 �A and c ¼
17.18 �A respectively such that 36 Fe atoms are present. For the
integration of the Brillouin zone, a Gamma centered k grid of (5
� 5 � 2) dimensions is used. The u-Fe(0001) surface is relaxed
without symmetry constraints such that corresponding energy
and force tolerances of 10�6 eV and 0.001 eV �A�1, respectively,
are achieved. The exchange and correlation is described using
generalized gradient approximation (GGA). We employ the
projected augmented wave method (PAW) in the parameter-free
Perdew–Burke–Ernzerhof (PBE) formalism.19,20 The above
choices are based on previous studies that have shown that the
PBE approximation accurately reproduces the energetic and
magnetic properties of Fe based systems and specically those
of u-Fe in the presence of alloying elements.1,5,21 Initially we
optimized the slab supercell relaxing all layers and upon addi-
tion of CO2 molecule, bottom layers are xed to bulk positions
and top layers are relaxed.

The adsorption energy of CO2 on the u-Fe (0001)surfaces is
calculated using the relation,22

Eads ¼ Esurf+CO2
� Esurf + ECO2

(1)

where Esurf is the total energy of the pristine u-Fe (0001) surface
slab, and Esurf+CO2

is the total energy of the u-Fe(0001) surface
slab with CO2 molecule adsorbed on it. The energy of the CO2

molecule is calculated as the energy obtained by putting the
CO2 molecule in a cubic unit cell of size 20 �A followed by opti-
mization. For the congurations in which CO2 spontaneously
dissociates to O and CO, the chemical potential of O atom and
CO molecule, calculated using the cubic super cell approach is
used for the adsorption energy calculations. From this equa-
tion, it turns out that a negative value of Eads means exothermic
reaction and thermodynamically favorable adsorption process
while a positive value of Eads indicates an endothermic reaction.
3 Results and discussion

The optimized geometry and orbital resolved density of states of
u-Fe (0001) are shown in Fig. 1(a) and (b) respectively. The
density of states is metallic and dominated by the contribution
from Fe-d orbitals surrounding the Fermi level. This indicates
that the chances of hybridization of Fe-d orbitals and p-orbitals
of the CO2 molecule are highly probable. Aer the pristine
surface is optimized, CO2 molecule is placed on the surface and
the adsorption energies are calculated aer optimization. It is
worthwhile tomention that to model the adsorption of CO2 with
the Fe surface, both the atoms of CO2 and three topmost layers
of the slab are subjected to unconstrained relaxation, such that
the residual forces on all atoms reached 0.001 eV �A�1.
Furthermore, no symmetry constraints are imposed during the
structural optimization; and the CO2 molecule was free to move
6826 | RSC Adv., 2021, 11, 6825–6830
laterally and vertically from the initial site as well as to reorient
itself to the minimum energy geometry. Total 8 congurations
were considered including both vertical and horizontal orien-
tations of CO2. The congurations are chosen in such a way
that, the vertical CO2 perpendicularly aligned above the top of
an Fe atom, attached over an Fe–Fe bond, attached in the hollow
space formed by three Fe atoms situated at the three corners of
a triangle and also on top of an Fe atom in the middle of the
hexagonal ring. Same congurations were considered for the
horizontal alignment of CO2. The stable adsorption geometries
aer relaxation are presented in Fig. 2. The perpendicularly
oriented linear CO2 congurations (d), (e) and (f) present very
weak adsorption with the omega surface, indicating a phys-
isorption, evident from the longer Fe–O distances. The
adsorption energies are positive in these three cases, indicating
that the reaction is endothermic.

The linear conguration (a) on the other hand, spontane-
ously dissociates into O and C]O species with adsorption
energy of �3.64 eV. For the congurations (a) and (g) a sponta-
neous CO]O bond cleavage is occurring, indicating that the
dissociation process occurs without an energy barrier. The
congurations (c) and (h) showed the lowest adsorption ener-
gies for CO2 adsorption. Both (c) and (h) are almost equivalent
positions geometrically, where CO2 adsorbs in a bent congu-
ration whereby the C and O atoms are adsorbed on top of nearby
Fe atoms constituting the hexagonal ring on the surface. The
calculated bond lengths are presented in Table 1. Though the
bond lengths are almost similar between the two congura-
tions, the O–C–O bond angles are 124.22 degree for (c) and
129.32 degree for (h) respectively. The lower bond angle for the
conguration (c) indicates that the molecule is activated more
in this case. The chemisorption of CO2 on the u-Fe(0001)
surface in turn affects the C–O bond strength, and conse-
quently, the possibility of decomposition of CO2 moiety into
surface bound oxygen and CO is possible. It can be seen that the
C–O bonds for the congurations with least adsorption energy
are elongated to 1.29–1.34 �A, compared to the gas phase C–O
bond length which is 1.17 �A signifying that the C–O bonds are
activated. For the most stable congurations adsorbed through
chemisorption, it can be seen that the CO2 adsorb in a bent
conguration such that CO2 molecule interacts with two surface
Fe atoms through both oxygen atoms. The extended C–O bond
lengths signify that these bonds are weakened due to the p-
antibonding occupation, whichmay further lead to activation of
the molecule, and help in the reduction of the CO2 molecule on
the surface. It can be seen that in the chemisorbed congura-
tions, all the atoms share bonds with the substrate Fe atoms.
Further, since the CO2 molecule can receive electrons into the
lowest unoccupied molecular orbital to become negatively
charged bent species, the charge transfer between atoms are
calculated.

Bader charge analysis was carried out23,24 to quantify the
charge transfer mechanism between the surfaces and CO2. The
calculated values are shown in Table 1. It can be seen that there
exist signicant charge transfer between the Fe surface and the
C, O atoms for the chemisorbed congurations. The negative
charge on the O atoms indicate that electrons are gained,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The optimized geometry and (b) the density of states of u-Fe (0001) surface.
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results in a net charge gain as CO2molecule. For the most stable
CO2 adsorbed conguration (c), while the C atom and Fe atoms
bonded to C and rst O atom lose charge, the Fe atom bonded
Fig. 2 The relaxed configurations of CO2 over u-Fe(0001) surfaces are p
color code of the atoms are, light pink – Fe, yellow – C and red – O re

© 2021 The Author(s). Published by the Royal Society of Chemistry
to the second O atom, slightly gains charge. For the three
physisorbed congurations (d), (e) and (f), there is no change in
charge of the C atom. While the C atom is attached to the Fe
resented in configurations a–h. The side and top views are shown. The
spectively.

RSC Adv., 2021, 11, 6825–6830 | 6827
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Table 1 The table shows relaxed bond lengths and Bader charges of the CO2 on u-Fe(0001) surface. For the Bader charges, the atom bonded
with Fe is shown in parenthesis

Conguration

Relaxed bond lengths (�A) Bader charges

d(C–O1) d(C–O2) d(Fe–O1) d(Fe–O2) d(Fe–C) O1 O2 C Fe(C) Fe(O1) Fe(O2)

(a) 3.63 1.14 1.87 �1.04 �1.83 1.83 0.34
(b) 1.34 1.34 2.07 2.07 1.93 �1.71 �1.71 1.94
(c) 1.29 1.29 1.97 1.93 1.97 �1.74 �1.72 2.38 0.10 0.14 �0.01
(d) 1.18 1.17 2.37 �2.07 �1.98 4 0.14
(e) 1.18 1.18 2.72 �2.02 �2.04 4
(f) 1.18 1.17 2.76 �2.03 �2.01 4
(g) 5.24 1.30 2.96 1.79 1.97 �1.84 �1.01 0.61 0.37 0.28 0.24
(h) 1.29 1.27 1.99 2.05 1.97 �1.81 �1.72 2.44 0.09 �0.05 �0.17
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atom at the center of the hexagonal ring, the detached O atom
moves to a nearest neighbor Fe atom, such that the O atoms
acquire charges, and C and Fe atoms loose charge. For the
conguration (g) where, the CO2 dissociates to O and CO
moieties, there is signicant charge transfer between the C and
O atoms. This combined with the elongated bonds establish the
fact that the CO2 molecule dissociates without energy barriers
in this conguration.

We analyze the partial density of states (PDOS) projected
onto molecular orbitals of the most stable conguration with
CO2 adsorption and presented in Fig. 3. As the DOS for all
chemisorbed CO2 congurations are not so different from each
other, we have only shown the DOS for the most stable surface +
CO2 geometry. The PDOS calculated for the isolated CO2

molecule, projected on to the p orbitals are also shown in Fig. 3.
Owing to the chemisorption, the p orbitals of CO2 shi down-
wards from the Fermi level, presenting strong overlap with the
d orbitals of Fe, indicating strong interaction and chemisorp-
tion on the surface. We plot the density of states (DOS) pro-
jected on to the d orbital for a surface Fe atom for the pristine
Fig. 3 The orbital projected density of states of (a) isolated CO2

molecule and (b) u-Fe(0001) surface with chemisorbed CO2

molecule.

6828 | RSC Adv., 2021, 11, 6825–6830
surface and for the most stable CO2 adsorbed conguration in
Fig. 4. The Fe site is the one where the C atom is attached to
form a Fe–C bond, such that the changes in d band can be
analyzed before and aer adsorption. It can be seen that the
density of states of the Fe atom shi towards the Fermi level
aer adsorption of the CO2 molecule, indicating the strong
adsorption. The p orbitals of CO2 can effectively hybridize with
the d orbitals of the Fe surface, creating strong Fe–C and Fe–O
bonds with the bent CO2 molecule making signicant charge
transfer from the Fe d orbitals in to the p orbitals of CO2

molecule results in the formation of a negatively charged CO2

species as evidenced by the Bader charge analysis. This strong
charge transfer is related to the elongation of the C–O bond,
resulting in its activation.

To get deeper understanding of the charge redistribution at
the u-Fe(0001) surface caused by the CO2 adsorption, we have
calculated the charge density difference. It is calculated by
subtracting the sum of the charge densities of the CO2 molecule
and the pristine u-Fe(0001) surface, from the charge density of
the adsorbate–substrate system. The charge density difference
is calculated for the most stable CO2 adsorption conguration
Fig. 4 The d orbital resolved density of states of an Fe atom at the u-
Fe(0001) surface before after adsorption of CO2. The Fe atom corre-
spond to the most stable adsorbed configuration of CO2 adsorption
and forms the Fe–C bond.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The charge density difference plot of CO2 adsorption onu-Fe(0001) surface showing charge transfer in the regions between the CO2 and
the surface Fe atoms upon adsorption. The isosurface level is 0.0467125 electrons per�A3. The yellow and blue regions indicate charge depletion
and accumulation respectively. Figures (a) and (b) show the side and top view for the charge density difference calculated for the most stable
configuration.
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and shown in Fig. 5. It can be seen that all the three Fe atoms
directly bonded to the CO2 molecule presents charge depletion,
which is extended towards the Fe–O and Fe–C bonds. The O
atoms are surrounded by fractions of negative charge. The
positive and negative charges are plotted with the same iso-
surface level. It can be seen from the gure that signicant
charge rearrangement happens only at the surface Fe layers.
There is signicant charge depletion from the Fe atoms and
charge gain by the O atoms, and the positive charge is accu-
mulated towards the Fe–C and Fe–O bonds. The signicant
charge transfer is evidenced by the Bader charge, that helps in
strong chemisorption and further dissociation of the molecule.
This indicates that compared to the inert CO2, CO can stay at
the surface, interacting with other species and enhance the
degradation of the Fe surface.
4 Conclusions

We have carried out a study of the adsorption of CO2 on u-
Fe(0001) surface. Among the 8 congurations considered,
a horizontal bent conguration attaches with the least adsorp-
tion energy. It is observed that the CO2 molecule is getting
activated when attached in the horizontal bent conguration
and dissociates spontaneously without an energy barrier.
Strong charge transfer is noticed between the adsorbed CO2

atom and the surface Fe atoms, which is further quantied from
Bader charge analysis and charge density difference plots. The
possibility of charge transfer from Fe d orbitals to p orbitals of
CO2 molecule is conrmed from the density of states, which
aids in its stabilization at the surface. Our study provides
important insights into the possibility of stabilization and
dissociation of CO2 on u-Fe surface, which is important in the
context of degradation aspects of Fe surfaces.
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