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ARTICLE INFO ABSTRACT

Article History: Abstract: The purpose of this study was to investigate the interaction
between O, Os, OH, and HO:> species on the Fe(100) surface using the DFT
method. The DFT calculation provides specific information of the
electronic structure of a molecules in ground state. The results show that
the O atom preferred to be adsorbed on the hollow site, the OH species
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DFT ] Furthermore, when the H atom 1s attached to one of the O atoms of the
Adsorption dissociated O2 molecule, the OH species is formed which is adsorbed at the
Iron surface bridge site, and another O atom which remains adsorbed at the hollow

site. This study can provide preliminary information on the adsorption
mechanism of O, Os; OH, and HOs species In explaining the
electrochemical corrosion mechanism in our next work.

Abstrak: Penelitian ini bertujuan untuk mengetahui interaksi antara
spesi O, Oz, OH, dan HOs pada permukaan Fe(100) menggunakan metode
DFT. Perhitungan DFT memberikan informasi spesifik tentang struktur
elektronik molekul dalam keadaan dasar. Hasil penelitian menunjukkan
bahwa atom O lebih suka teradsorpsi pada situs berongga, spesi OH
teradsorpsi pada situs jembatan, sedangkan molekul O: terdisosiasi
menjadi dua atom O dimana keduanya teradsorpsi pada situs berongga.
Selanjutnya, ketika atom H terikat pada salah satu atom O dari molekul
O: terdisosiasi, terbentuk spesies OH yang teradsorpsi di situs jembatan,
dan atom O lain yang tetap teradsorpsi di situs berongga. Penelitian ini
dapat memberikan informasi awal tentang mekanisme adsorpsi spesi O,
02, OH, dan HO2 dalam menjelaskan mekanisme korosi elektrokimia
pada penelitian kami selanjutnya.
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A. INTRODUCTION

The phenomenon of corrosion in materials is a very important concern for industrial
and academic because corrosion causes enormous losses. Corrosion loss in the United
States per year is estimated at 3.1% of gross domestic product (GDP) or about 364 billion
dollars (Rapp, 2006). Corrosion is a process of degrading material due to electrochemical
reactions with corrosive environments (Trethewey, 1988). If there is a transfer of
electrons from the anode to the cathode, a corrosion event occurs. The corrosion reaction
is an electrochemical reaction that consists of an oxidation reaction at the anode and a
reduction reaction at the cathode. The rate of electrons generated in the oxidation
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reaction corresponds to the rate at which electrons are consumed by the reduction
reaction.

In the event of corrosion generally, the reaction that occurs in the cathode is oxygen
reduction reaction (ORR). ORR can take place through two pathways, namely the partial
path (2 electrons) and the full path (4 electrons). The partial path involves the production
of adsorbed hydrogen peroxide (H202) whereas the full path is more efficient because it
does notinvolve the production of hydrogen peroxide (Stacy etal.,2017; Reda etal., 2018;
Safakas et al.,, 2019). In an acidic environment, ORR can take place in two ways, namely
the full path and the partial path.

The full path (4e path):

02 + 4H* + 4e- - 2H:20

The full path is a path that generally occurs on plain metal surfaces (Ng et al., 2020). The
reaction coordinates for the full path in an acidic environment are as follows:
*+02-*00

*00 + H* + e- = *O0H

*OOH + H* + e > *0 + H20

*0 + H* + e- > *OH

*OH + H*+ e > * + H20

where *00, *O0H, *0, and *OH are chemical species adsorbed on the metal surface.
The partial path (2e path):

02 + 2H* + 2e- - H202

H202 + 2H* + 2e- = 2H20

Investigations on the surface of iron are fundamental to increasing early
understanding of the interactions between ferrous metals and chemical species. Several
experimental and theoretical studies on the chemical species adsoprtion on Fe surfaces
have been carried out in recent decades. The adsorption of the species (0O, Oz, OH, and HO2)
on the Fe surface is very important to understand in explaining the electrochemical
corrosion mechanism. Until now, the interaction of O, Oz, OH, and HOz species on the iron
surface is still an extensive experimental and theoretical study. Early studies on the
interaction of the O atom with the Fe (100) surface experimentally (Sakisaka et al., 1984)
and theoretically (Blonski et al.,, 2005; Cao et al.,, 2010) show that more stable oxygen
atoms are adsorbed at hollow sites. The interaction of the 02 molecule on the Fe (100)
surface experimentally (Lu et al., 1989) and theoretically (Blonski et al., 2008; Chen et al,,
2020) showed that there was irregular dissociative adsorption. The theoretical
investigation of the OH species adsorbed on the Fe (100) surface showed that the bridge
site is the preferred adsorption site (Wang et al,, 2016; Chen et al., 2020) as confirmed in
experimental studies (Anderson et al.,, 1981).

This study aims to gain a more effective understanding of the adsorption process of
species (0, 02, OH, and HO2) on the Fe(100) surface, therefore we present a systematic
first-principle study based on electronic and energetic properties.

B. RESEARCH METHODS

All calculations were performed by using the Quantum Espresso software package
(Giannozzi et al,, 2017; Kokalj et al., 2020). The interaction between electrons and atomic
nuclei is described by the ultrasoft pseudopotential method with the cutoff energy of 40
Ry and the cutoff energy of 200 Ry was employed for plane wave expansions (Vanderbilt
etal.,, 1990). We adopt the generalized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) for exchange-correlation energy (Perdew et al., 1996). To ensure
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the energy accuracy of the system, we applied the force convergence criterion is 0.0015
eV/A, and the self-consistent field convergence criterion of 0.0027 meV. We use spin-
polarization to accurately describe the magnetism of the system. The Broyden-Fletcher
Goldfarb-Shanno (BFGS) method is used for structure optimization under periodic
boundary conditions (Fischer et al., 1992). To prevent the interaction between periodic
images, a vacuum layer of 15 A® was applied. We use 2 x 2 x 1 k-point Monkhorst-Pack to
perform calculation in our system.

Moreover, the adsorption energy is also calculated to analyze the stability of the
molecules after adsorption. The adsorption energy (Eads) is calculated in Eq. 1. The more
negative the Eads value indicates the most stable adsorption.

Eads = Esurface/molecule - Esurface = Emolecule
where Esurface/molecule and Esurface is the energy of the surface after and before adsorption of
the molecule, and Emolecule is the energy of the isolated molecule.

The surface structure of Fe (100) is modeled with a supercell approach with periodic
boundary conditions. We calculate the lattice parameter of bulk Fe with bcc symmetry to
ensure that our calculations are valid. Our calculations (2.85 A”) are consistent with the
previous calculations (2.82 A) (Yang et al, 2019) and experimental results (2.87 A)
Kohlhaas et al., 1967). The Monkhorst-Pack k-point grid is 12 x 12 x 12 which is used as
the equilibrium lattice parameter for the bulk Fe calculations (Mohnkorst et al.,, 1976).
The surface structure of Fe is built based on the optimized bulk Fe. The slabs consist of 4
layers and 3 x 3 supercells are applied to estimate the properties of O, OH, 02, and HO2
species dissosiative adsorption on the Fe (100) surface. The atoms in the top two layers
are relaxed while the atoms in the other layers are fixed. The isolated species (O, OH, Oz,
and HO2) are modeled in 30 x 30 x 30 A® supercells and used a gamma k-point. The
possible adsorption sites and structural model of the Fe (100) surface are shown in Fig. 1.

The adsorption energy of O, OH, and O: species on the Fe (100) surface was
calculated based on common adsorption sites (i.e., bridge, hollow, and top) (Chew et al,,
2018; Chen et al. 2020) as shown in Fig. 1a. Fig. 2, Fig. 3, and Fig. 4 display the top and side
views of the initial position configuration before adsorbed on the Fe (100) surface of O,
OH, and Oz, respectively.

(a) (b)
Fig. 1. (a) adsorption sites (bridge, hollow, and top) and (b) model of the Fe (100) surface.
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bridge site hollow site top site

Fig. 2. Initial position of the O atom before adsorbed on the Fe (100) surface. Brown and red are
colors of Fe and O atoms, respectively.

bridge site hollow site top site

Fig. 3. Initial position of the OH species before adsorbed on the Fe (100) surface. Brown, red, and
blue are atomic colors of Fe, O, and H atoms, respectively.

vertical-hollow site horizontal-top site vertical-top site

Fig. 4. Top and side views of the initial position of the 0, molecule before adsorbed on the Fe
(100) surface. Brown and red are atomic colors of Fe and O atoms, respectively.
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C. RESULT AND DISCUSSIONS

1. O adsorption on Fe (100) surface

In the present study, the adsorption energy of the O atom on the Fe (100) surface are
evaluated in three different sites (bridge, hollow, and top) as shown in Fig. 2. The optimal
geometry of each structure is shown in Figure 5. The adsorption energy and the distances
between the atomic bonds are shown in Table 1 and Table 2, respectively. Based on Table
1, the adsorption energy values of the O atom on the bridge, hollow, and top sites are -
3.06 eV, -3.53 eV, and -2.29 eV, respectively. All these adsorption energies are negative
and large, this shows that the O atom can easily adsorb on the Fe (100) surface. The
adsorption energy at the hollow site is the lowest, it shows that the hollow site is more
favorable for adsorption, this result is in agreement with experiment (Cao et al., 2010)
and theoretical calculation (Sakisaka et al., 1984).

Table 1. The adsorption energy of the O atom on the Fe (100) surface.

Site Eads (eV)
B -3.06
H -3.53
T -2.29

Table 2. The distance between O with nearest Fe.

Site Bond d (A)
5 0-Fel 1.22
0-Fe2 1.27

0-Fel 0.63

0-Fe2 0.63

H 0-Fe3 0.63
0-Fe4 0.63

0-Fe5 2.19

T 0-Fel 1.63

o

bridge site hollow site top site

Fig. 5. Top and side views of the optimized position of the O atom after adsorbed on the Fe (100)
surface. Brown and red are atomic colors of Fe and O atoms, respectively.
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Seen in Fig. 5 that the O atom adsorbed on the Fe (100) surface binds with two
nearest Fe atoms at the bridge site, while at the hollow and top sites it binds with five and
one nearest Fe atoms, respectively. This shows that the atomic bonds at the hollow site
are stronger than the other sites. This is also confirmed by the bond length between the
O atom and the nearest Fe atom as can be seen in Table 2, where the bond distance at the
hollow site is the shortest.

2. OH adsorption on Fe (100) surface

The adsorption energies of the OH species on the Fe (100) surface in three different
sites (bridge, hollow, and top) as shown in Fig. 3 were calculated. The optimal geometry
of each structure is shown in Figure 6. The adsorption energies and the distances between
the atomic bonds are shown in Table 3 and Table 4, respectively. Based on Table 3, the
adsorption energy value of the OH species at the bridge, hollow, and top sites are -4.34 eV,
-4.17 eV, and -3.90 eV, respectively. All these adsorption energies are negative and large,
this shows that the OH species can be easily adsorbed on the Fe (100) surface. The
adsorption energy at the bridge site is the lowest, it shows that the bridge site is the most
stable adsorption site, this result is consistent with experiment (Anderson et al.,, 1981)
and theoretical study (Wang et al., 2018).

Based on Fig. 6, the OH species adsorbed on the Fe (100) surface binds with three
nearest Fe atoms at the bridge site, while at the hollow and top sites it binds with two and
one nearest Fe atoms, respectively. Moreover, the hollow site is an unstable adsorption
site. From Table 4, the O-Fe bond length of the OH species with the nearest Fe atom is the
longest compared to the other sites.

sibsess

bridge site hollow site top site
Fig. 6. Top and side views of the optimized position of the OH species after adsorbed on the Fe
(100) surface. Brown, red, and blue are atomic colors of Fe, O, and H atoms, respectively.

Table 3. The adsorption energy of the OH species on the Fe (100) surface.

Site Eads (eV)
B -3.06
H -3.53

T -2.29
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Table 4. The distance between the O atom of the OH species with the nearest Fe atom.

Site Bond d (A)
. 0-Fel 1.50
0-Fe2 1.44

0-Fel 1.22

H 0-Fe2 0.21
0-Fe3 0.22

T 0-Fel 1.81

3. 02 adsorption on Fe (100) surface

The adsorption energies of the Oz molecule on the Fe (100) surface are calculated in
three different sites (bridge, hollow, and top) with horizontal and vertical configuration
as shown in Fig. 4. The optimal geometry of each structure is shown in Figure 5. The
adsorption energies and the distances between the atomic bonds are shown in Table 5
and Table 6, respectively. From Table 5, the adsorption energies of the 02 molecule on the
horizontal-bridge, horizontal-hollow, and horizontal-top sites are -5.70 eV, -6.99 eV, and
-6.47 eV, respectively, and the adsorption energies on the vertical -bridge, vertical-hollow,
and vertical-top sites are -6.99 eV, -6.99 eV, and -2.64 eV, respectively. All these
adsorption energies are negative and large, this shows that the Oz molecule can be
adsorbed on the Fe (100) surface easily.

FeR < ™ FfFM @& T\ b
- Fe7 - FeB -

(a) horizontal-bridge site (b) vertical-bridge site (¢) horizontal-hollow site

FEW0: W res

-

Fel @& Fl @ &y F"AF"’.\F‘
S .

. z . Feb .

O kg N W

(d) vertical-hollow site (e) horizontal-top site (f) vertical-top site

Fig. 7. Top and side views of the optimized position of the O; after adsorbed on the Fe (100)
surface. Brown and red are atomic colors of Fe and O atoms, respectively.
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The adsorption configuration of the Oz molecule on the Fe (100) surface is irregular
dissociative adsorption as shown in Fig. 7. From Fig. 7, the hollow site configuration (Fig.
7b, 7c, and 7d) is the most favorable dissociative adsorption site with the lowest
adsorption energy. This result is in agreement with experiment (Lu et al. 1989) and
theoretical calculation (Blonski et al., 2008; Chen et al., 2020). From Figures 7b, 7c, and
7d itis known that the 02 molecule dissociates into two O atoms each interacting with the
five nerarest atoms of the Fe (100) surface with the bond distance between the O atom
and the nearest Fe atom is the shortest as can be seen in Table 6. This shows that the
hollow site is stronger than the other site configuration.

Table 5. The adsorption energy of the O, molecule on the Fe (100) surface.
Site Eads (eV)
-5.70
-6.99
-6.47
-6.99
-6.99
-2.64

Horizontal

Vertical

- T W= =T w

Table 6. The distance between the O atom of the O species with the nearest Fe atom.

Site Bond d () Site Bond d ()
B 01-Fel 1.67 01-Fel 0.64
02-Fe2 1.67 01-Fe2 0.64

01-Fel 0.68 01-Fe3 0.55

01-Fe2 0.67 01-Fe4 0.55

01-Fe3 0.66 B 01-Fe7 2.16

01-Fe4 0.51 02-Fe3 0.55

01-Fe7 2.1 01-Fe4 0.55

f 02-Fe3 0.66 02-Fe5 0.64
02-Fe4 0.51 02-Feb 0.64

02-Fe5 0.68 02-Fe8 2.16
Horizontal O2-Feb 0.67 Vertical Ol-Fel 046
02-Fe8 2.1 01-Fe2 0.47

01-Fel 1.29 0O1-Fe3 0.45

01-Fe2 1.16 01-Fe4 0.46

02-Fe2 0.35 H 01-Fe7 2.17

02-Fe3 0.64 02-Fe3 0.45

T 02-Fe4 0.6 01-Fe4 0.46
02-Fe5 0.61 02-Fe5 0.69

02-Fe6 0.69

02-Fe8 2.17

02-Fe6 2.15
01-Fel 1.69

02-Fe2 1.67
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4. HO:z adsorption on Fe (100) surface

The initial position of the HO2 species adsorption site is to adjust to the most stable
adsorption site of the 02 molecule as shown in Figure 8a. Initially, one H atom is attached
to one of the O atoms of the dissociated Oz molecule. Fig. 8b, illustrates the results of the
HO2 adsorption which shows that H and O atoms formed OH bonds at the bridge site
which is a stable site for OH as Fig. 6, besides that the other O atoms remain in the hollow
site which is the stable site of the O atom as shown in Fig. 5. The adsorption energy of the
HO2 moleculesis-7.15 eV, this adsorption energy has a negative and large, which indicates
that the HO2 molecule can be adsorbed on the surface of Fe (100) easily.

{a) (b)
Fig. 8. Top and side views of the optimized position of HO; (a) before and (b) after adsorbed on
Fe (100) surface. Brown, red, and blue are atomic colors of Fe, O and H, respectively.

D. CONCLUSIONS

In this study, the adsorption site configurations of O, O2, OH, and HO: species on the Fe
(100) surface were investigated by DFT. The adsorption properties were analyzed by the
adsorption energy and bond strength. It was found that O is prefers adsorbed on the hollow site,
OH is adsorbed on the bridge site, while O is dissociated into two O atoms where both are
adsorbed on the hollow site. Furthermore, when one of the O atoms of the dissociated O»
molecule is bonded to the H atom, an OH is formed which is adsorbed on the bridge site, and
another O atom that remains adsorbed on the hollow site. A detailed understanding of the
adsorption process of O, Oz, OH, and HO> species on the Fe (100) surface is very important in
explaining the electrochemical corrosion mechanism.
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