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Interfacial reactions of FeCr,O4 oxide films in high-temperature pure water, oxygenated water and
hydrogenated water have been investigated by means of ab initio molecular dynamics simulation based
on the Born-Oppenheimer scheme. The simulation results show that the surface configuration of
FeCr204 (100) is stable in high-temperature pure water, and the charge transfer of each layer in the oxide
film is not significant before and after the film is immersed in water. Dissolved oxygen molecule
dissociates spontaneously in high-temperature oxygenated water, and the Cr atoms in the surface layer
of the oxide film tend to dissolve in water because of interactions among hydroxyl, oxygen and H>O
molecule. However, dissolved hydrogen molecule does not dissociate in high-temperature hydrogenated
water during simulation.
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1. INTRODUCTION

Austenitic stainless steel is of great importance as a structural material in nuclear power plants
due to its high corrosion resistance in high-temperature primary water [1-4]. Corrosion in high-
temperature primary water is essentially an electrochemical process, while corrosion resistance is mainly
dependent on the oxide film formed on the surface during service. Many researchers have found that the
characteristics of oxide films formed on stainless steel exposed to high-temperature water are closely
related to temperature, solution composition, exposure time, radiation, pre-deformation, surface state,
etc [5-10]. In general, the formed oxide film can be divided into a loose outer layer of iron-enriched
oxide crystallites and a compact inner layer of nanocrystalline chromium-enriched MCr204 spinel [11-
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14]. Itis considered that the formation of the outer layer is a result of the precipitation of dissolved metal
ions, while the formation of the inner layer is explained by a solid-state growth mechanism [15]. The
preferential dissolution of iron and nickel during passivation and the low diffusivity and solubility of
chromium in the lattice lead to an enrichment of chromium in the inner layer.

Although several experiments on the oxide film in high-temperature water have been performed
by researchers, very limited knowledge about how the interfacial reaction between the oxide film and
high-temperature water evolved is available due to the system complexity and its various nonlinear
interactions. A wealth of information about reaction thermodynamics and kinetics would help us
understand the electrochemical process on solvated substrate surfaces. In recent years, the full ab initio
molecular dynamics simulations of solid/liquid interfaces with the Born-Oppenheimer scheme have
become feasible because of the development of microscopic theories and computational facilities [16-
20]. Born-Oppenheimer molecular dynamics separates the motion of atomic nuclei and electrons and
solves the electron distributions for all atoms in the system to find the local energy minima of a Born-
Oppenheimer surface. Subsequently, the force on each atom can be calculated based on the results of
electron distributions and then the atomic motion is determined according to Newton's law. This
approach allows direct observation of some kinetic processes at an atomic scale, which is extremely
difficult to achieve through traditional experimental techniques. Costa et al. studied the reactivity of
water on Cr203 (0001) surfaces with different degrees of water coverage at ambient temperature by Born-
Oppenheimer molecular dynamics [21]. Sebbari et al. investigated the effect of hydrogen bonds and
temperature on water adsorption on TiO> (110) surfaces by the Born-Oppenheimer approach [22]. We
have also studied the interactions between the outer oxide film of Fe3O4 (111) and high-temperature pure
water based on this approach [23]. However, an electrolyte can be transported to the inner oxide film
surface across the loose outer oxide film. At this time, the inner oxide film plays a key role in corrosion
resistance in high-temperature water. Therefore, the objectives of the current work are to investigate the
interfacial reactions of a typical inner oxide film of FeCr,O4spinel in 320°C high-temperature pure water,
oxygenated water and hydrogenated water through Born-Oppenheimer molecular dynamics, and to
elucidate their microscopic kinetic mechanisms at the electronic/atomic level.

2. COMPUTATIONAL METHODS

We performed Born-Oppenheimer molecular dynamics simulations within the framework of
density functional theory, as implemented in the Vienna ab initio simulation package (VASP) [24]. The
FeCr,04 oxide surface was modelled using a slab geometry with periodic boundary conditions
corresponding to the (100) Miller plane. The slab consisted of eleven layers, containing 10 Fe atoms, 24
Cr atoms and 48 O atoms. A vacuum layer of 10 A along the z-direction perpendicular to the surface was
used to avoid the interactions between the repeated slabs. The whole simulation unit is an
8.1224x8.1224%20.2409 A® supercell. Seventeen H,O molecules were placed in the vacuum layer
according to the density of high-temperature water of p=0.76 g/cm?, and the hydrogen bond interactions
among H>O molecules were fully optimized to minimize close contacts [25]. The middle three atomic
layers in the oxide film were fixed at the bulk interatomic distance whereas the rest of the atomic layers
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were allowed to relax.

Blochl’s all-electron projector augmented wave (PAW) method constructed by Kresse and
Joubert [26] was employed to address the effect of core electrons on the valence density. The generalized
gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzerhof (PBE) [27] was
used to simulate the electron exchange and correlation energy, which is reliable in describing the solid
surface properties and bulk properties of water as well as hydrogen bonds. The Fe, Cr, O and H
pseudopotentials have valance states of 3d®4s?, 3d%4s!, 2s?2p* and 1s!, respectively. All calculations were
performed with spin polarization. The Monkhorst-Pack scheme was used for k-point sampling, and
Brillouin-zone integrations were carried out with only gamma point for the large unit supercell. The first-
order Methfessel-Paxton method was chosen with a smearing width of 0.2 eV to obtain accurate forces.
A kinetic energy cut-off of 400 eV was used for the plane wave expansion of the electron wavefunction.
The convergence calculations were carried out untill the forces acting on all of the atoms were less than
0.05 eV/A, with convergence at a total energy of 10 eV. During the simulation, a Verlet algorithm was
utilized to integrate the motion equations. The volume and temperature were kept constant (NVT
ensemble), with the temperature controlled by the velocity scaling method. The temperature was set to
320°C, which is the temperature in a pressurized water reactor. The total number of simulation steps was
3000, and the duration of each step was 1 fs.

3. RESULTS AND DISCUSSION

3.1 Interfacial reactions in high-temperature pure water

The surface morphologies of FeCr204(100) in high-temperature pure water in the initial state and
after a 3 ps calculation are displayed in Figure 1. The surface configuration of FeCr204(100) is very
stable in high-temperature pure water after the 3 ps calculation. Six H>O molecules adsorb atop Cr atoms
in the surface layer, with the O-H bonds pointing away from the surface. Figure 2(a) shows the
trajectories of three typical Cr-H20O bonds. The adsorption time of the H2O molecules on the surface
varies from 20 fs to 2400 fs. After adsorption, the bond lengths in the H>O molecules fluctuate around
the equilibrium lengths, which are 2.18 A, 2.16 A, and 2.17 A, similar to the literature value of 2.1 A
[21]. It can be observed in Figure 2(b) that one OH bond in the HO molecule in the W1 location in
Figure 1(a) always maintains its equilibrium bond length of 1.0 A, in agreement with the literature value
of 0.97 A [28]. Nevertheless, the bond length of another OH in this H,O molecule increases rapidly at
approximately 2500 fs, which suggests that the H>O molecule is dissociated.

The OH moiety of the dissociated H>O forms a bond with the Cr atom on the surface to form
hydroxide, as shown in the P1 location in Figure 1(b). However, Figure 2(c) shows that the Cr-OH bonds
formed before the hydroxide was produced. This indicates that the HoO molecule first adsorbs on this
Cr atom, and then dissociation occurs.
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Figure 1. The surface morphologies of FeCr204(100) in high-temperature pure water, (a) in the initial
state and (b) after a 3 ps calculation.

Bonding in the form of Cr-H>O occurs with an average bond length of 2.18 A before the H,O
molecule is dissociated at 2500 fs, and the bond length is decreased to 2.03 A after dissociation of the
H,O molecule, which is similar to the literature value of 1.95 A for Cr-OH hydroxide [29]. To analyse
the interaction mechanism, the partial density of states (PDOS) is shown in Figure 3. The valence
electrons of the Cr atom mostly occupy the 3d orbital. The electronic states are highly localized around
the Fermi level of 3.11 eV, while the valence electrons of H and O atoms mostly occupy 2p and 1s
orbitals, respectively. There are significant overlapping regions in the range of -7.89 eV to -2.34 eV for
Cr, O and H atoms. This demonstrates that hybridization between the chromium 3d orbital and the
oxygen 2p orbital occurs. The electronic states of the H and O atoms traverse the Fermi level because of
their orbital hybridization with Cr metal atoms. It can be seen in Figure 1(b) that the H from the
dissociated H>O forms a hydroxyl moiety by combining with the O atom on the FeCr,0O4 surface, labelled
P2 in the figure, and this O-H bonding occurs almost simultaneously with Cr-OH bonding, as shown in
Figure 2(d).



Int. J. Electrochem. Sci., Vol.

(@)

Bond Length(A)

~
(g)
~—

Bond Length(A)

15, 2020

— Cr-H:0_1

— Cr-H0_2
Cr-H:0_3

—-=-Ref. [21]

T
500

T T T
1500 2000 2500

t(fs)

T
1000

3000

4.0

Cr-OH
—- = Ref [29]

—
500

— T
1500 2000 2500

t(fs)

———
1000

3000

(b)

Bond Length{A)

(d)

Bond Length(A)

8666

25

0.5

0.0

— O-H_1
——O-H_2
—-—- Ref. [28]

500

T T T
1500 2000 2500

t(fs)

T
1000

3000

—OH
—-—- Ref. [28]

—— T
1500 2000

t(fs)

—
2500

3000

Figure 2. The trajectories for (a) adsorption of H2O molecules on the Cr atoms, (b) dissociation of H,O
molecule in the W1 location in Figurela, (¢) Cr-OH bonding in the P1 location in Figure 1b, (e)
O-H bonding in the P2 location in Figure 1b.
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Figure 3. The partial density of states (PDOS) for (a) Cr atom, (b) O atom and (c) H atom in the P1
location in Figure 1b. The Fermi Level is 3.11 eV.

We further analyse the interfacial charge transfer of FeCr204(100) in high-temperature pure water
by semiquantitative Bader charge analysis, in which the total density is divided into atoms in the system
with a zero flux surface. Figure 4(a) demonstrates the charge transfer of each atom of FeCr204(100) in
high-temperature pure water. The charge transfer is not significant before and after the oxide film is
immersed in the water due to the weak interaction between the oxide film and water. The Fe and Cr
atoms in the oxide film are electron donors, donating 1.36e and 1.56e, respectively, while the O atoms
in the oxide film are electron acceptors, accepting 1.06e. The electronegativity of the Cr atom is lower
than that of the Fe atom, with values of 1.66 and 1.83 respectively; therefore, the Cr atom donates more
electrons than the Fe atom. The O atoms in the H2O molecules accept approximately 1.24e, which is
higher than that of O atoms in the oxide film, while the H atoms donate approximately about 0.62¢. The
errors between our calculation results and the literature values [30] are less than 10%, showing that the
reliability of the calculation is very high. The charge transfer of each layer of FeCr204(100) in high-
temperature pure water is presented in Figure 4(b). The FeCr204(100) oxide film has a heterogeneous
charge distribution. The layers composed of Cr atoms and O atoms are negatively charged, while the
layers composed of Fe atoms are positively charged. Surface layer 1 and layer 11 gain fewer electrons
than other inner layers of the same kind because of the existence of a surface state. However, the charge
transfer of each layer is not significant before and after immersion, which is similar to those for each

atom.
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Figure 4. The charge transfer of (a) each atom and (b) each layer of FeCr204(100) in high-temperature
pure water.

3.2. The dissolved oxygen and hydrogen additions

The radiolysis of primary water in nuclear plants can produce dissolved oxygen; in addition,
supplemental water also takes dissolved oxygen into the primary loop. It is generally accepted that
dissolved oxygen can enhance corrosion damage [31]. However, the microscopic features of dissolved
oxygen molecules in high-temperature water are not well understood. In this work, we added one
dissolved oxygen molecule to high-temperature water, labelled DO in Figure 5(a). During a 3 ps
calculation, the dissociation of the DO molecule occurs spontaneously, as shown in Figure 5(b). Figure
6(a) shows that the O-O bond fluctuates at the equilibrium position with an average value of 1.44 A
before approximately 1.1 ps, which is silimar to the literature value of 1.47 A [32]; subsequently, the O-
O bond length increases rapidly, and the O-O bond is broken. After dissociation of the DO molecule,
four Cr-OH bonds and one Cr-O bond are formed on the FeCr,Os (100) surface, and surface
reconstruction obviously occurs, as shown in Figure 5(b), which is different from the process in high-
temperature pure water in Figure 1(b). The two Cr atoms in surface layer 1 and layer 11 tend to dissolve
in high-temperature water as a result of interactions among hydroxyl, oxygen and H>O molecule. The
typical Cr-OH bonding and Cr-O bonding for these two Cr atoms are displayed in Figure 6. It can be
found in Figure 6(b) that the Cr-OH bonding in the P1 and P2 locations in Figure 5(b) occurs at
approximately 1300 fs and 1600 ps, respectively, later than the dissociation time of the O-O bond in the
DO molecule. In fact, after the O-O bond in the DO molecule is broken, the dissociated O atoms capture
the H atoms in H>O molecules continually induce the dissociation of H>O molecules. Cr-OH bonding on
the FeCr204 (100) surface results from the dissociated H>O molecules, while the two O atoms in the DO
molecule form new H>O molecules. Figure 6(c) shows that the bonding time of Cr-O in the P3 location
in Figure 5(b) is approximately 300 fs, which is much earlier than the dissociation time of the O-O bond
in the DO molecule. Similar to Cr-OH bonding in Figure 2(c), the Cr-H>O bond is initially formed in the
P3 location; subsequently, successive reactions caused by the dissociation of the DO molecule capture
H atoms in this bond. This leads to the transformation of Cr-H>O bonds into Cr-O bonds.
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Figure 5. The surface morphologies of FeCr204(100) in high-temperature oxygenated water, (a) in the
initial state and (b) after a 3 ps calculation.
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Figure 6. The trajectories for (a) dissociation of dissolved oxygen molecule in the DO location in Figure
5a, (b) Cr-OH bonding in the P1 and P2 locations in Figure 5b, (c) Cr-O bonding in the P3
location in Figure 5b.

The charge transfer of each layer of FeCr204(100) in high-temperature oxygenated water are
shown in Figure 7. After the oxide film is immersed in high-temperature water, both surface layers donate
a portion of their valence electrons; surface layer 1 donates more electrons than surface layer 11, with
values of 0.97e and 0.42¢, respectively. As mentioned above, hydroxide is produced on surface layer 11.
Nevertheless, the oxide is also formed on surface layer 1. The strong interactions between the Cr atom
and the O atoms on surface layer 1 lead to more significant charge transfer than those on surface layer
11. The inner layers composed of Fe undergo little charge transfer before and after immersion, while the
inner layers composed of Cr and O atoms gain some electrons. It is noted that most of the electrons
donated from the surface layers of the FeCr,O4(100) oxide film come into the solution across the
oxide/electrolyte interface, and only a fraction of the electrons transfer to the inner layers of the
FeCr204(100) oxide film.
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Figure 7. The charge transfer of each layer of FeCr,04(100) in high-temperature oxygenated water.

Figure 8 shows the surface morphologies of FeCr,O4(100) in high-temperature hydrogenated



Int. J. Electrochem. Sci., Vol. 15, 2020 8671
water in the initial state and after a 3 ps calculation. Hydrogen addition to primary water in nuclear plants
can reduce the corrosion potential of materials and control the radiolysis of the reactor coolant. Figure
8(b) shows that the dissolved hydrogen molecule is still not dissociated after the 3 ps calculation. Figure
9 demonstrates the trajectory for dissolved hydrogen molecule in the DH location in Figure 8. The H-H
bond length always fluctuates around the equilibrium position, with an average value of 0.76 A, similar
to the literature value of 0.74 A [34], showing that the H-H bond is not broken during the simulation.
The bond energy of the H-H is slightly lower than that of the O-O bond in the gas phase at room
temperature, with values of 436 kJ/mol and 497 kJ/mol respectively [35]. However, the DH molecule

has better stability in high-temperature water than the DO molecule under the interaction between
solvation and temperature for the FeCr,O4(100) surface.
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Figure 8. The surface morphologies of FeCr204(100) in high-temperature hydrogenated water, (a) in the
initial state and (b) after a 3 ps calculation.
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4. CONCLUSIONS

A Born-Oppenheimer molecular dynamics simulation was used to investigate the interfacial
reactions of an FeCr204 (100) oxide film in high-temperature water. The surface configuration of the
oxide film is stable in high-temperature pure water after a 3 ps calculation. Six H>O molecules adsorb
atop Cr atoms in the surface layer of the oxide film, and one H20O molecule is dissociated. The dissociated
OH forms a bond with the Cr atom on the surface to form hydroxide, and hybridization between the Cr
3d orbital and the O 2p orbital occurs, while the dissociated H forms a hydroxyl moiety by combining
with an O atom on the surface. The FeCr,04 (100) oxide film has a heterogeneous charge distribution.
The charge transfer of each layer is not significant before and after immersion. After a 3 ps calculation,
the dissociation of dissolved oxygen molecule in high-temperature pure water occurs spontaneously.
Four Cr-OH bonds and one Cr-O bond are formed on the surface, and surface reconstruction obviously
occurs. The two Cr atoms in the surface layers tend to dissolve in the high-temperature water because of
interactions among hydroxyl, oxygen and H>0 molecule. There is significant charge transfer behaviour
at the oxide film/solution interface. The dissolved hydrogen molecule in high-temperature pure water is
still not dissociated after the 3 ps calculation.
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