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The passivity of Fe(110) in a 0.316 M NaOH solution (pH = 13.5) was investigated using Reactive Force Field
Molecular Dynamics. The initial stages of passivation involved the formation of Fe(OH), species on the metal
surface, which created conditions for oxygen diffusion into the metal without iron dissolution into the elec-
trolyte. The passive film had multiple oxide structures: Fe,O3 in outer layers, Fe30, in the middle layers, and FeO
in the innermost layers. A parallel XPS investigation showed that the Fe'/Fe" ratio decreased with increasing
film depth and confirmed the findings of the ReaxFF-MD simulations.

1. Introduction

In highly alkaline electrolytes (pH > ~12), iron is covered with a
passive film that protects the metal from active corrosion [1,2]. This
thermodynamic property of iron enables the use of carbon steel (which
typically has 0.2-0.4% of carbon by mass) in concrete as reinforcement
[3-6]. However, the passive film can break down in the presence of
chlorides-containing salts or pH-reducing processes. The breakdown of
passivity (depassivation) may lead to higher rates of metal loss (active
corrosion) and, in the case of carbon steel reinforced concrete, is a great
concern for the structural integrity of structures [3-6].

The passivity and chloride-induced depassivation of carbon steels
and iron in high pH environments have been extensively studied using
electrochemical methods. These techniques provided valuable in-
formation about the average electrochemical behavior in different en-
vironments ranging from simulated concrete pore solutions to more
realistic conditions [7-17]. Previous microscopic studies have also
shown that the passive films that form on carbon steel and iron in al-
kaline environments are typically 3-15-nm thick [18-20]. Several re-
searchers used nanoscale surface characterization techniques to de-
velop a fundamental understanding of the mechanisms of the passivity
of iron and steel in alkaline environments. For example, Sanchez et al.
[21,22] proposed a model that was based on a two-layered film: The
inner layer was composed of mixed iron oxides with a stoichiometry
similar to that of magnetite (i.e., Fe304 or FeO + Fe,03), where oxi-
dation and reduction processes take place between the iron substrate
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and the Fe" oxides. It was hypothesized that passivity was mainly re-
lated to the formation of the Fe" oxide layer and the outer layer was
mainly composed of Fe™ oxides. This two-layer model is in agreement
with theoretical passivity models that are based on an inner barrier
layer formed directly on the metal substrate, and an outer layer that
precipitates through hydrolysis of cations ejected from the inner layer
[23,24].

A number of other studies provided evidence for this two-layer
passivity model. Joiret et al. [25] made similar observations to those of
Sanchez et al. [21,22] using in-situ Raman spectroscopy on the passive
film structure of carbon steel exposed to NaOH solutions. Additionally,
Ghods et al. [18-20,26] investigated the nano-scale properties of pas-
sive films that form on carbon steel in simulated concrete pore solutions
using multiple techniques including transmission electron microscopy
(TEM) [18], X-ray photoelectron spectroscopy (XPS) [19,20], and
electron energy-loss spectroscopy (EELS) [26]. These studies showed
that oxide films that form on carbon steel in simulated concrete pore
solutions were composed of multiple oxide/hydroxide layers with a
total thickness of 3-15nm. XPS studies [19,20] showed that the inner
film was mainly composed of Fe"" oxides while the outer region con-
sisted mostly of Fe'" oxides. EELS study [26] provided additional evi-
dence that the films formed on carbon steel in simulated concrete pore
solutions contained indistinctly layered regions. Regardless of the si-
mulated pore solution used for passivation, the inner regions were
mainly composed of FeO, which is protective in alkaline media [27].
Above this layer, some traces of Fe;04 were found in the intermediate
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region, while FeO was less evident. The outer regions of the oxide film
contained Fe;04, and a-Fe,03, but the composition of this layer was
affected by the composition of the simulated pore solution used in the
experiments.

Even though these nano-scale surface characterizations studies
provide valuable information about the structure of the passive films
that form on carbon steel (and iron) in alkaline electrolytes, they cannot
adequately explain the dynamic processes that lead to their formation,
but that understanding is critical in explaining their resistance to de-
passivating processes. Unfortunately, most current experimental tech-
niques that can give in-situ and real-time detailed dynamic information
about these electrochemical processes provide limited information on
the nanometer scale. Atomistic modeling techniques, such as Reactive
Force Field Molecular Dynamics (ReaxFF-MD) [28-37] and Density
Functional Theory (DFT) [38-43], have shown great potential to de-
velop such fundamental understanding. In particular, ReaxFF-MD has
emerged as a simulation framework to investigate reactive processes in
relatively large scales that can be correlated to physical systems.

For example, Assowe et al. [34] investigated the interaction of a
nickel substrate with water molecules using ReaxFF-MD. Their results
supported the expected thermodynamic behavior of nickel in pure
water. Different steps of nickel oxidation including adsorption, dis-
sociation of water, deprotonation, dissolution, and growth of hydro-
xide/oxide were simulated successfully. Similarly, Russo et al. [31]
used ReaxFF-MD to examine the reaction dynamics associated with the
dissociation of water on aluminum, and Jeon et al. [32] followed a
similar approach to study the interaction of copper substrates and
chlorine under aqueous conditions. Despite its growing utilization to
investigate the oxidation processes of non-ferrous metals [31-35], Re-
axFF-MD has seen only limited use to study electrochemical processes
that take place on iron [44-46]. Pan and van Duin [44] and Pan [45]
demonstrated the feasibility of using ReaxFF-MD in simulating iron
oxidation at the iron-water (pH = 7) interface. These simulations
identified different stages of iron oxidation based on the generated
chemical species. In a recent study, DorMohammadi et al. [46] simu-
lated the initial stages of iron corrosion in a neutral electrolyte
(pH = 7). This study showed that the oxide film formed was not pro-
tective and contained a mixture of oxides, which are in agreement with
experimental data [2]. In a recent review paper, Belonis et al. showed
the feasibility of studying iron passivation in high pH electrolytes using
ReaxFF-MD [47].

The main objective of this research is to simulate the passivation
process of pure iron in a highly alkaline environment (0.316 M NaOH
solution; pH = 13.5) using ReaxFF-MD and provide detailed composi-
tional information of the oxide films formed during the passivation
process. Parallel XPS and electrochemical investigations were per-
formed on 99.95% pure iron specimens to support the simulations.
Although the electrolyte was chosen to match the pH of typical concrete
pore solutions, we acknowledge that real concrete pore solutions are
complex and contain several other ions such as Ca™2 K™, (S04) "2 [20].
These ions are known to affect the passivation process and the prop-
erties of the passive film, as also shown in an earlier work of one of the
co-authors [7]; however, here we study a simplified electrolyte to gain
fundamental understanding into the dynamic processes that lead to
passivation in simple high pH electrolytes. Similar concerns were be-
hind the reason for choosing pure iron, rather than carbon steel, as the
subject of investigation. Although carbon steel passivates slower than
iron [48], and the critical chloride threshold of carbon steel is typically
smaller than that of iron [11,49], the passivation and depassivation
mechanisms of both are considered to be driven by iron interactions
with the electrolyte. This assumption is justified by several electro-
chemical and thermodynamic studies that indicate that passivation and
chloride-induced depassivation of carbon steel is mainly driven by the
interaction of iron with the electrolyte [1,2].
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2. Materials and methods
2.1. ReaxFF-MD simulations

The simulated system involved a Fe(110) structure
(24.61 Ax20.40A x 22.87 /o\) containing 1080 Fe atoms, which was
exposed to a pH 13.5 NaOH solution. The electrolyte was simulated
using 21 Na and OH ions distributed evenly in equally spaced seven
layers of 348 water molecules. Previous studies have shown that dif-
ferent surface orientations have little effect on the oxidation behavior of
iron [46,50-55]; therefore, the Fe(110) was used here to represent a
closely packed iron surface. Periodic boundary conditions were applied
along x and y directions, while fixed boundary condition was imposed
along the z direction. A reflecting wall was applied at the end of the
solution domain in order to confine the electrolyte and to avoid the
interactions of the solution with the bottom of the periodic surface slab.

Simulations were performed using the Large-scale Atomistic/
Molecular Massively Parallel Simulator (LAMMPS) framework [56] and
the Extreme Science and Engineering Discovery Environment (XSEDE)
[57]. The ReaxFF framework was based on the interatomic potential
theory developed by van Duin et al. [58]. The detailed explanation of
the framework is not provided here for brevity but can be found in
other references [31,59-67]. The specific ReaxFF parameters for iron
and other interacting species (e.g., Na, O, H) (i.e., parameters required
for determining bond order, bond energy, valence angle energy, tor-
sional angle energy, and van der Waals energy) were obtained from the
work of Aryanpour et al. [49] and Psofogiannakis et al. [63], who de-
veloped and used these parameters to model iron-oxyhydroxide systems
and hydration of zeolite, respectively. We validated these parameters
by comparing ReaxFF-MD simulations of the surface formation energy
and water adsorption energy on the Fe(110) surface with DFT calcu-
lations [46].

All simulations were performed at room temperature (300 K). Based
on the number of atoms used in the simulated electrolyte domain, the
density of the simulated electrolyte solution at 300K was 1.1 g/cm®
[68]. Nose-Hoover thermostat [69,70] was employed to maintain the
prescribed system temperature for the canonical (NVT) ensemble. The
variation of pressure during simulations was negligible and remained
around 1 atm. The system was relaxed at the beginning of the simula-
tion before applying external electric potential. To reduce the possibi-
lity of unintended bond breaking and bond formation during relaxation
and after the application of the external electric field, the outermost
layer of Fe(110) and the nearest species in the electrolyte were sepa-
rated initially by 2.5 A. This distance was intended to be larger than the
bond lengths of typical iron oxide/hydroxide species (e.g., FeO, FeOOH,
Fe,0s3, etc.) The Velocity-Verlet time stepping scheme [71] was used
with an integration time step of 0.1fs, and the Maxwell-Boltzmann
distribution [72,73] was used to set the initial velocities.

The simulations were run for 500 ps under an external electric field,
which was applied following the Stern electrical double layer model
[74,75] as shown in Fig. 1. The thickness of the Helmholtz layer was
3 A, which corresponds to the packed layer of the ions close to the iron
surface. The external electric field, which was applied over the solution
plus the surface iron atoms, was necessary to overcome the challenges
associated with long passivation times of iron in alkaline media under
open circuit conditions [11,18,48]. Even with the externally applied
electric field, the thickness of the passive film obtained from the si-
mulations was thinner than the films obtained from experiments. If the
simulations were continued, we expect that similar passive films, both
in thickness and composition, to those obtained from experiments
would be achieved. However, the computational time needed to reach
comparable states would be too long and impractical. We also studied a
range of electric potentials to obtain realistically thick passive films that
contain different oxide layers. The results that are presented in this
paper were reproducible at applied potentials lower than 30 MeV/cm;
however, at a significantly higher computational cost. Simulations
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Fig. 1. Applied electric field distribution using the Stern model. Helmholtz and
diffuse layers are shown.

under open-circuit conditions (without any applied potential) were not
feasible computationally. Larger potentials provided faster film for-
mation; however, we chose to maintain the applied potential as low as
practically possible to be close to open-circuit conditions. The appli-
cation of 30 MeV/cm applied electric field using the Stern model pro-
vided a good balance between computational cost and simulation time
to study initial stages of passivation. Although increasing the tem-
perature of the system would also accelerate passivation because this
increases the diffusion rates of oxygen in iron, the temperature increase
would have to be limited in our simulations below the boiling point of
the electrolyte, and this level of temperature increase has been shown
to have a minor effect on the corrosion process [46]. Therefore, we
chose to apply an external electric field to accelerate passivation, which
is also a commonly used technique in electrochemical studies [1].

2.2. XPS investigation

XPS scans were performed on circular discs (@ = 15mm, thick-
ness = 2mm) of 99.95% pure iron. Both sides of the discs were po-
lished to 2000 grade silicon carbide paper followed by cloth polishing
with 0.3 pm and 0.05pm alumina suspension in anhydrous isopropyl
alcohol (water content: < 0.05% weight). Anhydrous isopropyl alcohol
suspension was used in place of a water suspension to minimize surface
oxidation during the polishing process. After surface preparation, iron
specimens were ultrasonically cleaned, dried and stored in an anaerobic
nitrogen chamber to minimize surface oxidation.

A pH 13.5 NaOH (0.316 M) solution was used as the passivating
medium. The solution was prepared using analytical grade (99.99%)
NaOH and deionized water. Iron specimens were exposed to passivating
NaOH solution in a nitrogen chamber to minimize the carbonation of
high pH solution in the presence of air. The pH of the solution was
continually monitored and was maintained at 13.45 + 0.05 for the
duration of the experiment. Two specimens were taken out of the so-
lution at different passivation times ranging from 10 min to 2 weeks
(10 min, 20 min, 30 min, 60 min, 2 days, and 2 weeks.) The long pas-
sivation time (2 weeks) was chosen to guarantee full passivation under
open circuit conditions [7]. Open circuit potential (OCP) and electro-
chemical impedance spectroscopy (EIS) measurements confirmed the
full passivation of iron specimens after two weeks, as presented in the
subsequent sections. Upon removal from the passivating solution, all
the specimens were rinsed with anhydrous isopropyl alcohol, dried in a
nitrogen chamber, and kept in a nitrogen-filled desiccator. The speci-
mens were prepared and handled with minimum exposure to air and
moisture until XPS investigation, when they were only briefly exposed
to air during transfer to the nitrogen chamber.

All the specimens were analyzed in angle-resolved XPS, within a few
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hours of removal from the solution. Specimens were mounted on the
specimen holder and subsequently transferred directly to the fore-
chamber of the XPS spectrometer and purged with dry nitrogen gas.
This chamber was evacuated to ~ 10~ ®Torr before the specimens were
transferred to the analytical chamber for examination. The analytical
chamber was an ultra-high vacuum (UHV) chamber with a pressure of
10~ Torr. The specimens were analyzed using a Physical Electronics
PHI 5600 ESCA system equipped with a monochromatic Al X-ray source
(X-ray photon characteristic energy, hv = 1486.6 eV). The X-ray gun
was operated at 300W (15kV, 20mA). The work function of the
spectrometer was adjusted using ultra-pure gold metal (Au 4f,,
> = 84.0eV). The binding scale linearity was set to yield a difference of
848.6 eV between the Cu 2p3,» and Au 4f;,, photoelectron lines from
ultra pure and sputter cleaned Cu, and Au foils. The data were collected
using a spherical capacitor analyzer (SCA) equipped with a seven-ele-
ment “Omni-Focus V” lens. The angle between the analyzer and the X-
ray source was 90°. The neutralizing electron gun was not used for
analysis since no evidence of surface charging, or charge build-up was
observed.

The XPS scans consisted of a survey scan to identify all the species
present, followed by high resolutions scans of the species of interest.
Survey scans were performed using an energy range of 1440 eV, ana-
lyzer pass energy of 187.85eV, and the step size of 1.6 eV. High-re-
solution scans were performed using analyzer pass energy of 23.5eV
with a step size of 0.1 eV. High-resolution analyses were calibrated to C
1s (hydrocarbon) signal of 285.0 eV. The high-energy resolution spectra
were collected for the elements of interest, which were identified in the
survey spectra: oxygen (O 1s), carbon (C 1s), iron (Fe 2p), chlorine (Cl
2p) and sodium (Na 1s). The survey scans and high-resolution scans
were performed at an emission angle (0) of 5°, 25°, 45°, 65° and 85°. The
higher the emission angle, the shallower the oxide film depth being
analyzed, and hence all the XPS results would be presented in terms of
passive oxide film depth.

The XPS data curve fitting and analysis were done using CasaXPS (V
2.3.18PR1.0) data processing software. Shirley background correction
procedures and Gaussian (70%)-Lorentzian (30%) function were used
for curve fitting procedures of high-resolution spectra. All high-re-
solution XPS spectra envelopes were smoothed by SG Quadratic method
with smoothing width parameter of 21 [76]. The details procedure for
the curve fitting process is provided elsewhere [76,77]. Accurate de-
termination of the atomic structure of the oxide film could not be based
on the variations of the sodium, carbon and oxygen spectra since these
elements are also present in the precipitates from the NaOH solutions
on the specimen surface. Despite the best cleaning practices, complete
removal of precipitates is not ensured, as the harsh cleaning procedures
might damage the oxide film. Since iron is not incorporated into the
precipitates, only Fe 2p XPS spectra were used to characterize the oxide
films. The film thickness was calculated from the oxide to metal in-
tensity ratios, at an emission angle of 5°, following the procedure de-
scribed in Ghods et al. [9], assuming a uniform oxide film formation on
the iron substrate.

2.3. Electrochemical studies

The same sample polishing procedure described in the XPS study
was followed for iron specimens used in the electrochemical tests. All
the electrochemical tests were performed in a three-electrode cell with
the iron specimen as the working electrode, a graphite rod counter
electrode, and a saturated calomel (SCE) reference electrode. The same
0.316 M NaOH aqueous solution (pH = 13.5) used for the XPS in-
vestigation was used in the electrochemical testing. Continuous open
circuit potential (OCP) measurements were only interrupted by the
electrochemical impedance spectroscopy (EIS) scans at regular time
intervals (e.g., hourly during the first day and daily during the fol-
lowing days) throughout the test. The frequency scan range for EIS tests
was 50,000 Hz to 0.1 Hz, with an AC voltage of 5mV r.m.s. For the first
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Fig. 2. Snapshots of ReaxFF-MD simulation results of passive film formation at different times: (a) 14 ps and (b) 500 ps. The purple, blue, pink and green spheres
represent iron, oxygen, hydrogen and sodium atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).

6 h of passivation, the EIS tests were concluded at 0.1 Hz to capture the
dynamic changes occurring in a rapidly changing system at early pas-
sivation times. For later stages of passivation, the EIS scans continued
up to 0.01 Hz. The EIS data were analyzed using equivalent circuit
modeling by fitting the data to a Randles circuit that consisted of a
resistor representing solution resistance, R;, in series with a resistor
(R and constant phase element (CPE) connected in parallel to re-
present the electrochemical processes on the iron surface [78]. The
simplified Randles circuit has been shown to be a good equivalent
circuit model for EIS data for the passive films of iron or carbon steel in
high pH electrolytes [11,49,79-83]. We fitted our data to the simplified
Randles circuit and other more complex equivalent circuits (e.g. ones
with two time constants) and found that the Randles circuit was the
most appropriate model for analyzing the EIS data.

3. Results and discussion
3.1. ReaxFF-MD simulations

Fig. 2 presents snapshots of the ReaxFF-MD simulation result of iron
in a highly alkaline solution at 14 ps (Fig. 2a), and 500 ps (Fig. 2b). No
iron dissolutions into the electrolyte were observed during oxide film
formation, indicating iron passivation, unlike earlier simulations on the
same iron structure exposed to pure water (pH = 7), which showed iron
dissolution and active corrosion [46]. This is expected as iron is known
to corrode at neutral pH but passivate in highly alkaline media. The
simulations in high pH electrolyte demonstrated that the thickness of
the oxide layer and the number of oxygen atoms in the oxide layer
increased with time. After 500 ps, the iron oxidation reactions were
slow, and the oxygen penetration rate had slowed down to approxi-
mately 10% of the initial rate, limiting the growth rate of the passive
film.

The initial stages of iron passivation process observed during the
simulation are listed below.

Step 1: OH{,, adsorbed on the iron surface, with their oxygen
atoms positioned toward iron atoms, forming a FeOH species:

Fe() + OHgs) = FeOH+ e (€))
Step 2: Formation of Fe(OH), (Fig. 3a):
FeOH+ OH(yq — Fe(OH), + e~ @)

Step 3: A hydroxide from a Fe(OH), reacted with hydrogen from a
neighboring Fe(OH), species to create a water molecule, which was
released into the electrolyte, leaving FeO — OH and FeOH species on the
surface. (Fig. 3b):
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2Fe(OH), — FeOOH+ Fe(OH) + H,0(, 3

Step 4: Oxygen atom, from the FeOOH species, penetrated the iron
substrate (Fig. 3c) and oxidized iron in the deeper layers leaving FeOH
on the surface.

This oxidation process repeated itself throughout the simulations
resulting in a passive film. No iron atom dissolution, into the electro-
lyte, was observed during the passivation process. The process that led
to oxygen diffusion into the iron layers was different from the process
that had been observed in simulations in neutral (pH = 7) electrolytes
[46]. As shown by Dormohammadi et al. [46], when the electrolyte did
not have a reserve alkalinity only the formation of Fe(OH) was ob-
served, but not the Fe(OH), layer (as shown in Step 2), which resulted
in the dissolution of the iron atoms into the solution while oxygen
penetrated into the metal substrate to form mixed oxide. In the high pH
electrolyte, as shown in our simulations here, a stable Fe(OH), layer
was formed creating conditions for oxygen diffusion into the metal
without excessive dissolution of iron atoms into the electrolyte. The
oxygen penetration, in the absence of iron dissolution or iron vacancy
formation, followed by iron oxidation in the metal substrate, is the key
step for the formation of the passive film in alkaline environments.

In order to study the composition of the iron passive film that
formed during ReaxFF-MD simulations, we compared the Fe-O Pair
Distribution Functions (PDF) within the iron oxides with those of Fe-O
PDF signature patterns for reference iron oxides identified by Jeon et al.
[61], namely, hematite (Fe;O3), magnetite (Fe30,4) and wustite (FeO).
The PDF of Fe;0,4 has a main peak at 2.0 A with a slight transition at
1.6 10\, while the main peak of the PDF for Fe,O3 occurs at 1.7 A with a
transition at 2.15 A. The PDF of FeO shows a dominant peak at about
1.65 A with no transition point. These signatures were used to identify
the oxides in the passive film. We tracked the iron oxidation process
over time as oxygen atoms penetrated into the iron substrate. We spe-
cifically monitored the PDF patterns of the second (Fig. 4a), third
(Fig. 4b), and fourth layer (Fig. 4c) by comparing their Fe-O PDF pat-
terns with those of reference oxides.

Fig. 4a shows that the composition of the second iron oxide layer
was similar to FeO in the early stages of oxidation (at 14 ps) but
changed over time to Fe3O,4 (at 40 ps), and then to Fe,O3 (at 500 ps).
These transformations required additional oxygen atoms to penetrate
the iron substrate:

6 FeO+ 2 O— 2Fe;0, ()]

4Fe;04 + 2 O— 6Fe,04 (5)

For the third and fourth layers, shown in Fig. 4b and c respectively,
the composition was transformed from FeO to Fe3O,. It is a logical
extension of these simulations to assume that in later stages, additional



H. DorMohammadi, et al. Corrosion Science 157 (2019) 31-40

0%0%0%0%0%6° .0.0.0.....0
e _o0_o_o0_o_a ...........*
e o0 _o o o o
©_ 0 _© _o _o e o _© _ o _ o _o _o FeOOH
©0%0%0%0%0° 2F¢(OH): .°.°...°.‘.Q
0°0%0%0%0%e 0%06% % %% eﬁ 5.5
o _ 0 _ o _ o _o _o o _© _o _o_o o 2
© 0 _ o _o o _o © 06 _o0o _o _o o &
©_©0_0_o_o _o e © _ o o o _ o i
© © © o o o ©_ 0 _o0 _o o _eo %
e o o _ o o ©_ o _ o _o _o
e _©0 _©o _o _o _o © o o _ o _o _o FeOH
e _ o0 _o_o o e _© _ o _o o
©0%0%6%6%0° LML
e © © o o o ¢ 6 o o o o

N

£
~
<

22 e ¥ %% 4","
...‘.‘...‘.tpenelraledoxygen
s v el FeOH
o _ o _o_o o €
Mt el P e e, ¢ l%
o © o © o o Q

e _ o o o o _o %
© 0 _©o o _o o

e o o o o _o 7Y H
s ot o Feo
e _ o _o_o _o

e o o _o o

e _ o _o _o

e © o o o

©

Fig. 3. Key steps of iron passive film formation: (a) the formation of Fe(OH),; (b) generation of FeO — OH surface species through water formation; (c) oxygen atom
penetration into the iron substrate.
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[61].

oxygen atoms would penetrate into the passive film, and as a result, the
transformation of Fe3O4 to Fe,Os would also be observed in these
layers.

Fig. 5 shows the Fe-O PDF of the six iron oxide layers at 500 ps, with
the “first layer” being the outermost layer on the film/solution interface
and the “sixth layer” being the inner layer on the oxide/metal interface.
The PDF of the first two outer oxide layers (first and second layers)
showed distinct transition points at 2.13A and 2.17 A, while their
dominant main peaks were located at 1.71 A and 1.73 A, respectively.
For the middle two layers (third and fourth layers), the main peaks
were at 2.01 A and 1.98 A, with slight transitions at 1.67 A and 1.63 A.
The inner two layers (fifth and sixth layers) showed dominant peaks at
1.66 A and 1.63 A, with no transition points. The PDF results of the six
oxide layers implied that the compositions of the formed oxide in the
two outer oxide layers were similar to Fe,Os;. While the two middle
layers and the two inner layers were similar to Fe;0,4 and FeO respec-
tively. These results are in agreement with the experimental results of
the iron passive film [19,26].

Fig. 6 shows the evolution of oxygen atom density in the iron versus
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z-distance from the iron/electrolyte interface at 500 ps. The intervals
correspond to interlayer spaces of the iron lattice, where oxygen atoms
are located. The figure shows how the oxygen atom density decreased
progressively with depth, while in an actively corroding system
(pH = 7), it peaked in the second layer and decreased in deeper layers
[46].

The charge distribution of iron, oxygen, hydrogen, and sodium
atoms along the z-direction of the iron in highly alkaline solution at
500 ps are presented in Fig. 7. The six layers of iron atoms in the iron
passive film were positively charged with a charge ranging from 0.37e
to 0.97e for the first (outermost) sheet, 0.28e to 0.92e for the second
sheet, 0.16e to 0.79e for the third sheet, 0.1e to 0.73e for the fourth
sheet, 0 to 0.55e for the fifth sheet, and 0 to 0.26e for the sixth sheet.
This variability indicates that each depth contained various iron oxide
structures. Jeon et al. [61] previously showed that, at 300 K, FeO has
the lowest cation and the highest anion charge distribution while Fe,O3
has the highest cation and the lowest anion charge distribution. The
Fe304 charge state is an intermediate between FeO and Fe,O3. A
comparison of charge states of iron atoms in the iron passive film in
Fig. 7 with those of reference oxide structures of FeO, Fe;O3 and Fe30,4
[61] shows that the oxide compositions in the two outermost oxide
layers were similar to Fe,O3, while the middle and inner layers were
similar to Fe304 and FeO, respectively. The oxide distributions obtained
from the charge states matched those predicted by the PDF analysis.
These distinct patterns of charge distribution were not observed in the
oxide film formed in the simulations of Fe(110) in pure water (pH = 7),
rather, a mixed iron oxide formed on the actively corroding surface
[46]. The charge of oxygen atoms in the oxidized zone ranged from
-0.7e in the outermost layer to -1.0e in the innermost layers, which was
not useful in the identification of the oxide structures. Oxygen charge in
the electrolyte close to the film surface showed a high degree of
variability, which is reflective of the fact that the oxygen atoms within
this zone belong to various transitional species that participate in the
reactions described in Egs. 1-3.

3.2. XPS and electrochemical results

The XPS and electrochemical studies were intended to provide
support for the ReaxFF-MD simulations. Fig. 8 shows the OCP and EIS
measurements for 99.95% pure iron specimens exposed to 13.5pH
NaOH solution as a function of time. Since these experiments were

Solution
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Fig. 6. Oxygen atom density at 500 ps in iron from the iron-solution interface along the z-axis.
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performed without any externally applied potential, the specimens
were monitored for two weeks as per the recommendations of prior
electrochemical studies of iron and carbon steel in alkaline electrolytes
[7]. As shown in Fig. 8, both OCP and EIS measurements indicate that a
stable passive film was formed within the first two days of exposure.
With increasing passivation time, the OCP increased with time and
stabilized around -260 + 5mV vs. SCE (shown by the dotted line) after
two weeks of exposure (Fig. 8a). The change in OCP was not significant
past two days of exposure. Similar conclusions were obtained from the
EIS measurements: the impedance data indicate that a stable passive
film was obtained after one day of exposure, as shown in Fig. 8b.

We also investigated the build-up of the oxide film with increasing
passivation time and oxide film depth using XPS. The composition of
the film is presented in terms of the Fe™-to-Fe" oxide concentration
ratio. The Fe" oxide state typically covers FeO and Fe;O,4 oxides, and
Fe'™ oxide state includes a-Fe,0s3, y-Fe,O3, or FeOOH. Fig. 9a shows the
variation of Fe™/Fe" ratio at various film depths at different exposure
times. The Fe'"/Fe' ratio decreased with increasing oxide film depth for
all exposure periods. This change is the result of a decreased amount of
Fe'™ oxides and an increased amount of Fe"" oxides from the surface of
the passive film to the metal/film interface. These trends indicate that
Fe' oxides dominated the outer layers, while Fe" oxides dominated the
inner layers of the passive film.

Fig. 9a also shows that both Fe" and Fe™ oxide concentrations in-
creased for all layers over time. The increase in Fe'" oxide in the outer
layers were significantly larger than the increase of Fe' oxide con-
centration in the inner layers. For the outermost measurement point
(0.7 nm from the surface), the Fe''/Fe! ratio increased from 1.7 (at 2
days of exposure) to 3.4 (at 2 weeks of exposure). On the other hand,
Fe"'/Fe" ratio did not change significantly at the inner measurement
points (e.g., at 6 nm or deeper) between two days and two weeks of
exposure. The electrochemical data in Fig. 8 shows that passivation was
mostly complete after one day of exposure. Therefore, Fe'/Fe"" data
indicate that Fe" oxides in the inner layers were mainly responsible for
the passivation of the iron surface, and the Fe' oxides were not pro-
tective [84]. This observation is in line with previous experimental
studies [18-20,26] and provides an essential insight into the passiva-
tion mechanism of iron in high pH solution.

Fig. 9b illustrates the oxide fraction over the passive film depth after
two weeks of exposure to the passivating solution, where the oxide
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fraction is the ratio of the different oxide phases to the total sum of all
oxides (i.e., FeO + Fe,03 + Fe30,). The Fe,05 oxide fraction decreased
with increasing film depth, whereas, FeO + Fe304 oxide fraction in-
creased with increasing film depth. These two trends reconfirm the
abundant presence of Fe™ oxides in the outer layers of the passive film
and the increasing presence of Fe' oxides closer to the metal/oxide
interface. These results confirm the trends obtained from the ReaxFF-
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MD simulations, which showed that the outer layers of the passive film
were similar to Fe,O3, and the middle and inner layers were similar to
Fe304 and FeO structures, respectively. It should be noted that the
timescales of the ReaxFF-MD and the XPS studies were different. The
ReaxFF-MD simulations were performed under an applied electric field
for 500 ps to study early stages of passivation, while the XPS study was
performed on specimens passivated in open-circuit conditions for two
weeks. This resulted in differences in the thickness of the passive films
obtained from the two approaches. After two weeks of exposure to the
passivating solution, the passive films was about 5.3 nm thick (as shown
in Fig. 10), while the passive films created in the ReaxFF-MD simula-
tions under applied potential for 500 ps had a thickness of about 1.2 nm
(as shown in Fig. 2b).

The evolution of the thickness and the charge transfer resistance of
the passive film is shown in Fig. 10. This figure indicates that an oxide
film forms on the iron surface rather rapidly (the thickness was about
3 nm after 10 min exposure to the passivating solution); however, this
oxide is not fully passive as indicated by the low charge transfer re-
sistance at 10 min. After two days of exposure to the passivating solu-
tion, the thickness of the film has increased slightly to 4.9 nm, while the
charge transfer increased by many orders of magnitude to 3.18 x 10°
ohm-cm?. The increase in thickness between 2 days to two weeks was
mainly due to the formation Fe'! oxides (as indicated by the increase in
Fe'/Fe" ratio), which did not change the charge transfer significantly
because of their unprotective nature. At full passivation (2 weeks), the
average oxide film thickness was 5.3nm, and the charge transfer re-
sistance was around 4.9 x 10° ohm-cm?. During the passivation period,
the solution resistance, R;, remained relatively constant between
10-15 ohm.cm? which indicates that there was no significant iron
dissolution into the electrolyte as expected from a passivating metal.

4. Summary and conclusions

The passivity of Fe(110) in a 0.316 M NaOH solution (pH = 13.5)
was investigated using Reactive Force Field Molecular Dynamics
(ReaxFF-MD), electrochemical studies, and X-ray photoelectron spec-
troscopy (XPS). The ReaxFF-MD simulations revealed the initial stages
of the iron passivation process, in which passivation was initiated with
the formation of Fe(OH), species on the metal surface followed by
oxygen penetration into the metal substrate. This initiation was dif-
ferent from the process that had been observed in simulations done in
neutral (pH = 7) electrolytes [46]. When the electrolyte did not have
reserve alkalinity, Fe(OH), species did not form, which resulted in the
dissolution of the iron atoms into the solution while oxygen penetrated
into the metal substrate to form complex oxides. The Fe(OH), species
that formed and remained on the iron surface created conditions for
oxygen diffusion into the metal without excessive dissolution of iron
atoms into the electrolyte, hence without iron vacancy formation. The
oxygen penetration without iron dissolution or iron vacancy formation,
followed by iron oxidation in the metal substrate, was the key step in
the formation of the passive film in alkaline environments.

The ReaxFF-MD simulations also showed that the passive film had a
layered structure where the outer layers were in the form of Fe,Os,
middle layers were in the form of Fe;0,4, and the innermost layers were
in the form of FeO.

Parallel XPS and electrochemical investigations confirmed the
findings of the ReaxFF-MD simulations. The XPS results showed the
dominant presence of Fe™" ions (Fe,05 oxide) in the outer regions of the
oxide film. However, the Fe! jon concentration decreased with in-
creasing film depth. On the contrary, the Fe"' concentration increased
with increasing film depth suggesting Fe'-rich inner layers consisting of
FeO and Fe;04 oxides closer to the metal/oxide interface. Furthermore,
the time-dependent passivation study indicated the transformation of
Fe' to Fe'™ oxides, which was confirmed by increasing Fe' con-
centration at the top surface of the oxide layer.
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