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ABSTRACT: Using reactive force-field (ReaxFF) and molecular dynamics
simulation, we study atomistic scale chloride ion adsorption and transport through
copper oxide thin films under aqueous conditions. The surface condition of passive
oxide film plays a key role in chloride ion adsorption and facilitates initial
adsorption when surface corrosion resistance is low. Using implemented surface
defects, the structural evolution of the copper oxide film from thinning to
breakdown is investigated. In addition to chemical thinning of passive film,
extended defects in the metal substrate are observed, at high concentration of
adsorbed chloride ions. The initial stage of breakdown is associated with rapid
depletion of adjacent chloride ions, which creates a locally deficient environment of
chloride ions in the solution. The dissolved copper cations gain higher charge upon
interaction with chloride ions. Owing to the increased Coulomb interactions
resulted from dissolved copper ions and locally low density of chloride ions, far-
field chloride ions would diffuse into the local corrosion sites, thereby promoting further corrosion.
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■ INTRODUCTION
The chemical reactions that occur at the metal oxide−aqueous
solution interfaces have been a subject of immense scientific
interest because of their importance in a variety of fields,
including catalysis, surface chemistry, metal-oxide crystal
growth to name a few.1−6 The chemical interactions occurring
at the interface of metal-oxide and aqueous media are complex
and fundamental atomic scale understanding of these
phenomena is a contemporary problem.1−5 Specifically, there
are a number of fundamental questions, which are worth
considering, such as: the effect of water and solute ions on the
structure, composition, and reactivity of surface sites including
defects, the local speciation of metal ions and anions in the
solution, the charge transfer dynamics at the metal oxide−water
interface, the mechanisms of ion adsorption and transport, and
their effect on surface atomic and electronic structure.
Using a model system consisting of copper oxide thin film on

copper interacting with chloride ions in aqueous media, we
attempt to understand representative processes that occur at
the interface of passive copper oxide and aqueous media. These
include processes such as initial adsorption and transport of
aggressive anions through the oxide film, which play an
important role in determining the stability and durability of the
underlying material.
Copper remains one of the most important industrial metals

because of its high electrical and thermal conductivities,
mechanical workability and its relatively noble properties.

Metallic copper is generally covered with a surface oxide under
normal ambient, and has been studied extensively, because of
its importance in electronics, catalysis, and energy storage.7−11

In electronics and communications, it is commonly employed
as an interconnect. Additionally, it is used as piping component
in domestic and industrial water utilities. Therefore, aqueous
corrosion of copper and its inhibition in a wide variety of
media, particularly when they contain chloride ions, is an
important problem.
Under various aqueous environments, copper oxide film can

interact with aggressive elements, such as halide ions, which can
change their properties leading to loss of material strength and
durability.12,13 In particular, aqueous conditions are commonly
encountered, and the corresponding electrochemical interac-
tions must hence be understood.
Previous experimental and theoretical work has focused on

understanding the interactions between Cu/CuO and Cl for
two main reasons14−22 First, it is well-known that chloride ions
are aggressive to copper and its alloys. The interaction of Cu
with the chloride ions leads to the formation of an unstable film
of CuCl and other water-soluble chloride complexes, CuCl2,
CuCl3.

23 It has been reported that even trace amounts of Cl−

ions can cause corrosion and degradation of copper. Second,
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copper and its alloys are used in applications such as piping and
delivery of water for domestic and industrial purposes. They are
thus exposed to medium where Cl− ions are present.24 Despite
the relatively noble potential of copper, its corrosion is known
to take place at a significant rate in seawater and aqueous
environments containing chloride ions.25−29 Available studies
indicate that at chloride concentrations lower than 1 M, the
dissolution of copper occurs through formation of CuCl, which
is not protective enough and is therefore converted to the
soluble CuCl2

− by reacting with excess chloride.30 On the other
hand, at concentrations higher than 1 M, higher cuprous
complexes such as CuCl3 and CuCl4 are formed, in addition to
chlorides, such as CuCl and CuCl2.

31 Although it is generally
accepted that anodic dissolution of copper in chloride
environments is influenced by the chloride ions’ concentration,
the atomic scale mechanism of corrosion initiation is not well
understood. Specifically, the exact charge transfer mechanism,
details of ion adsorption and transport mechanism as well as
the sequence of steps that lead to initiation and propagation of
corrosion at the atomistic length scales remain unclear.
Atomistic molecular dynamics simulations and first-principles

studies have been used in the past to understand the dynamics
and energetics of chloride ion adsorption onto the surface of
passive oxides. These studies have explored the effect of
chloride ion concentration, ambient temperature, and compo-
nents of aqueous media but interactions between copper oxides
and aggressive aqueous media has not been studied yet, because
of the complexity in atomistic scale modeling.32−34 As discussed
by Stampfl et al.,35 since early stages of such aqueous
interactions are determined in pico-second and nanometer
scales, the corresponding atomistic scale analysis is essential to
figure out subsequent behavior and characteristics. In particular,
degradation mechanism of protective oxide layer on top of
metal substrates is of great importance, to understand the basic
characteristics of aqueous corrosion. Further failure of oxide
results in pitting, which leads to structural stability. In a recent
study,36 we have investigated direct interactions between
pristine copper substrates and aqueous media, including the
effect of chloride ions by reactive molecular dynamics (MD)
simulations.
Here, we focus on the interaction between copper oxides and

chloride ions in aqueous media and the role of oxide surface
defects in the adsorption and subsequent kinetic phenomena.
In many atomistic scale simulations, classical molecular
dynamics has been favored due to capability in handling a
large number of particles (>1 × 105) but it is not suitable to
handle chemical reactions of the current study due to fixed
charge implementation. Metal cations and anions in aqueous
media interact through charge transfer, producing chemical
bonding or debonding, which is not implemented in most of
classical MD approach. Quantum molecular dynamics might be
an alternative but computational cost is high. To overcome
those difficulties, reactive methods have been developed and
employed in many chemical reaction problems. In the frame of
classical molecular dynamics, variable charge or charge transfer
scheme is implemented, and temporal evolution of charge
states is accomplished. Among the various reactive methods,
reactive force-field (ReaxFF)37 implements features of quantum
chemistry calculations, including molecular association/disso-
ciation and charge transfer between cations and anions, and
description of aqueous interaction of oxide surfaces with
chloride ions is therefore made possible, including proton

transfer38,39 or proton swapping of water molecules. Detailed
description of the employed method is discussed below.
In this study, we use potential parameters developed by van

Duin et al.,40,41 who have tested models of Cu−Cl interacting
with water molecules and fitted the potential parameters to
reproduce DFT/experimental results. Using ReaxFF, we have
investigated temporal evolution of copper oxides and substrates
in aqueous media, leading to the early stages of chemical failure
of a copper oxide structure. To the best of our knowledge, this
work represents the first atomistic scale simulations of aqueous
corrosion of copper oxides with large statistics (∼1 × 105),
shedding light on understanding aqueous breakdown of copper
oxides.

■ METHODS
We have implemented a parallel version of ReaxFF code using
FORTRAN95 programming language. ReaxFF is a bond-order
based empirical force field methods, which can be used to
simulate bond breaking and formation during molecular
dynamics simulations. ReaxFF combines this bond order/
bond distance concept42−44 with a polarizable, geometry-
dependent charge calculation method.45 Originally derived for
hydrocarbons37 ReaxFF has been developed for a wide range of
materials, including the copper oxides and chlorides described
in this manuscript.40,41 Briefly, characteristics of quantum
chemistry effect are employed in multiple-components of
particle interactions as shown in eq 1, such as bond energy,
over/under coordination, lone-pair energy, valence angle,
torsion, hydrogen bond, van der Waals, and Coulomb.
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Temporal charges of cations/anions are also implemented
using electronegativity equalization method45,46 as shown in eq
2.
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In the above equations, q, χ, η, Tap(r), γ, and kc are ion charge,
electronegativity, atomic hardness, seventh-order taper func-
tion, shielding parameter, and dielectric constant, respectively.
For a detailed description of the implementation we refer the
reader to the work by Chenoweth et al.47

Most of the calculations have been done on Carbon clusters
at Argonne National laboratory, which are equipped with dual
Xeon E5540 processors (= eight cores) per node and infiniband
4X DDR interconnection. Intel Fortran compiler (12.0.2) with
open-mpi library (1.4.2) has been employed. Coarse-grain
parallelism has been applied using domain-decomposition
method, splitting the unit cell into each computing node.
Multiple-threading has been implemented using OpenMP,48 as
fine-grain parallelism. Once a piece of unit cell is assigned in
each computing node, loops are forked along available
processors and computation is accelerated. Detailed imple-
mentation of multiple-threading on molecular dynamics can be
found from the work by Tarmyshov and Müller-Plathe.49

Temperature control has been done with Berendsen thermo-
stat.50
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■ EFFECT OF OXIDE SURFACE CONDITION ON
BREAKDOWN

We use copper substrates as a base metal, and Cu2O is the
surface oxide under consideration. Oxygen in the oxide
competes with nearby halide elements, passivating and
protecting the inner metal substrate. As discussed by Baroux,51

a corrosion resistance varies depending on the surface
condition of passive films. As shown in Figure 1, even for

similar stoichiometry, corrosion resistance may change
drastically depending on the surface interacting with aqueous
media. Therefore, it is straightforward that lower surface
corrosion resistance results when a local site has fewer surface
oxygen atoms, facilitating chloride ion adsorption. Once
chloride ions adsorb onto the passive film, it begins to bond
with nearby copper cations by breaking existing copper−oxygen
bonds, which leads to thinning of the passive film. To confirm
the effect of surface condition, we have done the following
tests.
As shown in the left of Figure 2, 1008 copper atoms are

configured with (111) orientation along surface normal, which
is the base metal substrate. The metal is depicted as separate
plates but they are connected by periodic boundary conditions
(PBC). Then two 6−7 Å Cu2O oxide thin films, each of which
is composed of 768 Cu and 384 O atoms, are configured on
each side of the substrate while the center of the unit-cell
(between oxide films) will be filled with aqueous media. The
two oxide films have the same stoichiometry but their surface
orientations with respect to aqueous media are configured
differently: the upper film (referred to as O-deficient surface)
has a higher surface density of copper, whereas the lower film
(O-enriched surface) has a higher surface density of O, by
turning over the produced oxide lattice. As discussed in Figure
1, O-deficient/enriched surfaces will have different corrosion
resistances. Note that the Cu2O oxide models has been
configured as asymmetric which could have generated a dipole
moment. ReaxFF has variable charge implementation using
EEM as shown above, such a dipole moment has been included
in the computational modeling. However, periodic boundary
conditions are configured and the copper substrate is fixed by
neighboring (x/y direction) images. Therefore, tested copper
oxides and substrates are not affected by the produced dipole
moment.

As an initial thermal perturbation, the metal substrate and
oxide films had been relaxed in a 30.63 × 30.95 × 65 Å3 unit
cell for 10 ps at 300 K prior to filling the empty space with
aqueous media. After thermal relaxation of base metal substrate
and oxide thin films, the inner void space of the unit-cell has
been filled with 1,269 H2O and 228/457 chloride ions,
equivalent to 10 and 20 M concentration, respectively, as
shown in the middle of Figure 2. Overall, each simulation
employs 6195/6424 particles for 10/20 M, respectively. Also,
the employed aqueous media have been configured as neutral
(pH 7), without any extra protons or hydroxyl molecules.
Molecular dynamics has inherent problems with respect to

the time scales that can be achieved, due to the limit imposed
by time steps (0.5 fs in this work). Most of the corrosion issues
may appear at low chloride concentrations and their time range
is likely to be more than several seconds, which is not accessible
to atomistic modeling yet. In other words, available statistics is
limited in atomistic scale simulations and low concentrations
like 5 M may not yield any significant result in the simulated
time scale (300 ps). Higher concentrations of 10 and 20 M
have been thus used so that we could observe the passive oxide
breakdown within the time scales that are accessible to the MD
simulations. Therefore, even though the available concentration
limit of chloride ions at room temperature is reported to be
∼10 M,52 a locally extreme condition as 20 M is assumed to
accelerate corrosion kinetics owing to the several orders of
magnitude difference between the MD time-scale and the actual
corrosion processes.35

Using a canonical ensemble at 300 K, the configured
structures for investigating aqueous corrosion have been relaxed
for 250 ps. The relaxed structure is shown on the right-hand
side of Figure 2. Chloride ion adsorption is facilitated on the O-
deficient surface, which is the oxide structure having low surface
density of oxygen. As a result, the O-deficient surface shows
much more adsorbed chloride ions compared to the O-
enriched surface, showing distinct thinning of oxide film.
Figure 3 shows the adsorbed chloride ions and copper oxide/

substrates, without aqueous media, to aid visualization. As
discussed above, the O-deficient surface has much more
adsorbed chloride ions than the O-enriched surface, at both

Figure 1. Effect of surface condition of oxide on initial adsorption by a
chloride ion. If chloride ions interacts with bare copper (left, O-
deficient surface), then adsorption is facilitated. If surface oxygen
density is high (right, O-enriched surface), those oxygen atoms
compete with chloride ions and protect the oxide film.

Figure 2. Configuration based on the oxide surface conditions. Left
figure is the thermally relaxed structure of copper substrate and oxide
thin film. The empty space is filled with 20 M Cl− aqueous media as
shown in center figure and relaxed at 300 K. Right figure shows 250 ps
relaxation states and higher chloride ion adsorption onto upper oxide
thin film, which has higher surface copper density (O-deficient
surface). Lower oxide has higher surface O density (O-enriched
surface), and chloride ion adsorption is resisted.
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10 and 20 M concentrations. As chloride ion concentration is
higher at 20 M, more adsorbed chloride ions are observed in
both the exposed oxide surfaces, compared to 10 M
concentration results. Looking at the evolution of oxide
thinning, a chloride ion enables removal of copper from
copper-oxide as it adsorbs on top of the oxide layer.
Corresponding copper atoms are dissolved and brought off
from the plane of oxide film. Our results appear consistent with
pitting corrosion mechanism suggested by El Warraky et al.,29

who reported that dissolving copper ions pass through CuCl2
−

soluble complex, by using potentiostatic polarization and X-ray
photoelectron spectroscopy. A closer analysis of the morphol-
ogy of adsorbed chloride ions suggests that chloride ion
adsorption sites seem to facilitate further adsorption, yielding
nonuniform Cu−Cl complexes, which subsequently dissolve in
the aqueous media. Compared to oxygen passivation,53 we find
that the lateral diffusion or homogenization of Cu−Cl layer is
not significant. After dissolution from copper oxides, copper
ions attain higher charge because of the strong electronegativity
of chloride ions, and subsequently may attract nearby chloride
ions by Coulomb interactions, elevating nonuniform chloride
ion adsorption.
To estimate the magnitude of chloride ion adsorption, we

calculated average charges of copper, as shown in Figure 4, on
O-deficient/enriched surfaces, which are shown in Figure 3.
Looking at the results of 10 M condition, the O-deficient
surface shows higher charge states from the beginning, by
promoting initial chloride ion interactions. The difference
between O-deficient/enriched surface charge states is quite

consistent, indicating that corrosion or passivity breakdown is
not so significant. Similar behavior is found in 20 M
simulations, as the O-deficient surface is favored for initial
chloride adsorption but the temporal evolution shows differ-
ences. Charge state of the O-enriched surface is saturated after
50 ps, with a slight jump from the initial state. However, the O-
deficient surface shows consistent increase with higher rate after
100 ps. For further investigation of chloride adsorption on Cu
surfaces, pair distribution functions of Cu−Cl and density
distributions of Cu atoms are shown in left-hand side of Figure
5. Even though charge states of copper atoms at O-deficient

surface keep increasing, Cu−Cl interactions become saturated.
This implies that chlorination of copper is increasing, from
CuCl to CuCl2 or CuCl3. Also the increase of charge of copper
atoms has been confirmed by inspection of each particle.
Higher charge states of copper will attract far-field anions by
higher Coulomb interactions, facilitating further corrosion.
In addition to the charge evolution, distributions of copper

atoms have been studied in order to observe chemical thinning
of oxide films. Density distribution of copper is shown in right-
hand side of Figure 5 and compared to the initial state. We
clearly observe smeared distributions of copper atoms at 250 ps
relaxation around [18:20] of z-positions. Coupled with
increasing charge states, those results show how the early
stages of chemical thinning evolve along temporal trajectories.
Even though initial adsorption of chloride ions and chemical

thinning of oxide is observed from the simulations above, the
complete breakdown of passive film is not observed in the
above simulations and more realistic configuration of
simulations is required to study the structural evolution of
oxide film during its interaction with chloride ions in aqueous
media. The simulations discussed in the subsequent section
discuss the implementation of surface defects to facilitate
chloride ion adsorption.

■ LARGE-SCALE SIMULATIONS OF OXIDE
STRUCTURAL EVOLUTION

From the initial simulations above, we can clearly see the
importance of surface condition and thinning of oxide thin film.
To observe the structural evolution of the passive oxide thin
film until its complete breakdown, we configure larger aqueous
simulation sets and introduce defective surface sites. Because of
surface reconstruction or thermal effect, it is possible that a
fraction of the surface sites in the oxide thin film may turn
defective thereby favoring chloride ion adsorption and thus

Figure 3. Adsorbed chloride ions on the oxide thin film at 250 ps
relaxation with 10 M (top)/20 M (bottom) Cl− concentration. Left
figures are O-deficient surfaces, whereas right figures are O-enriched
surfaces, which show distinct differences because of surface conditions
and chloride ion concentration.

Figure 4. Evolution of average charge of copper atoms at O-deficient/
enriched surfaces, including copper atoms from oxide and substrate.

Figure 5. (Left) Pair distribution functions of Cu−Cl and (right)
density distribution of copper atoms (unit: amu/Å3) of 20 M Cl−

concentration simulations.
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have lower corrosion resistance,. Assuming such reconstruction,
we can produce a local site that has surface defects in the form
of bare copper atoms on top of the oxide, as shown in Figure 6.

As in the above test, a copper substrate and passive oxide
films on top and bottom have been configured using 12 960
copper atoms and 2640 O atoms on a 81.68 × 88.43 × 90 Å3

unit cell. They have been first thermally relaxed at 300 K for 10
ps. Then top oxygen atoms on oxide have been removed from
the edge with radius of 8 Å, to yield a circular surface defect as
shown in the left of Figure 7. A unit cell has periodic boundary

conditions and those surface defects are connected as a single
circular defective site. Then void space has been filled with 15
708 H2O and 2827/5655 Cl−, equivalent to 10/20 M
concentration, respectively. Summarizing, a unit cell is filled
with 65 525/68 353 particles for 10/20 M Cl− concentration
conditions. Initial configuration of the unit cell is shown in the
right of Figure 7. Each concentration set has been relaxed for
300 ps with 373 K, assuming boiling temperature to accelerate
corrosion behavior in the time frame of MD. For high-
performance computing, multiple-threading parallelization is
coupled with standard domain decomposition method, using
16−32 CPUs.54

From the results of 10/20 M simulations, we observe that
initial chloride ion adsorption is favored on the defective site,
which has less corrosion resistance. 20 M concentration

simulation results are shown in Figure 8, and it shows passive
oxide thinning due to high chloride ion concentration. Not only

the defective sites but most of the oxide layers are also invaded
by chloride ions. We find pitting nucleation below the defective
site which shows that chloride ions reach the bulk substrate. In
particular, not only the chemical thinning of passive layer and
pitting nucleation, stacking fault of the bulk substrate is also
observed, as shown in Figure 8. Calculating the number of
opposing nearest pair particles,55 Cu atoms which are close to
stacking faults are determined and depicted in yellow. This is in
accordance with experiments and finite element computations
performed by Pidaparti et al.56 who predicted enhanced stresses
around a single pit/defect. Their study suggests that the stress
distribution follow the pit/defect profile with maximum stresses
being at the maximum pit/defect depth. The thin metal
substrate combined with the high amount of adsorbed chloride
ions result in high pressure being produced from the
developing Cu−Cl clusters. The mechanical failure of passive
oxide thin film is observed around the defective site. We can
expect similar mechanical failure even for thicker substrates,
such as delamination of oxide films and substrates, which is
produced by bending stiffness mismatch of oxide layer and bulk
substrates.
From the results of 10 M simulation, it is found that chloride

ions at the defective site do not reach the interface between
oxide and bulk substrate within the simulated time frame,
because of lower chloride ion concentration. But we can expect
that they will reach and nucleate pits if simulations are
performed over longer time scales.
The evolution of average charge of copper species is shown

in Figure 9. Even though the surface defect is introduced on the
top side of the structure, the initial charge difference between
top/bottom sides is minimal because the fraction of surface
defect is not significant. As passive film is attacked by nearby
chloride ions, the average charge on both sides increases
monotonically. Unlike the initial state, charge difference across
two sides increases accordingly, showing that top side, which
has the surface defect, is charged higher than bottom side, at
both 10 and 20 M conditions. In our preliminary study, the
defective sites were present across the entire surface of oxides
while they are a small fraction in the large-scale model.
Therefore, effect of surface defect is minimal in the beginning

Figure 6. Different chloride ion interactions based on surface
conditions of oxide film. If the surface density of copper is locally
higher than elsewhere, the site (center) attracts nearby chloride ions
easier than other sites (left and right), whereas chloride ions will
compete with surface oxygen atoms when density of surface oxygen is
high (left and right).

Figure 7. Implementation of surface defect (sites of higher copper
surface density) on oxide thin film. Left figure shows how a circular
defect is configured on surface oxide thin film with periodic boundary
condition. Right figure shows the initial side-view of the unit cell.

Figure 8. 300 ps relaxation of simulation with 20 M Cl-. Due to high
chloride ion concentration, large fraction of surface shows chloride ion
adsorption but still the implemented defective site has the highest
chloride ion amount, yielding pitting nucleation. Also, higher chloride
ion adsorption rate on localized site brings forth high stress and leads
to defects in bulk substrate, around the defective site. Cu atoms close
to the defects are marked yellow and redrawn in the right side for
better visualization.
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but it promotes higher charge transfer or corrosion at longer
simulation times.
The corrosion distribution in the top oxide layer is analyzed

using the charge distribution of copper atoms, as shown in
Figure 10. Projecting onto the x-y surface, charge distribution is

shown at 100, 200, and 300 ps relaxation. As expected, highly
charged copper atoms are found around the edges, which have
defective sites. The center of surface shows relatively low charge
states, implying less corrosion. We can confirm that if any local
site initiates the corrosion or chloride ion adsorption, further
corrosion is produced around that site. This reflects the finding
by Leiva-Garciá et al.,57 who found that corrosion products
catalyze the corrosion process.
Figure 11 shows the density distribution of copper and

chloride at 1 and 300 ps, providing insights into the extent of

corrosion upon starting with a clean surface. As copper atoms
dissolve from the degraded passive film or bulk substrate, the
density of copper is smeared at the top/bottom side of the
structure. Chloride ions infiltrates into the oxide film and bulk
substrate, yielding Cu−Cl clusters. Additionally, as brought out
earlier, these Cu−Cl clusters further interact with additional
chloride ions to form water-soluble CuCl2 complexes. The
chloride ion density profile therefore shows high density in the
vicinity of passive film ([−13:−8],[8:13]). One significant
result of chloride ion distribution is, that there are locally
chloride-depleted regions in the aqueous media of the range
[−25:−17] and [19:28]. As corrosion begins, it consumes
neighboring chloride ions, and local density of chloride ions
decreases. This can be confirmed from the charge distribution,
which is shown in the bottom of Figure 11. Because of locally
lowered density of chloride ions, we can expect chloride ions
from far-field will diffuse into those depleted regions, resulting
in further corrosion at the local site. However, such observation
is beyond the time frame of MD and has not been simulated in
this study.
We visually observed that Cu−Cl complexes are formed as

aqueous corrosion evolves. Using pair distribution functions
shown in the left of Figure 12, the formation of corrosion
product Cu−Cl is confirmed to steadily increase with time.
Also, this result reflects how protective surface oxide layers are

Figure 9. Average charge evolution of charged copper atoms at top/
bottom side in 10/20 M Cl− large-scale simulation sets.

Figure 10. Charge distribution and evolution of top side copper atoms
in 20 M Cl− large-scale simulations sets at 100, 200, 300 ps relaxation.
50 × 50 grids are employed for projection.

Figure 11. Density (ρ, amu/Å3) distribution of copper atoms and
chloride ions at 1 and 300 ps relaxation of 20 M Cl− large-scale
simulation. Charge (q, e/Å3) distribution of chloride ions is shown at
bottom.

Figure 12. (Left) Pair distribution functions of Cu−Cl interactions at
100, 200, and 300 ps relaxation of 20 M Cl− large-scale simulations.
2000 time steps are sampled. (Right) Cl− (q < 0) and Cu+ (q > 0) ion
charge plots at 100 and 300 ps of 20 M Cl− simulations. 10% of actual
particles are plotted for better visualization.
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disintegrated, as discussed above. Finally, snapshots of Cl− and
Cu+ ion charge states are shown in the right of Figure 12. When
chloride ions interact with copper cations, their charge states
increase higher than when they are present in aqueous media.
Also Cu cation charge increases as they interact with chloride
ions. Therefore, in addition to the locally chloride deficient
regions, highly charged copper cations will attract far-field
chloride ions because of increased Coulomb interactions,
thereby producing further corrosion.

■ CONCLUSIONS
To understand the chemical interaction at the interface
between metal-oxide and aqueous media containing chloride
ions, reactive molecular dynamics has been employed, allowing
charge transfer between cations and anions, proton transfer
between water molecules, breakdown of passive oxide films,
and the formation of Cu−Cl complexes.
In the initial part of this study, different surface conditions of

passive oxides have been tested and characteristics of chloride
ion adsorption onto such surfaces have been studied. Local
density of surface oxygen on copper oxide thin films determines
its stability and corrosion resistance, yielding drastic change
upon initial chloride adsorption. The atomistic simulations
confirm the chemical thinning of oxide films under aggressive
aqueous conditions, revealing the role of surface defects on
passivity degradation. Nonuniform build-up of Cu−Cl
complexes has been observed because of their low mobility.
Larger-scale substrates and oxide films are then configured

with surface defects, and tested to understand the oxide
structural evolution when interacting with chloride ions in
aqueous media. Chemical thinning of oxide film and pit
nucleation is observed below the implemented surface defect.
Also mechanical failure of bulk substrate is found, implying high
stress build-up around pitting nucleation or highly corroded
sites. As confirmed by morphology of the corroded passive film
in the preliminary study, chloride ion adsorption and
breakdown of surface oxide thin film do not yield significant
lateral diffusion, yielding local build-up of Cu−Cl clusters.
Dissolved copper atoms gain higher charge than copper oxides,
and attract nearby chloride ions. As nearby chloride ions are
consumed by the local corrosion, locally chloride deficient
regions are produced. Because of increased Coulomb
interactions by highly charged copper cations and low density
of chloride ions, far-field chloride ions will diffuse or migrate
into the locally corroded sites.
The failure of oxide thin film is driven mostly by chemical

interactions but results in mechanical or structural instability as
well.
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