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The ion exchange and point defect models are two prominent models describing the role of anions, such as chlorides, in the
degradation of passive oxide films. Here the thermodynamic feasibility of critical steps of Cl-induced degradation of a
hydroxylated α-Cr2O3 (0001) surface, as proposed by these two models, are studied. Both models begin with Cl substitution of
surface OH and H2O, which becomes less favorable with increasing Cl coverage. The initial stages of Cl-induced breakdown of the
α-Cr2O3 depend on Cl coverage and the presence of O vacancy near the surface as follows: (1) neither Cl insertion (supporting
the ion exchange model) nor Cr vacancy formation (supporting the point defect model) is feasible at low Cl coverages except in the
presence of O vacancies near the surface, where Cl insertion is thermodynamically feasible even at low coverages, (2) in the
absence of O vacancies, Cr vacancy formation becomes feasible from 10/12 ML onwards whereas Cl insertion by exchange with
subsurface OH only becomes feasible at full coverage. This implies that at higher coverages Cl-induced degradation first
initiatesthrough a vacancy formation mechanism, but both insertion and vacancy formation would be feasible at full coverage.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/abb381]
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The corrosion resistance of stainless steel has been attributed to
the presence of a protective Cr-enriched (α-Cr2O3) passive layer that
protects the metal surface from active corrosion.1–4 The exposure of
the protective layer to aggressive ions like chlorides can lead to a
breakdown of the passive film and pitting.5 Understanding the
surface chemistry on these oxide surfaces in different exposure
conditions provides an essential insight into the stability and
functionality of the protective layers. Although there is a general
consensus that chlorides play a significant role in the depassivation
and pitting of stainless steel, the molecular mechanism and the role
of chlorides in these processes is still debated.6–10

Two widely applied models for breakdown of the passive film,
the ion exchange and the point defect models are illustrated in Fig. 1.
According to the ion exchange model, pit initiation in chloride-
containing solutions involves chloride adsorption, chloride insertion
by ion exchange with subsurface O or into an O vacancies, and
migration through the oxide film, leading to localized metal
dissolution at the metal/film interface.5,11 The ion exchange model
is supported by experimental studies suggesting the presence of
chlorides inside the oxide film.12–16 For example, chloride has been
detected, inside an Al2O3 passive layer of an Al alloy exposed to
0.1 M NaCl solution using X-ray photoelectron spectroscopy
(XPS),17 and at the passive film and the metal/film interface of an
FeCr15Ni15 alloy exposed to 0.3 M NaCl solution using super X-ray
energy-dispersive spectrometer.14 Subsurface Cl has also been
proposed to be thermodynamically feasible by density functional
theory (DFT) calculations of defect-free hydroxylated NiO (111) at
high Cl coverage.18

Unlike the ion exchange model, in the point defect model, the
chlorides are not inserted into the passive film but act as a catalyst
for cation vacancy formation on the surface.16,19–21 The cation

vacancies then migrate to the metal/film interface and oxidize the
metal at the interface. If the rate of cation vacancies entering the
metal phase is lower than the rate of cation vacancies migrating to
the metal/film interface, the cation vacancies accumulate locally at
the metal/film interface and form a void. The local detachment of the
film in the void region leads to stress and subsequent breakdown of
the passive film.20,21 This model is supported by a range of
experimental studies showing the dissolution of metal cation as
chloride salts from the passive film leaving behind cation
vacancies.23–25

The use of computational methods, like DFT, to study Cl
interactions with oxide surfaces has been critical in the molecular
understanding of the ion exchange and point defect models showing
how the mechanisms vary between oxides. For example, DFT
calculations of Cl insertion by exchange with subsurface oxygen
(in support of the ion exchange model) was found to be favorable at
high Cl coverages on NiO (111),18,26 but for α-Fe2O3, iron surface
vacancy formation (in support of the point defect model) was more
favorable than Cl insertion.24,27–30

Here we use DFT to study the Cl interactions with a hydroxylated
α-Cr2O3 (0001) surface and bulk oxide. Our discussion focuses on
the two characteristic steps of the ion exchange and point defect
models, Cl insertion and Cl-induced Cr vacancy formation, and
provides a new understanding of the initial stages of degradation of
α-Cr2O3 passive film.

Method

Computational details.—All calculations are based on DFT as
implemented in the Vienna Ab Initio Simulation Package (VASP)31–34

using generalized gradient approximation (GGA) with the Perdue-
Burke-Erzerhof (PBE) exchange-correlation functional.35 Electron-ion
interactions were described using the projector augmented wave
(PAW) potential,36,37 and plane wave basis set with 520 eV cut off
energy was used for all calculations. A 3 × 3 × 1 Monkhorst-Pack
k-point sampling was used for all calculations and ground-statezE-mail: liney.arnadottir@oregonstate.edu
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configurations were obtained by minimizing total forces on each ion to
less than 0.05 eV Å−1.

The DFT + U method38 was used to describe the on-site Coulomb
interactions of the localized electrons (3d electrons in Cr). The
appropriate U value was determined using ground-state properties
including magnetic moment, band gap, and atomic volume for U-J
parameters ranging from 0 (GGA limit) to 8 eV, with a constant
exchange parameter, J= 1 eV. Figure 2 shows how magnetic moment,
band gap, and atomic volume increase with increasing onsite U-J
correlations. The magnetic moment and band gap energy remain
below the experimental value, whereas the atomic volume is over-
estimated even at U-J = 0. A U-J value of 4 eV was chosen as an
acceptable compromise between structural and electronic properties.

The α-Cr2O3 crystal has a hexagonal closed packed array of O
atoms with two-thirds of its octahedral interstices occupied by Cr
atoms. The α-Cr2O3 crystal is antiferromagnetic at ambient condi-
tions with a magnetic structure corresponding to + - + - spin
sequence along the [111] axis and overall zero for the slab.41,42 The
adsorption of H2O and Cl atoms did not affect the magnetic state of
the slab. Table I shows the calculated physical properties in
comparison with previous studies.

Surface models.—A (2 × 2) α-Cr2O3 (0001) cell of six Cr2O3

layers (48 Cr atoms and 72 O atoms) and 15 Å vacuum between the
periodic slabs in z-direction was used for all calculations. The
bottom two Cr2O3 layers were constrained whereas the remaining

Figure 1. Schematic illustration of the ion exchange model (IE) and the point defect model (PD) describing chloride-induced depassivation mechanism of metals
and alloys.19–22 The numbers (1)–(3) refer to the three stages of the mechanism: For the IE model (1) chloride adsorption; (2) chloride insertion by ion exchange
with sub-surface anion or insertion into an O vacancy(VO) and migration through the oxide and; (3) localized dissolution at the metal/oxide interface. For the PD
model (1) surface cation (Mx+), in a complex with chloride, ejection from the surface (2) migration of cation vacancy (VM) to the metal/oxide interface (3) local
accumulation of cation vacancies forming a void at the metal/film interface.

Figure 2. (a) Magnetic moment, (b) band gap, and (c) atomic volume for α-Cr2O3 (0001) vs U-J. Experimental values are shown with solid line.39,40 U-J = 0
represents the GGA limit.
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layers were allowed to relax. The surface was terminated by four Cr
atoms, the most stable surface termination for α-Cr2O3 (0001) at low
partial pressures of oxygen.44,45 In aqueous solution, the chlorides
are expected to interact with a hydroxylated α-Cr2O3 (0001) surface.
Costa et al.46 showed that at ambient conditions, a hydroxylated
α-Cr2O3 (0001) surface has two H2O molecules and one OH per
surface Cr. Here the hydroxylated surface was made by relaxing a
structure starting with three explicit H2O molecules per Cr to attain
the same octahedral coordination of Cr as in the bulk. This structure
relaxed to two H2O and an OH molecule per surface Cr, shown in
Fig. 3, consistent with previous studies.46–49 This surface will be
referred to as a hydroxylated surface in the remainder of the paper.
The H atom from the dissociated H2O molecule binds with a
subsurface O atom as shown in Fig. 3 (right).

Methodology for studying the degradation mechanism.—The
initial step of chloride interaction with a hydroxylated oxide surface
for both the ion exchange and the point defect models involves
adsorption on the surface which occurs by substitution of OH− by
chlorides on the surface as shown below23:

M OH Cl M OH OHCl 1x x 1( ) ( ) [ ]+  +-
-

-

where reaction 1 describes the substitution of the OH- on the
hydroxylated metal oxide M OH x( ) surface by a chloride forming a
metal-chloride-hydroxide (M OH Clx 1( ) - ) complex. This process was
modeled by the substitution of H2O and OH by Cl atoms on the
surface following the method of Bouzoubaa et al.18 This approach
has been used by several authors for different metal oxides and
alloys13,18,28,29,48–50 and shown to give the same adsorption trends as
chloride and OH− ions.51 An energy balance is used to determine the
thermodynamic feasibility of the substitution of H2O and OH by Cl
as a function of Cl coverage. Following the substitution, the Cl can
go subsurface via insertion into an O vacancy or by an exchange
with subsurface OH or O, in accordance with the ion exchange
model, or catalyze surface Cr vacancy formation in accordance with
the point defect model. Figure 4 shows a schematic of the three
mechanisms calculated to determine the thermodynamic feasibility
of the different processes: Cl adsorption on the surface by substitu-
tion with OH/H2O, Cl insertion via exchange with subsurface OH or

insertion into an O vacancy (in support of the ion exchange model),
and Cl-induced Cr vacancy formation (in support of the point defect
model).

Cl surface substitution is expected to begin with H2O molecules
since they are less strongly bonded than the OH species. The
substitution energy is calculated according to Eq. 2. A derivation for
Eq. 2 is provided in the supplementary information (available online
at stacks.iop.org/JES/167/121508/mmedia).
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where complex OH H O Cln m m n4 2 8( ) ( ) ( )( )= - - +

hydrox OH H O4 2 8( ) ( )=

Eslab complex/ is the total energy of the hydroxylated slab at a given Cl
coverage, EH O2 the energy of an isolated water molecule, EHCl the
energy of an isolated HCl molecule, Eslab hydrox/ the total energy of
the optimized hydroxylated slab, and EH2 the energy of an isolated
H2 molecule. m and n represent the number of H2O molecules and
OH species substituted by Cl atoms respectively. The energies of the
substituted OH species, and Cl atoms were referenced to a H2O, and
HCl, respectively. The substitution energy trends are the same if Cl,
and OH are used as reference states.

A Cl monolayer (ML) coverage is defined as the ratio between
the number of Cl on the Cr2O3 (0001) surface and the maximum
number of pre-adsorbed species (OH and H2O) that could be
substituted by Cl, three per Cr atom or 12 for a (2 × 2) cell. The
coverage of Cl on the surface is calculated as Eq. 3.

X

12
3Cl [ ]q =

where XCl is the number of Cl on the studied surface.
The thermodynamic feasibility of Cl insertion via ion exchange

with subsurface anion (according to the ion exchange model), was
determined by calculating the energy difference between the sub-
stituted and the inserted structure as illustrated in Fig. 4b.5 The
insertion energy, EinsertD was defined according to the Eq. 4:

E E E 4insert slab ins slab complex [ ]/ /D = -

where Eslab ins/ and Eslab complex/ represent the total energy of the
inserted structure and the total energy of the substituted structure at
the same Cl coverage, respectively. A negative insertion energy
means that the inserted structure is more stable than the substituted
structure suggesting that it is energetically more favorable for the Cl
to go into the subsurface than stay on the surface.

The thermodynamic feasibility of Cl-induced cation ejection in
the point defect model was determined by calculating the Cr vacancy
formation energy, ΔCrvac as a function of Cl coverage. The Cr
vacancy formation energy was calculated by comparing the energy
of the optimized substituted structure, Fig. 4a, and a defect structure
formed by removing a Cr(OH)1−n(H2O)2−m(Cl)(m+n) complex from
the optimized substituted structure leading to the formation of Cr
vacancy on the surface, Fig. 4c. The sum of the energy of the
optimized defect surface, E ,slab vac/ and the isolated removed com-
plex, E ,complex was compared with the energy of the structure before
the complex removal, E ,slab complex/ expressed as:

E E E E 5Cr slab vac complex slab complexvac ( ) [ ]/ /D = + -

A positive ECrvacD value suggests that the removal of the complex,
leaving a surface vacancy, is endothermic.

A favorable process corresponds to a negative value (exothermic)
for the calculated energy ( E ,subD E ,insertD ECrvacD ) but an unfavorable

Table I. Physical properties of α-Cr2O3.

Properties This Work DFT+U43 Expt.40

Lattice parameter, a (Å) 5.06 5.05 4.95
Lattice parameter, c (Å) 13.92 13.86 13.57
Band gap, (eV) 2.86 2.89 3.40
Magnetic mom, (μ atom−1) 3.05 3.10 3.80

Figure 3. (Left) Side view of the structure of hydroxylated α-Cr2O3 (0001)
surface. (Right) A coordination polyhedron of a surface Cr atom with O,
H2O and OH species. The Cr is coordinated with three O atoms below the
surface and two H2O molecules, and an OH (from H2O dissociation)
adsorbed on the surface. The H atom from the dissociated H2O forms an
OH with a sub-surface O atom connected to a Cr in an adjacent polyhedron.
Red spheres represent O, white spheres represent H, and violet spheres
represent Cr.
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process corresponds to a positive (endothermic) energy value. More
favorable refers to a process trending towards more exothermic (or
less endothermic).

Results and Discussion

Energetics of Cl substitution and structural relaxation.—The
initial step of chloride interactions with a hydroxylated oxide surface
has been suggested to involve competitive adsorption between
chlorides and OH− at the oxide solution interface.23,52 We examined
the thermodynamic feasibility of Cl adsorption, by substitution, on a
hydroxylated α-Cr2O3 (0001) surface at different Cl coverages up to
a monolayer coverage by comparing their substitution energy
according to Eq. 2. A monolayer coverage is defined as the highest
Cl coverage possible where three Cl atoms interact with each Cr
surface atom or a total of 12 Cl in our simulations cell. The
substitution energy is plotted as function of Cl coverage and
presented in Fig. 5.

The substitution energy is lowest at 2/12 ML but increases with Cl
coverage making the substitution less favorable at higher coverage, in
good agreement with Cl substitution with OH on hydroxylated NiO
(111) surface.18,53 The increase in substitution energy with coverage is
attributed to the increasing electrostatic repulsion between Cl on the
surface (see supplementary information).

The substitution also affects the structure of the surface as shown
in Fig. 6. The largest changes in the atomic geometry, upon surface
relaxation, are in the z-direction and are reported in Fig. 6. From
2/12 ML up to 10/12 ML coverage, the surface structure is split into
two layers separated by ∼0.7–0.9 Å with the Cl atoms shifted
upwards forming the topmost layer whereas the OH/H2O move
downwards to form a second layer. A similar behavior has been
shown in hydroxylated NiO(111) surface after Cl substitution.18 The
separation could be ascribed to the variance in ionic radii of Cl
(1.75 Å) relative to that of OH (1.10 Å)54 and H2O (1.38 Å)54

leading to misfit constraints and separation of the dissimilar ions to
minimize the surface energy. The surface structure at monolayer
coverage (12/12 ML) closely resembles the hexavalent Cr atom in
the bulk but with longer bonds; Cr–O in the bulk is ∼2.05 Å but
Cr–Cl on the surface is ∼2.40 Å, consistent with Cr–Cl bond length
(2.38 A) in CrCl3 salt.

55

Study of the Cl insertion mechanism in the ion exchange
model.—The Cl insertion was studied by the two pathways (see
Fig. 4b), exchange with subsurface O/OH or insertions into a
subsurface O vacancy.

The feasibility of Cl insertion via ion exchange with subsurface
O/OH was determined by the stability of Cl inside the α-Cr2O3 layer
relative to the surface after the exchange of a surface Cl with an O or
OH in the second layer. All non-equivalent sites for Cl insertion, by
exchange with O/OH in the second layer, were calculated to
determine the lowest energy structure at each coverage. The lowest
energy structures for each coverage are presented in Fig. 7. The
Cr–OH bond is weaker than the Cr–O bond by 1.5 eV making the Cl
insertion via exchange with OH more favorable than an exchange
with sub-surface O (from the second layer).

The thermodynamic feasibility of Cl insertion via ion exchange
with subsurface OH was determined by the insertion energy
according to Eq. 4 and is shown in Fig. 8 as a function of Cl
coverage. The insertion energy is a direct comparison of the energy
of the inserted and substituted structures, so a negative insertion
energy suggests that the inserted structure is more stable than the
substituted structure.

The insertion energy is very high and endothermic at low Cl
coverage but decreases with increasing Cl coverage. The decreasing
insertion energy with increasing Cl coverage can be attributed to the

Figure 4. A schematic of the mechanisms calculated herein (a) Cl adsorption by surface substitution of OH/H2O by Cl, (b) subsurface insertion of Cl by
exchange with O/OH or into an O vacancy (according to the ion exchange model) (c) Cl-induced Cr vacancy formation (according to the point defect model).
Red spheres represent O, white spheres represent H, violet spheres represent Cr, empty dotted circles represent vacancy and green spheres represent Cl. This
color scheme is used throughout this paper.

Figure 5. Substitution energy of OH/H2O substitution by Cl as a function of
Cl coverage. At low Cl coverage, Cl substitution is favorable but becomes
less favorable with increased Cl coverage.
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reduction of repulsive interactions between surface Cl atoms after
the insertion relative to the substituted structures. At monolayer
coverage, Cl insertion energy becomes exothermic suggesting that at
full coverage the inserted structure is more favorable than the full
coverage substituted structure.

A Cl can also be inserted into the subsurface of the α-Cr2O3 layer
by occupying an O vacancy. The energy of Cl insertion into an O
vacancy was calculated as a function of Cl coverage and is presented
in Fig. 9. At the lowest Cl coverage (2/12 ML), the Cl insertion into
O vacancy is endothermic, implying an unfavorable process.
However, from 4/12 ML Cl coverage and onwards, Cl insertion is
exothermic and becomes more negative with increasing coverage.
The insertion energy is not reported for the monolayer coverage
because the “initial state” is not stable but relaxes to a final state with
Cl in the subsurface O vacancy.

The insertion of Cl also affects the surface structure (Fig. 7) and
the Cl-OH/H2O interlayer distance but the effect is smaller for the
inserted structures, ∼0.5–∼0.8 Å compared to ∼0.7–0.9 Å for the

surface substituted structures. An inserted Cl, by exchange with OH,
also affects the Cr atoms in the first layer to which they are connected
by shifting it upward by approximately ∼0.1–0.3 Å and reducing the
interaction between the surface Cr and the rest of the bulk.

Effect of inserted Cl on further Cl insertion.—Calculations were
done to determine whether an already inserted Cl (pre-inserted Cl)
enhances additional Cl insertion into subsurface O vacancies as
described in Fig. 10. Four cases were examined varying the distance
between the pre-inserted subsurface Cl (dark green) and the O
vacancy (black dashed circle). Case D has no pre-inserted Cl atoms
and serves as a reference where the pre-inserted subsurface Cl is
infinitely far away. The calculations were done at (2/12) ML Cl
coverage. Figure 10 shows the insertion energy of Cl into an O
vacancy with the pre-inserted Cl at different depths from the surface
(A-C) and without any pre-inserted Cl (D). The insertion energy
was lowest when the pre-inserted Cl atom was closest to the O
vacancy (case A) and increased with increasing distance between the

Figure 6. Side (left) and top (right) views of OH/H2O substituted structures at 2/12–12/12 ML Cl coverage. The average Cl–OH/H2O distance is indicated on
the side view for each coverage. The black lines indicate the boundaries of the simulation cell.
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pre-inserted Cl and the O vacancy. This shows that pre-inserted Cl
can help facilitate additional Cl insertion into the oxygen vacancies.
This is comparable to observation by Liu et al.13 for pre-inserted Cl
in Al2O3 passive layer.

Study of the Cr vacancy formation according to the point defect
model.—The energetics of surface Cr vacancy formation, a crucial
step in the point defect model was investigated by calculating the Cl-
induced chromium vacancy formation on the surface. Figure 11
shows the Cr vacancy formation energy as a function of the Cl
coverage. A negative Cr vacancy formation energy suggests that it is
more favorable to separate the Cr(OH)n(H2O)m(Cl)(m+n) complex
from the surface, forming a Cr vacancy, than to be on the surface.

Cr vacancy formation is least favorable at the lowest Cl coverage
but becomes more favorable with increasing Cl coverage. From
10/12 ML Cl coverage onward, Cr vacancy formation energy is
negative (exothermic process) which implies the structure is more
stable without the CrCl3 on the surface. This means that at high Cl
coverage, the CrCl3 formed on the surface favors removal to create a
vacancy on the surface. The favorability of Cl-induced Cr removal at
high coverages is consistent with the critical Cl threshold concept
which has been widely demonstrated through electrochemical
studies.56–58 Our findings also agree with the effect of high local
Cl coverage on the chloride-induced surface Fe vacancy formation
on Fe2O3 by DorMohammadi et al.24 and Pang et al.29

This suggests that the Cr vacancy formation step of the point
defect model, like Cl insertion, is a coverage driven process where at
high coverages, the removal of the CrCl3 from the α-Cr2O3 surface
is favored.

Figure 7. Side views of structures with one Cl inserted at 2/12–12/12 ML Cl coverage. The average Cl–OH/H2O distance at the surface is indicated on the left
side of the figure. The black lines indicate the periodic boundaries of the simulation cell.

Figure 8. The Cl insertion energy by ion exchange with (subsurface) OH as
a function of Cl coverage. Cl insertion is unfavorable at low coverage but
becomes more favorable with increased Cl coverage. At full coverage, the Cl
insertion energy is exothermic.

Figure 9. The energy of Cl insertion into an oxygen subsurface vacancy as a
function of Cl coverage. Cl insertion is exothermic from 4/12 ML coverage
onward. The insertion energy at full coverage (12/12 ML) is not included
because the structure relaxes to a configuration with Cl in the subsurface
O vacancy, so no energy difference could be calculated. A figure of the
12/12 ML structure is shown on right.
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Cr vacancy formation after Cl insertion.—The insertion of Cl into
the second layer leads to structural changes that can result in the
formation of a Cr vacancy on the surface. An example of the structural
changes is presented for a monolayer coverage in Fig. 12a where
inserted Cl interacts directly with Cr1 in Fig. 12 pushing it upward by
0.3 Å relative to the other surface Cr atoms (labeled Cr2 in Fig. 12) not
bonded to the inserted Cl atom. Figure 12b shows a graph of the Cr
vacancy formation energy as a function of Cl coverage. At low Cl
coverage, Cr vacancy formation after Cl insertion is unfavorable, but it
becomes more favorable with increasing Cl coverage and exothermic
at full coverage. This suggests that Cr vacancies can be formed after
Cl insertion at full coverage.

Implications for the point defect and ion exchange degradation
models.—We used DFT to investigate critical steps of two common
passive layer degradation models: ion exchange model and the point
defect model on a hydroxylated α-Cr2O3(0001) surface. Both
models begin with Cl adsorption by substitution with OH and H2O

species on the surface. We found that at the lowest Cl coverages, Cl
substitution with surface H2O/OH was favorable but became less
favorable with increasing Cl coverage.

Cl insertion via ion exchange or into an oxygen vacancy (see
Figs. 1 and 4b) is an integral part of the ion exchange model. At lower
Cl coverages, Cl insertion by exchange with subsurface OH was
unfavorable while at higher Cl coverage, Cl insertion was favorable. Cl
insertion into O vacancy near the surface was thermodynamically
feasible (exothermic) except at the lowest coverage (2/12ML) and it
becomes more exothermic with increasing coverage. This suggests that
the presence of an O vacancy near the surface of the α-Cr2O3(0001)
can facilitate the insertion of Cl into the oxide even at lower coverages.
The stability of Cl in the subsurface of the film is consistent with
experimental observations of chloride inside the Cr2O3 passive films
exposed to high chloride concentration environments.15,16 This implies
that the Cl insertion step described by the ion exchange model for
α-Cr2O3 degradation would be feasible at a full Cl coverage and even
at relatively lower coverages for surfaces with oxygen vacancies. An
inserted Cl was also found to promote additional Cl insertions into O
vacancies close to the surface.

The initial stages of the point defect model were analyzed by the
Cl-induced Cr vacancy formation. In the absence of Cl, Cr vacancy
formation was very unfavorable; however, Cr vacancy formation
became more favorable with higher Cl coverage and exothermic at
the highest (⩾10/12 ML) coverages. This suggests that the critical Cr
vacancy formation step in the point defect model is thermodynami-
cally feasible at high surface Cl concentrations in good agreement
with DFT studies on Fe2O3.

29 Cr vacancy formation was also found
to be favorable at full coverage with the inserted Cl in the subsurface
(according to the ion exchange model).

This suggests that the initial stages of Cl-induced degradation of
the Cr2O3 passive layer may involve a complex combination of the
point defect and the ion exchange models which depends on Cl
coverage and the presence of O vacancies near the surface.

An O vacancy near the surface can facilitate Cl insertion into the
subsurface even at low Cl coverages (⩾4/12 ML) making the ion
exchange model the likely mechanism, while in the absence of an O
vacancy, both Cl insertion and Cr vacancy formation are en-
dothermic at low Cl coverages.

At high coverages, Cl induced Cr vacancy formation, in support of
the point defect model, becomes thermodynamically feasible at 10/
12ML and above, while the Cl insertions only becomes exothermic at
12/12ML. This suggests that at higher coverages, the Cl-induced
degradations are first activated through a vacancy formation me-
chanism but both insertion and vacancy formation would be feasible at
the full coverage. The effects of structural defects, such as step edges,
have been shown to significantly contribute to the degradation of the
passive layer59,60 but these were not considered herein.

Conclusions

DFT calculations were used to compare the thermodynamic
feasibility of critical steps in the ion exchange and point defect
models of Cl enhanced degradation of α-Cr2O3.

Both models start with Cl substitution with H2O/OH which was
found to be favorable at low Cl coverages but unfavorable at high Cl
coverages. For the ion exchange model, Cl insertion by exchange
with OH was unfavorable at low Cl coverage but favorable at full
Cl coverage, whereas insertion into a neighboring O subsurface
vacancy was exothermic except, at the lowest Cl coverage of
2/12 ML. The presence of an inserted Cl near subsurface oxygen
vacancies facilitated the insertion of additional Cl.

The Cl-induced Cr vacancy formation is unfavorable at low Cl
coverage but favorable at high Cl (⩾10/12 ML) coverage in good
agreement with the key hypothesis of the point defect model where
Cl acts as a catalyst in the degradation process by inducing the
formation of cation vacancies on the surface. With the insertion of
Cl, the Cr atom bonded to the Cl in the subsurface favored removal
from the surface only at full coverage.

Figure 10. Insertion energy for Cl inserted from the surface (green filled
circle) into a neighboring subsurface O vacancy (black dashed circle) with
pre-inserted Cl (dark-green filled circle) at different depths from the surface
(A-C) and no pre-inserted Cl (D). Figure insets schematically show the initial
and the final state of insertion. Cases with more positive insertion energy are
thermodynamically less favored.

Figure 11. Cr vacancy formation energy as a function of Cl coverage on the
substituted structure. Negative (positive) energy values correspond to
exothermic (endothermic) process.
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Our findings suggest that the initial stages of the degradation of
the hydroxylated Cr passive layer depend on Cl coverage and the
presence of O vacancy near the surface. Cl insertion (in support of
the ion exchange model) is thermodynamically feasible in the
presence of O vacancies even at low coverages but neither insertion
nor Cr vacancy formation is feasible in the absence of O vacancies at
low coverages. Cr vacancy formation (in support of the point defect
model) is first activated at higher coverages because it becomes
feasible from 10/12 ML onwards whereas Cl insertion by exchange
with subsurface OH (in support of the ion exchange model) only
becomes feasible at full coverage.
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