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Abstract

Substitution of a metal cation by Mo and its effects on vacancy formation on (0001)-oriented
chromia and hematite surfaces were studied using DFT calculations to provide atomistic
insights on the experimentally observed Mo-enhanced passivity. The substitution is favoured
energetically, resulting in Mo more enriched in the Fe-rich than in the Cr-rich oxide zones in
passive oxide films. The presence of substitutional Mo disfavours the formation of O vacancies
and favours metal vacancies, more significantly in Fe;O3 than in Cr,O3, suggesting a prevention
of passivity breakdown in chloride-rich environment and a cure of the Fe-rich weak sites of
passivity by Mo.
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1. Introduction

The corrosion resistance of many Cr-containing alloys (including Ni-based alloys [1], stainless
steels [2], and high entropy alloys [3]) relies on the nanometre-thick native or passive oxide
films naturally or electrochemically formed on the surface and protecting the substrate from
corrosive attack by the environment. These oxide films are most commonly composed of an
inner barrier layer mainly containing chromium oxide and an outer layer containing oxides and
hydroxides [1-3]. The inner barrier layer may present weak sites of corrosion protection, locally
depleted in Cr and enriched in Fe, and originating from the build-up of oxide film in the early
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stages of oxidation as revealed on stainless steel surfaces [4,5]. It is well known that the addition
of Mo in these alloys enhances the resistance to breakdown of the passive film and to the
initiation of localized corrosion, especially in aggressive Cl-containing environments. In a
recent study of the enhanced passivity of Mo-bearing multi-principal element alloys (Cr-Fe-
Co-Ni-Mo) [6,7], molybdenum oxide was found enriched mainly as Mo(VI) in the outer layer,
and as Mo(IV) concentrated at the inner/outer layer interface including where the Fe-rich weak
sites of the inner layer are exposed (Figure 1.a). It was proposed that the addition of Mo may
reinforce the protection provided by the inner barrier layer by curing these Fe-rich weak sites
of passivity [6]. However, the mechanisms for this curing effect are still not well understood.
In order to understand the detailed mechanisms, more investigations of the Mo effects are
needed, including atomistic modelling of the interaction of Mo with chromium and iron oxide
surfaces.

Simulations in the frame of quantum mechanics, such as Hartree-Fock (HF) method and density
functional theory (DFT), are powerful techniques to study materials at the atomic scale. The
energies of low-index surfaces of chromia (a-Cr,O3 phase of corundum structure) have been
calculated using HF method [8], indicating that the (0112) orientation is the most stable in
agreement with high-resolution transmission electron microscopy observation on sintered
Cr203 [9]. As for surfaces of hematite (a-Fe,Os phase also of corundum structure), a DFT+U
calculation has suggested the (0001) surface as the most stable orientation [10]. Since the
ultrathin Cr,Os oxide film grown on Cr(110) [11] and the inner barrier layers of the oxide films
formed on Cr(110) [12,13], FeCr(110) [14] and FeCrNi(100) [15] are oriented to the [0001]
direction according to the results of low-energy electron diffraction (LEED) and scanning
tunneling microscopy (STM), the (0001) surface is more of interest here.

Using M for Cr or Fe metal, the (0001) surface can be double-M-terminated (-O3M>), single-
M-terminated (-OsM), chromyl- or ferryl-terminated (-OsMO) or O-terminated (-M»0O3). The
single-M termination is the most often considered in simulations since it possesses null dipole
moment for each repeatable stacking unit (M-O3-M) according to the Tasker classification [16].
The surface phase diagrams for chromia and hematite have been calculated using surface
energies obtained from DFT calculations [17,18]. When the oxygen potential increases, the
most stable termination changes from single-M-terminated to chromyl- or ferryl-terminated,
and then to O-terminated-like (-O3Cr;O; or -O3Fe30s3) at zero oxygen potential. By using
DFT+U method, Rohrbach et al. [18] found that the O-terminated-like surfaces are strongly
disfavoured and the chromyl- or ferryl-terminated surfaces become the most stable at zero
oxygen potential. Using different exchange-correlation functionals or different Hubbard
parameters [19-21], different terminations were found favourable at zero oxygen potential,
indicating an important influence of the simulation method on the surface phase stability. In the
experiments including electron energy loss spectroscopy (EELS) and ion scattering
spectroscopy (ISS) [22], synchrotron X-Ray diffraction (SXRD) [23] and STM [11], single-M
termination was observed on the surface of chromia films grown by oxidation on Cr(110)
[11,22,23] and bulk hematite [24], while O termination were reported on the surface of hematite
film epitaxially grown on Pt(111) [25].
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On a single-M-terminated (0001) surface, the terminating metal atom can locate on three kinds
of sites. Structural rearrangement between these sites [26] and complicated configurations [23]
have been observed experimentally on chromia surfaces. To be simple, the terminating metal
atom is usually considered on the same site as in the bulk, which was suggested as the most
stable site on chromia surfaces by LEED analysis coupled with empirical potential calculations
[27]. In this configuration, a strong contraction (compared to bulk) of the interlayer distance
between terminating M and first O layer (50 ~ 63% for chromia [18,23,27,28] and 27 ~ 79%
for hematite [18,24]) is often reported from both experiments and calculations. The interlayer
distance between first O layer and second M layer was found slightly expanded (0 ~ 12%)
[18,24,27,28] except for chromia surfaces in experiments (contracted 3 ~ 20 % [23,27]).

Very few studies have addressed Mo effects on chromia and hematite surfaces [29,30]. Mo
doping has been simulated on the Fe,O; surface for studying its effect on the nitrogen reduction
reaction [29]. Regarding corrosion resistance, Ng et al. [30] have investigated Mo effects on
hydrous (0001) surfaces of chromia and hematite with an OH termination using DFT+U. It was
found that on Mo-free surfaces, the energies needed to activate the oxygen reduction reaction
are higher on the chromia than on the hematite surface, suggesting a better resistance on the
chromia surface for a corrosion reaction under cathodic control. After substitution of Cr or Fe
by Mo, the activation energies on both surfaces increase, suggesting that substitutional Mo may
reinforce the corrosion resistance by slowing down the counterpart cathodic activity.

The formation of intrinsic point defects has been well studied in bulk chromia and hematite and
recent studies have summarized the calculations performed using different techniques [31,32].
On surfaces, intrinsic point defects are also involved [33-37]. Nguyen et al. [33] have
investigated vacancies on hematite surfaces, but only in the outermost and near outermost
surface atom layers. Pang et al. [34] have reported a surface reconstruction resulting from the
creation of O single and Fe-O pair vacancies on hematite surfaces, where the outermost iron
layer previously above the outermost oxygen layer was displaced into the subsurface by
structural relaxation. It was also reported that increasing the U parameter in DFT+U study
increases the formation energies of Fe and O vacancies [34]. Regarding Mo effects on surfaces
containing intrinsic point defects, it has not yet been studied whilst the chromia-enriched inner
layer protective against corrosion is often considered to grow via the diffusion of intrinsic
defects [38].

Here we report on substitutional Mo effects on (0001)-oriented surfaces of chromia and
hematite (0-Cr.O; and o-Fe>O; phases hereafter denoted as Cr.O; and Fe,Os, respectively)
simulated by DFT+U calculations. The thermodynamic framework in which our study was
carried out is first explained, then the study of bulk materials and perfect surfaces is presented
before investigating substitution by Mo on neutral and charged surfaces. This is followed by
reporting the study of vacancy formation on Mo-free and Mo-substituted surfaces. The work
provides atomistic insights into the mechanisms by which Mo may enhance the stability of the
inner barrier layers of passive films formed on the surfaces of stainless steel and other Cr-
containing alloys.
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2. Method

2.1. Thermodynamic model

The native or passive oxide films formed on Cr-containing alloys under air or aqueous solutions,
respectively, [1-3] contain generally an inner barrier layer markedly enriched in chromium
oxide and an outer layer formed by oxides and hydroxides of chromium and other alloying
elements. Figure 1.a illustrates such a chemical duplex structure reported for the passive film
formed on a Cr-Fe-Co-Ni-Mo multi-principal element alloy [6]. To simplify the calculation of
defect formation energies, gaseous environment containing O, is considered through an
atomistic thermodynamic approach in the present study. Cr2O3 (or Fe2O3) in contact with the
environment is firstly considered before investigating more complex bilayer structures in a
further study. Figure 1.b shows the simplified model used in this study and to be compared with
the experimental one. To explain how defect formation energy is calculated in the present work,
we use Cr203 as an example. A thick Cr,O; lattice is in contact with gas that contains O on one
side (surface) and with a Cr-containing substrate alloy on the other side (interface). The atomic
planes of the oxide near surface and interface and those of the alloy near interface may deform
due to surface relaxation and crystallographic mismatch.

The effect of pressure on solid state is omitted, and the assumption of perfect gas is used so that
the free energy at different pressures can be estimated by that at the standard pressure. The
formation entropy is considered negligible with respect to formation enthalpy, and the
enthalpies at the standard pressure are approximated by energies at 0 K. With these assumptions,
defect formation energy as function of temperature and pressure can be calculated based on
DFT energies from ground state calculations.

Corrosive environment

Cr,0; on surface

Outer passive layer with
cr(m)hyd: Fe(HJHI,)ox/hyda MO(VI.)OX

Bulk Cr,0;

Inner passive layer with Cr(Ill),,, Cr,O; near interface

Modified alloy Alloy near interface

Bulk Cr-containing alloy

Bulk Cr-containing alloy

(a) model from the experiments (b) model in simulations

Figure 1. (a) Model of protective oxide films proposed from experiments on Cr-Fe-Co-Ni-Mo
multi-principal element alloys [6] and (b) model used in present simulations.
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At the alloy/oxide interface, we consider the partial dissociation of the oxide by escape of a Cr
atom into the alloy lattice for creation of a Cr vacancy in the Cr,0s lattice. The defect formation
reaction and its energy A¢E4er for Cr vacancies in the oxide at the interface can be written as:

Cr,,03,(int) = Cry,_103,(int) + Cr(int) €))

AfEgefint = ECr2n_103n(int) - ECr2nO3n(int) + ECr(int) (2)

where E is the energy (in eV) obtained by DFT calculations, n any integer, and “int” stands
for the interface parts of oxide or alloy.

If the difference of energies between interface, surface and bulk are negligible compared to the
defect formation energy, then the energies of the oxide and alloy parts near the interface can be
estimated by those of the oxide part near surface and of the bulk alloy, respectively. If the heat
of mixing of the alloy can be omitted, the energy of Cr in the alloy can be estimated by that of
pure Cr metal. With these terms easier to be calculated, Equation (2) is rewritten as:

AfEgefint = AfEqer = ECr2n_1O3n(surf) - ECr2nO3n(surf) + ECr(bulk) 3)

where “surf” refers to the surface part of the oxide.
On the oxide surface, the formation reaction of Cr,O3 between oxide lattice and O in the gas
can create 3/2 new O lattice sites for each vacant Cr lattice site in the oxide [38]. Cr vacancies

are thus created on the oxide surface according to the following reaction and related defect
formation energy:

3
CrZ(n—%)O?»(n—%) (surf) + 2 0,(gas) — Cry,_1 035 (surf) 4)

3 0
AfEdef,surf = ECan_103n(surf) - ECrz(n_1)03(n_1)(surf) - ZEOZ - ZkBT In (P_Oz) (5)
2 2

where kg is the Boltzmann constant (8.617x10° eV.K™"), T the temperature in K, Py, the
O; partial pressure in atm, and P° the standard pressure that equals to 1 atm.

We consider the formation reaction of Cr,0O3 at the standard pressure:

3
2Cr(bulk) + > 0,(gas) — Cr,05(bulk) (6)
(7)

AfHe: o, = Ecr,0,mul) — 2Ecr(buli) — EEOZ
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where AfH® is the formation enthalpy in eV.

. o . 1

If the simulated surface is thick enough to write the term E¢, ( 1)0 ( 1)(surf) +3 Ecr,04(bulk)
2(n—3 n—3

as Ecr,,0,,(surf)> then Equation (5) can be rewritten as:

1 3 P,
AtEgetsurt = AfEder + EAfH8r203 2R In (P_O2> : (8)

The same treatment of oxide dissociation or formation can be applied for the creation of O
vacancies. At the alloy/oxide interface, the reaction between oxide and alloy lattice and the
related defect formation energy for O vacancies can be written as:

: 2 :
Crz(n_%)03(n_%) (int) + §Cr(1nt) — Cry,03,_41(int) 9)
1
AtEgefint = AfEger + §AfH8r203 : (10)
where
1
AfEger = ECr2n03n_1(surf) - ECr2n03n(surf) + EEOZ . (11)

On the oxide surface, an O atom of the Cr,O; lattice could escape into the gas, leaving an O
vacancy on the surface:

1
Cr2n03p (surf) = Cryp, 03,4 (surf) + 5 0,(gas) (12)
1 Po,
BeFaotsurt = Arfaes + 5 ks T1n (52). (13)

If a Cr vacancy and a O vacancy are formed together, according to the above equations, the
formation energies of the coupled vacancies are

AtEqefint = AfEger + %AfH8r203 (14)
DeEaesurt = A + 5 AeHle,0, 3 RT I (122) (1)
where
1
AfEqef = Ecry,_10sp—q(surf) — Ecrypn0an(surd) T Ecrpui) + EEOZ . (16)
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If a thermodynamic equilibrium is established at alloy/oxide interface (i.e., no energy is
released or absorbed for the formation or dissociation of Cr,0s), the equivalent O, partial
pressure at the equilibrium Py, oq (in atm) can be defined [38] by writing the formation
enthalpy A¢H (in eV) for the reaction (6) as:

3 Po, e
— 0 Lqy _
BeHer,o, = AHEr,o, — S keTIn (—2%) = 0. (17)
When the O, partial pressure in the gas is as low as the equivalent value at the equilibrium, the
defect formation energies on the surface and at the interface are equivalent (AfEgefsyrf =

A¢Egefint)-

For substitution at the interface of a metal cation by a foreign atom (e.g., Mo), the same
treatment as used to obtain Equation (3) from Equation (2) can be applied to write the
substitution reaction and energy as:

Cr,,03,(int) + Mo(int) = Cry,_;M003,(int) + Cr(int) (18)

AfEdef,int = ECr2n_1MoO3n(surf) - ECr2nO3n(surf) + ECr(bulk) - EMo(bulk) . (19)

The above treatment was also used for vacancy formation on surfaces containing substitutional
atoms and for substitution on surfaces containing vacancies. The same was done for Fe,O;
surfaces as for Cr,Os surfaces.

2.2. Calculation details

According to the above formalism, the energies of oxide surfaces with and without Mo and
those of pure metals (Cr, Fe and Mo) and oxygen gas are needed to estimate the defect formation
energies. The calculated oxide formation enthalpies which could be deduced from the DFT
energies of bulk oxides, metals and oxygen gas were used rather than experimental values in
order to reduce the systematic errors.

In this study, ground state calculations were performed within the frame of DFT using the
Vienna ab initio simulation package (VASP) [39]. Several versions of VASP from 5.3.3 to 5.4.4
were tested and all of them gave nearly the same energy (difference smaller than 10 ¢V) when
simulating bulk Cr,O3 (30 atoms) with experimental structure [40]. The Perdew-Burke-
Ernzerhof (PBE) functional using generalized gradient approximation (GGA) [41] was selected
as the exchange-correlation functional. The projector-augmented wave (PAW) method [42] was
used for treating the pseudopotentials. The projection was done in real space with fully
automatic optimization of projection operators unless for calculations of gaseous phase, since
it is recommended for large system. For O, the suggested standard version of pseudopotential



Author preprint published in Corrosion Science
https://doi.org/10.1016/j.corsci.2023.111543

was chosen. For Cr, Fe and Mo, the 3p semi-core states were treated as valence states in the
pseudopotential to obtain higher precision. The overall cutoff energy was set at 520 eV, which
corresponds to 1.3 time the highest cutoff energy in the pseudopotentials. Electronic loops were
stopped when the difference of energies between two successive iterations was lower than 10
eV. The default settings were kept for the other parameters which are not involved here.

The DFT+U method using the approach of Dudarev et al. [43] was implemented to take into
account the strong electronic correlation when calculating localized electronic state such as
transition metal oxides. For calculations of metals with delocalized electronic states, the
DFT+U method was also used to avoid the systematic error occurring when subtracting a DFT
(without U) energy from a DFT+U energy [44]. A discussion of this part is given in the appendix.
The parameter J for the effective on-site exchange interactions was always 1 eV. For Cr- and
Fe-d electrons, the parameter U for the effective on-site Coulomb interactions was 5 eV as
suggested by Rohrbach et al. [18]. For Mo-d electrons, the parameter U was chosen to be 6 eV
so as to obtain good predictions of the electronic properties according to Ding et al. [45]. The
one-centre PAW charge densities were passed through the charge density mixer up to a I-
quantum number of 4, as recommended for DFT+U calculations treating d-electrons in order
to converge to the ground state more rapidly.

Calculations were performed with collinear spin-polarized configurations for magnetic states.
For oxides, no initial magnetic moment was distributed for O since no magnetic moment is
measured on O in Cr,0;3 and Fe;O3 [46,47]. For oxygen gas, the initial magnetic moment of O
was set to 2 up. For oxides and metals, the initial magnetic moments of 4 and 5 ug were
distributed for Cr and Fe atoms, respectively, which are slightly higher than their final
magnetizations in Cr20O3 and Fe,Os.

For structure optimizations, the recommended conjugate gradient algorithm was used. During
bulk optimizations, the atom positions, cell shape and cell dimensions were relaxed keeping the
symmetry of structure fixed, while during surface optimizations, only the atom positions were
relaxed. Ionic loops were stopped when the norm of all forces was lower than 102 eV.A™!, in
which case the difference of energies between two successive iterations was generally lower
than 10* eV. The orbital partial occupancies were treated with the recommended Gaussian
smearing method. The width of smearing was set to 0.1 eV since lower smearing width does
not bring significant changes to the energy (< 10 eV) according to a test using bulk Cr,Os.
According to test results, 3x3x1 and 11x11x11 k-point grids were used for calculations of bulk
oxides and metals, respectively. To calculate gases, a cell size of 10 A with 1 k-point was
sufficient.

In order to generate (0001)-oriented surface cell with single-Cr (or -Fe) termination where the
terminating metal atoms are in the bulk site position, oxide slabs were created by inserting
vacuum with a thickness at least 25 A in [0001] direction at equidistance of two O layers. A
larger vacuum thickness does not significantly change the energy (about 102 eV) according to
a preliminary test. Symmetric (containing 40 and 160 atoms for 1x1 and 2x2 cells, respectively)
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and asymmetric slab structures (containing 30 and 120 atoms for 1x1 and 2x2 cells,
respectively) were both used in this study. The dipole correction [48] was used for calculations
of asymmetric structures in which the bottom surfaces were frozen and the top surfaces were
relaxed. According to a test performed with 1x1 Cr,O3(0001) surface cell, the dipole correction
brings a considerable change of energies of about 0.01 eV for asymmetric structures, but a
negligible influence for symmetric structures (~10¢ eV). The formation of defects (vacancies
and substitutional atoms) was investigated on both surfaces of symmetric structures but only
on the top relaxed surface of asymmetric structures. For calculations of bulk and 1x1 (0001)
surface cells of Cr,0; and Fe,0s, a 3x3x1 k-point grid was used and for calculations of 2x2
(0001) surface cells, a 2x2x1 k-point grid was enough.

Bader charge analysis [49] requires high quality charge density. Compared with the above
parameters used for structure optimizations, a denser grid for fast Fourier transformations, a
denser k-point grid and another smearing method (tetrahedron method with Bléchl corrections)
were tested but yielded the same Bader charges for bulk Cr,Os. In consequence, the charge
density generated during structure optimizations was used for Bader charge analysis.

3. Results and discussion

3.1. Bulk materials

Both Cr203 and Fe;O; have the corundum structure in which the O atoms form a hexagonal
close packed lattice with 2/3 of the O octahedral sites occupied by Cr or Fe atoms [46,47]. The
hexagonal unit cells simulated in this study contained 30 atoms. Figure 2 shows the optimized
bulk structures of Cr,O3; and Fe;Os. The calculated lattice parameters and oxide formation
energies were in good agreement with experimental values as shown by Table S1 and Table S2
in the supporting information (SI).

Cr20; is antiferromagnetic with spins on Cr atoms with commensurate magnetic moment and
111] order along the [0001] direction [50] if the temperature is below 318 K [51] (Néel
temperature); otherwise, it is paramagnetic. The Néel temperature of Fe,Os is about 966 K [52],
below which the spins on Fe atoms are perpendicular to the [0001] direction. This configuration
could be decomposed into two ferromagnetic sublattices coupled antiferromagnetically,
resulting in a small net moment. When the temperature is cooled down to about 260 K [53]
(Morin temperature), a reorientation of spins along the [0001] direction with a deviation of
about 10° occurs, with a loss of net magnetic moment. In the present work, Fe.O3; bulk
structures were tested with different spin orientations ([0001], [1000] and [1200]) in collinear
spin-polarized calculations, resulting in a difference of energy of only 10 eV. Consequently,
the direction of spins for Fe,O3 was set to [0001] direction like for Cr,O3 in order to simplify
the calculations. The different spin configurations of optimized bulk antiferromagnetic Cr.O;
and Fe>O; are shown in Figure 2. The magnetic moments of Cr and Fe in such structures are
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3.0 and 4.2 us, respectively, close to the experimental values in the literature (2.7 [46] and 4.2
[47] us, respectively).

[1000] direction

[0001] direction

Figure 2. Optimized bulk structures of Cr,O3; and Fe,Os. O atoms are in red, spin up Cr and Fe
atoms in blue, and spin down Cr and Fe atoms in light grey or white. Cell contour is marked
by a black line.

In bulk Cr,03 and Fe;Os, both metal atoms (Cr and Fe) have a Bader charge of about +1.8 e
and O atoms have a Bader charge of about -1.2 e where e is the elementary charge. The formal
charges in these oxides are supposed to be +3 e for the metal atoms and -2 e for O. Thus, a ratio
about 0.6 between Bader and formal charges is found for these corundum structures, close to
the ratio of 0.56 found in another DFT study for Cr,O3 [54]. The conversion ratio of 0.6 is

systematically used in the following.

3.2. Perfect surfaces

Here we are interested in the (0001) surfaces of Cr,O3 and Fe,O3 with single-M termination,
where the terminating metal atoms are in their bulk site positions. Two kinds of slab structures
were used for simulation: (i) symmetric slabs with both top and bottom surfaces relaxed, which
requires more calculation resources, and (ii) asymmetric slabs with unrelaxed bottom surface
and relaxed top surface, which requires dipole correction [48] not available for calculations of
charged slabs. Both slab structures gave the same surface energy and relaxation if the slab
model was thick enough. As shown in Figure 2, the bulk hexagonal cell could be considered as
a structure piling up 6 M-O3-M unit layers. For symmetric slabs, a thickness of 8 unit layers
(40 atoms in total for a 1x1 slab) was enough for surface relaxation. All unit layers were relaxed
here and even the 2 unit layers nearest to the symmetric centre (one above and one below) could
be frozen without affecting the surface relaxation. For asymmetric slabs, 4 unit layers on top
were relaxed and 2 unit layers at the bottom were frozen (30 atoms in total for a 1x1 slab). Both
complete slab structures are shown in Figure S1 while Figure 3 enlarges the relaxed Cr,O3 and

10
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Fe,O3 (0001)-oriented surface cells with the denomination of atomic layers used hereafter.
Except for the terminating layers of Cr and Fe (Crl and Fel, respectively), “up” and “dn” are
used to indicate the metal atoms closer to surface and bulk, respectively, in the same metal atom
layer. To reduce the main text, surface energy (Table S3) and relaxation (Table S4) are presented
in SI.

Cr,0; surface Fe,0; surface

[1000] direction

., CrorFeatom with spin up
[0001] direction Cr or Fe atom with spin down
O atom

Figure 3. Optimized (0001) surface cells of Cr,O; and Fe;Os. O atoms are in red, spin up Cr
and Fe atoms in blue, and spin down Cr and Fe atoms in light grey or white. Cell contour is
marked by black line.

The formation of Cr,Os3 and Fe,O3; (0001)-oriented surfaces reduces the coordination number
of Cr and Fe from 6 (in bulk) to 3 (in terminating layer), which influences the charge distribution.
Figure 4 shows the change of Bader and formal charge for the atoms involved by the surface
formation. Compared to bulk, only the outermost atomic layers are affected by surface effects
for both Cr;03 and Fe;O;. The formal charges decrease about 0.2 e and 0.25 e for “Crl” and
“Fel” atoms, respectively, and increase about 0.1 e for “O1” atoms. The evolution of formal
charge on the other atoms is not significant (< 0.1 e). In experiments, Cr*" was reported on the
surface of (111)-oriented Cr20; films grown on (110) Cr by EELS and X-Ray photoelectron
spectroscopy (XPS) [55]. However, it was re-assigned to Cr** in a later article [26] based on
the results of ab initio calculations. In an ab initio embedded cluster calculation [56], Mulliken
charges of Cr and O were found to be +3 e and -2 e in bulk Cr,O3 and +2 e and -1.67 e in the
topmost layers, respectively, resulting in a variation of -1 e and +0.33 e. But in another
calculation using HF method [28], the variation of Mulliken charge on terminating Cr atoms
surface was found to be -0.188 ¢, close to our calculations. The partial reduction of formal
charge of about -0.2 e calculated in the present work for terminating metal atoms is then

considered reasonable.

11
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Figure 4. Bader and formal charges of Cr,O3; and Fe,O3 (0001) surfaces relative to bulk
values. Each point represents an atomic layer whose nature is indicated by the background
image of the perfect Cr,Os surface according to the [0001] coordinate. O atoms are in red and
metal atoms in grey.

3.3. Substitutional Mo effects

In order to introduce Mo, a metal atom M (representing Cr or Fe) was replaced by a Mo atom.
One site is substituted on each relaxed surface cells on 1x1 and 2x2 slabs for Cr,O; and Fe;Os.
Simulations are first performed on neutral surfaces to study the substitution energy and then on
surfaces positively charged in order to investigate the oxidation state of substitutional Mo. The
latter correspond to electrochemical passivated interfaces under anodic polarization.

3.3.1. Neutral surfaces

Different substitutional sites from the “M1” site in the terminating layer to the “M3dn” site in
the third metal layer (Figure 3) were tested on neutral surfaces. The substitutional Mo could
have the same or inverse spin orientation as the substituted metal atom. According to a test with
the 1x1 Cr,03(0001) surface cell, the substitution of Cr by a Mo atom with the same spin
orientation was found to be energetically more favourable than substitution with opposite spin
orientation, whatever the substitution site. The calculations were then performed with the “same
spin” configuration. Mo substitution did not visibly influence the surface structures after
relaxation.

Figure 5 shows the Mo substitution energies obtained on the different tested sites, whose
positions are illustrated in Figure 3. No significant difference of energies was found between
1x1 and 2x2 surface cells for Cr,O; and Fe>O;. Mo substitution was found to be always
exothermic which appears consistent with experiments that report Mo enrichment in native and
passive films formed on Mo-containing substrate alloys, including in the Cr-rich inner oxide
layer [1-3]. Noteworthy is the result that Mo substitution is always more energetically favoured
on the Fe,Os surface than that on the Cr,O3 surface. This supports the hypothesis that Mo could
stabilize the Fe-rich (Cr depleted) weak sites of protection present in the inner layer by
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preferentially substituting Fe as previously proposed [6].

When the substitution site changes from “M1” to “M2up”, a decrease of energy is observed for
Fe,Os but not for Cr,0s. The most favoured site for Mo substitution is the “M2dn” site on both
Cr,0; and Fe,0s surfaces, which corresponds to the lower metal atom on the 2" metal layer
from the surface. This result is consistent with a study of dopants in Fe>O; [35] that conclude
that small dopants (< 1.7 A) with valences higher than Fe, which is the case for Mo, tend to be
located on the subsurface rather than on the topmost surface. For unrelaxed substitution on the
relaxed 1x1 Cr,Oj; surface (i.e. same coordinates between substitutional Mo and substituted Cr),
“Cr2dn” is still the most favoured site. However, for unrelaxed substitution on the unrelaxed
1x1 Cr;03 surface (i.e. same coordinates between the atoms on the surface and those in the
bulk), the most favoured site becomes the “Crl” site, which corresponds to the terminating
metal atom. This comparison suggests that the surface relaxation, that decreases the interlayer
spacing between terminating metal layer and 1% oxygen layer (see SI), stabilizes the substituted
terminating metal layer. Substitution by Mo on the most favourable “M2dn” site was also tested
with different surface sizes from 1x1 to 3%3 in order to simulate the effect of concentration, but
as shown by Figure S2 in SI, the concentration effect is negligible (difference of energies about
0.05 eV) compared to the effect of substitution site.
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Figure 5. Mo substitution energy from terminating “M1” site in the topmost layer to “M3dn”
site in the 3™ metal layer calculated with 1x1 and 2x2 Cr,0; and Fe>O5 (0001) surface cells.

Figure 6 shows the changes of Bader and formal charges caused by Mo substitution on the most
favourable site “M2dn” calculated with 2x2 surface cells. The variation of charge is mainly
located on the substitutional Mo atom and is negligible for the other atoms. Compared with the
charges of the substituted metal atoms, the charges on substitutional Mo are slightly higher
(about +0.25 e in formal charge). Since the increase of formal charge is much smaller than 1,
the substitutional Mo atoms on the neutral Cr,O; and Fe;Os surfaces can still be considered as
in +3 oxidation state, i.e., carrying approximately the same charge as the substituted metal

atoms.
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Figure 6. Bader and formal charges of Mo-subtituted Cr.O3; and Fe,O3 (0001) surfaces relative
to the Mo-free surfaces calculated with 2x2 surface cells. Each point represents an atomic
layer whose nature is indicated by the background image of the perfect Cr,O3 surface
according to the [0001] coordinate. O atoms are in red and metal atoms in grey. Formal
charges are converted from the Bader charges using the ratio of 0.6.

3.3.2. Charged surfaces

In this part, we consider Mo effects on surfaces positively charged by removal of electrons
(addition of positive charge) from the simulated systems, corresponding to electrochemical
passivated interfaces under anodic polarization. This allows us to investigate if the
substitutional Mo could be in an oxidation state higher than +3 found on neutral surfaces.
Symmetric slabs were used to avoid using dipole corrections. On the symmetric slab with 2x2
surface cell, there are two inequivalent configurations for substitution by one Mo on each
surface. Both yielded the same energy according to a test on the neutral Fe;Os3 slab. Therefore,
they are not distinguished in the following discussion.

The most favourable sites for substitutional Mo were expected to be the same as on neutral
surfaces, which was verified by a test with the 1x1 Cr,O3 symmetric slab with 2 added charges.
One added charge was localized on each surface and mainly on the substitutional Mo no matter
where it substitutes.

Calculations of charged slabs under periodic conditions include the electrostatic interaction
between the charged surfaces and their periodic images [57] and their energies cannot be
compared directly if the charge distributions are not identical. Thus, we only compare here the
Bader charges between the simulated surfaces with different added charges.

Figure 7 shows the changes of Bader and formal charges on Mo-substituted surfaces induced
by the addition of positive charge. Added charges are mostly localized on the substitutional Mo
atom. In order to estimate the oxidation state, the charges of the substitutional Mo and
substituted Cr (or Fe) on perfect surfaces are compiled in Table 1. On the Mo-substituted Cr,O;
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surface, the 1% added charge is mainly localized on the substitutional Mo (about +0.6 e in formal
charge), resulting a total formal charge of +3.8 e. The 2™ and 3™ added charges are no more
localized on the substitutional Mo, but mainly delocalized on the near-surface Cr and O atoms.
Mo can then be considered in near +4 oxidation state on all charged surfaces. On the Mo-
substituted Fe,O; surface, the behaviour of the first two added charges is like on the Cr,O3
surface, while the 3™ added charge is again partially localized on the substitutional Mo (about
+0.7 e in formal charge), indicating a higher oxidation state (near +5) of Mo in this case. The
comparison between the two surfaces shows that substitutional Mo can localize more charge
on Fe;O3 than on Cr,03 surfaces.
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Figure 7. Bader and formal charges of Mo-substituted (a) Cr,O3 and (b) Fe>O3 (0001) charged
surfaces relative to the Mo-substituted neutral surfaces. Each point represents an atomic layer
whose nature is indicated by the background image of the perfect Cr,Os surface according to
the [0001] coordinate. O atoms are in red and metal atoms in grey. Formal charges are
converted from the Bader charges using the ratio of 0.6.

Table 1. Charges (in ¢) on the substituted Cr or Fe atom and substitutional Mo on neutral and
charged Cr,O3 and Fe,O3 (0001) surfaces.
Added charge Cr03 Fe,O3
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per surface cell Bader Formal Bader Formal

Substituted atom +0 +1.8 +3.0 +1.8 +3.0
Substitutional Mo +0 +1.9 +3.2 +1.9 +3.2
+1 +2.3 +3.8 +2.3 +3.8
+2 +2.3 +3.8 +2.3 +3.9
+3 +2.3 +3.8 +2.7 +4.6

To summarize this section, substitution of Cr or Fe by Mo is exothermic on both perfect surfaces
and more favoured on Fe>O; than on Cr,O;. The most favoured location of Mo is the “M2dn”
site for both. Mo takes the same oxidation degree as the parent metal cation, i.e., +3, unless the
system is positively charged. In this case, the 1% positive added charge is mainly localized on
the Mo atom, yielding an oxidation state approaching +4. With increasingly positive charging,
the Mo oxidation state still increases to between +4 and +6 on Fe,Os, but not on Cr,0:s.

These results suggest that, in the inner oxide layer of a native or passive film in which Cr-rich
and Fe-rich oxide zones co-exist:

i) Mo location in a Fe-rich zone is more favoured thermodynamically,

i) Mo is +3 oxidation state in a non-charged environment and approaches +4 in an
electron-depleted environment (corresponding to an anodically polarized interface),

iii) Mo can be further oxidized into an intermediate state between +4 and +6 in the Fe-
rich oxide zones of anodically-formed passive film, but not in the Cr-rich oxide

Zzones.

3.4. Vacancy formation

In this section, we discuss first the formation of vacancies on neutral Mo-free surfaces. Three
types of vacancies were investigated in the present work: Cr(Fe) single vacancies, O single
vacancies and Cr(Fe)-O pair vacancies. The vacancies were created on each relaxed surface of
1x1 and 2x2 slabs for Cr203; and Fe;Os. Secondly, the formation of vacancies was studied on
Mo-substituted surfaces, which allows us to investigate the effects of Mo on vacancy formation
in the oxide. In the simulations, the substitutional Mo was always placed in the most preferable
“M2dn” site according to the previous section.

3.4.1. Mo-free surfaces

For metal atom vacancies, different vacancy sites from terminal “M1” site to sub-surface
“M3dn” site of the Cr»O;3 and Fe>Oj3 surfaces were tested. Figure 8 shows the calculated vacancy
formation energies for the different tested sites.
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On the Mo-free Cr,O; surface (Figure 8.a), the most favourable sites to create a Cr vacancy are
the “Cr2up” sites followed by the “Cr1” sites according to the test with the 2x2 surface cell.
The test with the 1x1 surface cell gives a different result: the most favourable site being the
“Crl” site followed by the “Cr2up” site. This disagreement may be due to the remarkable
difference of defect concentrations between 1x1 and 2x2 surface cells since one defect was
created per surface cell. Indeed, the creation of a Cr vacancy on the “Cr1” site of the 1x1 surface
cell completely removes the terminating Cr layer forming an O-terminated surface, which is
not the case with the 2x2 surface cell. Another effect comes from structural relaxation. In some
cases, reconstruction of the surface structure was observed. Figure 9 shows the first four
terminating layers (“Cr1”, “O1”, “Cr2up” and “Cr2dn”) of the relaxed Mo-free 2x2 Cr;O3
surface cell with a Cr vacancy on “Cr2up” site. Some “Crl” atoms (the three “Crl” atoms
nearest to the created vacancy and marked in yellow in Figure 9) are displaced through the “O1”
layer into the “Cr2” layer, occupying the octahedral sites of the oxygen sub-lattice initially
unoccupied by Cr as seen in Figure 3. Such local rearrangement of the atomic stacking along
the [0001] direction (from -Cr-Os3-Cr to -Cr-Cr-O3) was also observed when creating “Cr2dn”
vacancies in the 2x2 surface cell, as shown by Figure S3 in SI, but not for the other sites of Cr
vacancies and neither with the 1x1 surface cell. This may be a hint to explain the difference of
energy profiles obtained with 1x1 and 2x2 surface cells (Figure 8.a).

On the Mo-free Fe,O; surface (Figure 8.a), both the tests performed with 1x1 and 2x2 surface
cells suggest that the most favourable sites to create Fe vacancies are the “Fe3up” sites followed
by the “Fel” sites. Compared to Mo-free Cr,O3 surfaces where atomic rearrangement occurred
only when creating “M2up” and “M2dn” vacancies, atomic rearrangement of the Mo-free Fe,Os
surfaces was observed not only for vacancies on these sites, but also for vacancies created in
the deeper sites of the 3™ metal layer as shown in SI (Figure S4). This rearrangement
phenomenon may also contribute to decrease the vacancy formation energies for these deep
sites, resulting in “Fe3up” site becoming more favoured than the “Fe2up” site for vacancy

formation in contrast with Mo-free Cr,Os surfaces.
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Figure 8. Defect formation energies A¢E40¢ of metal atom vacancies on different sites of
Cr,0; and Fe;O3 (0001) surfaces (a) without and (b) with substitutional Mo as calculated with
1x1 and 2%2 surface cells and using Equation (3).

Top view in [0001] direction Side view in [1000] direction

“Cr1” atom below “O1” layer

@ Cr1” atom above “O1” layer

O Cr vacancy on “Cr2up” site
@ Cr2up” atom
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Figure 9. Top and side views of the local rearrangement of the Mo-free Cr,O3 (0001) surface
structure with a “Cr2up” vacancy observed with a 2x2 surface cell.

Figure 10 shows the O vacancy formation energies obtained on different sites from 1 O layer
(“O1” sites) to sub-surface O layers (“O2” and “O3” sites). 1x1 and 2x2 surface cells were
tested but little effect of cell size was found, unlike for metal atom vacancies. As a result, only
the results obtained with 2x2 surface cells are presented here.

The “O1” sites are the most favorable sites on Mo-free Cr.O; and Fe;Os surfaces. The surface
reconstruction leading local rearrangement of atomic stacking, in which the “Fel” atom is
displaced into the “Fe2” layers to stay in the initially unoccupied Fe sites, is observed when
creating “O1” or “O3” vacancies on Fe;O3 surfaces, as shown by Figure S5 in SI, but no surface

reconstruction occurs on Cnr0s surfaces.
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Figure 10. Defect formation energy A¢E4er of 0xygen vacancies on different sites of Cr,O3
and Fe;O; (0001) surfaces without and with substitutional Mo as calculated with 2x2 surface
cells and using Equation (11).

The formation of a metal atom vacancy and an O vacancy nearby (called coupled vacancies
here) was also investigated. Since the “Cr1” (“Fel”) sites were found to be nearly always the
most favorable, a Cr (Fe) vacancy was created on these sites of the 2x2 Cr,O3 (Fe,O3) surfaces
and an O vacancy was created nearby as coupled vacancy on the “O1” sites, which were also
found to be nearly always the most favorable sites for O vacancy formation on both Cr,O3 and
Fe,Os surfaces. With the existing metal atom vacancy, there are 4 inequivalent “O1” sites to
create the O vacancy whose distances to the metal atom vacancy are different. The site closest
to the metal atom vacancy was selected here to investigate the formation of couple vacancies.
Indeed, according to tests performed on Mo-free Cr,Os and Fe,Os surfaces, the “O1” site closest
to the metal atom vacancy on the “Cr1” or “Fel” site was found the most favorable site to create
the coupled vacancies. The defect formation energies are shown by Table S5 in SI and will be
further discussed on Mo-substituted surfaces.

3.4.2. Mo-substituted surfaces

Vacancy sites at the same depth should be equivalent for the Mo-free 2x2 surface cell, but the
substitutional Mo breaks this symmetry. In this study, only the site the closest to the
substitutional Mo was investigated among the vacancy sites at the same depth since the effect
of Mo is of interest here.

After substitution by Mo on Cr;03 surfaces on the most favoured “Cr2dn” sites, the most
favourable sites for the formation of Cr vacancies become the “Cr1” sites rather than the “Cr2up”
sites on the Mo-free surface, indicating that substitutional Mo destabilizes the “Cr1” atoms
(Figure 8(b)). A slight repulsion of the “Cr1” atom occurred if the surface was Mo-substituted,
which also shows destabilization by the substitutional Mo. Surface reconstruction was observed
only for the defective surface with vacancies on “Cr2” atomic layer, like on Mo-free surfaces.

The energy profiles for 1x1 and 2x2 surface cells show the same trend for the Mo-substituted
Cr0s surfaces (Figure 8(b)). However, for the Mo-substituted Fe,O; surfaces, the most
favourable sites to create Fe vacancies were found different with 1x1 and 2x2 surface cells still
due to the local rearrangement of the atomic stacking. With 2x2 surface cells, the rearrangement
was observed except for the defective surface with “Fel” vacancies, like on Mo-free surfaces.
The most favourable sites are also the “Fe3up” sites like on Mo-free surfaces. However, with
1x1 surface cells, the rearrangement was not observed when creating the “Fe3up” vacancies,
resulting in vacancy formation energy increasing continuously with sub-surface depth.

For O vacancies, the substitutional Mo on Cr203 surfaces does not influence significantly the
energy profile (Figure 10). On Mo-substituted Fe,O; surfaces, the “O1” and “O2” vacancies,
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which are closer to the substitutional Mo atoms than the “O3” vacancies, become less stable
than those on Mo-free surfaces. As a result, the most favorable sites to create O vacancies
become the “O3” sites closely followed by the “O1” sites. No new surface reconstruction is
observed on Mo-substituted surfaces compared to Mo-free surfaces.

The effect of defect concentration was investigated with slab cells of different sizes and
containing one vacancy per relaxed surface. Figure 11 compares the defect formation energies
for single and coupled vacancies calculated with 1x1, 2x2 and 3x3 Cr,0s surface cells. Energies
do not vary when surface size increases beyond 2x2. Considering that larger surface cells
consume more calculation resources, the 2x2 surface cell was considered large enough to
simulate dilute defects. Substitutional Mo shows a significant effect on the Cr isolated
vacancies but not on O isolated vacancies nor Cr-O coupled vacancies.
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Figure 11. Defect formation energies A¢Eqqr of isolated Cr or O and coupled Cr-O vacancies
calculated on Mo-free and Mo-substituted Cr,O3 (0001) surfaces of different cell sizes. Cr
vacancies are on “Crl” sites and O vacancies on “O1” sites. Formation energies of Cr, O and
coupled vacancies were calculated using Equations (3), (11) and (16), respectively.

Figure 12 shows the vacancy formation energies A¢Eqefsyrs as function of oxygen partial
pressure at room temperature (25 °C). The calculated oxide formation energies shown in Table
S5 were used to calculate the defect formation energies A¢Egefsyre and the equivalent oxygen
partial pressures at the equilibrium of formation/dissociation of the oxides. At the
thermodynamic equilibrium, O vacancies are expected to be more favourable at low oxygen
partial pressure and metal atom vacancies at high oxygen partial pressure [58]. This trend is
confirmed in Figure 12 and the coupled metal atom and O vacancies are always less favourable
whatever the oxygen partial pressure.
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With substitutional Mo, the formation energy of metal atom vacancies becomes lower (-0.57
eV change for Cr vacancies on “Crl” sites and -1.36 eV for Fe vacancies on “Fel” sites),
indicating that the presence of Mo on the oxide surface is in favour of the formation of metal
atom vacancies. The trend is opposite for O vacancies (+0.07 eV on Cr,O3 and +0.43 eV on
Fe,O3; on “O17” sites) and for coupled vacancies (+0.16 eV on Cr,O3 and +0.63 eV on Fe,03)
but with smaller amplitude. The effect of Mo is more pronounced on the Fe,O; than on the
Cr,0s3 surface.
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Figure 12. Defect formation energy A¢Egefsyrf Of vacancies as a function of O, partial
pressure (O chemical potential) for (a) Cr.O3 and (b) Fe,O3 (0001) surfaces without and with
substitutional Mo. Vacancies are on their most stable sites.

The above content shows the energetical influence of substitutional Mo on vacancy formation.
Reversely, Table 2 shows the same trend for the variation of energy for substitution by Mo on
“M2dn” sites resulting from the presence of vacancies. Compared to the values for perfect
surfaces, the presence of metal atom vacancies favours substitution by Mo on “M2dn” sites. In
contrast, O vacancies and coupled vacancies disfavour basically substitution by Mo. The effect

is more pronounced on Fe,O3 than on Cr203 surfaces.

Table 2. Energy of substitution by Mo on “M2dn” sites on defective surfaces relative to
perfect surfaces. Values on Cr,O3 and Fe,Os perfect surfaces are -0.80 and -1.78 eV,
respectively.

Site  CrOs  Fe O3

Metal atom vacancy M1  -0.56 -1.37
M2up -0.06 -1.78

M3up -0.72 -1.19

M3dn -0.63 -1.21

Oxygen vacancy o1 0.08 043
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02 -0.01 0.18
03 0.02 0.01
Coupled vacancies 0.16 0.63

The formation of neutral vacancies by removing atoms releases charges that can re-localize on
the neighbour atoms. Figure 13 shows the changes of charges on Mo-substituted surfaces
resulting from vacancy formation. For metal atom vacancies, the charges released by the
removal of cation are localized not only on the substitutional Mo but also on the Cr (Fe) and O
atoms and the values are comparable. In contrast, the localization of added charges on the Cr
(Fe) and O atoms was tiny relative to that on substitutional Mo on the vacancy-free surfaces
(Figure 7). The formation of oxygen and coupled vacancies affects basically the charges of Cr
(Fe) and O atoms, but not substitutional Mo.

In order to estimate the oxidation state of the substitutional Mo atom, Table 3 compiles the
charges of the substitutional Mo and the substituted Cr on perfect surfaces. According to the
charge analysis of neutral perfect surfaces, substitutional Mo is supposed to have a charge state
(Mo*") similar to that of the substituted metal atom. Three positive charges will be released if a
Cr (Fe) atom is missing, which may form a Mo®* state. However, the charges localized on the
substitutional Mo on Cr,Oj surface (+3.7 e in formal charge) suggest that substitutional Mo on
surfaces containing Cr vacancies is near a Mo*" state. This is consistent with the experimental
observation in which Mo observed in the surface oxide film near the inner Cr-rich layer is
present as Mo** rather than Mo™ [6].

When a single metal atom vacancy is created, leaving three positive charges, more released
charges are re-localized on Mo on Fe;O3 (+1.0 e in formal charge) than on Cr;0; (+0.5 e in
formal charge) surfaces. A similar result was also obtained on vacancy-free charged surfaces
(+0.6 e on Mo on Cr20; and +1.4 e on Fe;Os in formal charge), indicating that it is easier to
transfer the valence electron of Mo to Fe in Fe;O3 than to Cr in Cr20s. This is consistent with
Allen electronegativity (in Pauling units) defined according to valence electron energies,
showing that Fe (1.80) is more electronegative than Cr (1.65) and Mo (1.47) [59,60]. The formal
charge on Mo is +0.5 e higher on Fe;O;3 than on Cr.0Os for defective surfaces. Since Mo on
Cr0; defective surfaces can be considered as in Mo*" state, one can expect that Mo on Fe;Os
surfaces is in intermediate state between Mo*" and Mo®", even if the formal charge (+4.2 ¢) on
Mo on Fe;0s surface is not much higher than +4. Since the oxidation state of Mo can be
expected higher than +4 on both vacancy-free charged and vacancy-containing neutral surfaces
Fe,0s, the intermediate oxidation state between Mo*" and Mo®" observed experimentally [6]
may be considered as an indicator of the presence of Mo-substituted Fe-rich local zones in the
inner barrier layer of the oxide film (which mostly consists of Cr oxide).

In the study of Larsson et al. for passive films on Ni-Cr-Mo alloys [61], Mo*" and Mo®* detected
at relatively low potential could be oxidized into Mo®" at more anodic polarization condition.

However, it is also reported in the article that Mo®" species may be present as MoO3, mixed
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with Cr(OH); and Ni(OH); in an amorphous hydrous network, which is not the crystal structure
simulated in our DFT calculations. This may explain why the Mo®" state is not found in the

present work.
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Figure 13. Bader and formal charges of Mo-substituted (a) Cr,O; and (b) Fe>O3 (0001)
defective surfaces relative to the Mo-substituted vacancy-free surfaces. Each point represents
an atomic layer whose nature is indicated by the background image of the perfect Cr20s3
surface according to the [0001] coordinate. O atoms are in red and metal atoms in grey.
Formal charges are converted from the Bader charges using the ratio of 0.6.

Table 3. Bader and formal charges (in e) on substituted Cr (Fe) atom and substitutional Mo
atom on vacancy-free and vacancy-containing surfaces. Vacancies are on their most stable

sites.
Vacancy site Cr,03 Fe,Os
Bader Formal Bader  Formal
Substituted Cr (Fe) atom Vacancy-free +1.8 +3.0 +1.8 +3.0
Substitutional Mo Vacancy-free +1.9 +3.2 +1.9 +3.2
Crl/Fe3up +2.2 +3.7 +2.5 +4.2
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01/03 +1.7 +2.9 +1.9 +3.2
Coupled +1.9 +3.1 +1.9 +3.2

3.5. Implications for passivity

The results of the present work provide insights into the possible mechanism of the enhanced
resistance to passivity breakdown and initiation of localized corrosion experimentally observed
with Mo-containing stainless steels and other alloys [1-3]. If both Fe-rich and Cr-rich oxide
zones coexist on passivated alloys as a result of the local inhomogeneity of the Cr supply in the
very first stages of formation of the protective oxide film [4,5], the present work, showing that
the energy of substitution by Mo is lower on Fe,Os than on Cr,Os surfaces, suggests that Mo
may be locally more enriched in the Fe-rich oxide zones than in the Cr-rich oxide zones. This
has implications for the Fe-rich oxide zones, which are the weak sites of protection against
corrosive attack, including in the presence of chloride ions.

Obviously, the systems considered here are model systems (corundum structures) and Mo was
considered in substitution of Cr and Fe in their crystalline position, whereas other structures
and Mo locations could be possible (O sites, unoccupied sites). Mixed oxides could as well as
combination of cation and anion vacancies could also be considered. Nonetheless, despite the
(over) simplifications of the present models, our results support the hypothesis that Mo heals
the Fe rich zones.

Our results suggest that Mo has a negative effect on oxygen vacancy formation and a positive
effect on metal atom vacancy formation. The decrease of donor density (which include oxygen
vacancies) was indeed reported in the past by Jang and Kwon [62] on passive films on Fe-Cr-
Ni and Fe-Cr-Ni-Mo alloys by means of Mott Schottky plots. Our results also partially agree
with those of Montemor et al. [63] on heat-formed oxide film on 304 and 316 SS, who found
that the presence of Mo decreases the density of acceptors and donors in p-type Cr- and n-type
Fe-rich oxide layers, respectively. If intrinsic vacancies are the main defects, the acceptors and
donors in p-type Cr- and n-type Fe-rich oxide layers will be Cr vacancies and oxygen vacancies,
respectively. These experimental results seem to be coherent with the negative effect of Mo on
oxygen vacancy formation and incoherent with the positive effect on metal atom vacancy
formation as concluded in this work. However, the Mott-Schottky plots analyze the entire
passive films often containing several kinds of impure oxides and hydroxides in complex multi-
layer structures. Comparisons with Mott Schottky plots which give a global measurement on

the passive films must be taken with caution.

According to the “point defect model” [64,65] and the generalized model [66] which also
considers vacancies, metal cations dissolve in the solution at oxide/solution interface, leaving
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metal atom vacancies in the oxide. Since substitution by Mo decreases the formation energy of
Fe vacancies more significantly than that of Cr vacancies as shown in the present work, one
can expect the selective dissolution of Fe to be accelerated, and thus the replacement of iron
oxide by more stable Mo-substituted chromium oxide to be promoted in the oxide film. This
replacement mechanism of accelerated selective dissolution would thus contribute to curing the
Fe-rich weak sites of passivity.

CI" can penetrate in passive oxide films and induce breakdown [67]. It is reported that the
presence of O vacancies in Cr,Oz favours the penetration of Cl° from the surface to the
subsurface [36]. The present study suggests that substitution by Mo disfavours the formation
of O vacancies in Cr,O3 and more effectively in Fe,Os. This implies that substitutional Mo in
passive films could prevent passivity breakdown in chloride-rich environment by reinforcing
the Fe-rich weak sites of protection against chloride penetration.

4. Conclusion

Substitution of a metal cation by Mo and its effects on vacancy formation were investigated on
(0001)-oriented chromia and hematite surfaces by quantum modelling in order to gain atomistic
insight on the enhanced passivity, experimentally observed on Mo-bearing stainless steels and
other alloys. The results obtained with DFT+U calculations show that, on neutral and vacancy-
free surfaces, substitution by Mo is always exothermic and more favoured energetically on
Fe,Os than on Cr,O; surfaces. The charge on the substitutional Mo is only a little higher than
that on the substituted metal atom so that the substitutional Mo can be considered as in +3
oxidation state. The 1°* added charge on the Mo-substituted surface is mainly localized on the
substitutional Mo which can be considered as in +4 oxidation state. The 2" added charge is
delocalized but the 3™ added charge is again localized on the substitutional Mo reaching an
intermediate state between +4 and +6. The localization of the 3™ added charge on the
substitutional Mo is only observed on Fe;Os.

The presence of substitutional Mo favours the formation of metal atom vacancies, but
disfavours that of O vacancies or Cr(Fe)-O coupled vacancies. The Mo effect on vacancy
formation is more pronounced on Fe;O3 than on Cr;0O3 surfaces. When a metal atom vacancy
is created, the released charges localize on the substitutional Mo. More charge is localized on
Mo on Fe;O3 than on Cr,03 defective surfaces, with the substitutional Mo reaching an oxidation
state between +4 and +6 on Fe,O; and only +4 on Cr,0s.

The energy of substitution by Mo, lower on Fe,Os than on Cr,O; surfaces, suggests that Mo
may be locally more enriched in the Fe-rich than in the Cr-rich oxide zones of the barrier layer
of the passive film, and thus could cure the Fe-rich weak sites of the passive film, thus
enhancing the corrosion resistance. Since substitution by Mo decreases the formation energy of
Fe vacancies more significantly than that of Cr vacancies, the selective dissolution of Fe may
be accelerated, resulting in the replacement of iron oxide by more stable Mo-substituted
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chromium oxide in the passive film. The effect of substitutional Mo on the formation of O
vacancies, more disfavoured on Fe;O; than on Cr,Os, implies that Mo could also enhance the
corrosion resistance of the passive film in chloride-containing environment by counteracting
CI ions penetration via O vacancies.
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Appendix: Energies of chemical references

The energy of the metal is needed as the reference value when creating a defect in its oxide.
While the oxide is in localized state that should be calculated in DFT+U method, the metal is
in delocalized state that should be calculated without the U effect and systematic error occurs
if we subtract the DFT (without U) energy of metal from the DFT+U energy of oxide [44]. The
following lists several ways to avoid this situation and their corresponding limits:

1. We can calculate the energy of oxygen gas in DFT and deduce the energy of the metal from
the energy of the oxide and the experimental formation energy of the oxide. Oxygen in
triplet state is simulated in this case, which is found more stable than in singlet state for O,
as predicted by experiments [68]. However, the bond energy of dioxygen obtained by DFT
calculations is not correct (1.5 eV different from the experimental value [69]) due to the
incorrect prediction of the self-interaction effect [70], indicating that the energy of oxygen
is not so reliable.

2. We can calculate the energy of metal in DFT+U calculations using the same U parameter
as for its oxide. This is the chosen method in the present work. Cr, Fe and Mo metals all
have the bce structure which cubic unit cell contains only 2 atoms. Cr metal is reported in
spin density wave (SDW) state but here it is approximated by the antiferromagnetic (AFM)
state observed in the literature [71]. Fe and Mo metals are in ferromagnetic (FM) and
paramagnetic (approximated by nonmagnetic, NM) states, respectively. All these magnetic
states are confirmed by the DFT calculations as the most stable states. However, the
atomization energies of metal (shown in Table S6) become incorrect if the metals are
calculated in DFT+U.

3. We can use a fitted value for the energy of metal. In this method, several oxides of one
metal will be simulated. By using the experimental oxide formation energy, the energy of
metal can be fitted with or without fixing the energy of dioxygen. Cr, Fe and Mo have been
investigated with this method [72] using different U parameters. New fitting was carried
out for this study. Cr,O; and CrO,, FeO and Fe,O;, and MoO, and MoOs were used for
fitting the energies of Cr, Fe and Mo, respectively. Simulation of oxides was globally
successful, except that the calculated DOS type of FeO was found metallic while FeO
should be a semi-conductor [73]. Table S7 shows the calculation details of the oxides. With
or without using a fixed dioxygen energy with a correction of 1.36 eV [44], the difference
of fitted energies of metal could attain 1.8 eV (Table S8).
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