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Abstract 

Hydrous Cr2O3 and Fe2O3 surfaces without and with substitutional molybdenum were simulated 

by DFT modelling to investigate at the atomic scale the role of Mo in improving the corrosion 

resistance of passive films on stainless steels. The surface structures most energetically 

favoured were determined in the conditions of interest. For surfaces with a high degree of 

hydroxylation, the preferential location of substitutional Mo is just under the hydroxyl groups, 

in agreement with the experimental observations. The substitution by Mo is exothermic and Mo 

preferentially substitutes in Fe- than in Cr-rich zone of the inner barrier layer of passive films. 
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1. Introduction 

Passive films formed on the surface provide excellent corrosion resistance for stainless steels 

[1] and other Cr-containing stainless alloys [2,3]. These nanometre-thick films are commonly 

composed of an inner Cr-rich oxide layer and an outer layer containing oxides and hydroxides 

[1–3]. On stainless steel, some weak sites of corrosion protection, where Fe is locally enriched 

instead of Cr, have been shown to form in the inner layer at the nanometre scale owing to the 

failure of the local supply of Cr upon initial growth of the oxide film [4,5]. On Mo-bearing 

multi-principal element alloys (Cr-Fe-Co-Ni-Mo) of higher Mo content than stainless steel,  
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which show enhanced passivity in concentrated Cl-containing environments [6,7], Mo(IV) and 

more positive Mo(IV+) species were observed concentrated at the interface between inner and 

outer layers and in the inner layer, respectively, suggesting that the Fe-rich weak sites of 

corrosion protection could be cured by the presence of Mo. This hypothesis was reinforced by 

density functional theory (DFT) modelling of the substitution of a metal cation by Mo, and its 

effects on charge localization and vacancy formation performed on (0001)-oriented chromia 

and hematite surfaces [8]. Substitution by Mo was found always exothermic and more favoured 

energetically on Fe2O3 than on Cr2O3 surfaces with substitutional Mo carrying more positive 

charge in the hematite than in the chromia defective matrix, suggesting that Mo may be 

preferentially more enriched as Mo(IV+) in the Fe-rich than in the Cr-rich oxide zones in 

passive films. The presence of substitutional Mo was found to disfavour O vacancies and favour 

metal cation vacancies, more significantly in Fe2O3 than in Cr2O3, indicating that the Cl 

penetration via O vacancies could be limited and that the replacement of Fe by Cr by local 

selective dissolution of the Fe-rich weak sites could be promoted. These data were 

comprehensively discussed to unravel the multiple effects that molybdenum might have at the 

nanometre and atomic scales to enhance the stability of passive films in chloride-containing 

environment [9]. In the present study, we further developed and completed the DFT approach 

by considering hydrated chromium and iron oxide surfaces, to model the presence of the outer 

hydroxide layer of the passive film and to understand in more details the stabilizing effects of 

Mo on the passivity of stainless steels and other alloys. 

Chromia and hematite 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, so the four-

digit Miller index notation is used for oxide films. The (0001) surfaces of chromia and hematite 

are of interest here since the inner layers of the oxide films formed on many alloys with cubic 

crystal structures (body-centred cubic Cr(110) [10,11] and FeCr(110) [12] and face-centred 

cubic FeCrNi(100) [13]) are oriented to the [0001] direction according to experimental analyses. 

Anhydrous (0001) surfaces can be double-M-terminated (-O3-M2), single-M-terminated (-O3-

M) or O-terminated (-M2O3), with M for Cr or Fe atom. Experiments suggested single-M 

termination for the surfaces of chromia oxide films on Cr(110) [14–16] and bulk hematite [17], 

while the surface of hematite film epitaxially grown on Pt(111) was reported to be O-terminated 

[18]. Different theoretical surface phase diagrams have been calculated for chromia and 

hematite using the surface free energies obtained from DFT calculations [19–23]. 

Experimentally, hydrous (0001)-oriented surfaces of α-Cr2O3 grown on α-Al2O3 were 

characterized by temperature programmed desorption (TPD) after water exposure [24], finding 

that about two H2O (1.2 × 1015 molecule.cm-2) were adsorbed for each outermost Cr atom (4.8 

× 1014 atom.cm-2 on ideal single-Cr-terminated surface). High resolution electron energy-loss 

spectroscopy (HREELS) and X-ray photoelectron spectroscopy (XPS) [24] suggested that for 

the two adsorbed H2O, one was dissociated and the other was molecular, both with a surface 

coverage of about 4.6 × 1014 molecule.cm-2. However, the surface structure beneath the 

water/hydroxyl monolayer was supposed to be single-Cr-terminated as on anhydrous surface, 

which might not be the case in ultrathin oxide film supported on a Cr-containing metal. In a 
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recent study with surface X-ray diffraction (SXRD) [25], it was reported that the (0001) surface 

of single crystalline bulk Cr2O3 had a termination near -Cr-Cr0.74-O1.11-Cr0.26-Cr0.10 in UHV 

condition with very low water exposure. At high water exposure near 100% humidity, each 

terminating Cr was found associated with an O atom from OH or H2O, and the optimal surface 

structure that fitted the SXRD data was very complex (similar to -Cr-Cr0.70-O1.3-Cr0.28-Cr0.08 

beneath the water/hydroxyl monolayer). Double-Cr terminated surfaces were considered here 

but the content of the terminating Cr atom seemed too small (0.08) to consider its existence. 

According to XPS analysis on Cr2O3 epitaxially grown on Cr(110) [26], the terminating OH 

groups (1.6 × 1015 atom.cm-2) and the underneath Cr atoms (1.9 × 1015 atom.cm-2) had very high 

coverages (note that the density is 1.5 × 1015 atom.cm-2 for O plane in the bulk) on surfaces 

after high water exposure. However, in a well-defined Cr2O3 matrix where Cr occupies 2/3 of 

the octahedral sites of O HCP lattice, the maximal Cr surface concentration cannot exceed that 

of O. Further, scanning tunnelling microscopy (STM) analysis on epitaxial Cr2O3 films [26] 

indicated that the surface was roughened after water exposure. On the passive films 

electrochemically formed on Cr(110) [11], STM observation suggested that the surface was 

stepped, terminated by a monolayer of hydroxyl or hydroxide groups. 

On (0001)-oriented surfaces of monocrystalline α-Fe2O3, H2O adsorbed dissociatively has been 

observed for water exposure above 103 L according to Ultraviolet Photoemission Spectroscopy 

(UPS) [27]. In a study using XPS, hydroxyl groups were also detected before molecular H2O 

when increasing relative humidity starting from UHV conditions [28]. On the acid-etched 

surface of native hematite, STM observations and analysis show evidence of the coexistence of 

Fe- and (bare or protonated) O-terminations [29]. In another work, the characterization by 

Crystal Truncation Rod (CTR) on such kind of hydrous surface revealed a structure of -O3-

Fe0.4-O1.2 where O can be protonated [30]. Combining with DFT calculations, two kinds of 

hydroxylated surface structures were suggested: single-Fe termination with full dissociative 

adsorption (-(OH)3Fe(OH)3) and O-termination with full proton adsorption (-O3-Fe2-(OH)3). 

Theoretically, water adsorption on (0001)-oriented Cr2O3 was investigated by quantum 

chemical calculations on the single-Cr-terminated surface with the terminating Cr on different 

surface sites [31]. Dissociative adsorption on the terminating Cr at its bulk position was the 

most stable configuration for adsorbing one single H2O molecule. Adsorption on the same 

surface structure had been studied by Costa et al. using DFT calculations [32,33]. The energies 

of molecular and dissociative adsorption were very close for adsorbing 1 H2O per terminating 

Cr. Complementary ab initio molecular dynamic simulations at 300 K showed that proton could 

transfer easily between the water molecule and the outermost O atoms with a low activation 

energy of water dissociation (12 kJ.mol-1). For 2 H2O per terminating Cr, both adsorbed H2O 

should be dissociated. In addition, the 3rd adsorbed H2O was molecular. The phase diagram of 

different surfaces was computed based on the obtained DFT energies, suggesting that the 

surface with 3 H2O per terminating Cr was favoured in air at room temperature. Water 

adsorption on single-M-terminating surfaces was also simulated by Souvi et al. for both Cr2O3 

and Fe2O3 [21,22] but different results were obtained: the first H2O molecule was adsorbed 

dissociatively while the second and the third was adsorbed without water dissociation. In the 
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same work, adsorption on a special O-terminated Cr2O3 surface (-Cr2O3/2) was also considered 

and the fully hydroxylated surface (-Cr2(OH)3) was found to be the most stable for water partial 

pressure lower than 3 bars at room temperature. The latter structure is equivalent to an O-

terminated surface with full hydrogen adsorption or a double-Cr-terminated surface with full 

hydroxyl radical adsorption (or homolytic dissociative water adsorption). Such hydroxyl 

adsorption was also considered in the studies for hydrous Fe2O3 surfaces [34–37]. In a recent 

study using ab initio molecular dynamics to simulate Fe2O3 slab in liquid water under external 

electric field [38], it was found that H+ ion from dissociative water adsorbed at an interface 

transferred in liquid water along the field direction to accumulate at another interface, 

suggesting the possibility of hydrogen or hydroxyl adsorption on surfaces during some 

electrochemical process. 

On hydrous chromia and hematite surfaces with double-M termination under the OH monolayer 

(-M2(OH)3), Ng et al. [39] have investigated the oxygen reduction reaction on the oxide surfaces 

which played the role of cathodes for the anodic dissolution of metal in localized corrosion. It 

was reported that the activation energy, higher on the chromia than on the hematite surface, 

increased after substitution of Cr or Fe by Mo, suggesting that the substitutional Mo reinforced 

the corrosion resistance by slowing down the cathodic activity. To better understand the Mo 

effects on the reinforcement of corrosion resistance, more studies on hydrous surfaces are 

needed. 

In the present work, we performed DFT+U calculations to investigate the Mo effects on (0001)-

oriented surfaces of chromia (α-Cr2O3) and hematite (α-Fe2O3), hereafter denoted as Cr2O3 and 

Fe2O3, respectively. Anhydrous and hydrous surfaces without Mo were studied at first, followed 

by the investigation on the substitution by Mo on hydrous surfaces. The analysis of energies 

and charges provides atomistic insight into the properties of Mo-enhanced passive films formed 

on the surfaces of stainless steel and other Cr-containing alloys. 

2. Method 

As introduced above, passive oxide films formed on Cr-containing alloys [1–3] have a bilayer 

structure with 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 [9]. In our previous work [8], a simplified model 

considering anhydrous Cr2O3 surfaces, was used to investigate Mo effects. In the present work, 

hydroxyl groups were added on the surfaces to form hydrous surfaces. Figure 1(b) shows the 

model with hydroxyl groups of full coverage, resulting in a monolayer of hydroxide of 

chromium that can be used to simulate the duplex experimental structures. Fe2O3, which has 

the same corundum structure as Cr2O3, has also been investigated in order to compare with 

Cr2O3. To explain concisely the calculation details, we use Cr2O3 as an example and give the 

relevant details for Fe2O3 in supporting information (SI).  
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Figure 1. (a) Model of passive films formed on Cr-containing alloys proposed from 

experiments on Cr-Fe-Co-Ni-Mo multi-principal element alloys [9] and (b) model used in 

present simulations for Cr2O3. 

Hexagonal unit cell (30 atoms) of bulk Cr2O3 with an atomic stacking …-Cr-O3-Cr-… in [0001] 

direction was used as a starting point to generate slabs. Figure 2 shows the three slabs used in 

the present work. Vacuum with a thickness of at least 25 Å was inserted at equidistance of two 

consecutive Cr half-layers to generate a single-Cr-terminated (0001)-oriented symmetric slab 

which contained 6 -Cr-O3-Cr- monolayers. Before surface relaxation, all atoms were in their 

bulk positions and the slab had symmetric unrelaxed single-Cr-terminated surfaces both at the 

top and bottom of the slab, allowing us to deduce the energy of the unrelaxed surface. During 

surface relaxation, 4 monolayers from the top of the slab were relaxed while 2 monolayers from 

the bottom were frozen. The numbers of relaxed and frozen monolayers, determined in our 

previous work [8], were large enough to avoid the influence of the bottom unrelaxed surface on 

the top surface. After relaxation, the slab became asymmetric with relaxed and unrelaxed single-

Cr-terminated surfaces at the top and bottom, respectively (Figure 2(a)). 

Single-Cr-terminated surfaces can transform to double-Cr-terminated surfaces (assembling two 

terminating Cr on one surface and releasing three O) and then to O-terminated surfaces 

(adsorbing three O). To construct double-Cr-terminated surfaces, one Cr atom was added 

initially in the bulk position both on the top and at the bottom of the single-Cr-terminated slab. 

Figure 2(b) shows the relaxed structure. For O-terminated surfaces, when three O atoms were 

added in the bulk positions both on the top and at the bottom of the double-Cr-terminated slab, 

the electronic cycle could not well converge for calculating the energy of the unrelaxed slab. 

Thus, O atoms were added only on the top of the double-Cr-terminated slab. After relaxation, 

the slab had a relaxed O-terminated surface on the top and an unrelaxed double-Cr-terminated 

surfaces at the bottom (Figure 2(c)). The energy of the latter surface is already known from the 

calculation of the former slab (Figure 2(b)). For these slab structures, the dipole correction [40] 

in [0001] direction was used to avoid the influence of asymmetry on the energy calculations. 
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The corrected surface energies are the same as those calculated from totally symmetric slabs 

containing 8 -Cr-O3-Cr- monolayers and costing more calculation resources, validating the use 

of asymmetric slab structures. In the following, the slabs shown in Figure 2 were considered as 

1 × 1 unit cells. 

The surfaces of Fe2O3 have the same crystallographic structures as Cr2O3. The only difference 

comes from the ordering of spins. The relaxed anhydrous surfaces of Fe2O3 are shown in Figure 

S1. 

 

Figure 2. Side views of (0001)-oriented Cr2O3 slabs with (a) single-Cr, (b) double-Cr and (c) 

O terminations on the top relaxed surfaces. 

In aqueous solution, H+ or OH- from dissociated H2O can accumulate on polarized surfaces, as 

discussed in the Introduction section for Fe2O3 polarized by external electric field [38], to form 

hydroxylated surfaces. In an electrochemical process, one can consider that the hydroxyl groups 

from water adsorbed dissociatively remain on the electrode surface, while the protons are 

released to the solution, as on the surface polarized by applied external field [38], and the 

excessive charge is evacuated, forming hydrogen gas on the counter electrode and releasing 

neutral OH on the surface. 

To construct hydroxylated surfaces, neutral hydroxyl groups were added on bare relaxed single- 

or double-Cr-terminated surface models. Before relaxation, H atoms were placed vertically 

above (in the [0001] direction) the O atoms that were in the bulk position of O in Cr2O3. The 

structure of the double-Cr-terminated surface fully hydroxylated by hydroxyls (-O3-Cr2-(OH)3) 

is then equivalent to that of the O-terminated surface fully hydroxylated by hydrogen. The 
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single- and double-Cr-terminated hydrous surface structures will be shown further in the next 

section.  

The fully hydroxylated surfaces (-O3-Cr2-(OH)3) contain 3 OH on each 1 × 1 unit cell, 

corresponding to a surface concentration of 1.4 × 1019 m-2. Reducing the number of OH can 

simulate the cases of lower coverages and the lowest coverage studied in the present work 

corresponds to one single OH group added on a 2 × 2 supercell. We adopt the following 

nomenclature (Mμ; k OH;  OH/M), where μ is the number of terminating metal atoms in the 1 

× 1 unit cell (μ = 1 for single-M-terminated and μ = 2 for double-M-terminated), k the number 

of OH per unit cell (k = 0.25 for 1 OH in a 2 × 2 supercell, k = 1, 2, 3 respectively for 1, 2 and 

3 OH groups in a 1 × 1 unit cell or in each subcell of a 2 × 2 supercell), and  the ratio between 

added OH and terminating metal atoms that bear the OH groups. For example, (M2; 0.25 OH, 

0.125 OH/M) refers to the double-M-terminated surface with one OH on each 2 × 2 supercell, 

bridging two terminating metal atoms and with an overall coverage of OH/M = 0.125. 

Generally, to add hydroxyl groups on surfaces, the H atoms are placed vertically above the O 

atoms before relaxation (i.e., O-H bonds initially along the [0001] direction) but move after 

relaxation, forming angles between the O-H bonds (called tilted bonds) and the [0001] direction. 

In the special cases of adding one hydroxyl group on the single-Cr-terminated 1 × 1 unit cell 

(M1; 1 OH; 1 OH/M) or 2 × 2 supercell (M1; 0.25 OH; 0.25 OH/M), the O and H atoms can be 

placed vertically above the terminating Cr atom (i.e., Cr-O and O-H bonds parallel to the [0001] 

direction), forming a Cr-O-H bond normal to the (0001) surface even after surface relaxation. 

Both configurations are shown in SI (Figure S2). In the present work, both configurations with 

tilted and normal O-H bonds on single-Cr-terminated surfaces were systematically investigated, 

and it was found that the structures with tilted bonds are always energetically more favoured 

than those with normal bonds, even with the presence of substitutional Mo. Thus, only the 

configuration with tilted O-H bonds will be presented in the following. 

The slabs simulated in this work have frozen anhydrous surfaces at the bottom (as shown in 

Figure 2) and relaxed surfaces on the top with different terminations. The hydroxylation is 

simulated only on the relaxed top surfaces. With k hydroxyl groups added per unit cell, the 

chemical formula of the unit cell can be expressed as Cr2𝑛O3(𝑛+𝑚) ∙ 𝑘OH (n = 6 and m = 0 for 

single-Cr termination, n = 7 and m = -1 for double-Cr termination and n = 7 and m = 0 for O 

termination on the top relaxed surfaces for 1×1 unit cells). The cleavage of bulk Cr2O3 creates 

two anhydrous surfaces for each slab and the top surface is hydroxylated by O and H atoms 

from the environment. To be able to compare directly the stability of surfaces of different 

terminations, the free energy of relaxed top surfaces 𝛾top can be calculated as 

𝛾top =
1

𝐴
[𝐸Cr2𝑛O3(𝑛+𝑚)∙𝑘OH(slab) − 𝑛𝐸Cr2O3(bulk) − (3𝑚 + 𝑘)𝜇O − 𝑘𝜇H] − 𝛾bot (1) 

where 𝐴 is the unit cell area of the (0001)-oriented slab, the second and third terms the DFT 

energies of optimized slab and of bulk Cr2O3, respectively, and 𝜇O  and 𝜇H  the chemical 
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potentials of O and H, respectively. 𝛾bot, the free energy of the frozen bottom surface, can be 

calculated using the DFT energy of unoptimized anhydrous slabs: 

𝛾bot =
1

2𝐴
[𝐸Cr2𝑛O3(𝑛+𝑚)(slab,unopt) − 𝑛𝐸Cr2O3(bulk) − 3𝑚𝜇O]. (2) 

The most stable surface structure has the lowest surface free energy. The difference of energies 

between an anhydrous surface and a hydrous surface gives the energy necessary to hydroxylate 

the anhydrous surface. The chemical potentials used in Equations (1) and (2) can be expressed 

depending on the environments where the hydroxylation occurs (i.e. depending on the 

references we choose for the adsorbed O and H atoms). Three possible choices are discussed in 

Appendix A, and we will investigate the surfaces in these environments. 

To study the effects of Mo, one cation in the 1 × 1 unit cell or four cations at the same site of 

the same plane in the 2 × 2 supercell were replaced by Mo. This allowed us to simulate 

substitutional Mo at high surface concentration, noted as 1 Mo per unit cell. The substitution is 

performed only on the top surfaces of slabs since the bottom surfaces are frozen. Different sites 

of cations from the surface to the bulk (shown in Figure 2) can be substituted by Mo. One cation 

in the 2 × 2 supercell was replaced by Mo to simulate Mo at low surface concentration, noted 

as 0.25 Mo per unit cell. Adding 1 ~ 3 OH per unit cell was then simulated with 1 × 1 unit cell 

for hydrous surfaces without or with 1 Mo per unit cell, and with 2 × 2 supercell for surfaces 

with 0.25 Mo per unit cell (with the same numbers and initial configurations of OH in each sub-

cell). 

For a slab with s substitutional Mo per unit cell, the chemical formula per unit cell can be 

written as Cr2𝑛−sMosO3(𝑛+𝑚) ∙ 𝑘OH. The chemical potentials of Cr and Mo are approximated 

by the DFT energies of the corresponding pure metals 𝐸Cr(bulk) and 𝐸Mo(bulk), respectively. 

The energy of substitution of one metal cation by one Mo 𝐸sub  can be calculated by the 

following expression: 

𝐸sub =
1

𝑠
(𝐸Cr2𝑛−𝑠Mo𝑠O3(𝑛+𝑚)∙𝑘OH(slab) − 𝐸Cr2𝑛O3(𝑛+𝑚)∙𝑘OH(slab) + 𝑠𝐸Cr(bulk)

− 𝑠𝐸Mo(bulk)). 

(3) 

Fe2O3 surfaces were treated in the same way as Cr2O3 surfaces. The vibrational entropy and 

zero-point energy contributions to the free energy of surface formation and cation substitution 

were omitted, so the energies of slabs and bulk involved in the above equations were 

approximated by the DFT energies. Most of the calculation details were presented in our 

previous work [8], for structures without H. For H, the standard version of pseudopotential was 

chosen, and no initial magnetic moment was distributed to H when calculating hydrous oxide 

surfaces. 
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Bader charge analysis [44] was performed to investigate the charge state of atoms. As shown in 

our previous work [8], Cr (Fe) in bulk Cr2O3 (Fe2O3) had a Bader charge of +1.8 e and O a 

Bader charge of -1.2 e, indicating a ratio of 0.6 between Bader charges and formal charges. This 

ratio was used in the present work to convert Bader charges to formal charges.  

All considered models and optimized structures were built and visualized using the Modelview 

visualization software developed by B. Diawara [45]. 

3. Results and discussion 

3.1. Surfaces without Mo 

In this section, anhydrous surfaces are presented first, followed by hydrous surfaces to identify 

the most stable surface structure in the conditions of interest. 

3.1.1. Anhydrous surfaces 

Three types of anhydrous surface terminations (shown in Figure 2) were simulated in the 

present work. They can transform between them by adsorbing/releasing O from/to the 

environment. Figure 3 shows the surface free energy for Cr2O3 surfaces as a function of oxygen 

chemical potential. Since only anhydrous surfaces are investigated in this section, the oxygen 

chemical potential can be expressed for dry gaseous environment using Equation (4). The 

anhydrous surface cannot be double-Cr-terminated without dissociation of Cr2O3 into Cr, as 

indicated by the vertical green dashed line in Figure 3. The O potential at which the dissociation 

occurs is determined from the experimental value of the formation free energy of Cr2O3 [41]. 

Based on Equation (1), the free energy of the O-terminated surface is lower than that of the 

single-Cr-terminated surface at high oxygen partial pressures. The intersection point is similar 

to that calculated by Rohrbach et al. [20]. In air (vertical pink dashed line in Figure 3), the free 

energy of the O-terminated surface, lower than that of the single-Cr-terminated surface, 

suggests that Cr2O3 films in dry air may have O termination. 

For Fe2O3, the single-Fe-terminated surface is always the most stable between the O chemical 

potential limits for oxide dissociation and air. The surface free energies are shown in SI (Figure 

S3). 
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Figure 3. Surface free energies of different (0001)-oriented anhydrous Cr2O3 surface 

terminations. 

Figure 4 shows the charges on the atoms for Cr2O3 surfaces with different terminations relative 

to charges in the bulk. For the single-Cr-terminated surface, the decrease of charge due to 

surface formation is negligible (maximum decrease of 0.2 e in formal charge for the terminating 

Cr), suggesting that the terminating Cr is still in +3 oxidation state. For the double-Cr-

terminated surface, the decrease of formal charge is 1.8 e for the “Cr1up” and 0.8 e for “Cr1dn” 

atoms, indicating that the Cr atoms terminating the surface are in about +1 and +2 oxidation 

states, respectively. For the O-terminated surface, the formal charges of the terminating O and 

the “Cr1up” on subsurface increase by 0.7 and 0.5 e, respectively. In this case, one can roughly 

consider that the terminating O is in near -1 oxidation state and the underneath “Cr1up” atom 

in near +3 oxidation state. In bulk Cr2O3, the stable oxidation states should be +3 for Cr and -2 

for O. It suggests that for the double-Cr- and O-terminated surfaces, the electrons localized on 

the terminating Cr and O atoms are in excess and in depletion, respectively, compared to the 

atoms in their stable oxidation states. 

The double-Cr- and O-terminated surfaces were simulated by considering chemical 

stoichiometric (Figure 2.b)) and non-stoichiometric slabs (Figure 2(c)), respectively, that both 

contain an unrelaxed double-Cr-terminated surface at the bottom. We found that the charge 

distributions are the same for both unrelaxed surfaces of the slabs, suggesting that the charge 

variations on the double- and O-terminated surfaces were not an artefact from the slab models. 
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Calculations with symmetric slab models that contain both relaxed surfaces on the top and at 

the bottom yields the same surface energies and charge distributions. Interaction between the 

surfaces on both sides of slabs was not observed since the variation of charges on the subsurface 

near bulk zone was negligible. Thus, the charge changes on the terminating atoms may only 

come from their reduced coordination. 

Fe2O3 surfaces yielded similar charge distributions as Cr2O3, which are shown in SI (Figure S4). 

 
Figure 4. Bader and formal charges relative to bulk for anhydrous (0001)-oriented Cr2O3 

surfaces with different terminations. Each point represents an atomic layer whose nature is 

indicated by the background image of the perfect surface according to the [0001] coordinate. 

O atoms are in red and metal atoms in grey and blue. 

3.1.2. Hydrous surfaces 

Single-M- and double-M-terminated surfaces hydroxylated by hydroxyls are investigated in 

this section. The O-terminated surface fully hydroxylated by hydrogen is equivalent to double-

Cr-terminated surface fully hydroxylated by hydroxyls in terms of surface structure. Different 

configurations denoted by (Mμ; k OH;  OH/M) as defined in the Methods section are discussed 

hereafter.  

Figure 5 and Figure 6 show the structures of hydroxylated single- and double-Cr-terminated 

surfaces, respectively. On the single-Cr-terminated (M1; 0.25 OH; 0.25 OH/M) and (M1; 1 OH; 

1 OH/M) surfaces with a low degree of hydroxylation, the O atom of the OH groups, initially 

in the bulk position of O in Cr2O3, moved above the terminating Cr after surface relaxation, 

while on the double-Cr-terminated (M2; 0.25 OH; 0.125 OH/M) and (M2; 1 OH; 0.5 OH/M) 

surfaces they stayed in the initial position of O in Cr2O3. On the surfaces with a high degree of 

hydroxylation (2 ~ 3 OH), the hydroxyl groups form H-bond networks, zig zag or circular, on 

both single- and double-Cr-terminated surfaces as shown by green rectangles and circles in the 

top views of Figure 5 and Figure 6). 

The structures of hydrous Fe2O3 surfaces are similar to those of Cr2O3, except for the double-

Fe-terminated (M2; 0.25 OH; 0.125 OH/M) surface with a low degree of hydroxylation on 
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which an O atom on the surface moves toward the terminating Fe atomic plane. The detailed 

structure is shown in SI (Figure S5). 

 

Figure 5. Top and side views of hydrous (0001)-oriented single-Cr-terminated (M1; k OH; k 

OH/M) Cr2O3 surfaces. 

 

Figure 6. Top and side views of hydrous (0001)-oriented double-Cr-terminated (M2; k OH; 

k/2 OH/M) Cr2O3 surfaces. 

To study the surface stability in different environments (temperature, partial pressures, 

hydroxylation in solution, etc.), the most stable surface with the lowest energy was determined 
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at different O and H chemical potentials. Figure 7(a) shows the resulting phase diagram of 

Cr2O3 at 25 °C. In gaseous environment, the H potential is proportional to the H2O potential 

according to Equation (6). In air at 25 °C (horizontal red dashed line in Figure 7(a)), the free 

energies of O-terminated bare surface, single-Cr-terminated surface with a low degree of 

hydroxylation (M1; 1 OH; 1 OH/M) and fully hydroxylated double-Cr-terminated surface (M2; 

3 OH; 1.5 OH/M) are the lowest at relatively low, intermediate (sufficient to hydroxylate the 

surfaces) and high H2O partial pressure, respectively. In extremely humid environments like in 

water-saturated gases (intersection point of the black and red lines in Figure 7(a)), the Cr2O3 

surface will be fully hydroxylated and double-Cr-terminated. In the cases where the surface is 

hydroxylated in solution (by liquid water and dissolved oxygen or by electrochemical process, 

shown by the black dashed line in Figure 7(a)), it also will be always fully hydroxylated with 

double-Cr-termination between the O potential limits. The free energies of hydroxylated 

surfaces in the case of electrochemical process at pH = 0 and 25 °C are shown in SI (Figure S6). 

Figure 7(b) shows the surface stability diagram for Fe2O3. The most stable surface is also fully 

hydroxylated double-M-terminated surfaces (-O3-Fe2-(OH)3) in the oxidant zone, whereas the 

surface will release one OH in relatively reductive conditions to become -O3-Fe2-(OH)2. The 

surface free energies are shown in SI (Figure S7). 

This surface stability study suggests that immersing Cr2O3 from dry air into aqueous solutions 

at room temperature will transform the surface from O-terminated anhydrous state (-Cr2-O3) to 

fully hydroxylated state (-O3-Cr2-(OH)3), while immersing Fe2O3 will hydroxylate the single-

Fe-terminated anhydrous surface state (-O3-Fe) to (-O3-Fe2-(OH)2) or (-O3-Fe2-(OH)3) surface 

state. Both formation mechanisms are different from direct adsorption of neutral hydroxyl on 

double-M-terminated surfaces, but the final structures are the same. 



 

14 

Figure 7. Phase diagram at 25 °C for anhydrous and hydrous (0001)-oriented (a) Cr2O3 and 

(b) Fe2O3 surfaces. Termination and number of added hydroxyl groups are indicated. The red, 

black and green lines represent the environments in air, in water-saturated gas or aqueous 

solutions and at Cr/Cr2O3 equilibrium, respectively. 

Figure 8 shows the changes of charges on Cr2O3 surfaces resulting from the addition of OH 

groups. The charges are relative to the bare surfaces except for adsorbed OH groups for which 

full charges are shown. The formal charges of O and H in OH groups are basically -2 and +1 e, 

indicating that each neutral added OH group releases one positive charge on Cr2O3 surfaces. 

On double-Cr-terminated surfaces (Figure 8(b)), the charges released from the OH groups are 

localized on two terminating Cr atoms. The charges provided by the first (M2; 0.25 ~ 1 OH; 

0.125 ~ 0.5 OH/M) and second OH are localized on the “Cr1up” atom, and that from the third 

OH on “Cr1up” and “Cr1dn” atoms. On single-Cr-terminated surfaces (Figure 8(a)), the 

released charges are firstly localized on the terminating Cr for the surfaces with a low degree 

of hydroxylation (M1; 0.25 ~ 1 OH; 0.25 ~ 1 OH/M) and then on the subsurface Cr (“Cr2up”) 

for the surfaces with a high degree of hydroxylation (M1; 2 ~ 3 OH; 2 ~ 3 OH/M). These trends 

are similar to those on Fe2O3 hydrous surfaces. 
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Figure 8. Bader and formal charge changes induced by OH adsorption on (0001)-oriented 

Cr2O3 surfaces: (a) single-Cr (M1; k OH; k OH/M) and (b) double-Cr-terminated (M2; k OH; 

k/2 OH/M). The full charges are shown for the OH groups. Each point represents an atomic 

layer whose nature is indicated by the background image of the surface according to the 

[0001] coordinate. O atoms are in red (for oxide) and magenta (for OH groups), metal atoms 

in blue (spin-up) and gray (spin-down), and H atoms in cyan. 

Table 1 compiles the formal charge of the terminating atoms (“M1up” and “M1dn”) for single- 

and double-M-terminated surfaces to better determine their oxidation states. For single-M-

terminated surfaces, the terminating atoms are always in +3 oxidation state before and after the 

addition of OH (providing positive charges), suggesting that the maximal oxidation state of 

Cr(Fe) is +3 on surfaces with corundum structure. On the bare double-M-terminated surface, 

the terminating “M1up” and “M1dn” atoms are in +1 and +2 oxidation state, respectively. The 

surface addition of the first OH group (M2; 0.25 ~ 1 OH; 0.125 ~ 0.5 OH/M) increases the 

oxidation state of the “M1up” atoms to +2, matching that of the “M1dn” atoms. The charges 

from the second and third OH groups (M2; 2 ~ 3 OH; 1 ~ 1.5 OH/M) further increase the 

oxidation states of both terminating atoms to +3. The lack of localized positive charge on the 

bare double-M-terminated surface is filled just enough in the fully hydroxylated state to keep 

Cr(Fe) and O in their stable oxidation states.  

Table 1. Formal charges of terminating Cr(Fe) atoms on (0001)-oriented Cr2O3 and Fe2O3 

surfaces. For (M1; 0.25 OH; 0.25 OH/M) and (M2; 0.25 OH; 0.125 OH/M), only the Cr 

atoms bonded to OH groups are considered. 

Number of OH  

per unit cell 

Single-Cr Single-Fe Double-Cr  Double-Fe 

Cr1dn Fe1dn Cr1up Cr1dn Fe1up Fe1dn 
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0 2.8 2.7 1.2 2.2 1.4 1.9 

0.25 3.2 2.8 2.1 2.3 2.2 2.1 

1 3.3 2.9 2.2 2.3 2.2 2.2 

2 3.3 3.0 2.8 2.3 2.3 2.9 

3 3.3 3.1 2.9 3.0 3.0 3.0 

3.2. Cr2O3 surfaces with Mo 

In the following, Mo incorporation on Cr2O3 surfaces by substituting surface and subsurface 

cations is presented. Firstly, surfaces with one Mo per unit cell, which is a high surface 

concentration of substitutional atoms, are considered and the most stable substitution sites for 

different surface terminations and OH coverages are determined. Secondly, substitution with a 

relatively low Mo concentration (i.e., 1 Mo per 2 × 2 supercell) is considered and the optimal 

surface structures are discussed.  

3.2.1. Substitution with high Mo concentration 

Cr located on the different sites of Cr2O3 surfaces labelled in Figure 2 was replaced by Mo to 

investigate the most stable site for substitution. One substitutional Mo per unit cell was added 

on anhydrous and hydrous surfaces for the tests. Substitution by Mo did not significantly change 

the surface structures.  

Figure 9 shows the energies of substitution by Mo obtained for the tested Cr sites and surface 

terminations. On single-Cr-terminated surfaces (Figure 9(a)), the preferential site for 

substitutional Mo is in the subsurface (“Cr2dn”) in the absence of surface OH group, but on the 

surface (“Cr1dn”) in presence of any added OH. On double-Cr-terminated surfaces (Figure 

9(b)), the most stable site is in depth (“Cr3dn”) on the anhydrous surface. With one OH added 

per unit cell (M2; 1 OH; 0.5 OH/M), the most stable site is in the subsurface (“Cr2dn”), and as 

the surface becomes more hydroxylated (M2; 2 ~ 3 OH; 1 ~ 1.5 OH/M), the “Cr1dn” surface 

site becomes the most stable for substitution by Mo (only the (M2; 3 OH; 1.5 OH/M) case is 

shown in Figure 9(b) for the sake of clarity). On bare O terminated surface, “Cr1up” is the 

favoured substitutional site for Mo. These data show that whereas the preferential site for 

substitutional Mo is on the subsurface in anhydrous conditions, it is on the surface when the 

surfaces have a high degree of hydroxylation, in agreement with the experimental observations 

on passive films [6] that indicate that Mo (IV) is concentrated at the interface between the inner 

Cr-rich oxide layer and the outer hydroxide layer.  
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Figure 9. Energy of substitution by Mo on different cations sites for bare (anhydrous) and 

OH-covered (0001)-oriented Cr2O3 surfaces (substitution with high Mo concentration) with 

(a) single-Cr, (b) double-Cr and O terminations. The most stable sites are marked by circles. 

Figure 10 shows the Bader and formal charges of Mo in different substitution sites for different 

surface terminations and OH coverages. In the cases of anhydrous double- and single-Cr-

terminated surfaces and the double-Cr-terminated surface with a low degree of hydroxylation 

(M2; 1 OH; 0.5 OH/M) for which the most stable site of substitutional Mo is in the subsurface, 

the charge of the substitutional Mo is lower for substitution on the surface sites (“Cr1up” and 

“Cr1dn”) than in the subsurface sites, which are near 3 e. In the other cases of higher 

hydroxylation, the substitutional Mo has a higher charge on the surface than in the subsurface, 

suggesting that the free positive charges on these surfaces are in excess and can be localized on 

the substitutional Mo while keeping Cr and O in +3 and -2 oxidation states, respectively. The 

consistency for the trends of localized charge and substitution energy implies that the 

substitutional Mo tends to have higher localized charge. 

 

Figure 10. Bader and formal charges of substitutional Mo on different cations sites for bare 

(anhydrous) and OH-covered (0001)-oriented Cr2O3 surfaces (substitution with high Mo 
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concentration). 

Table 2 summarizes the results. It appears clearly that the presence of OH groups favours the 

location of Mo at the interface between oxide and surface OH layer. Whereas formal charge 

localized on Mo varies little with Mo location on double-Cr-terminated surfaces, it increases 

with OH loading on single-Cr-terminated surfaces.  

Table 2. Most stable substitution site and formal charge for substitutional Mo for bare 

(anhydrous) and OH-covered (0001)-oriented Cr2O3 surfaces (substitution with high Mo 

concentration). 

OH number 

per unit cell 

Single-Cr Double-Cr O termination 

Mo location charge Mo location Charge Mo location charge 

0 Cr2dn + 3.2 Cr3dn + 3.2 Cr1up + 4.4 

1 Cr1dn + 3.7 Cr2dn + 3.1   

3 Cr1dn + 4.7 Cr1dn + 3.2   

In the following, substitutional Mo is considered in the most stable sites for each type of studied 

surface: the substituted site is “M3dn” for double-M-terminated anhydrous surfaces, “M2dn” 

for single-M-terminated anhydrous surfaces and double-M-terminated surfaces with a low 

degree of hydroxylation (M2; 0.25 ~ 1 OH; 0.125 ~ 0.5 OH/M), “M1dn” for all single-M-

terminated hydrous surfaces (M1; 0.25 ~ 3 OH; 0.25 ~ 3 OH/M) and double-M-terminated 

surfaces with a high degree of hydroxylation (M2; 2 ~ 3 OH; 1 ~ 1.5 OH/M), and “M1up” for 

O-terminated surfaces. 

The substitutions by 1 Mo per unit cell are always exothermic, as shown in Figure 9, suggesting 

that the Mo-substituted surfaces are more stable than the non-substituted ones for the same 

surface termination. In order to investigate the surface stability after substitution by Mo and to 

compare to that without Mo substitution (Figure 7), a phase diagram was calculated only 

considering the surfaces with 1 Mo per unit cell; it is shown in Figure 11(a). The DFT energy 

of bulk Cr2O3 with one substitutional Mo per unit cell was used in Equation (1). Whereas the 

bare O-terminated surface is favoured in more oxidant conditions, the double-Cr-terminated 

surface with full OH coverage (M2; 3 OH; 1.5 OH/M) is still the most stable structure for 

hydrous surfaces in aqueous environments between the O limits. 
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Figure 11. Phase diagram at 25 °C of Mo-substituted anhydrous and hydrous (0001)-oriented 

(a) Cr2O3 and (b) Fe2O3 surfaces (substitution with high Mo concentration). The termination 

and the number of added hydroxyl groups are indicated. The red, black and green lines 

represent the environments in air, in water-saturated gas or aqueous solutions and at Cr/Cr2O3 

equilibrium, respectively.  

3.2.2. Substitution with lower Mo concentration 

For substitution by 0.25 Mo per unit cell (i.e. one Mo per 2 × 2 supercell), several configurations 

of OH-covered single-Cr-terminated surfaces were tested. In the case of one OH added per 2 × 

2 supercell (M1; 0.25 OH; 0.25 OH/M), configurations with the OH group above the 

substitutional Mo or above the other unsubstituted “Cr1dn” atoms were tested. The surface cell 

with the OH group bonded on Mo site is the most energetically stable, suggesting that the 

substitutional Mo is easier to hydroxylate than the “Cr1dn” atoms which are in stable +3 

oxidation state. In the case of 4 OH groups added per 2 × 2 supercell (M1; 1 OH; 1 OH/M), the 

surface with all OH bonds tilted in the same orientation is more stable than that with OH bonds 

tilted in different orientations. For fully hydroxylated surfaces (M1; 3 OH; 3 OH/M), the OH 

network becomes less regular on the Mo-substituted surface than on the Mo-free surface (Figure 

5). Figure 12 shows this structure with the OH network (green triangle and circle) influenced 

by the substitutional Mo. Other structures are not shown since not altered by substitutional Mo. 

For double-Cr-terminated surfaces with 0.25 substitutional Mo per 2 × 2 supercell, the 
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structures are not shown here since they are similar to those of surfaces without Mo. 

 
Figure 12. Top and side views of fully hydroxylated (0001)-oriented Cr2O3 surface single-Cr-

terminated (M1; 3 OH; 3 OH/M) with 0.25 Mo per unit cell.  

3.3. Cr2O3 vs Fe2O3 surfaces with Mo 

Anhydrous and OH-covered Fe2O3 surfaces substituted by Mo were also investigated. The 

substitution sites were verified on the fully hydroxylated double-Fe-terminated surfaces with 1 

substitutional Mo per unit cell. The substitution energies are shown in SI (Figure S8) and the 

same site (“M1dn”) was found the most stable for substitution. Thus, the same substitution sites 

determined for Cr2O3 surfaces (Table 2) were used for substituted Fe2O3 surfaces. No significant 

alteration of the surface structures was observed resulting from substitution by Mo, like on the 

Cr2O3 surfaces. Figure 13 shows the energy of substitution by Mo on Cr2O3 and Fe2O3 surfaces 

without and with different coverages of OH. The DFT energies used to calculate these 

substitution energies are provided in SI (Table S1). Some substitution energies in Figure 13 are 

remarkably low (ex. -7.63 eV for the anhydrous Fe2O3 surface (M2; 1 OH; 0.5 OH/M) with 

0.25 Mo per unit cell). 

On single-M-terminated surfaces, a higher Mo concentration yields a decrease of the energy 

gain brought by substitution for both Cr2O3 and Fe2O3 surfaces, probably due to the repulsion 

between substitutional Mo atoms. However, at high concentration (i.e., 4 Mo per 2 × 2 

supercell), all substitutional Mo are constrained in the same plane (same substitution site in unit 

cell). Tests with other configurations in which Mo would substitute sites in different cation 

planes were not conducted. The negative energy of substitution by Mo decreases (i.e., 

substitution is more favoured) with increasing OH coverage, except for two Fe2O3 surfaces: 

(M1, 0.25 OH, 0.25 OH/M) with 1 Mo per unit cell and (M1, 3 OH, 3OH/M) with 0.25 Mo per 

unit cell. This suggests that the presence of Mo will promote full hydroxylation of single-M-

terminated surfaces.  

As for double-M-terminated surfaces, the energies of substitution by Mo at low concentration 
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(0.25 Mo per unit cell) are markedly lower on anhydrous and fully hydroxylated than on the 

other OH-covered surfaces, whilst on surfaces with a high concentration of substitutional Mo 

(1 Mo per unit cell), the influence of OH coverage on the substitution energy is less marked.  

Comparing the single- and double-M-terminated hydrous surfaces, the energies of substitution 

are lower for the single-M-terminated hydrous surfaces of Fe2O3 and Cr2O3 regardless of OH 

coverage, indicating a stabilization of the single-M-terminated surfaces by the substitution by 

Mo. On Cr2O3 surfaces, the double-Cr termination with full OH coverage (M2; 3 OH; 1.5 OH/M) 

is still the most stable hydrous surfaces in the range of interest as shown in Figure 11, even if 

single-Cr-terminated surfaces are more favoured by the substitution by Mo (Figure 13). On 

Fe2O3 surfaces, besides the fully hydroxylated double-Fe-terminated surface, the single-Fe-

terminated surface (M1; 2 OH; 2 OH/M) can also be stable in aqueous solution, due to the 

stabilization by substitutional Mo. A diagram of surface stability for Fe2O3 is shown in Figure 

11(b). 

The substitution by Mo is exothermic on both Cr2O3 and Fe2O3 surfaces. The energy of 

substitution is (slightly) lower on Cr2O3 than on Fe2O3 surfaces only in the case of the fully 

hydroxylated single-M termination with low Mo loading, which is not the most favoured 

surface configuration based on the surface stability diagrams (Figure 7 and Figure 11). Except 

for this single case, the energies of substitution on Fe2O3 surfaces are more negative than those 

on Cr2O3 surfaces, suggesting preferential substitution by Mo in Fe- than Cr-rich oxide zones 

of the inner barrier layer of passive films. In our previous study [8], it was found that the 

presence of substitutional Mo favours and disfavours the formation of metal and O vacancies, 

respectively, thereby curing the Fe-rich weak sites of passivity and enhancing the resistance to 

passivity breakdown in chloride-rich environment. In the present work, we confirm that 

substitution by Mo is exothermic and more favoured on hydroxylated Fe oxide than on Cr oxide 

surfaces, further supporting the mechanisms of Mo-enhanced passivity previously proposed [9]. 

  

Figure 13. Energy of substitution by Mo at low (0.25 Mo per unit cell) and high (1 Mo per 
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unit cell) concentration on (0001)-oriented Cr2O3 and Fe2O3 surfaces (a) single-M- and (b) 

double-M-terminated with increasing OH surface concentration. 

Figure 14 shows the formal charge localized on Mo (on substituted surface) or on the un-

substituted atom (at 0 Mo surface concentration) for single-M-terminated surfaces. The formal 

charges of Mo on double-M-terminated surfaces are not shown, since they are always near 3 e, 

regardless of the OH coverage. 

The formal charges of the substituted Cr(Fe) atoms are close to 3 e on surfaces without Mo 

regardless of the OH coverage, like those of substitutional Mo on anhydrous surfaces regardless 

of the Mo concentration. However, the formal charge on substitutional Mo increases to a higher 

level once the surfaces are hydroxylated by adsorbing OH. At a surface loading of 0.25 Mo per 

unit cell, the Mo charge increases to 3.7 e for intermediate OH coverage and becomes higher 

(4.4 ~ 4.6 e) at higher OH coverage. This trend is even more pronounced at higher Mo surface 

loading (1 Mo per unit cell forming -O3-Mo-(OH)1~3 terminations): Mo formal charge from 3.7 

to 4.2 and then to 4.7 e as OH coverage increases. The Mo formal charge in Fe or Cr oxide 

matrices are similar except for the case (M1; 1 OH; 1 OH/M) with 0.25 Mo loading per unit 

cell in which the Mo charge is higher in Fe than in Cr oxides. With higher OH coverage, more 

charges released by the OH groups are localized on Mo, resulting in the substitutional Mo at +4 

or higher oxidation state. Again, this is consistent with the experimental observations by XPS 

on passive films [6], in which Mo was measured at +4 oxidation state at the interface between 

outer hydroxide and inner oxide layers and at intermediate oxidation state between +4 and +6 

deeper, in the inner barrier layer. 

 

Figure 14. Formal charge of Mo (on Mo-substituted surfaces) and substituted Cr(Fe) atom (on 

Mo-free surfaces) on (0001)-oriented single-M-terminated (a) Cr2O3 and (b) Fe2O3 surfaces. 

The charge values are labelled for hydroxylated Mo-substituted surfaces. The substituted sites 

are “M2dn” and “M1dn” on anhydrous and hydrous surfaces, respectively. OH coverage and 
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Mo concentration are expressed in number per unit cell. 

4. Conclusion 

In this work we investigated the stability and the effect of substitutional Mo on hydroxylated 

(0001)-oriented Cr2O3 and Fe2O3 surfaces. The results allow us to draw the following 

conclusions: 

- In dry air at room temperature, O-terminated (-Cr2-O3) and single-Fe-terminated (-O3-

Fe) surfaces are more favoured for Cr2O3 and Fe2O3, respectively, whereas in aqueous 

conditions, double-M-terminated surfaces with a high degree of hydroxylation (-O3-

Cr2-(OH)3 for Cr2O3 and -O3-Fe2-(OH)2~3 for Fe2O3) are the most stable compared to 

other OH coverages and terminations. 

- The presence of Mo in substitutional position favours the bare O-terminated surfaces 

in extremely oxidant conditions for both Cr2O3 and Fe2O3. In less oxidant aqueous 

conditions, the fully hydroxylated double-M-terminated surface (-O3-Mo-Cr-(OH)3) 

remains as the only stable hydrous surface for Cr2O3. For Fe2O3, a single-M-terminated 

hydroxylated surface (-O3-Mo-(OH)2) is also stable, as well as the double-M-

terminated surfaces with a high degree of hydroxylation (-O3-Mo-Fe-(OH)2~3). 

- The favoured location of substitutional Mo is in the subsurface planes on anhydrous 

surfaces, whereas OH surface loading “moves” the favoured location outwards in the 

cation surface plane. For fully hydroxylated surfaces, the DFT calculations show that 

Mo sits just under the hydroxyl groups, in agreement with the experimental studies 

which concluded to the location of Mo at the hydroxide/oxide interface of bilayered 

passive films. 

- The present work confirms for hydroxylated surfaces the conclusion previously 

obtained on anhydrous surfaces, that substitution by Mo is exothermic and Mo 

preferentially substitutes on the surface of Fe- rather than on Cr-rich zones of the inner 

barrier layer of passive films. 

- The formal charges of Mo on double-M-terminated surfaces are always near 3 e, 

regardless of the OH coverage, as well as on anhydrous single-M-terminated surfaces. 

In contrast, for OH-covered single-M-terminated surfaces, the charge localized on Mo 

increases to a higher level, reaching about 4.7 e on fully hydroxylated surfaces. This is 

consistent with the XPS experimental observations on passive films, in which Mo is at 

+4 or an intermediate state between +4 and +6 on hydrous oxide surfaces. 
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Appendix A: Atomic chemical potential 

The hydroxylation of surfaces can occur in different environments. To determine the chemical 
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potentials 𝜇O  and 𝜇H  used in Equations (1) and (2), we consider here three possible 

references for the adsorbed O and H atoms on surfaces: 

1) For hydroxylation of anhydrous surfaces in gaseous environments, O and H on hydrous 

surfaces may come from O2 and H2O gases, respectively. The considered reaction for 

surface hydroxylation is 

 
𝑛Cr2O3(bulk) +

1

2
(3𝑚 +

𝑘

2
)O2(g) +

𝑘

2
H2O(g)

→ Cr2𝑛O3(𝑛+𝑚) ∙ 𝑘OH(slab) 

(4) 

Using ideal gas assumption, we have 

𝜇O =
1

2
𝐺O2(g) +

1

2
𝑘B𝑇 ln (

𝑃O2
𝑃0

) (5) 

𝜇H =
1

2
𝐺H2O(g) −

1

4
𝐺O2(g) +

1

2
𝑘B𝑇 ln (

𝑃H2O

𝑃0
) −

1

4
𝑘B𝑇 ln (

𝑃O2
𝑃0

) (6) 

where 𝐺 is the Gibbs free energy, 𝑘B the Boltzmann constant, 𝑇 the temperature, 𝑃0 

the standard pressure, and 𝑃 the partial pressure. The saturated partial pressure of H2O 

can be deduced from the free energy of water evaporation ∆𝐺evap,H2O
0  obtained from the 

NIST database [41]. 

2) When anhydrous surfaces are hydroxylated in solution by water and dissolved oxygen gas, 

one has 

 
𝑛Cr2O3(bulk) +

1

2
(3𝑚 +

𝑘

2
)O2(aq) +

𝑘

2
H2O(l) → Cr2𝑛O3(𝑛+𝑚) ∙ 𝑘OH(slab). (7) 

The free energy of oxygen dissolved in water, ∆𝐺sol,O2, can be deduced from the Henry’s 

law [41] and used to calculate the chemical potential of oxygen. The free energy of liquid 

H2O can be deduced from that of gaseous H2O and the free energy of water evaporation 

∆𝐺evap,H2O
0 . We have 

𝜇O =
1

2
𝐺O2(g) +

1

2
∆𝐺sol,O2 +

1

2
𝑘B𝑇 ln (

𝑐O2
𝑐0

) (8) 
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𝐺H2O(g) −
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∆𝐺evap,H2O −

1

4
𝐺O2(g) −

1

4
∆𝐺sol,O2 −

1

4
𝑘B𝑇 ln (

𝑐O2
𝑐0

) (9) 

where 𝑐O2 and 𝑐0 are the concentrations of dissolved oxygen in water and the standard 

concentration, respectively. The lower limit for O potential can be imposed by considering 

the reduction of chromium oxide to chromium metal in extremely oxygen-deficient 

environments.  
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3) If it is considered that the oxygen used for hydroxylation comes from water, as for an 

electrochemical passivation process in acid solution which produces hydrogen at the 

cathode, then the corresponding anodic and cathodic reactions are 

𝑛Cr2O3(bulk) + (3𝑚 + 𝑘)H2O(l)

→ Cr2𝑛O3(𝑛+𝑚) ∙ 𝑘OH(slab) + (6𝑚 + 𝑘)H+ + (6𝑚 + 𝑘)e− 
(10) 

H+ + e− →
1

2
H2(g). (11) 

The approach of Nørskov et al. [42,43], called computational hydrogen electrode (CHE), 

can be applied in order to express the free energy of the anodic reaction using a standard 

hydrogen electrode (SHE) as reference electrode. The principle is detailed in Appendix B. 

The activities of water and hydrogen gas are considered as 1. With this approach, the 

chemical potentials can be written as 

𝜇O = 𝐺H2O(g) − ∆𝐺evap,H2O − 𝐺H2(g) + 2 ln(10) 𝑘B𝑇pH+ 2𝑒𝑈SHE (12) 

𝜇H =
1

2
𝐺H2(g) − 𝑘B𝑇 ln(10) pH − 𝑒𝑈SHE (13) 

where 𝑒 is the elemental charge and 𝑈SHE the applied potential referenced to SHE. 

In the cases 2) and 3) with liquid water, the chemical potentials follow the relation 

𝜇O + 2𝜇H = 𝐺H2O(g) − ∆𝐺evap,H2O. (14) 

In this study, the vibrational entropy and zero-point energy contributions to the free energy of 

reaction (i.e., surface formation and Mo substitution) were omitted, so the Gibbs free energies 

G were approximated by the DFT energies E for slabs, bulk and accordingly gases in the above 

equations of chemical potentials. 

Appendix B: Application of Nørskov approach 

Here we consider the anode surface S reacting with water to adsorb hydroxyl group and 

resulting in hydrogen gas production at the cathode in an electrochemical process, the total and 

half reactions are 

Total: S + H2O(l) → S ∙ OH +
1

2
H2(g) (15) 
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Anode: S + H2O(l) → S ∙ OH + H+(aq) + e− (16) 

Cathode: H+(aq) + e− →
1

2
H2(g). (17) 

If the activities of water (solvent) and (pure) hydrogen gas are 1, the free energies of reactions 

can be written as 

𝐺tot = 𝐺S∙OH − 𝐺S +
1

2
𝐺H2(g) − 𝐺H2O(l) 

(18) 

𝐺a = 𝐺S∙OH − 𝐺S + 𝐺H+(aq),pH=0 − ln(10) 𝑘B𝑇pH+ 𝐺e−,𝑈=0 − 𝑒𝑈 − 𝐺H2O(l) (19) 

𝐺c =
1

2
𝐺H2(g) − 𝐺H+(aq),pH=0 + ln(10)𝑘B𝑇pH− 𝐺e−,𝑈=0 + 𝑒𝑈 (20) 

where 𝑈 is the applied potential in V. 

Using a standard hydrogen electrode for cathode (pH = 0), the free energy of cathode reaction 

(i.e., the hydrogen evolution reaction) should be 0 at zero applied potential: 

1

2
𝐺H2(g) − 𝐺H+(aq),pH=0 − 𝐺e−,𝑈SHE=0 = 0. (21) 

The free energy of liquid H2O can be deduced from that of gaseous H2O and the free energy of 

water evaporation ∆𝐺evap,H2O
0 . For anodic and cathodic reactions, we have 

𝐺a,SHE = 𝐺S∙OH − 𝐺S − 𝐺H2O(g) + ∆𝐺evap,H2O +
1

2
𝐺H2(g) − ln(10)𝑘B𝑇pH

− 𝑒𝑈SHE 

(22) 

𝐺c,SHE = ln(10) 𝑘B𝑇pH+ 𝑒𝑈SHE. (23) 

From the above equations we can extract the chemical potentials of OH and H, and then of O. 
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Supporting information 

 

Figure S1 shows the structures of relaxed anhydrous Fe2O3 surfaces. They are similar to those 

of Cr2O3 but with different spin ordering. 

 

Figure S1. Side views of (0001)-oriented of anhydrous surfaces of Fe2O3 with different 

relaxed terminations. 

Figure S2 shows the configuration of O-H bonds “tilted” and “normal” to the surface on 

hydrous single-Cr-terminated (M1; 0.25 OH; 0.25 OH/M) Cr2O3 surfaces. The structures with 

tilted bonds are always energetically more favoured than those with normal bonds, even with 

the presence of substitutional Mo. 
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Figure S2. Configuration of “tilted” and “normal” O-H bonds on hydrous (0001)-oriented 

single-Cr-terminated (M1; 0.25 OH; 0.25 OH/M) Cr2O3 surfaces.  

Figure S3 shows the free energies of anhydrous Fe2O3 surfaces. Only the single-Fe-terminated 

surface is favoured between the limits for O chemical potentials. 
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Figure S3. Surface free energies of different (0001)-oriented anhydrous Fe2O3 surface 

terminations. 

Figure S4 shows the relative charges on Fe2O3 surfaces. The distributions are similar to those 

of Cr2O3. 

 
Figure S4. Bader and formal charges relative to bulk for anhydrous (0001)-oriented Fe2O3 

surfaces with different terminations.  

Figure S5 shows the structure of hydrous (0001)-oriented double-Fe-terminated (M2; 0.25 OH; 

0.125 OH/M) Fe2O3 surfaces. One O atom on the surface (marked in light red) move into the 

terminating Fe plane, which is not observed on the Cr2O3 surface with the same OH coverage. 

The structures of the other hydrous Fe2O3 surfaces are similar to those of Cr2O3 surfaces. 

 

Figure S5. Top and side views of hydrous (0001)-oriented double-Fe-terminated (M2; 0.25 

OH; 0.125 OH/M) Fe2O3 surfaces. 

Figure S6 shows the free energies of anhydrous and hydrous Cr2O3 surfaces as function of 

applied potential in electrochemical process. The fully hydroxylated double-Cr-terminated 

surface (M2; 3 OH; 3 OH/M) is the most stable between the potential limits. 
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Figure S6. Surface free energies for (0001)-oriented Cr2O3 in electrolyte at pH = 0 and 25 °C. 

Termination and number of added hydroxyl groups are indicated. 

Figure S7 shows the surface free energies in the case of electrochemical process. Between the 

limits of O chemical potential or applied potential, the stable surfaces can only be highly 

hydroxylated double-Fe-terminated surfaces (M2; 2 ~ 3 OH; 1 ~ 1.5 OH/M). 

 

Figure S7. Surface free energies for (0001)-oriented Fe2O3 surfaces in electrolyte at pH = 0 

and 25 °C. 

Figure S8 shows the energy of substitution by Mo on Fe2O3 surface. The “M1dn” site is the 
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most stable, as on Cr2O3 hydrous surfaces. 

 

Figure S8. Energy of substitution by Mo on different cations sites for the fully hydroxylated, 

(0001)-oriented double-Fe-terminated Fe2O3 surface (M2; 3 OH; 1.5 OH/M) (substitution 

with high Mo concentration). 

Table S1 shows the DFT energies of surfaces with different terminations and Mo loading. The 

DFT energies per atom of Cr, Fe and Mo are -6.81, -5.39 and -4.03 eV, respectively. The 

energies of substitution on different surfaces in Figure 13 are calculated using these values. 

Table S1. DFT energies of Cr2O3 and Fe2O3 surfaces per 1×1 unit slab. 
  Cr2O3 Fe2O3 
  0 Mo 0.25 Mo 1 Mo 0 Mo 0.25 Mo 1 Mo 

Single-M 

0 OH -230.64 -230.14 -228.65 -203.32 -203.42 -203.68 

0.25 OH -233.35 -232.97 -231.33 -205.83 -206.09 -205.69 

1 OH -241.48 -241.11 -239.98 -213.27 -213.96 -214.38 

2 OH -250.41 -250.78 -250.42 -222.20 -223.26 -224.84 

3 OH -259.33 -260.00 -259.99 -230.77 -231.78 -234.41 

Double-M 

0 OH -243.37 -243.53 -241.25 -213.07 -214.64 -213.51 

0.25 OH -247.55 -247.01 -245.34 -218.00 -218.05 -218.00 

1 OH -256.80 -256.25 -254.65 -226.99 -227.04 -227.12 

2 OH -268.85 -268.30 -266.81 -238.34 -238.33 -238.25 

3 OH -280.68 -280.50 -278.68 -248.65 -249.34 -249.00 

 

 


