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ABSTRACT
Manganese oxides, particularly Mn2O3, have demonstrated great potential for oxygen

carrier materials in chemical looping applications. The application of these materials in the
industrial scale is hindered by thermodynamic restrictions related to the reoxidation process.
This disadvantage can be overcome by doping the oxide with a guest cation. Iron is one of
the most promising dopants but the atomic-level understanding of its effects on the
properties of a-Mn2O3 is incomplete. Herein, we report a systematic GGA+U study of the
bulk properties and reducibility of FexMn2-xO3 (0 ≤ x ≤ 2) as a function of Fe dopant
concentration. In particular, we focus on a representative set of 20 models with different Fe
content, generated by screening several thousand structures. Our results indicate that
substitution of Mn atoms with Fe stabilizes FexMn2-xO3, which is visible through negative
values of doping energies, decreasing oxide formation energies, and higher oxygen vacancy
formation energies with increasing Fe concentration. Similar to Fe, the presence of an
oxygen vacancy increases the band gap in the major spin channel of FexMn2-xO3. Oxygen
transport in FexMn2-xO3 is found to depend on Fe content and distribution in the lattice. All in
all, our findings provide atomic-level insight into the properties of FexMn2-xO3 and generally
agree with experimental observations. Obtained information can be applied to investigate the
reactivity of FexMn2-xO3.
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1. Introduction
Chemical Looping (CL) processes are an appealing technology offering an effective and

versatile reduction-oxidation scheme to convert carbonaceous fuels into heat, electricity or
hydrogen in large scale applications providing CO2 capture at a low cost [1–3]. Requisite
oxygen is supplied by a solid oxygen carrier, which acts as a redox catalyst. During the
reduction step, the carrier donates oxygen, which is then used to oxidize a given reactant,
leading to the formation of oxygen deficient carrier materials. In the following healing step,
the carrier is filled in again with oxygen. This reloading takes place under oxygen
atmosphere in a physically separate reactor.

The future success in CL applications depends sensitively on oxygen carrier materials, and
thus significant research efforts have been put forward to design and develop suitable
materials. The desirable properties of promising oxygen carrier materials include high
oxygen-carrying capacity, high fuel conversion, good redox reactivity, and high thermal
stability. Experimentally, Cu, Ni, Fe, Mn and Co-based oxides [4] are found to be most
promising carrier materials for different CL applications [5,6]. These primary, active,



2

transition metal oxides are typically supported by an inert oxide such as ZrO2, Al2O3, and
SiO2 [4]. Cu and Mn oxides demonstrate high activity for CL combustion processes [4] and
Fe oxide, on the other hand, is found to be a promising redox catalyst for methane partial
oxidation [3]. The usage of pure manganese oxides is thermodynamically limited due to
problematic reoxidation of the oxide under operating temperature [7]. In other words, oxygen
release takes place easily but the reoxidation of the reduced oxide is challenging. To
improve oxygen uptake, Mn oxide is typically mixed with another oxide. This has been done
for the following combinations of host and guest cations: Mn/Mg[8], Mn/Ni [9], Mn/Si [10,11],
and Mn/Fe oxides [12–18]. Among the studied systems, Mn/Fe oxide has been found to be
the most promising compromise between oxygen release and reoxidation [12–18].

While the properties of different oxygen carrier materials have been extensively explored
experimentally, computational studies are scarce and they mainly focus on the properties of
surfaces and supported clusters. Density functional theory calculations (DFT) employing
both periodic [19,20] and cluster models [21] have been carried out for CO oxidation to CO2

on a-Fe2O3. The calculations show that on the (11̄02) surface of a-Fe2O3 CO  prefers  to
adsorb on the O-top site forming CO2 with lattice oxygen desorbing then with an activation
energy of less than 20 kJ/mol. The carrier-support interactions have been explored
computationally for CO oxidation at a MgO-supported Fe2O3 cluster [21]. The calculations
show that the support increases the average Fe-O bond distance activating Fe2O3 for
oxygen release. The computed activation energy for CO oxidation is about 158 kJ/mol lower
on the supported cluster compared to a free-standing cluster. Improved CO adsorption has
also been observed for Fe2O3 clusters supported on ZnO2 and Al2O3 surfaces [22–24].
Another example of a computational study on carrier-support interactions deals with
CuO/ZrO2 and focused on sintering of Cu-oxide clusters and CO oxidation on the supported
cluster [25]. According to calculations, the strong interaction between the CuO cluster and
the ZrO2 support hinders the migration of the cluster while simultaneously activating it
towards CO oxidation. The activation energy for CO oxidation decreases from 139 kJ/mol on
the unsupported cluster to 76 kJ/mol on the supported one. Recently, chemical looping
reforming of methane on α-Fe2O3(001) has been studied via DFT calculations [26]. On the
stoichiometric a-Fe2O3 (001) surface, methane adsorption is found to be weak and the
adsorption energy of the methane derived radical increases with decreasing number of H
atoms. On the reduced surface, methane adsorption is even weaker than on the
stoichiometric surface, while the adsorption strength of radicals significantly increases.
Overall, the addition of an oxygen vacancy and stronger adsorption of radicals are proposed
to promote oxidation of methane [26] and thus to improve the performance of a-Fe2O3 as an
oxygen carrier.

Computational studies on a-Mn2O3 mainly focus on the bulk properties of the oxide, in
particular the electronic structure and magnetic ordering [27,28]. Surface activity is
considered for oxygen reduction and water oxidation [29]. The combined experimental and
DFT investigation demonstrates the great potential of a-Mn2O3 as a bifunctional catalyst for
oxygen reduction and oxygen evolution reactions, where the ability of an Mn ion to change
its oxidation state from +3 to +4 is particularly important for the overall catalytic performance.
Moreover, it is found that pH and the applied potential impact on the stability of an oxide
surface and Mn2O3 experiences a phase transition under the certain conditions.

Although a-Fe2O3 and a-Mn2O3 have been previously addressed, computational studies
on b-Fe2O3 and Fe-doped a-Mn2O3 are not available in the literature. However, atomic-level
understanding how Fe dopants affect structural and electronic properties, and the reducibility
of a-Mn2O3 would help to elucidate their behavior in CL applications.

Herein, we present a systematic evaluation of bulk properties and reducibility of FexMn2-

xO3 oxide as a function of their chemical composition employing density functional theory
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calculations. We begin with screening several thousand structures and selecting a
representative set of models for the doped oxide. For each selected structure, doping
energy, oxide formation energy, and electronic and magnetic structures are carefully
examined. Finally, we study the energy of vacancy formation and oxygen diffusion to
address efficiency of redox kinetics, which is the central property of an oxygen carrier.

2. Methods and models
2.1. Computational details
Periodic electronic structure calculations were performed using the grid-based projector

augmented plane wave approach, as implemented in GPAW 0.10.0 [30–32]. Wave functions
were represented on a uniform real-space grid with the spacing of 0.16 Å. Within the
GGA+U formalism, Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [33] was
used together with the Hubbard U correction [34,35] of 4 eV [36] for both Mn and Fe atoms
to account for strong on-site Coulomb interaction. Main results were tested against different
U values for Mn and Fe d-orbitals. We found that changes in U values introduce small
variations to calculated quantities such as band gaps and vacancy formation energies but
the overall trends remain the same (see Supplementary material, Section 1). The Fermi
smearing with the width of 0.2 eV was applied and all the calculations were performed at the
Γ-point, which has been previously demonstrated to be a valid approach [37]. Atomic
positions were always relaxed until maximum residual force was below 0.035 eV/Å. The
impact of a tighter convergence criteria was found to be minor to the computed energy
differences. The diffusion barrier was determined employing the Nudged Elastic Band (NEB)
method [38] with  the total number of images  being 7.

2.2. Structures of pure and mixed oxides
Manganese (III) oxide exists in two forms, namely a-Mn2O3 and g-Mn2O3, which differ

from each other in the symmetry of crystal. More importantly, the g-form dominates at low
temperatures while a-Mn2O3 is more stable at high-temperature, CL, conditions [39,40]. In
addition, the a-form can be further stabilized by replacing Mn cations in the lattice with Fe
[39]. Therefore, we employed a-Mn2O3 throughout the current study. The a-Mn2O3 bulk
belongs to the Ia3̄ space group and exhibits the bixbyite structure (Figure 1), where Mn
atoms occupy 8 Wyckoff positions A and 24 Wyckoff positions D while O atoms occupy 48
Wyckoff positions E [41]. Note, that metal atoms occupying different Wyckoff positions differ
in local symmetry operations [42] (atoms in position A have higher symmetry than atoms in
position D), but have the same coordination and surroundings. Iron (III) oxide features a
variety of different crystal structures: a-Fe2O3 (hematite) with space group R3̄c, b-Fe2O3 with
space group Ia3̄, g-Fe2O3 (maghemite) with space group P213, and e-Fe2O3 with space group
Pna21. Even though the most common form Fe2O3 is a, the b-form is of a particular interest
to the current study, as it is isomorphic to a-Mn2O3.
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Figure 1. The computational cell of the bixbyite structure of a-Mn2O3. Color indicates different Wyckoff positions:
metal atoms at positions A are colored black, metal atoms at positions D are given in white, and oxygen atoms in
positions E are represented in pink.

The atomic structure of FexMn2-xO3 oxide is very complex and depends on the preparation
method, ambient conditions, and the relative concentrations of Mn and Fe atoms [12,14–
17,43,44]. Bixbyite and hematite structures are predominant phases at low temperatures and
which one of them dominates depends on the Mn/Fe ratio. In general, temperature increase
leads to oxygen release and the formation of a spinel structure [14,15,43]. Powder diffraction
studies for mixed oxides have demonstrated that the spectrums of systems with different
Mn/Fe ratios present the typical peaks of Mn2O3, Fe2O3, and FexMn(x-1)O3 [16]. Moreover, all
these systems have been identified to have a bixbyite structure. The gradual increase of Fe
content up to 50 % in a-Mn2O3 does not impact the bixbyite structure, while at higher iron
concentrations the additional hematite phase appears [12,17,44]. Existence of a b-Fe2O3

phase in Fex Mn2-x O3 at high Fe concentrations also depends on the preparation method and
reaction conditions during experiments. Azimi et al. [43] prepared mixed oxides from powder
mixtures of a-Mn3O4 and a-Fe2O3 via a  spray drying method while Bhavsar et al. [17]
prepared the mixed oxide by depositing Fe and Mn on the support material (CeO2) with an
incipient wetness technique. Both studies show that a bixbyite structure exists at Fe
concentrations up to 90 % and the hematite phase appears beside the bixbyite phase. For
Fe concentrations higher than 90%, only a hematite phase was found. Larring et al. [18]
explored mixed oxides prepared from pure oxides, which were heated at temperatures
equivalent to CL conditions under different oxygen pressures. Their analysis indicates that at
Fe concentration of 87 %, 14% of a mixture has a bixbyite phase. Moreover, they found that
the bixbyite phase can be found even at Fe concentration of 98 % depending on oxygen
pressure. In the present study, we consider pure a-Mn2O3 and b-Fe2O3 as well as bixbyite
FexMn2-xO3 at dopant concentrations of 3-50%, 75%, and 97%.

The optimized lattice parameter for a-Mn2O3 is 9.61 Å obtained by employing the same
method as in the previous study [37]. The computed value is slightly larger than the
experimental one [39] (difference of less than 2%) but agrees nicely with the previously
computed lattice parameter [27]. Since the experimental lattice parameters of a-Mn2O3 and
b-Fe2O3 are very close to each other (see Table 1), we used the optimized lattice parameter
of a-Mn2O3 in all our calculations.

Fe atoms were considered as substitutional cation dopants in an a-Mn2O3 bixbyite
structure. We gradually incorporated an increasing number of Fe atoms into the Mn sites of
the a-Mn2O3 lattice and optimized atomic positions. For each dopant concentration, there are
many ways to place dopants into the lattice and we carefully screened different distributions
at each concentration and selected the one with the lowest energy for further studies. The
full screening procedure is described in Section 2 of Supplementary material. The
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representative set of structures, used in the study, is given in Figure 2. The calculations
show that the first 8 Fe atoms (up to 25 % of Fe) prefer to substitute Mn atoms at the
Wyckoff positions A leading to a very symmetrical and ordered structure. The remaining 24
Fe atoms fill Wyckoff positions D. This breaks down the symmetry and ordering of dopants,
which is restored again at Fe concentration of 75 %.

Table 1. The comparison of calculated and experimental lattice parameters.
Used in this
study

Calculated
Reference

Experimental
reference

pure α-Mn2O3 9.61[37] 9.59 [27] 9.42 [39]
pure β-Fe2O3 9.61 — 9.40 [45]

Magnetic ordering in a-Mn2O3 is complex and has not been fully resolved [28,40]. A non-
collinear antiferromagnetic (AFM) ordering model was first proposed by Grant et al. [46] but
later studies showed that it does not explain the experimental data. Regulski et al. [40]
proposed a model of collinear orientation of magnetic moments  and demonstrated  that  it
fits to neutron powder diffraction data. This AFM model is used in the present study to
calculate band gaps for pure oxides. On the other hand, the previous calculations [27,37]
have shown that a-Mn2O3 can be modeled as a ferromagnetic (FM) structure with the Mn
atoms in a high-spin state configuration, because this approach introduces only a minor
energy difference compared to the antiferromagnetic structure. Our calculations show, that
oxygen vacancy formation energies in bulk a-Mn2O3 are very similar for both FM and AFM
ordering being 2.2 and 2.3 eV respectively. We employ the FM ordering throughout the
present study. According to experimental data [47], the magnetic ordering of pure b-Fe2O3 is
also antiferromagnetic. Since we consider Fe atoms as substitutional defects in a-Mn2O3, the
magnetic structures of all Fe-doped Mn2O3 as well as pure b-Fe2O3 were taken to be
ferromagnetic, where both Mn and Fe atoms are in their high-spin states.
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Figure 2. Different structure models for mixed oxides used in the current study. The notation below each
structure indicates the content of Mn and Fe atoms, which was calculated as (the number of Mn atoms in the
structure)*100/(the sum of Mn and Fe atoms in the structure). Mn atoms are shown in white, while Fe atoms are
in black, and O atoms are in pink.

3. Results and discussion
3.1. Bulk properties of stoichiometric mixed oxides
According to experiments [39], replacing Mn cations with Fe cations in a bixbyite structure

of a-Mn2O3 can stabilize the structure and prevent the formation of spinel g-Mn2O3.
Computationally, the stabilization effect can be addressed by determining doping and oxide
formation energies. Doping energies were computed to check how Fe dopants affect the
stability of the oxide, and to estimate the favorability of a particular structure at given Fe
concentration. Doping energy [48] was calculated as follows:
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∆ = , (1)

where , , ,  are the total energies per a formula unit of a given
oxide, and  is the doping ratio (FexMn2-xO3) determined as follow:

= ∙ %,                    (2)
where % is the iron content in the oxide.
In the case of FexMn2-xO3, all doping energies are negative, indicating doping to be favorable
at studied Fe concentrations and energies range from -1.09 to -1.14 eV. The doping energy
decreases from 0 to 25% Fe concentration and then increases for higher Fe concentrations.
This fact can be explained by the symmetry and ordering of dopants. Eventually, the
disturbance introduced by Fe dopants into the lattice can force the mixed oxide to obtain
another crystallographic form [12,14,15,43,44]. This phase transition is a complex process
and its explorations lies beyond the scope of this paper.

Next, we consider the structural properties of mixed oxide in more detail. Dopants may
modify bond lengths in oxide, which can impact the reactivity of material [49]. Table 2
presents Me-O distances for doped oxide and gives the comparison between the calculated
and experimental values. The computed bond lengths support the statement that metal
atoms in different Wyckoff positions have different symmetry operations: we find that Me-O
distances are equal for metal atoms located in Wyckoff position A, while the Me-O distance
for metal atoms at Wyckoff position D varies up to 7%. In general, calculated Me-O
distances agree well with experimental data: The replacement of a Mn cation with a Fe
cation increases a Me-O distance for atoms located at the Wyckoff position A, and
decreases the distance for metal atoms in the Wyckoff position D, in line with experimental
evidence [39]. According to our calculations, Fe-O distances are slightly shorter than Mn-O
distances, which indicates that the Fe-O bond is stronger than the Mn-O bond.

Table 2. The average metal-oxygen distance (in Å) and its standard deviations in the studied a-Mn2O3, b-Fe2O3, and FexMn2-xO3.
Iron content, % Metal atom at Wykoff position A Metal atom at Wykoff position D

Mn―O, Å Fe―O, Å Experimental data [39]
(Mn, Fe)―O, Å

Mn―O, Å Fe―O, Å Experimental data [39]
(Mn, Fe)―O, Å

0 2.047±0.050 ― 2.002±0.000 2.081±0.128 ― 2.043±0.146

3 2.046±0.051 2.036±0.006 2.082±0.129 ―

9 2.047±0.054 2.035±0.005 2.003±0.000 2.083±0.133 ― 2.042±0.146

25 ― 2.036±0.002 2.086±0.145 ―

31 ― 2.038±0.011 2.009±0.000 2.088±0.146 2.064±0.060 2.037±0.089

50 ― 2.044±0.021 2.090±0.149 2.068±0.054

97 2.085±0.085 2.065±0.007 ― 2.073±0.036

100 ― 2.066±0.002 ― 2.074±0.035

The bond strength can be estimated by determining oxide formation enthalpies (ΔHf) [50],
which were determined as follows:

2 + 2(2 − ) + ⟶ 2 ( ) , (3)

∆ = − ( + (2 − ) ) − , (4)
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where , , and  are total energies per formula unit for FexMn2-xO3, FeO and
MnO, respectively. The chemical potential of oxygen was computed at T=0K and p=0atm,
standard conditions (T=298.15K, p=1atm), and CLC conditions (T=1200K, p=10-9atm). Since
GGA calculations typically underestimate oxidation energies, Wang et.al. [36] proposed an
energy correction of 1.36 eV, which is an energy difference between computed and
measured oxidation energies  of  different transition metal oxides. This shift is suggested to
be due to the fact that calculations underestimate O2 binding energy and the cost of adding
an electron to the p orbital upon O2

− formation [36]. Herein, we have corrected all the oxide
formation energies by shifting the energies calculated according to equation 4 by 1.36 eV.
This means that all the ΔHf values plotted in Figure 3 are shifted upward by this constant,
which does not impact the trends. In agreement with the previously computed value [36] and
experimental data (-4.0 eV) [36], we obtained -3.95 eV (0K) for formation enthalpy of a-
Mn2O3. Replacing Mn cations with Fe cations increases oxide formation energies linearly
(Figure 3) reaching the maximum value of -5.4 eV for pure b-Fe2O3. This indicates that the
strength of the Me-O bond increases with increasing Fe concentration, which on the other
hand indicates more difficult oxygen removal compared to pure a-Mn2O3. At higher
temperature, ∆  becomes less negative indicating easier vacancy formation.

Figure 3. The oxide formation energy (ΔHf) plotted as a function of Fe concentration in FexMn2-xO3. Black color
corresponds to ΔE at T=0 K and p=0 atm, blue stands for normal conditions (T=298.15 K and p=1 atm) and red is
CLC conditions (T=1200 K, p=10-9 atm). For all trend lines R2=97.8%.

The formation of stronger Me-O bond in the presence of Fe and its impact on the reducibility
of the material can be understood by analyzing the electronic and magnetic structure
carefully. Figure 4 shows the evolution of the local density of state (LDOS) for FexMn2-xO3 as
a function of Fe concentration. We can see that replacing Mn with Fe gradually transforms
half metal a-Mn2O3 into insulating b-Fe2O3. The majority spin channel of a-Mn2O3 is metallic
while the minority spin channel is insulating with the band gap of 4.8 eV in agreement with
the previous DFT+U calculations [27]. The valence band edges of spin channels shift to
different directions upon increasing the Fe content: the majority spin valence band edge
shifts away from the Fermi level, while the minority-spin band edge moves toward the Fermi
level. This behavior is independent of the Hubbard correction applied to Fe and Mn d
electrons (Figure X in Suplementary material) because valence band edges for both spin
channels are formed from oxygen p-orbitals and manganese d-orbitals but the shift of Mn
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states is insignificant. Both spin channels are insulating for b-Fe2O3 and the band gap of for
majority spin channel is 3.5 eV and 1.89 eV for the minority spin channel. Note that the
lowest unoccupied state in majority spin channel is formed from oxygen p-orbitals and is
delocalized over all oxygen atoms. Our calculations show that this state plays an important
role in the formation of an oxygen vacancy that is discussed in Section 3.2. Table 3
summarizes the calculated and measured band gaps for a-Mn2O3 to b-Fe2O3. Band gaps
computed herein for FM ordering compare reasonably well with previously reported values
[27]. The comparison of computed band gaps to the measured ones is challenging. First, the
experimental data corresponds to the antiferromagnetic ordering of an oxide. Second, the
comparison of calculated AFM band gaps to the measured ones is hampered by the fact that
the magnetic structure is incompletely resolved from experiments. Thus it is unclear how well
the AFM model we employ corresponds to the real magnetic structure of the material for
example in the case of α-Mn2O3.
The gradual change of band gaps as a function of Fe concentration is given in Figure 5. We
note that, replacing one Fe in b-Fe2O3 with Mn (that corresponds to 97% of iron content)
leads already to a large shift in a majority spin valence band edge toward the Fermi level.
The careful analysis of Kohn-Sham wave functions unravel that the lowest unoccupied state
in the major spin channel is an antibonding orbital formed from the d orbital of Mn and the p
orbital of O. This also affects vacancy formation energy as discussed in Section 3.2.
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Figure 4. The local density of states for FexMn2-xO3. The black lines represent the total DOS, red lines give the
LDOS of Mn d-electrons, blue lines stand for the LDOS of Fe d-electrons, and green lines the LDOS of O p-
orbitals. The majority spin channel is shown upwards and the minority spin channel is given downwards.
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Figure 5. The band gap of FexMn2-xO3 as a function of Fe concentration. Red dots corresponds to the major spin
channel and blue dots stand for the minor spin channel. The solid lines are to guide the eye.

Table 3. The comparison of calculated and experimentally obtained band gaps for pure a-Mn2O3 and b-Fe2O3

(HM – half-metallic). Experimental data is presented for an antiferromagnetic structure, while the computed data
corresponds to ferromagnetic ordering.

Oxide

Computational value
(FM ordering)
(spin-up/spin-down
DOS)

Computational
reference value
(FM ordering)

Computational value
(AFM ordering)

Experimental value
(AFM ordering)

a-Mn2O3 0.2/4.8 HM/3.5 [27] 0.9/0.9 1.9-2.1 [51]
b-Fe2O3 3.5/1.90 ― 2.1/2.1 2.2 [47]

Table 4 summarizes computed magnetic moments and compares them to measured
magnetic moments. The average magnetic moments of Mn and Fe atoms are 4.1μ0 and
4.5μ0, respectively. The Bader charge analysis [52], also given in Table 4, presents the
average charges +1.8e and +1.9e for Mn and Fe cations, respectively (formal oxidation state
of +3), and -1.2e for oxygen (formal oxidation state -2). The smaller oxidation state
compared to the formal oxidation state is tentatively ascribed to the partial covalent nature of
the metal-oxygen bond.

Table 4. Local magnetic moments and Bader charges.

Oxide Magnetic moments on Mn/Fe atoms, μ0 Bader Charges on Mn/Fe/O atoms
Calc. Calc. ref. Exp. Calc. Formal oxidation

state
α-Mn2O3 4.1/— 3.6[28]/— (AFM 3.8±0.2 [40]) +1.8/—/-1.2 +3.0/—/+2

FexMn2-xO3 4.1/4.4 — — +1.8/+1.9/-
1.2 +3.0/+3.0/+2

β-Fe2O3 —/4.5 — — —/+1.9/-1.2 —/+3.0/+2

3.2. Formation of single oxygen vacancy
Efficient release of oxygen is one of the key properties of promising CL carrier materials

and it begins with the removal of the first oxygen and the formation of an oxygen vacancy.
Herein, we are specifically interested in how Fe cations impact on the vacancy formation
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energy and thus the ability of the material to release oxygen. In general, the oxygen vacancy
formation energy gives valuable information about the thermal stability of the material. We
considered one oxygen vacancy per a unit cell for all possible different oxygen positions in
FexMn2-xO3. In the case Fe content is below 25%, two inequivalent sites for oxygen
vacancies exist: site A with only neighboring Mn atoms, and site B with 1 Fe and 3 Mn
neighbors. At higher Fe concentration ranging from >25% to 75 %, oxygen vacancy sites are
always surrounded by both Fe and Mn atoms and three inequivalent sites are possible: site
B, site C with 2 Fe and 2 Mn neighbors, and site D with 3 Fe and 1 Mn neighbors. For very
high iron concentrations (>75%) vacancy sites can be either D-site, or site E with 4 adjacent
Fe atoms.

For each case, the vacancy formation energy (ΔE), that is calculated as follows:
∆ = + − − ln !

!( )!
 , (5)

where  and  are total energies for reduced (one missing oxygen) and
stoichiometric oxide, respectively, and  is the chemical potential for gas-phase oxygen.
The last term is the configurational entropy, in which  is the number of vacancies in the unit
cell and  is the number of equivalent vacancy sites. The results are reported in Figure 6,
which presents vacancy formation energy as a function of Fe concentration for different
vacancy sites under T= 0K, normal conditions, and typical CL conditions. For comparison,
we give the vacancy formation energies for pure oxides as well, which show that the
vacancy formation energy for b-Fe2O3 is substantially larger than for a-Mn2O3. Thus, it is not
surprising that increase in Fe concentration leads to higher vacancy formation energies.
Figure 6 shows that vacancy formation energy for site A is slightly smaller than for site B,
which, on the other hand, is slightly more favorable than for sites C and D. Under CL
conditions, vacancy formation at site A is spontaneous because vacation formation energy is
negative, while it is thermoneutral for site B. Our calculations show that the formation of the
second oxygen vacancy in a-Mn2O3 is equally favorable to the formation of the first oxygen
vacancy.  Spontaneous reducibility of α-Mn2O3 has implications for reactivity of as oxygen
defects are typical active sites for many reactions. Furthermore, we note that at Fe
concentration of 97 %, the presence of even one Mn cation improves the reducibility of β-
Fe2O3 compared to pure b-Fe2O3. In general, the energy variation as a function of Fe
concentration seen in Figure 6 supports the prediction based on experimental data [18].
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Figure 6. The effect of concentration onto the vacancy formation energy in FexMn2-xO3 oxide. Data points
represent average values of the vacancy formation energies. Black color corresponds to ΔE at T=0K, blue – to
normal conditions (T=298.15K and p=1atm), red – to CLC conditions (T=1200K, p=10-9atm). Shapes of dots
represent types of vacancies, for example, notation “Site A” means that vacancy is adjacent to 4Mn and 0 Fe
atoms.

Higher vacancy formation energies for Fe-rich oxide can be linked to a stronger Fe-O
bond indicated also by more exothermic formation energy of the oxide. Computed vacancy
formation energies nicely support the experimental findings that Fe dopants improve the
thermodynamic stability of Mn-based oxide [43].

On the other hand, we note that in general the changes in vacancy formation energy are
linked to the changes in band gap values in the majority spin channel: the large decrease in
the band gap of  the majority spin channel is seen  when one Fe cation is replaced with a Mn
cation  in b-Fe2O3.  This leads to a significant drop in vacancy formation energy as seen from
Figure 3 in Supplementary material, while small changes in band gap values for oxides with
0-50% of Fe introduce  to small changes in vacancy formation energy. This behavior is
tentatively ascribed to higher electron affinity of Mn, which is in line with the changes in
Bader charges displayed in Figure 7. We found that upon the formation of an oxygen
vacancy, excessive electrons localize on the nearest metal cations. While the distribution of
electrons between four nearest cations in the pure oxide is homogeneous, the situation
changes in the presence of Fe dopants and electron localization favors Mn cations in
FexMn2-xO3. Moreover, the effect becomes more enhanced with increasing Fe concentration,
and is the most pronounced in FexMn2-xO3 with one Mn cation.
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Figure 7. The distribution of excessive electrons left after vacancy formation. Yellow color represents the position
of an oxygen vacancy, iron atoms are denoted with the black rim, the blue gradient indicates changes in Bader
charges on atoms.

Changes in electronic structure introduced by an oxygen vacancy are minor for Mn rich
materials whereas significant changes are seen for Fe-rich oxides as shown in LDOS plots
in Figure 8. The variation of band gaps for oxygen deficient material is similar to
stoichiometric oxide: the band gap of the majority-spin channel increases, while the band
gap of the minority spin channel decreases with increasing of iron content. The analysis of
the electronic structure and Kohn-Sham single particle wave functions shows that the large
shift in the electronic structure seen for the majority spin in 3% Mn- and pure Fe2O3 is due to
the occupation of one O 2p -derived state in an oxygen deficient system, which is empty in
stoichiometric oxide.
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Figure 8. The Electronic density of states for mixed oxides with an oxygen vacancy. Solid lines corresponds to
oxides with vacancy: black lines represent total DOS, red lines stand for the DOS of Mn d electrons, blue lines
are the DOS of Fe d electrons, green lines while the DOS of O p electrons. The dotted gray line shows the total
DOS for particular stoichiometric oxide. Majority and minority states are shown as positive and negative curves.
The studied vacancy sites (from top to down) are following A (Mn 100%), B (Mn 75 %, Fe 25%), B (Mn 50%, Fe
50%), D (Mn 3%, 97%), and (Mn 0%, Fe 100%).

The formation of an oxygen vacancy disturbs an oxide lattice and introduces changes in
the positions of cations, adjacent to the vacancy. We analyzed changes in metal-oxygen
distances for all the studied structures, and obtained results are summarized in Table 5. In
general, we find that the cations move away from the vacancy and this is more pronounced
for Fe than for Mn cations.
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Table 5. The average changes and standard deviations in distances between metal atoms, adjacent to a
vacancy, to a position, where the oxygen atom used be before vacancy formation.

Oxide Type of atoms adjacent to
oxygen vacancy

Change in distance (Å) between a metal cation
and a site with O/vacancy
Mn—vac Fe—vac

a-Mn2O3 A site 0.12±0.03 —
FexMn2-xO3, 3% Fe A site 0.13±0.04 —

B site 0.20±0.02 0.00

FexMn2-xO3, 25% Fe B site 0.13±0.02 0.23

FexMn2-xO3, 50% Fe B site 0.11±0.02 0.23
C site 0.11±0.04 0.24±0.01
D site 0.09 0.27±0.04

b-Fe2O3 E site — 0.10±0.02

3.3. Oxygen diffusion
The migration of oxygen was studied for FexMn2-xO3 containing 0%, 25%, 50%, 100% of

Fe, where two pathways are possible for oxygen diffusion namely edge and facet paths,
shown in Figure 9. Oxygen atoms in FexMn2-xO3 lie in the middle of tetrahedrons, formed by
four neighboring metal cations.

The edge path (EP) corresponds to the diffusion of oxygen through the edges of two
connecting tetrahedrons, and represents oxygen transport to the nearest oxygen position.
The facet path (FP) goes through the facet of tetrahedrons and corresponds to oxygen
diffusion to the next nearest position. Figure 9 also shows the transitions state geometries
for both pathways. While in the EP, the transition state is between two cations along a line,
the transition state of the FP is more complex and includes several metal cations.

Table 6 summarizes the average computed diffusion barriers for both EP and FP in
different oxides. In general, we find that the activation barriers for EP channels are lower
than for the FP channels. As seen from the standard deviation values given in Table 6, the
barrier heights vary for mixed oxides. These variations originate from differences in a
chemical composition of initial, transition and final states.

For pure a-Mn2O3 and b-Fe2O3 all the oxygen anions are equivalent and the chemical
compositions of initial, final and transitions states remain similar no matter which oxygen
atom is moving. This leads to only very minor deviations in diffusion barriers along both
pathways. However, in mixed oxides Mn and Fe atoms can be distributed unevenly in the
computational cell, which introduces significant variation to a diffusion barrier, which
sensitively depends on the particular distribution of Mn and Fe atoms. We carefully studied
and analyzed different diffusion paths for mixed oxide containing 25% and 50% of Fe and
observed that the variation of a diffusion barrier is extremely complex phenomenon and
general trends are difficult to find due to the fact that the barrier height depends on multiple
parameters as highlighted below.

To start with, the symmetrical mixed oxide with 25% of Fe is discussed. In this case, the
transition state of EP can form either from two Mn atoms at the edge, or from one Mn and
one Fe atom at the edge. The transition state having only Mn atoms leads to a lower
diffusion barrier (0.90 eV in average) compared to the transition state of both Mn and Fe
atoms (1.16 eV in average). The transition state along the FP can have several different
chemical compositions and distributions, where the lowest barrier corresponds to the
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transition state with 4 Mn atoms in the base of a pyramid (shown in Figure 9) and a Fe atom
at the apex, while the highest barrier is found for the transition states with 5 Mn atoms.

Mixed oxide with 50 % of Fe demonstrates a very anisotropic structure, which in this case
means that the distribution of Fe cations is non-homogeneous. We find that anisotropy
introduces large variations in chemical surroundings and barrier heights and therefore, the
comparison of different transition state energies along (EP or FP) becomes challenging. One
potential additional factor contributing to the barrier height can be chemical composition
surrounding the diffusing oxygen at the initial state. We computed 22 edge paths and 40
facet paths with different TS and initial structures. In the case of EP, there are 3 possible
combinations (Mn-Mn, Fe-Mn and Fe-Fe) of metal atoms that can constitute the transition
state, while for FP we already found 8 possible combinations of cations for the transition
state. Both paths can have three different initial structures (3Mn and 1Fe atoms adjacent to
diffusing oxygen, 2Mn and 2Fe, and 3Fe and 1Mn). The majority of computed activation
barriers range from 0.7 to 1.1 eV for the EP and from 0.7 to 1.8 eV for the FP. Due to the
large number of different initial state – transition state combinations, the origin of activation
energy variation is challenging to pinpoint. Furthermore, we noticed that the chemical nature
of the next nearest metal atoms also has an impact on the barrier height. Therefore, it is
hardly surprising that the variation of an activation barrier for mixed oxide with Fe
concentration of 50% is even more complex and its rationalization calls for descriptors for
long range structural effects. These long range effects can potentially originate from
variations in Fe concentration along a diffusion pathway.

Figure 9. The schematic representation of edge and facet diffusion paths. Metal atoms are shown in white and
the oxygen atom is given in pink. The pink tetrahedron corresponds to the initial position of an oxygen atom and
the yellow tetrahedron stands for the position of an oxygen vacancy. The arrow represents the diffusion path,
where the end of an arrow shows the initial and final position of an oxygen atom. The red (blue) arrow describes
the edge (facet) path.

Table 6. The average diffusion barrier heights for Mn2O3 and FeXMn2-xO3. The second number gives the
standard deviation for a barrier. Activation barriers for pure a-Mn2O3 are taken from Ref.[37].

Oxide Edge
path Facet path

a-Mn2O3 0.7 [37] 1.0 [37]
FexMn2-xO3, 25% Fe 1.0±0.1 1.2±0.2
FexMn2-xO3, 50% Fe 0.9±0.2 1.3±0.5
b-Fe2O3 1.4±0.0 1.7±0.1
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CONCLUSION

This work provides a systematic study on bulk properties, vacancy formation and oxygen
diffusion in Fe doped Mn2O3. Using DFT calculations employing the GGA+U approach
several thousand structures were carefully screened as a function of Fe concentration and
distribution. A representative set of 20 structures at the range of 0-50%, 75%, 97%, and
100% Fe concentration was selected for a more careful analysis.

Our calculations indicate that substitution of Mn cations with Fe cations in a-Mn2O3

improves the stability of the oxide, which is reflected in negative values of doping energies
and more exothermic oxide formation energies with increasing of iron concentration. This is
due to the fact that the Fe-O bond is stronger than the Mn-O bond. The presence of Fe
dopants also changes the electronic structure of the oxide: the majority spin channel
transforms from half-metallic to clearly insulating with a non-zero band gap while the band
gap of minority spin channel slowly decreases with increasing Fe concentration.

Formation of an oxygen vacancy was examined for each structure in the representative
set. Our findings support the conclusion that introduction of Fe atoms stabilizes the Mn2O3

because the vacancy formation energy increases with the increasing number of Fe dopants
in the lattice. Excess electrons left to oxide upon oxygen removal modify electronic and
magnetic properties of the oxide. Specifically, excess electrons distribute on the nearest
neighbor cations, primarily to Mn. The changes in the local density of states are mainly seen
for major spin channel at high Fe concentration.

Oxygen transport studies highlight the rich variation of diffusion barrier values depending
on Fe concentration and distribution, in particular this is visible at Fe concentration
above 50%. In general, the diffusion pathway via the transition state located between two
cations, the so-called edge pathway is kinetically more favorable than the facet pathway,
which is another possible migration channel. The Fe dopants hinder oxygen migration but
even for pure b-Fe2O3 the diffusion barrier for the edge pathway is only 1.4 eV, which hardly
can dominate the performance of material in CL applications.

Overall, our study presents atomic-level explanation for experimentally observed
stabilization and improved performance of Fe-doped Mn2O3 in CL applications. The
systematic screening approach employed herein to study bulk properties of FexMn2-xO3 oxide
can be readily extendible to examine reactivity of the oxides towards oxidation of fuels.
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