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ABSTRACT: Chemical-looping is a technology that increases
combustion efficiency and enables carbon capture with a low
energy penalty. A central component in chemical-looping is the
oxygen carrier particles, which transfer oxygen from the air reactor
to the fuel reactor. It is, therefore, important to look for new
materials that might perform better than those used today. How
suitable a material is as an oxygen carrier is largely determined by
its thermodynamic properties, as this governs the maximum extent
of fuel conversion in the fuel reactor. Gathering data to estimate
thermodynamic properties is sometimes difficult or even impossible
using experimental methods. CaMnO3−δ is an example of a
complex material that has shown promise as an oxygen carrier for
chemical-looping combustion and chemical-looping with oxygen uncoupling. Still, the fundamentals of this system are not fully
understood, and available thermodynamic data show significant variations. Computational modeling is a method for generating
thermodynamic data of equivalent accuracy to experimental investigations for complex systems. In this study, first-principles
calculations by using density functional theory (DFT) and three different functionals (GGA + U, SCAN, r2SCAN) have been used
to investigate the perovskite CaMnO3−δ. Our unique approach allows for the detailed examination of individual oxygen vacancies
and their impact on thermodynamic properties, which is critical for understanding oxygen transport in chemical-looping. This is
important since vacancies largely govern the oxygen transport needed in chemical-looping. The generated data is used in multiphase
thermodynamic calculations to achieve greater detail in the predicted Ca−Mn−O phase-diagrams. The calculated results using
SCAN show good agreement with data found in commercial databases and experimental data when comparing heat capacity and
entropy, with differences of −1.17 and −11.17 J/(molK), respectively, for δ = 0 and 298.15 K. However, a larger discrepancy is
shown for the estimated formation enthalpy at the same conditions, +26 kJ/mol compared to data from a commercial database. The
results using r2SCAN are within 0.5% of the results using SCAN. The functional GGA + U estimates larger differences than SCAN
and r2SCAN, +0.77, −5.43 J/(molK), and +48 kJ/mol for heat capacity, entropy and formation enthalpy, respectively. This indicates
that CaMnO3 is less stable than previously proposed in the literature.

1. INTRODUCTION
Climate change has been, and still is, one of the greatest
challenges facing humanity. It has been proven to be driven
primarily by human-made additions of greenhouse gases
(GHG), including CO2 and CH4. The most recent report
from IPCC1 shows that the amount of GHGs in the
atmosphere is still increasing and that it will be difficult to
keep the temperature rise to less than 1.5 °C, which was the
goal set in the Paris Agreement.2 Estimates show that in order
to keep the increase below 2 °C, it will be necessary to achieve
negative emissions by collecting CO2 from the atmosphere.3,4

The increasing levels of GHGs indicate that it is difficult to
completely phase out fuel combustion as an energy source. A
solution to this problem is to develop technologies for cheap
capture and sequestering of CO2 after combustion. A potential
alternative for this type of technology is chemical-looping
combustion (CLC), which makes it possible to perform the

combustion without any dilution with nitrogen from the air.
This is achieved by using an oxygen carrier to transfer oxygen
from the air reactor to the fuel reactor. As a result, only two
components, CO2 and H2O, need to be separated post-
combustion by simple condensation, which reduces the cost of
capturing the CO2. If the fuel being used in this process is an
environmentally sourced biomass, CLC can be used to realize
the concept of bioenergy with carbon capture and storage
(BECCS).5 In particular, this allows heat and power to be
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efficiently generated while achieving negative emissions of
CO2.
Oxygen is absorbed in the so-called air reactor and

transported by oxygen carrier (OC) particles into the fuel
reactor, where the combustion takes place. Critically, the
particles are circulated back into the air reactor to be
reoxidized after releasing oxygen inside the fuel reactor. This
means that the OC must be able to transfer oxygen to the fuel
in a way that suppresses the formation of unwanted
byproducts. It should also be able to undergo multiple
oxidation and reduction cycles without breaking apart. One
of the most common OCs today is ilmenite, which can be seen
as a benchmark oxygen carrier and used in most pilot
operations.6,7 While this material is both relatively potent and
cost-effective, there are ongoing efforts to find even better
alternatives, both among natural ores and synthetic metal
oxides.
Theoretical models can be used to estimate the inherent

properties of materials as well as their effect on macro-scale
phenomena, for instance, the ability to function as an OC.
Thermodynamic calculations are widely used to understand
chemical processes such as CLC. Here it is important as
thermodynamic equilibrium largely governs the extent to
which a fuel can be converted to CO2 and H2O.

8 This is given
by the partial pressure of oxygen over the oxygen carrier
material, and it can also be expected that the oxygen transport
rate is governed by the difference in oxygen partial pressure on
the particle surface and the bulk gas concentration. However, a
profound limitation of most theoretical models is the need for
experimental data. When data is missing or cannot be attained
experimentally, a potential solution is to generate the required
information using first-principles calculations. Such predictions
can then be used together with the known data to explain
experimental observations. For example, this is useful for
chemical-looping since it enables a detailed analysis of the
interactions between OCs and fuels at high temperatures.
OCs are typically oxides of transition metals such as Fe,7

Mn,9−11 and Cu12,13 that have all been shown to work but also
suffer from at least some drawbacks. Oxides containing Cu, for
instance, are expensive and tend to agglomerate,12 while those
containing Mn12 have shown problems during the reoxidation
in the air reactor.
In recent years, perovskites have been found to be promising

OCs in CLC.14−17 These structures can be represented by the
general formula ABO3−δ, where A is a larger alkali or rare earth
cation, and B is a smaller transition metal cation. This type of
materials transfer oxygen within the same phase, unlike
common monometallic oxygen carriers, a phenomenon
which manifests itself in a nonstoichiometric phase. Since
multiple species can partially occupy both sites, the number of
potential combinations is enormous. One such perovskite,
which has been extensively investigated, is CaMnO3−δ.

11,15,18

Besides showing promising results in CLC processes, Ca- and
Mn-oxides are cheap and abundant on the market making
CaMnO3−δ cheaper to synthesize than other synthesizable
OCs.11 One major problem, however, is the long-term stability
since it tends to undergo an irreversible phase change to
CaMn2O4 and Ca2MnO4.

12 These phases are not beneficial to
CLC since they do not possess the same redox properties as
CaMnO3−δ.

14 It has been found that replacement of some Mn
with Ti and Mg has increased stability,14,18,19 but fundamental
stabilizing mechanism and energetics are not well-known.
Since the aforementioned phase changes are also a problem

when trying to perform high-temperature measurements, one
of the aims of this study is to investigate the thermodynamic
properties of orthorhombic CaMnO3−δ, with different levels of
oxygen vacancies, using density functional theory (DFT).
Another point to make is the fact that there is currently a
discrepancy between theoretical and experimental data when it
comes to CaMnO3−δ. Estimates obtained by combining a
semiempirical model proposed by Goldyreva et al.20 with
either a commonly used data source, FactSage, or experimental
measurements by Rørmark et al.21 and Bakken et al.,22 yield
very different results.23 This discrepancy, the fact that this
system has shown promise as an oxygen carrier, that it can be
modified in many ways, and that the fundamental properties
are not well understood warrants a deeper study.
The method employed in this study has previously been

used to estimate properties of mixed metal oxides and
displayed good agreement with experimental data.23 This
approach should be regarded as state-of-the-art when it comes
to estimating thermodynamic properties. Since it only relies on
a combination of DFT calculations and tabulated data for well-
known oxides, it is possible to explore previously unknown
systems and compositions of novel materials. This approach
can be especially interesting for complex oxides, like perov-
skites, where relevant data may be difficult to obtain
experimentally due to the nonstoichiometric behavior of such
materials.24 As far as we know, this is the first time this method
has been used to investigate perovskite materials and the effect
of oxygen vacancies.

2. METHODS
The study uses a method previously presented by Brorsson et
al.23 but with the addition of accounting for oxygen vacancies
in the studied material. The method, which is presented in
Figure 1, was originally proposed by Benisek and Dachs25 and
is based on DFT calculations. Generally, the starting point is
the crystal structure of the material of interest. After using DFT
to find the lowest energy state, it is possible to estimate the
phononic contribution of the heat capacity based on the
harmonic approximation. When combined with the 0 K
energies from the DFT calculations, an estimation of the
reaction enthalpy at 298.15 K can be obtained. By using the
results together with tabulated thermodynamic properties of
well-known simple metal oxides, it is possible to determine the
temperature dependent specific heat capacity together with the
entropy and the formation enthalpy at 298.15 K.
For a crystal in which multiple species, including vacancies,

occupy the same lattice sites, a method called cluster expansion
(CE) can be trained in order to find the ground state.26

Otherwise, the method is the same as that employed for
systems with only one species per lattice site. In the former
case, it is also possible to use the CE to perform Monte Carlo
simulations and thereby estimate the contribution of chemical
ordering to the heat capacity. All these steps are explained in
more detail in the following sections.
2.1. Procedure and Theory. The procedure used here

involves the following steps.

1. Identify a chemical reaction describing the formation of
the studied metal oxide from a set of binary oxides for
which thermodynamic data is available. The current
study investigated CaMnO3‑δ, and the simple metal
oxides utilized to calculate the formation energy were
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CaO, Mn3O4 and MnO. The theoretical reaction is
shown in eq 1

+

+F

CaMnO (2 3 )MnO

CaO (1 )Mn O
3

3 4 (1)

2. Calculate the heat capacity for the reaction at constant
volume

= +C C C C

C

( (1 )

(2 3 ) )

R V V,CaMnO V,CaO V,Mn O

V,MnO

3 3 4

(2)

3. Assume that the heat of reaction at 0 K can be
represented by the change in internal energy

= +
= +

H U P V U

U U U

U

( (1 )

(2 3 ) )

R
0K

R
0K

R
0K

R
0K

CaMnO
0K

CaO
0K

Mn O
0K

MnO
0K

3 3 4

(3)

4. Estimate the enthalpy and entropy of the reaction at
room temperature

+H H C TdR
298.15K

R
0K

0

298.15

R V (4)

+S S
C

T
TdR

298.15K
R

0K

0

298.15
R V

(5)

5. Use experimental data for the monometallic oxides to
correct the formation enthalpy and entropy of the
studied metal oxide

= +
+

H H H

H

H

(1 )

(2 3 )

f
298.15K

R
298.15K

R CaO
298.5K

f Mn O
298.5K

f MnO
298.5K

3 4

(6)

= + +S S S S

S

(1 )

(2 3 )

298.15K
R

298.15K
CaO
298.15K

Mn O
298.15K

MnO
298.15K

3 4

(7)

While Benisek and Dachs only used the above procedure to
estimate properties at room temperature, Brorsson et al.23

showed how this approach can be extended to include the heat
capacity at elevated temperatures. Specifically, it is assumed
that the following two expressions of the enthalpy of formation
are equal

= +H H C TdT
T

f f
0K

0
P (8)

+ +

+

H H C T H

H H

d

(1 ) (2 3 )

T
T

T

T T

f R
0K

0
R V f CaO

f Mn O f MnO3 4 (9)

which leads to the following expression for the heat capacity

+ +

+

C T H C T H

H H

H

d d

(1 ) (2 3 )

T T
T

T T
0

p R
0K

0
R V f CaO

f Mn O f MnO

f
0K

3 4

(10)

Crucially, tabulated reference data for the monometallic
oxides is used to increase the accuracy. The reference data for
CaO was taken from the NIST-JANAF thermochemical tables,
and the data for Mn3O4 and MnO from other publications.

27,28

Since the formation enthalpies are given by

= +H H C TdT
T

f X f X
0

0
p,X (11)

where X = CaO, Mn3O4, and MnO, the expression for the heat
capacity, of the compound of interest, in eq 10 can be reduced
to

Figure 1. Schematic illustration of the procedure for estimating the
entropy, formation enthalpy, and heat capacity by combining first-
principles calculations and tabulated experimental data for mono-
metallic oxides. Specifically, the main (optional) steps are indicated by
the solid (dashed) arrows, while the blue, orange, and green blocks
represent external data, computational methods, and results,
respectively. The optional steps are only required when the ground
state of the material is not known, which is the case for structures with
vacancies.
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= + +C T C T C T C T

C T

( ) ( ) ( ) (1 ) ( )

(2 3 ) ( )

P R V P,CaO P,Mn O

P,MnO

3 4

(12)

To use the results together with other components and
phases, such as the FactSage software, it is necessary to express
the specific heat capacity, at constant pressure, as a function of
temperature using a series of power functions with a maximum
of eight terms

=
=

C T k T( )
i

i
P

P
1

8
i

(13)

In this study, five terms were used to estimate the heat
capacity of CaMnO3−δ

= + + + +C T k k T k T k T k T( )P 0 1
0.5

2
3

3
2

4
1

(14)

2.2. Representative Structure. Structures collected from
the Materials Project29 were used as starting points for the
first-principles calculations. Since only stoichiometric CaMnO3
is found in said database, the ground states for compositions
with oxygen vacancies were determined using CEs.
2.3. Ground State from Cluster Expansions. The ICET

toolkit30 was used to find the ground states of structures with
oxygen vacancies via the creation of alloy CEs. This method is
often used to represent disordered systems as combinations of
clusters with different symmetries. Based on the order, or in
other words, the number of atoms, these clusters can be
classified as pairs, triplets, quadruplets, and so on. Since the
number of clusters is theoretically infinite, those above a
certain order or with radii larger than specific cutoffs are
disregarded. In practice, however, the selection is often limited
by the available computational resources as well as the size of
the training data set.
Here, 200 configurations were created by randomly

replacing oxygen atoms in 80 atom CaMnO3 supercells with
vacancies. After relaxing the structures as detailed below, a CE,
with cutoffs of 3.5 Å for pairs and 1.5 Å for triplets, was fitted
using automatic relevance detection regression (ARDR). The
ground states were then determined using a procedure based
on multiple integer programming that is implemented in
ICET.30

The alloy CE was also used to estimate the contribution to
the heat capacity from the chemical ordering, specifically by
performing Monte Carlo (MC) simulations using the
MCHAMMER module of ICET.30

2.4. Computational Details. DFT, as implemented in
VASP31 (version 5.4.4), was used for all first-principles
calculations required to evaluate (eqs 2−5), which includes
structure relaxations and force determinations. The input files
were, more precisely, generated with PYMATGEN.32 This
ensured that the settings were the same as in the Materials
Project,29 which entailed using the generalized gradient
approximation (GGA) functionals presented by Perdew,
Burke and Ernzerhof (PBE)33 and an energy cutoff of 520
eV as well as setting the U-value for Mn to 3.9 eV.32 Initially,
the energy difference for the electronic and ionic convergence
was set to 10−3 and 10−2 eV per atom, respectively. After this, a
second relaxation was performed using the same functionals, to
achieve more accurate results, where the same thresholds were
set to 10−6 and 10−5 eV. In addition, structure relaxations using
SCAN and r2SCAN functionals were done for stoichiometric
CaMnO3. Specifically, the purpose was to determine the

difference in free energy when using more detailed functionals
than GGA + U.
To generate a reciprocal grid of k-points, the Monkhorst−

Pack method was used for the stoichiometric CaMnO3. For
each oxygen vacancy concentration, the γ-centered method
was used. A reciprocal grid of 1100 k-points per atom was
used, which is higher than the default setting in the Materials
Project (1000). The tetrahedron method with Blöchl
correction was used to sample the grid for all compositions.
This study concerns the following compositions with

different fractions of vacancies: CaMnO3, CaMnO2.9375,
CaMnO2.875, CaMnO2.8125, CaMnO2.75, CaMnO2.6875,
CaMnO2.625, CaMnO2.5625, CaMnO2.5. In the case of
stoichiometric CaMnO3, calculations were performed on the
primitive orthorhombic unit cell with 20 atoms, Ca4Mn4O12.
To represent different oxygen vacancy concentrations, mean-
while, unit cells with up to 79 atoms had to be used, specifically
Ca16Mn16O47, Ca16Mn16O46, Ca16Mn16O45, Ca16Mn16O44,
Ca16Mn16O43, Ca16Mn16O42, Ca16Mn16O41, and Ca16Mn16O40.
2.5. Phononic Heat Capacity. The phononic contribu-

tion to the heat capacity was estimated using the PHONOPY34

package based on force constants (FCs) that were determined
using HIPHIVE.26 Fifteen “rattled” supercells, with up to 210
atoms, were generated from the ground state structure for each
oxygen vacancy concentration by randomly displacing all
atoms by distances drawn from a Gaussian distribution with a
0.02 Å standard deviation. Note that the primitive unit cell was
repeated the same number of times for all vacancy
concentrations. In the case of Ca16Mn16O47, for instance, the
supercells consisted of 158 atoms compared to 200 for
CaMnO3. The interatomic forces, obtained from a static
calculation in VASP, were used, together with the displace-
ments, to fit the force constant potentials (FCPs). By using the
force constants (FCs) extracted from the FCPs, the heat
capacity, entropy, and free energy were calculated from 10 K
up to 2500 K based on a uniform mesh with 5 × 106 q-points
per reciprocal atom.
2.6. Generation of Phase Diagrams. The Ca−Mn−O

system was evaluated using FactSage 8.2,35 which determines
chemical equilibrium by minimizing the Gibbs free energy
while considering thermodynamic data for selected phases and
compounds. In particular, this work involved the use of the
FactPS and FToxid databases, for pure substances and oxide
solutions, respectively, as well as semiempirical data.36

Additionally, data obtained from the first-principles calcu-
lations for each of the eight different nonstoichiometric
CaMnO3−δ phases were incorporated into a user-defined
database. More specifically, this included the formation
enthalpy and entropy at room temperature, together with the
coefficients in the power series representation of the heat
capacity in eq 14.
The stability of CaMnO3‑δ under CLC-conditions was

analyzed by comparing Gibbs free energies and involved
generating phase diagrams for an equimolar mixture of Ca and
Mn, oxygen partial pressures between 1 atm and 10−12 atm,
and temperatures ranging from 100 to 1200 °C.

3. RESULTS AND DISCUSSION
3.1. Calculated Thermal Properties. By applying the

method described in the previous section, the coefficients in
the expression for the heat capacity in eq 14 were determined
for each oxygen vacancy concentration. The enthalpy of
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formation and entropy, both at room temperature, were also
estimated and are presented in Table 1.
The plots of the heat capacity, shown in Figure 2, for the

different vacancy concentrations in Table 1 show that the
computational results presented in this work (DFT) are in
good agreement with data obtained by using experimental data
from Factsage, or Rørmark et al.21 and Bakken et al.,22 together
with a semiempirical model proposed by Goldyreva et al.20

While the first-principles calculations yield a wider spread in
the heat capacity when comparing the different vacancy
concentrations, the overall behavior is similar. As expected, the
heat capacity decreases as the number of vacancies increases,
since there are fewer atoms per formula unit. Even so, it is
possible to discern some unique behavior for individual

vacancy concentrations. For instance, some show a sharper
increase in heat capacity at around 800 K. This is a direct effect
of chemical ordering, specifically in the form of an order−
disorder transition that leads to an abrupt increase in the heat
capacity. Since the transition temperatures differ depending on
the vacancy concentration, some occur outside the range
displayed in the figure.
Figure 2 clearly shows that the curves corresponding to

different vacancy concentrations have similar shapes for all
properties and data sets. Still, there is a slight difference in
relative values. In this study, the heat capacity, enthalpy of
formation and entropy differ from the FactSage data by +0.77
J/(molK), + 48 kJ/mol, and −5.43 J/(molK) at 298.15 K and
δ = 0 when using GGA + U functional. Using the SCAN

Table 1. Thermodynamic Properties of Structures with Different Oxygen Vacancy Concentrations Based on GGA + U
Calculationsa

system ΔfH298.15K [kJ/mol] S298.15K [J/molK] k0 [J/molK] k1 [J/molK0.5] k2 [J/mol] k3 [JK/mol] k4 [JK2/mol]

CaMnO2.5 −1.092 × 106 100.03 94.26 4.72 × 103 −153.19 × 103 34.28 × 106 −4.06 × 109

CaMnO2.5625 −1.112 × 106 98.49 19.11 11.47 × 103 −320.98 × 103 69.15 × 106 −7.93 × 109

CaMnO2.625 −1.134 × 106 100.08 48.58 9.37 × 103 −269.19 × 103 58.28 × 106 −6.73 × 109

CaMnO2.6875 −1.138 × 106 97.22 −34.96 16.66 × 103 −446.74 × 103 93.99 × 106 −10.60 × 109

CaMnO2.75 −1.149 × 106 99.55 24.41 11.95 × 103 −333.78 × 103 71.49 × 106 −8.18 × 109

CaMnO2.8125 −1.160 × 106 98.76 −45.48 18.10 × 103 −481.83 × 103 100.53 × 106 −11.27 × 109

CaMnO2.875 −1.168 × 106 95.79 −14.01 15.57 × 103 −424.29 × 103 90.14 × 106 −10.24 × 109

CaMnO2.9375 −1.179 × 106 93.48 −34.61 17.49 × 103 −471.24 × 103 99.43 × 106 −11.25 × 109

CaMnO3 −1.189 × 106 96.32 −46.62 19.18 × 103 −514.48 × 103 108.49 × 106 −12.26 × 109
aThe formation enthalpy (ΔfH298.15K) and entropy (S298.15K) were calculated using eqs 6 and 7. The coefficients for eq 14 for each structure are also
presented.

Figure 2. Heat capacity (a−d), formation enthalpy (e−h), and entropy (i−l) from DFT calculations (a, e, i) as well as a semiempirical model
combined with experimental data from either FactSage (b, f, j) or Rørmark et al. and Bakken et al. (c, g, k). The panels in the leftmost column (d, h,
l) show the deviation between δ = 0 and δ > 0.
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functional, these values change to −1.17 J/(molK), + 26 kJ/
mol, and −11.17 J/(molK) at 298.15 K and δ = 0. When
compared with the data based on Rørmark et al.21 and Bakken
et al.22 the differences in the same properties are +0.44 J/
(molK), +115 kJ/mol, and −7.24 J/(molK) using the SCAN
functional. The difference between results from SCAN and
r2SCAN is within 0.5%.
It can be concluded that the calculated heat capacity and

entropy are well within the experimental margin of error
(±10%). The formation enthalpies obtained from first-
principles indicate that CaMnO3−δ is significantly less stable
compared to the experimental data, however. Even so, it is
worth noting that the difference between the results from this
study and FactSage is less than ±10%. For comparison with
Rørmark et al.21 and Bakken et al.22 the difference is close to
±10%.
There are many potential explanations for the discrepancy

between the computational results and experiments. First the
experimental data represents a combination of measurements
from two separate studies.21,22 Specifically, the enthalpy of
formation at room temperature was estimated by taking the
value for CaMnO2.996 at 993 K reported by Rørmark et al.

21

and subtracting the enthalpy change obtained by integrating
the heat capacity measured by Bakken et al.22 from 298.15 to
993 K. Note that the latter data only extends to 650 K, since
CaMnO3 was found to decompose above this temperature, and
a piecewise cubic hermite interpolating polynomial (PCHIP)
was therefore used for extrapolation up to 993 K. Another
possible explanation for the lack of agreement could be that the
materials used in previous experiments did not correspond to
pure CaMnO3, but instead a mixture of various structurally
related phases with similar X-ray diffraction spectra, i.e.,
incorporation of minor amounts of impurities on the A- or B-
site, perhaps not discernible in XRD spectra. These might have
lower formation enthalpies, which would lead to an under-
estimation of the value for pure CaMnO3. It should be noted
that in experiments with chemical-looping using CaMnO3,
phase diagrams of used materials almost always contain some
other phases, Ca2MnO4 or CaMn2O4, which could suggest that
CaMnO3 is unstable during the process.

36 Moreover, the sizes
of the supercells, which were chosen to keep the computational
load manageable, could have an effect on the results. As was
also noted, the structure of the crystal is orthorhombic. While
this is the most stable structure at 0 K for stoichiometric
CaMnO3, it will change at higher temperatures and vacancy
concentrations.36 New calculations would have to be
performed for these alternative crystal symmetries to see if
there are any effects on the thermodynamic properties as
calculated in this work. This direction for further investigation
forms part of our future research plans, but it lies beyond the
scope of the present study.
3.2. Elucidating the Effect of Oxygen Vacancies. If the

results from this study are combined with the data in the
FactSage database to create a phase diagram, the stability of
CaMnO3−δ is too low for this phase to be visible. This is not
unexpected, however, since the formation enthalpy for
CaMnO3 is predicted to be 26 kJ/mol higher than the value
in the FactSage database when using SCAN or r2SCAN as the
functional and 48 kJ/mol when using GGA + U, as was
mentioned in the previous section.
To model the effect of oxygen vacancies, the calculated

formation enthalpies were, thus, shifted by the difference for
stoichiometric CaMnO3 relative to the data in FactSage at

298.15 K. By using the resulting estimates, together with the
data for other phases from the FactPS and FToxid databases, it
is possible to construct a more complete diagram, which is
marked by blue lines in Figure 3. The results obtained in this

work indicate that the most thermodynamically stable
CaMnO3−δ phase changes from δ = 0 to δ = 0.375 at higher
temperatures when transitioning between high and low partial
pressure of oxygen, as is expected in a CLC system. This
demonstrates the potential of using this method to expand the
understanding of how materials react under different
conditions. In real-world CLC applications, the oxygen carrier
must efficiently release and uptake oxygen during the
combustion cycles. The phase diagrams help us understand
the thermodynamic stability of CaMnO3−δ and its ability to
maintain structural integrity and performance under varying
conditions, and not break down into other crystal structures
which might not be as beneficial to the CLC-process as
CaMnO3−δ. Specifically, the diagrams indicate the phases that
CaMnO3−δ can adopt at different oxygen vacancy levels, which
in turn affects its capabilities as an oxygen-carrier. Figure 3 also
includes results, as represented by the red lines, obtained with
the semiempirical model proposed by Goldyreva et al.20

From Figure 3, it is clear that there is a significant
discrepancy between the different sets of data, but it is not
immediately obvious which model is the most correct. One
should note that the phase diagram shows the most
thermodynamically stable phase at a certain partial oxygen
pressure and temperature. Even so, it is unlikely that each
individual oxygen vacancy concentration is stable in a global
sense, which the semiempirical model proposed by Goldyreva
et al. seems to suggest, as opposed to metastable. It is also
worth pointing out that a possible reason why only CaMnO3‑δ
with δ = 0 and δ = 0.375 are visible could be that only eight
distinct oxygen vacancy concentrations were explored, as was
mentioned earlier. This is due to the increased computational
cost required to perform DFT calculations for unit cells with

Figure 3. Phase diagram of Ca−Mn−O system, including results from
calculations for CaMnO3−δ, which have been adjusted to fit the
formation of enthalpy for CaMnO3 at 298.15 K from the FactSage
database, with oxygen vacancies and where data from a semiempirical
model has been superimposed (red lines), which has been reproduced
from36 available under a CC BY 4.0 license, Copyright 2024 Ivana
Stanicǐc ́ et al.
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more than 80 atoms. If it would be possible to study larger unit
cells, and therefore a finer grid of oxygen vacancies, the results
can be expected to show a clearer transition between the
phases in the phase diagram. It should also be stressed that the
data from Figure 3 is shown to give a more explicit view of the
influence of oxygen vacancies, which was the purpose of
developing this novel method of estimating thermodynamic
properties for OCs, and that the enthalpy was adjusted to
reflect data available in the FactSage databases.
Still, the analysis shows that there are significant

discrepancies with respect to the ground state energy of
different sources. From the current study, it is suggested that
the pure CaMnO3 system may not be as stable as previously
determined, but further investigations and comparisons are
necessary.

4. CONCLUSIONS
This study shows that a semiempirical method, which is based
on a combination of DFT and harmonic phonon calculations,
can be used to estimate the thermodynamic properties of
complex metal oxides, here in the form of the OC material
CaMnO3−δ. A key achievement of this work is the expansion of
the phase diagram for the Ca−Mn−O system, incorporating
detailed data on oxygen vacancies. This novel approach allows
for a deeper understanding of the influence of oxygen vacancies
on the thermodynamic properties and phase stability of
CaMnO3−δ, which is critical for its performance in CLC.
The heat capacity and entropy calculated in this study are
determined to be within the experimental margin of error of
(±10%). The resulting Ca−Mn−O phase diagram shows that
the CaMnO2.625 phase is the most thermodynamically stable at
high temperatures and oxygen partial pressures. However, our
results also indicate that stoichiometric CaMnO3 is less stable
than previously proposed in literature. This discrepancy
between calculated and experimental data warrants further
investigation to identify the exact cause.
The ability to create a new phase diagram based on detailed

data for oxygen vacancies represents a significant advancement.
This method enables the exploration of complex novel
materials for use in CLC processes, providing valuable insights
into the correlation between inherent properties and OC
capacity. Additionally, individual phases that are difficult or
even impossible to isolate and test experimentally can be
investigated using this methodology, paving the way for future
material exploration and development.
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