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A B S T R A C T

In this study, an efficient first-principles approach for calculating the thermodynamic properties of mixed
metal oxides at high temperatures is demonstrated. More precisely, this procedure combines density functional
theory and harmonic phonon calculations with tabulated thermochemical data to predict the heat capacity,
formation energy, and entropy of important metal oxides. Alloy cluster expansions are, moreover, employed
to represent phases that display chemical ordering as well as to calculate the configurational contribution
to the specific heat capacity. The methodology can, therefore, be applied to compounds with vacancies
and variable site occupancies. Results are, moreover, presented for a number of systems of high practical
relevance: Fe–K–Ti–O, K–Mn–O, and Ca–Mn–O. For the reference materials, the agreement with experimental
measurements is exceptional in the case of ilmenite (FeTiO3) and good for CaMnO3. When the generated
data is used in multi-phase thermodynamic calculations to represent materials for which experimental data
is not available, the predicted phase-diagrams for the K–Mn–O and K–Ti–O systems change dramatically. The
demonstrated methodology is highly useful for obtaining approximate values on key thermodynamic properties
in cases where experimental data is hard to obtain, inaccurate or missing.
1. Introduction

Thermodynamic calculations are widely applied to understand and
predict thermochemical processes; they have proven to be especially
useful when considering ash-related problems during fuel conversion,
including combustion [1], gasification [2–4], and chemical-looping
[5–7]. In addition to providing faster results compared to experimental
measurements, this approach can flag for issues that might be encoun-
tered in practical applications. A major limitation, however, is the avail-
ability of experimental data. In particular, inaccurate results will be
obtained from this type of multi-component, multi-phase equilibrium
calculations if the databases used do not include all stable compounds.
This is a significant obstacle in many present-day thermochemical
conversion technologies, such as gasification and chemical-looping pro-
cesses, for instance because the combination of active materials and
ashes from biomass can lead to complex side-reactions [1,6–8]. This
is especially true for chemical looping combustion (CLC), in which
oxygen carriers (OCs) are used to transport oxygen from the air to
the fuel. A concrete example is the interaction between the benchmark
OC ilmenite with potassium. This is regarded as one of the most
problematic ash element in CLC of biomass (as well as other thermal
conversion systems) and is, for example, known to cause problems in
boilers due to the formation of silicates with low melting tempera-
tures. Researchers have previously found that the ilmenite captures
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potassium when used as an OC [9,10] and, specifically, attributed this
phenomenon to the formation of the experimentally observed KTi8O16
phase. Unfortunately, the thermodynamic databases of relevant K–Ti–O
compounds have, until now, been incomplete, making it impossible to
simulate this system accurately. In cases such as this, where little or no
thermodynamic data is available, a potential solution is to generate the
required information using first-principles calculations. Indeed, such an
approach could be viable in situations when measurements are difficult
to perform or inherently inaccurate because of systematic errors related
to the, e.g., phase behavior of the material. By combining the calculated
thermodynamic properties with data from existing databases, it is
possible to investigate the stability of the missing compounds for the
purpose of either predicting or explaining experimental observations.
With regards to ash elements, for example, this allows the prediction of
problematic properties and elucidation of potential remedies, as well as
a better understanding of their interactions with different OCs, thereby
providing guidance for the selection of the latter.

Recently, a semi-empirical methodology for estimating the ther-
modynamic properties of mixed oxides was proposed by Benisek and
Dachs [11] and, moreover, shown to provide a reasonable agreement
with experiments for a number of minerals under relevant conditions.
In particular, it relies on a combination of reaction enthalpies, at 0K,
calculated with density functional theory (DFT) and estimates of heat
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capacities, as functions of temperature, based on the harmonic approxi-
mation, as well as tabulated experimental data for monometallic oxides.
As mentioned by Biele et al. [12], this approach provides a much better
accuracy compared to simpler estimates, such as the Neumann–Kopp
rule. Indeed, there exists a few other studies that have been based
on similar procedures for calculating thermodynamic properties from
first-principles to generate, better, phase diagrams, typically using the
CALculation PHAase Diagrams (CALPHAD) method. This is especially
true for the papers by Chang et al. [13] and Tosin Paese et al. [14],
which both demonstrate good agreement with measurements for the
Li–Co–O and Li–Ni–O systems. Other examples include the works of
Sridar et al. [15] and Gierlotka et al. [16,17], even though the ab
initio results were, in contrast to the study at hand as well as the ones
by Chang et al. and Tosin Paese et al. not explicitly corrected using
experimental data. Instead, the Gibb’s energy models were optimized
with help of the Thermo-Calc software [18].

The aim of this work is to utilize a modified version of Benisek
and Dachs’ procedure, which takes chemical ordering into account via
the construction of alloy cluster expansions (CEs), to predict the ther-
modynamic parameters of complex metal oxides that are relevant for
chemical-looping with biomass. Since this computational methodology
is applicable to any metal oxide, and even other stable crystalline
materials, it is believed to be useful for estimating high temperature
thermodynamic properties of solids in a broad range of different con-
texts. Even so, it should be emphasized that the selected phases have
all been found during chemical-looping processes. The latter represent
breakthrough technologies for thermochemical conversion of fuels and
their commercialization is regarded as key to meeting the climate
targets because of the inherently low emissions as well as possibilities
for carbon capture. Specifically, results from several systems of rele-
vance for CLC are presented, i.e. K–Mn–O, Ca–Mn–O, and K–Fe–Ti–O.
In addition, the impact of the first-principles data on thermodynamic
calculations is demonstrated using the FactSage 8.2 software [19].

2. Method

In complex higher order systems, multicomponent thermodynamic
calculations can generate stable phases based on minimizing the Gibbs
free energy. Each component must, more precisely, be described by sev-
eral state functions, here in the form of the standard enthalpies of for-
mation and entropies, as well as the temperature variation of the heat
capacity. In this work, these are obtained from first-principles calcula-
tions based on a modified version of a methodology originally proposed
by Benisek and Dachs [11] Specifically, this approach is applied to a
number of complex K–Mn–O, Ca–Mn–O, and K–Fe–Ti–O oxides, namely
KMn2O4, K2MnO4, K3MnO4, CaMn14SiO24 and Ca19Mn2(PO4)14, as well
as K0.4Fe0.4Ti0.6O2, K0.85Fe0.85Ti0.15O2, KTi8O16, and KTi8O16.5 (repre-
sented by KTi6O12) together with the reference materials FeTiO3 and
CaMnO3. Even though a comprehensive literature review has revealed
that the selected compounds have been shown to form under experi-
mental conditions, these observations cannot be verified or explained
via simulations due to a lack of thermodynamic data [6,7]. Hence, these
systems are ideally suited for testing the procedure outlined below.

2.1. Procedure and theory

As was shown by Benisek and Dachs [11], the following procedure
(see Fig. 1), which is described for FeTiO3, can be used to calculate the
thermodynamic properties of any metal oxide.

1. Identify a possible chemical reaction that describes the forma-
tion of the compound of interest from a set of binary oxides,
e.g.,

FeO + TiO ←←←←←←←←←←←←←←←←←⇀ FeTiO . (1)
2

2 ↽←←←←←←←←←←←←←←←←← 3
2. Compute the heat capacity for the reaction at constant volume,

𝛥R𝐶𝑉 = 𝐶𝑉 ,FeTiO3
−
(

𝐶𝑉 ,FeO + 𝐶𝑉 ,TiO2

)

. (2)

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

𝛥R𝐻
0K =𝛥R𝑈

0K + 𝑃𝛥R𝑉
0𝐾 ≈ 𝛥R𝑈

0K

= 𝑈0K
FeTiO3

−
(

𝑈0K
FeO + 𝑈0K

TiO2

)

, (3)

which is based on the assumption that the volume term 𝑃𝛥R𝑉 0𝐾 ,
which relates the enthalpy and internal energy, can be neglected.

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

𝛥R𝐻
298.15K ≈ 𝛥R𝐻

0K + ∫

298.15

0
𝛥R𝐶𝑉 𝑑𝑇 , (4)

𝛥R𝑆
298.15K ≈ 𝛥R𝑆

0K + ∫

298.15

0

𝛥R𝐶𝑉
𝑇

𝑑𝑇 . (5)

As Benisek and Dachs demonstrate, the error that results from
using the reaction heat capacity at constant volume rather than
pressure is relatively small. It should also be noted that a pre-
sumed benefit of the above formula, compared to calculating
the entropy and formation enthalpy at 0K before adding the
contribution from the heat capacity up to 298.15K, is that the
magnetic contributions for the product and the reactants will,
at least partially, cancel. Nevertheless, this means that it is
necessary to compute not only 𝐶𝑉 ,FeTiO3

but also 𝐶𝑉 ,FeO and
𝐶𝑉 ,TiO2

.
5. Use data for the monometallic oxides, in this case, FeO and TiO2

from the NIST-JANAF thermochemical tables [20], to correct the
formation enthalpy and entropy of the multinary compound:

𝛥f𝐻
298.15K = 𝛥R𝐻

298.15K + 𝛥f𝐻
298.15K
FeO

+ 𝛥f𝐻
298.15K
TiO2

, (6)

𝑆298.15K = 𝛥R𝑆
298.15K + 𝑆298.15K

FeO

+ 𝑆298.15K
TiO2

. (7)

A drawback with the approach outlined above is that one does not
directly obtain the heat capacity above room temperature. Still, it is
possible to derive an equation from which it can be estimated. The first
step is to set the following alternative expressions for the enthalpy of
formation equal:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛥f𝐻𝑇 = 𝛥f𝐻0K + ∫ 𝑇
0 𝐶𝑃 𝑑𝑇 ′

𝛥f𝐻𝑇 ≈ 𝛥R𝐻0K + ∫ 𝑇
0 𝛥R𝐶𝑉 𝑑𝑇 ′

+𝛥f𝐻𝑇
FeO + 𝛥f𝐻𝑇

TiO2

, (8)

which gives the following result,

∫

𝑇

0
𝐶𝑃 𝑑𝑇

′ ≈ 𝛥R𝐻
0K + ∫

𝑇

0
𝛥R𝐶𝑉 𝑑𝑇

′

+ 𝛥f𝐻
𝑇
FeO + 𝛥f𝐻

𝑇
TiO2

− 𝛥f𝐻
0K . (9)

Since the heat capacity at constant pressure is available for the binary
oxides from the NIST-JANAF thermochemical tables, it is possible to
express the corresponding formation enthalpies as,

𝛥f𝐻
𝑇
𝑋 = 𝛥f𝐻

0
𝑋 + ∫

𝑇

0
𝐶𝑃 ,𝑋𝑑𝑇

′, (10)

where X = FeO, TiO2. By inserting this expression into Eq. (9) one ob-
tains a relatively simple formula for the heat capacity of the compound
of interest,

𝑇
𝐶𝑃 𝑑𝑇

′ ≈ 𝛥R𝐻
0K − 𝛥f𝐻

0K +
𝑇
𝛥R𝐶𝑉 𝑑𝑇

′

∫0 ∫0
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Fig. 1. Schematic illustration of the procedure for estimating the entropy, formation enthalpy, and heat capacity using a combination of first-principles calculations and tabulated
experimental data for monometallic 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.
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+ 𝛥f𝐻
0
FeO + ∫

𝑇

0
𝐶𝑃 ,FeO𝑑𝑇

′

+ 𝛥f𝐻
0
TiO2

+ ∫

𝑇

0
𝐶𝑃 ,TiO2

𝑑𝑇 ′

⇒ 𝐶𝑃 (𝑇 ) =
𝑑
𝑑𝑇 ∫

𝑇

0
𝐶𝑃 𝑑𝑇

′

≈ 𝛥R𝐶𝑉 (𝑇 ) + 𝐶𝑃 ,FeO(𝑇 )

+ 𝐶𝑃 ,TiO2
(𝑇 ). (11)

n this way, the difference between the heat capacities at constant
olume and pressure will, to some extent, be taken into account,
3

imilarly to the magnetic contribution. c
It is important to note that FactSage requires that the temperature
ependence of the specific heat at constant pressure is provided as a
um of power functions with at most eight terms,

𝑃 (𝑇 ) =
8
∑

𝑖=1
𝑘𝑖𝑇

𝑝𝑖 . (12)

t is, therefore, problematic to model certain features, such as the
eaks typically observed at phase transitions [21], and, consequently,
ess relevant to include contributions from, for instance, chemical and
agnetic ordering. Though various empirical formulas for the specific
eat of minerals have been proposed [22], we will, for the sake of

onvenience, fit expressions with the same functional form as the one
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p
m

used in FactSage for most species, including FeTiO3,

𝐶𝑃 (𝑇 ) = 𝑘0 + 𝑘1𝑇
−0.5 + 𝑘2𝑇

−3 + 𝑘3𝑇
−2. (13)

The only exception is CaMnO3, which is instead represented by a
formula that contains an additional (𝑇 −1) term,

𝐶𝑃 (𝑇 ) = 𝑘0 + 𝑘1𝑇
−0.5 + 𝑘2𝑇

−3 + 𝑘3𝑇
−2

+ 𝑘4𝑇
−1. (14)

2.2. Selection of reference data

The first step of the procedure detailed in the previous section is to
identify a chemical formula that describes the formation of the target
compound from a set of binary oxides, which have, when possible,
been selected from the NIST-JANAF thermochemical tables [20]. It
was, however, necessary to use data from other sources for a few
compounds, namely MnO [23] and Mn2O3 [24]. Since the properties
of interest are state functions, all such combinations, if theoretically
plausible, will be equally viable from a thermodynamic perspective.
Even so, it is convenient to use the smallest possible subset of reactants
that do not undergo any phase transformations, and for which data
is available, within the relevant temperature interval. Based on these
criteria, the following reactions were deemed to be the most suitable
for the studied systems:

KMn2O4 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← KO2 + 2MnO, (15)

2K2MnO4 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 2KO2 + K2O2

+ 2MnO, (16)

2K3MnO4 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 3K2O2 + 2MnO, (17)

CaMn14SiO24 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CaO + 7Mn2O3

+ SiO2, (18)

2Ca19Mn2(PO4)14 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 38CaO + 4MnO

+ 7 (P2O5)2, (19)

K0.4Fe0.4Ti0.6O2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 0.2K2O2 + 0.2 FeO

+ 0.6 TiO2, (20)

K0.85Fe0.85Ti0.15O2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 0.425K2O2 + 0.85 FeO

+ 0.15 TiO2, (21)

KTi8O16 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← KO2 + 2Ti4O7, (22)

KTi6O12 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 0.5KO2 + 0.25K2O2

+ 1.5 Ti4O7, (23)

FeTiO3 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← FeO + TiO2, (24)

CaMnO3 +MnO ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CaO +Mn2O3 ⋅ (25)

2.3. Representative structures via enumeration

For most of the products and reactants listed in the previous
subsection, the lowest energy structures available from the Materi-
als Project [25] database were used as starting points for the first-
principles calculations. No entries could be found for CaMn14SiO24,
KTi8O16, KTi6O12, K0.4Fe0.4Ti0.6O2, and K0.85Fe0.85Ti0.15O2. A partial
explanation is that all structures, except the first, contain vacancies
and, in the last two cases, mixed occupancies on the Fe/Ti sites.
4

Consequently, a different approach had to be employed. As a first
step, experimentally determined crystal structures were retrieved from
Springer Materials [26–30]. Although an entry for Ca19Mn2(PO4)14
does exist, the calculations were based on crystallographic information
found in the Inorganic Crystal Structure Database (ICSD) [31,32].

Fortunately, KTi8O16 represents a particularly simple case since the
rimitive unit cell contains a single vacancy, resulting in just two sym-
etry equivalent alternatives. In the case of KTi6O12, all possibilities

were identified via enumeration using functionalities from the icet [33]
toolkit. Because of the large number of configurations thus obtained, a
filtering procedure had to be implemented. In particular, the ground
state was taken as the lowest energy structure, after relaxation, among
those with at least tetragonal symmetry (international tables of crys-
tallography number above 75), and physically reasonable interatomic
distances (>2.0Å). This procedure was repeated for K0.4Fe0.4Ti0.6O2 as
well, although based on slightly different conditions. In addition to
requiring that the symmetry was orthorhombic or higher (international
tables of crystallography number above 15) it was necessary to limit the
aspect ratio (<10) as well. The latter condition was, more precisely,
necessary because the structures with extremely elongated supercells
were not only deemed unphysical but also proved difficult to relax or
were found to correspond to relatively high energies.

2.4. Ground state from cluster expansions

While the enumeration method described above can be applied to
K𝑥Fe𝑥Ti1−𝑥O2 with 𝑥 = 0.4, it fails when considering 𝑥 = 0.15 due to
the vast configurational space resulting from the mixed occupancies
on the Fe/Ti and K/vacancy sites. To circumvent this problem, alloy
CEs, as implemented in the icet toolkits [34], were constructed for both
compositions since such models allow the use of efficient methods for
identifying ground state configurations. This means that the property
of interest, here the energy, is expanded as a sum over subsets of atoms,
often referred to as clusters, to an arbitrary order. In practice, however,
it is necessary to consider the dimensions of the resulting system of
equations, or fit matrix. Specifically, it is generally advisable to limit
the number of terms so that these do not exceed the size of the training
data. Otherwise, there will be fewer rows than columns, which means
that the system is underdetermined and therefore more difficult to
solve. In addition, it is necessary to ensure that the condition number,
which gives a measure of the sensitivity of the solution with respect to
changes in the input data, remains reasonable. Fortunately, the nature
of interatomic interactions means that the solution is generally sparse
and that the relative influence of the individual terms decreases with
both order and distance. For this reason and because the models would
only need to represent a small portion of the entire phase space for
the cases at hand, i.e., a single composition, it was deemed possible to
only consider terms up to the third order. Since this is not enough to
truncate the sum, cutoffs for pairs and triples had to be selected as well.
Depending on the fit method, this choice is also influenced by the root
mean square error (RMSE), which should be kept as low as possible.

As a first step of the CE construction, 120 K0.85Fe0.85Ti0.15O2 training
structures were generated through random occupation of the sites with
mixed occupancies. The same procedure was repeated for
K0.4Fe0.4Ti0.6O2, based on the 20 high symmetry configurations identi-
fied using the procedure described in the previous subsection together
with an arbitrary set of 98 enumerated structures. This was followed
by extensive testing, which revealed that longer pairs could be allowed
for K0.4Fe0.4Ti0.6O2 (7.5Å) compared to K0.85Fe0.85Ti0.15O2 (5.5Å) while
the same limit was used for the triplets (4.5Å). After having relaxed
the training structures, as described below, the CEs were fitted us-
ing two alternative methods, namely automatic relevance detection
regression (ARDR) [35] and ordinary least squares (OLS) with recursive
feature elimination (RFE) [36]. By comparing the cross-validation
RMSE scores, the former was deemed to yield the best CE, which

was therefore used for training the final model. Finally, the ground
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states were identified through a procedure based on multiple integer
programming [37], which is implemented in icet [33].

2.5. Monte Carlo sampling of cluster expansion

A benefit of having constructed alloy CEs is that they can be used to
estimate the contribution to the heat capacity from chemical ordering.
This was achieved via Monte Carlo (MC) simulations, as implemented
in the mchammer module of icet [33]. Specifically, these were performed
by starting from randomly occupied 3 × 2 × 1 K0.4Fe0.4Ti0.6O2 and
× 1 × 1 K0.85Fe0.85Ti0.15O2 supercells, respectively, and successively

owering the temperature from 2000K to 0K at a rate of 100K per
32 000 MC cycles. From the recorded values on the variation of the
energy, 𝐸, the configurational heat capacity was calculated [38] as
𝛥𝐶conf

𝑉 = ⟨𝛥𝐸⟩∕𝑘B𝑇 , where 𝑘B is the Boltzmann constant and 𝑇 the
absolute temperature while ⟨⋅⟩ represents an ensemble average.

2.6. Electronic structure calculations

For all representative structures, both the ionic positions and the
cell metric were relaxed via DFT calculations using the projector aug-
mented wave (PAW) method [39] as implemented in the Vienna ab
initio simulation package (VASP) [40]. The input files for the calcula-
tions were generated with the help of the pymatgen materials science
library [41], to ensure that the settings were the same as in the Mate-
rials Project [25]. This meant employing a combination of generalized
gradient approximations (GGA) [42] functionals, as parameterized by
Perdew, Burke, and Ernzerhof (PBE) [43], together with an energy
cutoff of 520 eV as well as setting the 𝑈 parameter to 5.3 eV for Fe
and 3.9 eV for Mn [41]. For the initial relaxation, the energy difference
was required to be lower than 5 × 10−5 eV and 5 × 10−4 eV per atom
or electronic and ionic convergence, respectively. To obtain more
ccurate energies and forces, this was followed by a re-relaxation
tep after fixing the former and latter parameter to 1 × 10−6 eV and
× 10−5 eV respectively, regardless of the number of atoms per unit
ell. Because of convergence issues, these values had to be set an
rder of magnitude higher for FeTiO3 and K0.85Fe0.85Ti0.15O2. Note
hat the same settings were used when calculating the forces for the
attled structures, generated as described in the next subsection. To
ccount for strong correlation effects, certain systems were treated
ithin the density functional theory with Hubbard correction (DFT+U)

ramework. In addition, corrections, which have been shown to pro-
ide significantly higher accuracy, were applied in order to minimize
he impact of the inherent errors resulting from mixing of GGA and
GA+U [44,45] as well as the poor representation of certain anionic

pecies. This was achieved with the help of functionalities from the
ymatgen package, in accordance with the recommendation by Ong
t al. [41]. The energies calculated using GGA+U were, thus, ad-
usted based on fits of experimental energies for binary compounds.
n addition, this scheme compensates for the overbinding typically
ssociated with gaseous species such as O2 and N2. Spin polarization
as also considered; the initial guess for the magnetic configuration
as based on the information in the Materials Project database, for the

tructures retrieved therefrom, and otherwise assumed to correspond
o a high spin ferromagnetic state. In addition, the tetrahedron method
ith Blöchl correction was employed to sample the reciprocal grid

onsisting of 1100 𝑘-points per atom, which is slightly higher than the
efault (1000). The latter was, more precisely, generated based on the
onkhorst–Pack method except for systems with hexagonal symmetry,

or which 𝛤 -centered meshes were used instead. One should expect that
he numerical convergence with respect to the total energy should be
ower than 15meV per atom since this was reportedly achieved when
sing similar settings yet for a grid density of just 500 𝑘-points per
5

tom [25].
.7. Phononic heat capacity

The phonopy [46] package was used to determine the harmonic
honon contribution to the heat capacity, based on force constants
FCs) constructed with the help of the hiphive [34] code. As a first
tep, five ‘‘rattled’’ structures were generated per system, obtained
y randomly displacing all atoms in a given supercell by a distance
rawn from a Gaussian distribution with a 0.02Å standard deviation.
fter calculating the corresponding forces with VASP, as described in

he previous subsection, the resulting dataset was used to fit a third-
rder force constant potentials (FCPs) that included terms up to the
hird order. Finally, the second-order FCs extracted from the latter
as employed to compute the heat capacity, entropy, and free energy
etween 10K and 2500K, based on a uniform mesh with 5 × 106 𝑞-

points per reciprocal atom. The reason for including third-order terms
is that this is known to have a stabilizing effect on the fitting and was,
therefore, expected to give a higher accuracy [47].

2.8. Generation of phase diagrams

The FactSage 8.2 software was used to illustrate the impact of first
principles data on thermodynamic equilibrium calculations. This was
achieved with help of the Phase Diagram module, which can produce
graphical representations of phase equilibria for multi-component sys-
tems and various combinations of temperature, pressure, activity, and
chemical potential. Specifically, the chemical composition of a system is
calculated by minimizing the Gibbs free energy under a mass balance
constraint while considering the thermodynamic data for all possible
stoichiometric phases and solutions. In this work, the results obtained
from the first-principles calculations were integrated with commercial
databases for pure substances (FactPS) as well as stoichiometric oxides
and solutions thereof (FToxid).

For each system, a pair of phase diagrams were created, obtained
with and without the inclusion of first-principles data. In the case of
K–Mn–O, the phase stability was visualized across various concentra-
tions of potassium and oxygen partial pressures at conditions relevant
for chemical looping processes (𝑇 = 950 °C and 𝑝 = 1 atm). Since it
was found that the calculated K–Ti–O compounds only became stable
at low potassium concentrations, the latter was kept fixed, by setting
the K2O∕TiO2 ratio to 0.1, while the temperature was varied when
considering this system. Though multiple ternary K–Fe–Ti–O phase
diagrams were created under similar conditions (𝑇 = 950 °C and
𝑝 = 1 atm and varying 𝑝O2

), only those where major changes were be
observed, i.e. under highly reducing atmospheres (𝑝O2

= 1 × 10−14 atm),
are presented here.

3. Results and discussion

3.1. Calculated thermal properties

The procedure outlined in the previous section was employed to
estimate the enthalpy of formation and entropy at room temperature
together with values on the coefficients in the expression for the
heat capacity for CaMn14SiO24, Ca19Mn2(PO4)14, KMn2O4, K2MnO4,
and K3MnO4 as well as KTi8O16, KTi8O16.5, K0.4Fe0.4Ti0.6 O2, K0.85Fe0.85
Ti0.15O2, FeTiO3, and CaMnO3 (Table 1). Because of limitations in the
experimental data for the binary oxides, the expression in Eq. (13), and
Eq. (14) in the case of CaMnO3, was fitted from 298.15K to 2000K
for K3MnO4, 1600K for K0.4Fe0.4Ti0.6O2; K0.85Fe0.85Ti0.15O2; and FeTiO3,
1500K for Ca19Mn2(PO4)14; K2MnO4; KMn2O4; KTi8O16; and KTi8O16.5,
and 1400K for CaMnO3 and CaMn14SiO24.

An exceptionally good agreement is found between the results ob-
tained for FeTiO3 and the corresponding values in the FToxid database

(Fig. 2). The same holds true if compared with the data reported by
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Table 1
Thermodynamic properties in the form of the formation enthalpies (𝛥f𝐻298.15K) and entropies (𝑆298.15K) at 298.15K, calculated via Eqs. (6) and (7), respectively. The coefficients
in the expression of the heat capacity in Eqs. (13), and (14) for CaMnO3, are also listed.

System 𝛥f𝐻298.15K ( kJ
mol

) 𝑆298.15K ( J
molK

) 𝑘0 ( J
molK

) 𝑘1 ( J
molK0.5 ) 𝑘2 ( J K2

mol
) 𝑘3 ( J K

mol
) 𝑘4 ( J

mol
)

CaMn14SiO24 −8.386 × 106 859.5 1777 −2.135 × 109 4.363 × 107 −2.31 × 104

Ca19Mn2(PO4)14 −2.217 × 107 1465 4100 2.594 × 109 2.355 × 107 −5.255 × 104

K3MnO4 −1.385 × 106 185.3 648.1 −1.329 × 1010 7.537 × 107 −1.461 × 104

K2MnO4 −1.194 × 106 183.8 324.1 −2.165 × 109 1.297 × 107 −4412
KMn2O4 −1.355 × 106 179.3 256.1 −3.921 × 108 6.933 × 105 −1725
KTi8O16 −7.753 × 106 469.6 782.7 1.491 × 109 −1.641 × 107 −3319
KTi8O16.5 −5.913 × 106 339.9 637 −3.113 × 108 −3.222 × 106 −4260
K0.4Fe0.4Ti0.6O2 −8.543 × 105 75.47 152.2 −7.021 × 108 4.295 × 106 −1772
K0.4Fe0.4Ti0.6O2 (GS) −8.545 × 105 73.09 151.4 −7.049 × 108 4.31 × 106 −1772
K0.85Fe0.85Ti0.15O2 (GS) −7.172 × 105 86.35 221.2 −3.615 × 109 1.955 × 107 −3989
FeTiO3 −1.234 × 106 109.7 169.1 −3.5 × 108 1.349 × 106 −1176
FeTiO3 (FactSage) −1.233 × 106 108.6 150 3.482 × 108 −3.324 × 106 −441.6
CaMnO3 (Bakken et al.) −1.326 × 106 97.82 210.6 −2.11 × 104 −2352 7176 3.041 × 104

CaMnO3 (FactSage) −1.237 × 106 101.8 185.1 −1.147 × 106 −1569 3246 2.03 × 108

CaMnO3 (Eq. (14)) −1.187 × 106 96.12 327.9 −2.211 × 107 −1.111 × 104 1.808 × 105 1.678 × 109

CaMnO3 (Eq. (13)) −1.187 × 106 96.12 234.9 −2.235 × 109 1.364 × 107 −3449
Fig. 2. Heat capacity (a–d), enthalpy of formation (e–h), and entropy (i–l) for FeTiO3 (a, c, e, g, i, and k) and CaMnO3 (b, d, f, h, j, and l). In panels a, c, and e (b, d, and f),
the solid orange and purple dotted dashed curves represent calculations based on the expressions in Eqs. (13) and (26) (Eq. (14)), while the green dashed and blue dotted lines
correspond to experimental data from FactSage and Anovitz et al. [48] (Bakken et al. [49] and Rørmark et al. [50]). The discrepancies relative to the reference data from FactSage
and Anovitz et al. [48] (Bakken et al. [49] and Rørmark et al. [50]) have, moreover, been plotted as solid orange lines and dashed blue lines in panels g, i, and k (h, j, and l).
p

𝛥

B
9
c
i

v
n

Anovitz et al. [48], which is based on an alternative expression for the
heat capacity (see Table S1),

𝐶𝑃 (𝑇 ) = 𝑘′0 + 𝑘′1𝑇 + 𝑘′2𝑇
2 + 𝑘′3𝑇

−0.5

+ 𝑘′4𝑇
−2. (26)

Although a larger difference is observed when considering CaMnO3, it
hould be emphasized that there is a substantial disagreement between
he data in the FToxid database and the values obtained from a com-
ination of measurements reported in the literature. Specifically, the
eat capacity, from 0K to 650K, was taken from Bakken et al. [49],
hile the enthalpy of formation was calculated from the value at 993K
6

rovided by the Rørmark et al. [50],

f𝐻
298K
CaMnO3

≈ 𝛥f𝐻
993K
CaMnO3

− ∫

993K

298K
𝐶𝑃 ,CaMnO3

𝑑𝑇 ′. (27)

ecause this involves an extrapolation of 𝐶𝑃 ,CaMnO3
from 650K to

93K, one can question the accuracy. On the other hand, no reference
an be found for the CaMnO3 entry in FToxid, meaning that it is
mpossible to judge the validity.

Overall, the comparison with reference data presented above pro-
ides clear evidence for the reliability of our estimates. It is worth
oting that the average error for the formation energies retrieved
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Fig. 3. Thermodynamic properties for CaMn14SiO24 (solid orange line in a, e, and i), Ca19Mn2(PO4)14 (dashed green line in a, e, and i), K3MnO4 (solid red line in b, f, and j),
K2MnO4 (dashed blue line in b, f, and j), KMn2O4 (dash-dotted purple line in b, f, and j), K0.4Fe0.4Ti0.6O2 (solid green line in c, g, and k), K0.85Fe0.85Ti0.15O2 (dashed purple line in
, g, and k), KTi8O16 (solid blue line in d, h, and l), and KTi8O16.5 (dashed orange line in d, h, and l). This includes the heat capacity (a–d), fitted to an expression of the form
sed for FeTiO3 in FactSage, as well as the enthalpy (e–h) and entropy (i–l).
rom the Open Quantum Materials Database (OQMD), which has been
alculated using a procedure comparable to the one used in this
tudy, is reportedly lower than the variations in the corresponding
xperimental data [51]. Indeed, the maximum error when comparing
he calculated heat capacity, enthalpy of formation, and entropy for
eTiO3 with the data from FactSage (Anovitz et al.) are as small

as 2.80 Jmol−1 K−1 (10.4 Jmol−1 K−1), 0.880 kJmol−1 (3.70 kJmol−1) and
.59 Jmol−1 K−1 (2.03 Jmol−1 K−1), respectively. In the case of CaMnO3,

the discrepancies relative to the data in FactSage (Bakken et al.) for
the same properties are larger in magnitude and specifically amount
to 4.51 Jmol−1 K−1 (6.56 Jmol−1 K−1), 50.6 kJmol−1 (140 kJmol−1) and
6.03 Jmol−1 K−1 (5.99 Jmol−1 K−1). Such a high level of compliance
is still quite remarkable in light of the fact that the error in high
temperature heat capacity measurements can be an order of magnitude
larger (±10%) [52].

As should be expected, the properties of the various systems dif-
fer substantially in magnitude (see Table 1 and Fig. 3). More im-
portantly, there are significant variations between structurally simi-
lar compounds, indicating not the relevance of this study but also
that the applied methodology is precise enough to account for mi-
nor differences in structure or composition. While it is not surpris-
ing that Ca19Mn2(PO4)14, which is structurally more complex than
CaMn14SiO24, has a twice as high heat capacity and formation enthalpy,
it is intriguing that the same holds true for KTi8O16 compared to
KTi8O16.5. The difference between K0.4Fe0.4Ti0.6O2 and K0.85Fe0.85Ti0.15
O2 is smaller but still significant. The situation is more complicated for
the K–Mn–O system since the enthalpy is relatively low for K2MnO4
compared to KMn2O4 and K3MnO4, while the comparison of the heat
capacities reveals that K3MnO4 > KMn2O4 > K2MnO4.

As was mentioned in the previous section, alloy CEs were con-
structed in order to find the ground states of K0.4Fe0.4Ti0.6O2 and
K0.85Fe0.85Ti0.15O2. This also allowed us to calculate the entropic con-
tribution from the chemical disorder on the K/vacancy and Fe/Ti sites.
As expected, the phononic heat capacity is found to be an order of
7

magnitude higher than the configurational part for both K0.4Fe0.4Ti0.6O2
Fig. 4. Comparison between the heat capacity (a–b), enthalpy of formation (c–
d), and entropy (e–f) obtained with (solid blue line) and without (dashed purple
line) the contribution from the chemical disorder for K0.4Fe0.4Ti0.6O2 (a, c, e) and
K0.85Fe0.85Ti0.15O2 (b, d, e). For the former compound, data for the approximate ground
state (dash-dotted green line) is also shown.
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Fig. 5. Phase diagram for K–Mn–O showing log10(𝑝O2
) versus 𝐾∕(𝐾+𝑀𝑛) at 950 °C and 1 atm, generated using data from the FactPS and FToxid databases (a) as well as first-principles

calculations (b). Common phases have purple labels, while those colored blue and red are only present in panels a and b, respectively.
Fig. 6. Phase diagram for K2O–TiO2 showing log10(𝑝O2
) versus 𝑇 at 1 atm for a ratio of K2O∕TiO2 = 0.1, generated using data from the FactPS and FToxid databases (a) as well as

irst-principles calculations (b). Common phases have purple labels, while those colored blue and red are only present in panels a and b, respectively.
K

nd K0.85Fe0.85Ti0.15O2 (see Fig. 4). Interestingly, the results also indi-
ate the existence of an order–disorder transition, at around 400K, for
he latter composition, but not the former. Thanks to a more limited
hase space, it was possible to approximate the K0.4Fe0.4Ti0.6O2 ground
tate by the most stable configuration with the highest symmetry.
ince the predicted thermal properties for this structure only differ
inutely from those of the true ground state, it can be concluded that

he construction of CEs is not strictly necessary in order to obtain
ood enough estimates. If enumeration of all configurations is not
ossible, however, it is difficult, if not impossible, to identify a suitable
epresentative structure without a CE. Consequently, this construction
ould prove invaluable if considering complex materials with chemical
isorders on multiple sublattices.

.2. Impact on phase diagrams

Based on the phase diagrams generated using FactSage, it is clear
hat the data from the first-principles calculations have the largest
mpact on the K–Mn–O system (see Fig. 5). In fact, KMn2O4, K2MnO4,
nd K3MnO4 are all stable at 950 °C and 1 atm given that the partial
xygen pressure is sufficiently high (𝑝O2

≳ 10−11 atm). As should be
xpected, KMn2O4 dominates at low K/Mn ratio (K/(K+Mn)≲ 0.35).
owever, for a close to equal content of K and Mn, K3MnO4 also begins

o form. With an increasing amount of Mn and a 𝑝 that approaches
8

O2
atmospheric levels, K2MnO4 starts to appear first together with KMn2O4
(K/(K+Mn)≲ 0.7) and then K3MnO4 (K/(K+Mn)≲ 0.75). At even lower

/Mn ratios, K3MnO4 is the most stable of the three phases, except at
𝑝O2

close to 1 atm where it is replaced by a combination of K2MnO4
and either KO2 or K2O2. Since significant fractions of K can be found
in biomass, and residues therefrom, it is evident that the thermody-
namic data generated in this study can have implications for thermal
conversion systems using Mn-based OCs with bio-based fuels.

Although most of the Fe–K–Ti–O compounds have little or no influ-
ence on the corresponding phase diagrams at relevant conditions, the
opposite is true for KTi8O16, which is predicted to be surprisingly stable.
This is the most apparent when considering the K2O–TiO2 system (see
Fig. 6) at a low ratio between K and Ti (K2O/TiO2 = 0.1). In the absence
of KTi8O16, K2Ti6O13 is the dominating phase and, moreover, appears
in combination with first rutile and then Ti𝑥O𝑦, with successively
increasing Ti/O ratio, as the temperature becomes higher and oxygen
pressure lower. In fact, it only disappears in favor of slag at very high
temperatures and reducing conditions (log10(𝑝O2

) ≲ 0.03𝑇 −53). The be-
havior changes markedly when KTi8O16 is introduced. With increasing
temperature and decreasing oxygen pressure, it first forms a mixture
with K2Ti6O13, replacing rutile, (log10(𝑝O2

) ≲ 0.026𝑇 − 38) followed by
slag in the region (log10(𝑝O2

) ≲ 0.053𝑇 −76) where various Ti𝑥O𝑦 phases
would otherwise be observed. As has been previously reported [8], the
inclusion of thermodynamic data for the aforementioned Fe–K–Ti–O
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Fig. 7. Ternary phase diagram for Fe2O3–K2O–TiO2 at 950 °C, 1 atm, and 𝑝O2
=

0−14 atm, generated using data from the FactPS and FToxid databases (a) as well as
irst-principles calculations (b). Common phases have purple labels, while those colored
lue and red are only present in panels a and b, respectively.

hases directly influences simulations of the CLC process. It was, more
recisely, predicted that KTi8O16 would form under reducing conditions
f the concentration of K is low and Ti high, which is expected on the
nside of the ilmenite OC particles, in agreement with experimental
bservations.

When considering the entire ternary phase space of Fe2O3–K2O–
iO2, the changes induced by the addition of the first-principles data
re minor (see Fig. 7). At a temperature of 950 °C and relative oxygen
artial pressure of 10−14atm, these are limited to the portion closest
o the TiO2 corner (TiO2 ≳ 0.85 and Fe3O2 ≲ 0.3) To be precise, it
orms together with ilmenite and first K2Ti6O13, thereby replacing the
itania spinel, followed by rutile as the proportion of Ti increases, and
e decreases.

The other phases, more specifically CaMn14SiO24 and Ca19Mn2(PO4)1
as well as KTi8O16.5, K0.4Fe0.4Ti0.6O2, and K0.85Fe0.85 Ti0.15O2, are not
found to be stable under reasonable conditions. While it is true that
these have been experimentally observed [8], specifically when analyz-
ing the interaction between oxygen carriers and ash components in CLC
of biomass, one should keep in mind that our calculations are based on
several assumptions. Kinetics are, for instance, not taken into account,
and the resulting predictions will, hence, not include any metastable
materials.
9

4. Conclusions

This study clearly demonstrates that the thermodynamic properties
of metal oxides can be efficiently estimated based on a combination
of DFT and harmonic phonon calculations with a level of accuracy
comparable to experimental measurements. The methodology is used
for a range of different compounds with varying complexity. In the
case of ilmenite (FeTiO3), for which experimentally determined ther-
modynamic data is available in the FactSage databases, the estimated
error is shown to be surprisingly small. Though the agreement is not
as good for CaMnO3, the discrepancy is still well within the expected
variation in the experimental measurements. When the first-principles
data is included, the phase behavior changes for both Mn- and Fe-based
systems; the effect is the most prominent for K–Mn–O and K–Ti–O.
As has been previously reported, this directly affects the simulation of
processes involving CEs, such as CLC [8], which testifies to the potential
of the method at hand.

The approach applied in this study is expected to not only be
readily applicable to almost any metal oxide but also convenient for
obtaining approximate values on the thermal properties of compounds
that are not found in commercial or public databases. In addition,
there might exist phases for which measurements are unreliable, for
instance, because these are hard to synthesize in pure form. While such
issues can be resolved via, e.g., deconvolution, the accuracy will most
likely suffer. Significant discrepancies can also arise because of human
errors, limitations of experimental techniques, as well as variations
in the quality, structure and composition of the sample. Thus, it is
not far-fetched to assume that there exist materials for which our
methodology is more cost-effective and yields more reliable estimates
than experiments.

Given the relative success of this study, we envision that ther-
modynamic properties could potentially be added to first-principles
databases such as the OQMD [53,54], the Materials Project [25], the
aflowlib.org library [55,56], and the Novel Materials Discovery (NO-
MAD) Laboratory [57]. While such an endeavor requires significant
effort, the ever-increasing focus on computer-aided materials design
and the growing number of high-throughput studies would, in our
opinion, make it worthwhile.
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