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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,

;Eedﬂc he.?; . formation energy, and entropy of important metal oxides. Alloy cluster expansions are, moreover, employed
Ox?s;equ“ ra 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 (FeTiO;) and good for CaMnO,;. 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 KTigO;¢
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-0O, and K-Fe-Ti-O.
In addition, the impact of the first-principles data on thermodynamic
calculations is demonstrated using the FacrSace 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-0O, Ca-Mn-O, and K-Fe-Ti-O oxides, namely
KMn,0,, K,MnO,4, K3MnO,, CaMn,SiO,, and Ca;gMn,(PO,) 4, as well
as Ko4Fep4Tig 60y, KogsFepgsTig 502, KTigO6, and KTigO,45 (repre-
sented by KTigO;,) together with the reference materials FeTiO; and
CaMnO;. 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 FeTiOs, 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;. (€Y
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2. Compute the heat capacity for the reaction at constant volume,
4RCy = Cy ketio; — (Cv,Feo + CV,Tioz) . ®))

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

Ag HO® =4 UK + PAVOK ~ A UK

— /0K 0K 0K
- UFeTio3 - (UFeO + UTi02> ’ ®

which is based on the assumption that the volume term PAz VX,
which relates the enthalpy and internal energy, can be neglected.

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

298.15
ARH298.15K ~ ARHOK +/ ARCVdT, (&)
0

298.15
A, §298.15K - 4 gOK ﬁdT 5
R ~ARSTT + . )

0 T
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 Cy erip, but also Cy g and
Cy 1o,

5. Use data for the monometallic oxides, in this case, FeO and TiO,
from the NIST-JANAF thermochemical tables [20], to correct the
formation enthalpy and entropy of the multinary compound:

AfH298.15K =ARH298‘15K +AfH298‘15K

FeO
b A HERISK, ®
S298.15K — AR5298.15K + Sé:g.lSK
+ SEIK @)

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:

AHT = A HOK 4 [T CpdT’
AHT A HOK 4[] AgCpdT’ ®)

T T
+AH] o+ AHT,

which gives the following result,
T T
/ CpdT' ~ Ag H'K +/ A CdT’
0 0

+ A H o + A Ho — AHOK. 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,

T

AHY = AHS +/ Cp xdT’, (10)
0

where X = FeO, TiO,. By inserting this expression into Eq. (9) one ob-

tains a relatively simple formula for the heat capacity of the compound

of interest,

T T
/0 CpdT’ ~ AgHO® — A, HOK +/0 ARCydT’
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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.

T

+ A HD O+ /0 Cp peodT’
o T

!

+ A Hyyo, +/0 Cp,1i0,dT

g [T
Cp(T) = — CpdT’
= Cp(T) dT/o P
~ ARCy(T) + Cp o (T)

+ Cp.1i0, (D). an

In this way, the difference between the heat capacities at constant
volume and pressure will, to some extent, be taken into account,
similarly to the magnetic contribution.

It is important to note that FacrSace requires that the temperature
dependence of the specific heat at constant pressure is provided as a
sum of power functions with at most eight terms,

8
Cp(T) = Z kTP 12
i=1
It is, therefore, problematic to model certain features, such as the
peaks typically observed at phase transitions [21], and, consequently,
less relevant to include contributions from, for instance, chemical and
magnetic ordering. Though various empirical formulas for the specific
heat of minerals have been proposed [22], we will, for the sake of
convenience, fit expressions with the same functional form as the one
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used in FactSace for most species, including FeTiO;,
Cp(T) = ko + kT 4 ky T3 + ks T2, 13)

The only exception is CaMnOs;, which is instead represented by a
formula that contains an additional (7~!) term,

Cp(T) = ko + kT 4+ k) T3 + kT2
+ kT (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 Mn,0; [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:

KMn,0,==KO, + 2MnO, (15)
2K,Mn0,—=2KO, +K,0,
+2MnO, (16)
2K;MnO;—=3K,0, + 2MnO, a7)
CaMn;4Si0,, —==-CaO + 7Mn, 03
+ Si0,, 18)
2 CagMn,(PO,);4 =38 CaO + 4 MnO
+7(P,05),, 19
K 4Fe( 4Tig 0, ==0.2K,0, + 0.2 FeO
+0.6 TiO,, (20)
K ssFeq g5 Tip 150, ==0.425K,0, + 0.85 FeO
+0.15 TiO,, (21)
KTigO,=="KO, + 2Ti, 0, (22)

KTigO,,==0.5KO, + 0.25K,0,

+ 1.5Ti 0, (23)
FeTiO; == FeO + TiO,, (24)
CaMnO; + MnO—=-Ca0 + Mn,0; - (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 CaMn,;;SiO,,,
KTigO4, KTiO;,, KisFeysTipe0,, and K gsFejgsTip50,. 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.

Computational Materials Science 233 (2024) 112690

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 Ca;qMn,(PO,),
does exist, the calculations were based on crystallographic information
found in the Inorganic Crystal Structure Database (ICSD) [31,32].

Fortunately, KTigO,¢ represents a particularly simple case since the
primitive unit cell contains a single vacancy, resulting in just two sym-
metry equivalent alternatives. In the case of KTizO,,, all possibilities
were identified via enumeration using functionalities from the icer [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 (>2.0A). This procedure was repeated for Ky 4Feq4Tiy 60, 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
K,Fe Ti,_, 0, 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 icer 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 K gsFe 35 Tij, |50, training
structures were generated through random occupation of the sites with
mixed occupancies. The same procedure was repeated for
Ky 4Fey4Ti)c0,, 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 K, ,Fe, 4 Tiy O, (7.5A) compared to K, gsFey g5Tip 150, (5.5A) while
the same limit was used for the triplets (4.5 10\). 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



J. Brorsson et al.

states were identified through a procedure based on multiple integer
programming [37], which is implemented in 1cer [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 mcuammer module of icer [33]. Specifically, these were performed
by starting from randomly occupied 3 x 2 x 1 K 4Fe;,Tijc0, and
2 x 1 x 1 KygsFe(g5Tij 150, supercells, respectively, and successively
lowering the temperature from 2000K to 0K at a rate of 100K per
32000 MC cycles. From the recorded values on the variation of the
energy, E, the configurational heat capacity was calculated [38] as
ACIC,"“f = (4E)/kgT, where kg 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 pymaTcen 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 520eV as well as setting the U parameter to 5.3eV for Fe
and 3.9eV for Mn [41]. For the initial relaxation, the energy difference
was required to be lower than 5x 107>V and 5x 10™*eV per atom
for electronic and ionic convergence, respectively. To obtain more
accurate energies and forces, this was followed by a re-relaxation
step after fixing the former and latter parameter to 1x 10~%eV and
1 x 1073 eV respectively, regardless of the number of atoms per unit
cell. Because of convergence issues, these values had to be set an
order of magnitude higher for FeTiO; and K gsFe;4sTij50,. Note
that the same settings were used when calculating the forces for the
rattled structures, generated as described in the next subsection. To
account for strong correlation effects, certain systems were treated
within the density functional theory with Hubbard correction (DFT+U)
framework. In addition, corrections, which have been shown to pro-
vide significantly higher accuracy, were applied in order to minimize
the impact of the inherent errors resulting from mixing of GGA and
GGA+U [44,45] as well as the poor representation of certain anionic
species. This was achieved with the help of functionalities from the
pYMATGEN package, in accordance with the recommendation by Ong
et al. [41]. The energies calculated using GGA+U were, thus, ad-
justed based on fits of experimental energies for binary compounds.
In addition, this scheme compensates for the overbinding typically
associated with gaseous species such as O, and N,. Spin polarization
was also considered; the initial guess for the magnetic configuration
was based on the information in the Materials Project database, for the
structures retrieved therefrom, and otherwise assumed to correspond
to a high spin ferromagnetic state. In addition, the tetrahedron method
with Blochl correction was employed to sample the reciprocal grid
consisting of 1100 k-points per atom, which is slightly higher than the
default (1000). The latter was, more precisely, generated based on the
Monkhorst-Pack method except for systems with hexagonal symmetry,
for which I'-centered meshes were used instead. One should expect that
the numerical convergence with respect to the total energy should be
lower than 15meV per atom since this was reportedly achieved when
using similar settings yet for a grid density of just 500 k-points per
atom [25].
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2.7. Phononic heat capacity

The pHonoPY [46] package was used to determine the harmonic
phonon contribution to the heat capacity, based on force constants
(FCs) constructed with the help of the wwHive [34] code. As a first
step, five “rattled” structures were generated per system, obtained
by randomly displacing all atoms in a given supercell by a distance
drawn from a Gaussian distribution with a 0.02A standard deviation.
After calculating the corresponding forces with VASP, as described in
the previous subsection, the resulting dataset was used to fit a third-
order force constant potentials (FCPs) that included terms up to the
third order. Finally, the second-order FCs extracted from the latter
was employed to compute the heat capacity, entropy, and free energy
between 10K and 2500K, based on a uniform mesh with 5 x 10° ¢-
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 FactSace 8.2 software was used to illustrate the impact of first
principles data on thermodynamic equilibrium calculations. This was
achieved with help of the Puase 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 = latm). 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 K,0/TiO, 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 = latm and varying py,), only those where major changes were be
observed, i.e. under highly reducing atmospheres (po, = 1 x 107!* 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 CaMn,SiO,,;, Ca;oMn,(PO,)4, KMn,0,, K,MnO,,
and K;MnO, as well as KTigO4, KTigO 4 5, Ko 4Fey4Tige O, KygsFess
Tiy 150,, FeTiO;, and CaMnO; (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 CaMnO;, was fitted from 298.15K to 2000K
for K3MnO,, 1600K for K 4Fe( 4 Tij60,; K ssFeggsTig 150,; and FeTiOs,
1500K for Ca;oMn,(PO,),4; K,MnO,; KMn,0,4; KTigO,s; and KTigO ¢ s,
and 1400K for CaMnO; and CaMn;SiO,,.

An exceptionally good agreement is found between the results ob-
tained for FeTiO; 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

Computational Materials Science 233 (2024) 112690

Thermodynamic properties in the form of the formation enthalpies (4, H**>'*K) and entropies (S?*!K) at 298.15K, calculated via Egs. (6) and (7), respectively. The coefficients

in the expression of the heat capacity in Eqs. (13), and (14) for CaMnO;, are also listed.

.15 kJ .15 J J J JK? JK J
System AfHZ%HK (m) SPBISK (m) ko (m) k (7"‘0”(05) ky (m) ks (:m) ky (ﬁ)
CaMn,,SiO,, —-8.386 x 10° 859.5 1777 —2.135x 10° 4.363 x 107 —2.31x 10*
Ca;oMn,(PO4), 4 -2.217 x 107 1465 4100 2.594 x 10° 2.355x 107 -5.255 x 10*
K;MnO, —1.385 x 10° 185.3 648.1 -1.329x 10'° 7.537 x 107 -1.461 x 10*
K,MnO, —1.194 x 10° 183.8 324.1 —2.165 x 10° 1.297 x 107 —4412
KMn,0, —1.355x 10° 179.3 256.1 —-3.921 x 10 6.933 x 10° -1725
KTigO;¢ ~7.753 x 10° 469.6 782.7 1.491 x 10° —1.641 x 107 -3319
KTigO145 -5.913 x 10° 339.9 637 —-3.113x 10 -3.222 % 10° —4260
Ko.4Fe 4Tig 60, -8.543 % 10° 75.47 152.2 ~7.021 x 108 4.295 x 106 -1772
Ko4Feg 4Tig 0, (GS) —8.545 x 10° 73.09 151.4 ~7.049 x 10 431 x 10° -1772
Ko s5F€0.85Tip1502 (GS) -7.172 % 10° 86.35 221.2 -3.615% 10° 1.955 x 107 —3989
FeTiO, —1.234 x 10° 109.7 169.1 -35x%x 108 1.349 x 106 —1176
FeTiO, (FactSage) -1.233 x 10° 108.6 150 3.482x 10° —3.324 x 10° —441.6
CaMnO; (Bakken et al.) -1.326 x 10° 97.82 210.6 -2.11 x 10* -2352 7176 3.041 x 10*
CaMnO, (FactSage) —1.237 x 10° 101.8 185.1 —1.147 x 10° —1569 3246 2.03 x 108
CaMnO; (Eq. (14)) —1.187 x 10° 96.12 327.9 -2.211 % 107 —1.111 x 10* 1.808 x 10° 1.678 x 10°
CaMnOj; (Eq. (13)) —1.187 x 10° 96.12 234.9 -2.235x 10° 1.364 x 107 —3449
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Fig. 2. Heat capacity (a-d), enthalpy of formation (e-h), and entropy (i-1) for FeTiO; (a, c, e, g, i, and k) and CaMnO; (b, d, f, h, j, and 1). 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 Egs. (13) and (26) (Eq. (14)), while the green dashed and blue dotted lines
correspond to experimental data from FactSace and Anovitz et al. [48] (Bakken et al. [49] and Rgrmark et al. [50]). The discrepancies relative to the reference data from FacrSace
and Anovitz et al. [48] (Bakken et al. [49] and Rgrmark et al. [50]) have, moreover, been plotted as solid orange lines and dashed blue lines in panels g, i, and k (h, j, and 1).

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

Cp (T) = ki + KT + kT + k{7703

/=2
+k4T .

(26)

provided by the Rgrmark et al. [50],

298K
A H?

993K
aMnO3 ~ AfH

CaMnO3

993K
!
- /2 Cp,camno, dT".

98 K

(27)

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

Because this involves an extrapolation of Cp comno, from 650K to
993 K, one can question the accuracy. On the other hand, no reference
can be found for the CaMnO; entry in FToxid, meaning that it is
impossible to judge the validity.

Overall, the comparison with reference data presented above pro-
vides clear evidence for the reliability of our estimates. It is worth
noting that the average error for the formation energies retrieved
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Fig. 3. Thermodynamic properties for CaMn,,SiO,, (solid orange line in a, e, and i), Ca;oMn,(PO,),, (dashed green line in a, e, and i), K;MnO, (solid red line in b, f, and j),
K,MnO, (dashed blue line in b, f, and j), KMn,0, (dash-dotted purple line in b, f, and j), K, ,Fe,,Ti,cO, (solid green line in c, g, and k), K, gsFe ssTi, 50, (dashed purple line in
¢, g and k), KTigO,¢ (solid blue line in d, h, and 1), and KTigO,s5 (dashed orange line in d, h, and 1). This includes the heat capacity (a-d), fitted to an expression of the form

used for FeTiO; in FactSace, as well as the enthalpy (e-h) and entropy (i-1).

from the Open Quantum Materials Database (OQMD), which has been
calculated using a procedure comparable to the one used in this
study, is reportedly lower than the variations in the corresponding
experimental data [51]. Indeed, the maximum error when comparing
the calculated heat capacity, enthalpy of formation, and entropy for
FeTiO; with the data from FacrSace (Anovitz et al.) are as small
as 2.80Jmol~' K! (10.4Jmol~! K1), 0.880kJmol~! (3.70kImol™!) and
1.59T mol~! K~ (2.03Tmol~! K~1), respectively. In the case of CaMnO,,
the discrepancies relative to the data in FacrSace (Bakken et al.) for
the same properties are larger in magnitude and specifically amount
to 4517 mol"'K~! (6.56Jmol"! K~1), 50.6kJmol~! (140kJmol~!) and
6.03Jmol~' K~ (5.99Tmol~! K~!). 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 Ca;oMn,(PO,)4, which is structurally more complex than
CaMn,,SiO,,, has a twice as high heat capacity and formation enthalpy,
it is intriguing that the same holds true for KTigO;s compared to
KTigO,¢ 5. The difference between K 4Fe( ,Tij 0, and K gsFe(5Tig 5
0, is smaller but still significant. The situation is more complicated for
the K-Mn-O system since the enthalpy is relatively low for K,MnO,
compared to KMn,0O, and K;MnO,, while the comparison of the heat
capacities reveals that K;sMnO, > KMn,0, > K,MnO,.

As was mentioned in the previous section, alloy CEs were con-
structed in order to find the ground states of K, Fe;,Tij,sO0, and
K gsFeg g5 Tip 150,. 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
magnitude higher than the configurational part for both K ,Fe;, ,Tij O,

Ko.4Feo.4Tio.sO2 Ko.85Fe0.85Tio.1502
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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 K,,Fe,,Ti;sO, (a, ¢, e) and
Ky g5Feg 55 Tip 150, (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 log,((po,) 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.
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Fig. 6. Phase diagram for K,0-TiO, showing log,(po,) versus T at 1atm for a ratio of K,0/TiO, = 0.1, 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.

and K gsFe 45sTi 150, (see Fig. 4). Interestingly, the results also indi-
cate the existence of an order—disorder transition, at around 400 K, for
the latter composition, but not the former. Thanks to a more limited
phase space, it was possible to approximate the K 4Fe(,Ti; 4O, ground
state by the most stable configuration with the highest symmetry.
Since the predicted thermal properties for this structure only differ
minutely from those of the true ground state, it can be concluded that
the construction of CEs is not strictly necessary in order to obtain
good enough estimates. If enumeration of all configurations is not
possible, however, it is difficult, if not impossible, to identify a suitable
representative structure without a CE. Consequently, this construction
could prove invaluable if considering complex materials with chemical
disorders on multiple sublattices.

3.2. Impact on phase diagrams

Based on the phase diagrams generated using FactSacg, it is clear
that the data from the first-principles calculations have the largest
impact on the K-Mn-O system (see Fig. 5). In fact, KMn,0,4, K,MnO,,
and K;MnO, are all stable at 950°C and 1atm given that the partial
oxygen pressure is sufficiently high (pp, 2 10~ atm). As should be
expected, KMn,0, dominates at low K/Mn ratio (K/(K+Mn)< 0.35).
However, for a close to equal content of K and Mn, K;MnO, also begins
to form. With an increasing amount of Mn and a po, that approaches

atmospheric levels, K,MnO, starts to appear first together with KMn,O,
(K/(K+Mn)< 0.7) and then K;MnO, (K/(K+Mn)g 0.75). At even lower
K/Mn ratios, K;MnO, is the most stable of the three phases, except at
Po, close to latm where it is replaced by a combination of K,MnO,
and either KO, or K,O,. 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 KTigO 4, which is predicted to be surprisingly stable.
This is the most apparent when considering the K,0-TiO, system (see
Fig. 6) at a low ratio between K and Ti (K,0/TiO, = 0.1). In the absence
of KTigO¢, K,TicO,5 is the dominating phase and, moreover, appears
in combination with first rutile and then Ti O,, 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 UOglo(Poz) < 0.03T —53). The be-
havior changes markedly when KTigO,¢ is introduced. With increasing
temperature and decreasing oxygen pressure, it first forms a mixture
with K, TigO,3, replacing rutile, (log;o(po,) < 0.026T — 38) followed by
slag in the region (log,((po,) < 0.053T —76) where various Ti, O, 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 Fe,0;-K,0-TiO, at 950°C, latm, and p, =
10~'* 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.

phases directly influences simulations of the CLC process. It was, more
precisely, predicted that KTigO,, would form under reducing conditions
if the concentration of K is low and Ti high, which is expected on the
inside of the ilmenite OC particles, in agreement with experimental
observations.

When considering the entire ternary phase space of Fe,0;-K,0-
TiO,, the changes induced by the addition of the first-principles data
are minor (see Fig. 7). At a temperature of 950 °C and relative oxygen
partial pressure of 10~1*atm, these are limited to the portion closest
to the TiO, corner (TiO, > 0.85 and Fe;0, < 0.3) To be precise, it
forms together with ilmenite and first K,TigO,3, thereby replacing the
titania spinel, followed by rutile as the proportion of Ti increases, and
Fe decreases.

The other phases, more specifically CaMn,SiO,, and Ca,;yMn,(PO,) 4
as well as KTigO 45, Ky4Feq4Tig60,, and K gsFeygs Tij50,, 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.

Computational Materials Science 233 (2024) 112690
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 (FeTiOs), for which experimentally determined ther-
modynamic data is available in the FacrSace databases, the estimated
error is shown to be surprisingly small. Though the agreement is not
as good for CaMnOs;, 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.

CRediT authorship contribution statement

Joakim Brorsson: Research idea, Designing the computational
approach and all calculations, Data analysis, Manuscript writing.
Ivana Stani¢i¢: Project’s conception, Provided valuable input to
the manuscript. Jonatan Gastaldi: Project’s conception, Provided
valuable input to the manuscript. Tobias Mattison: Provided
valuable insights during manuscript preparation, Critical revisions.
Anders Hellman: Project’s conception, Computational design and
data analysis, Manuscript preparation and revisions.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This work was funded by the Swedish Research Council (2020-
03487) and the computations were enabled by resources provided by
the Swedish National Infrastructure for Computing (SNIC) at NSC and
C3SE partially funded by the Swedish Research Council through grant
agreement no. SNIC 2021/3-41, SNIC 2021/5-623, SNIC 2021/5-561,
and SNIC 2022/5-156.



J. Brorsson et al.
Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.commatsci.2023.112690.

References

[1] Y. Niu, H. Tan, S. Hui, Ash-related issues during biomass combustion: Alkali-
induced slagging, silicate melt-induced slagging (ash fusion), agglomeration,
corrosion, ash utilization, and related countermeasures, Prog. Energy Combust.
Sci. 52 (2016) 1-61, http://dx.doi.org/10.1016/j.pecs.2015.09.003, URL https:
//www.sciencedirect.com/science/article/pii/S0360128515300216.

[2] S.A. Benson, E.A. Sondreal, Ash-related issues during combustion and gasifica-
tion, in: R.P. Gupta, T.F. Wall, L. Baxter (Eds.), Impact of Mineral Impurities
in Solid Fuel Combustion, Springer US, Boston, MA, 1999, pp. 1-21, http:
//dx.doi.org/10.1007/0-306-46920-0_1.

[3] D. Lindberg, R. Backman, P. Chartrand, M. Hupa, Towards a comprehensive
thermodynamic database for ash-forming elements in biomass and waste com-
bustion — Current situation and future developments, Fuel Process. Technol.
105 (2013) 129-141, http://dx.doi.org/10.1016/j.fuproc.2011.08.008, Impacts
of Fuel Quality on Power Production and Environment. URL https://www.
sciencedirect.com/science/article/pii/S037838201100302X.

[4] K. Fiirsatz, J. Fuchs, F. Benedikt, M. Kuba, H. Hofbauer, Effect of biomass fuel
ash and bed material on the product gas composition in DFB steam gasification,
Energy 219 (2021) 119650, http://dx.doi.org/10.1016/j.energy.2020.119650,
URL https://www.sciencedirect.com/science/article/pii/S0360544220327572.

[5] J. Hu, V.V. Galvita, H. Poelman, G.B. Marin, Advanced chemical looping
materials for CO2 utilization: A review, Materials 11 (7) (2018) http://dx.doi.
0rg/10.3390/mal11071187, URL https://www.mdpi.com/1996-1944/11/7/1187.

[6] 1. Stanicié, V. Andersson, M. Hanning, T. Mattisson, R. Backman, H. Leion,
Combined manganese oxides as oxygen carriers for biomass combustion — ash
interactions, Chem. Eng. Res. Des. 149 (2019) 104-120, http://dx.doi.org/10.
1016/j.cherd.2019.07.004, URL https://www.sciencedirect.com/science/article/
Ppii/S026387621930334X.

[7] I Stani¢i¢, M. Hanning, R. Deniz, T. Mattisson, R. Backman, H. Leion, Interaction
of oxygen carriers with common biomass ash components, Fuel Process. Technol.
200 (2020) 106313, http://dx.doi.org/10.1016/j.fuproc.2019.106313, URL https:
//www.sciencedirect.com/science/article/pii/S0378382019319058.

[8] I. Stanici¢, J. Brorsson, A. Hellman, T. Mattisson, R. Backman, Thermodynamic
analysis on the fate of ash elements in chemical looping combustion of solid
fuels-iron-based oxygen carriers, Energy Fuels (2022) http://dx.doi.org/10.1021/
acs.energyfuels.2c01578.

[9]1 A. Corcoran, J. Marinkovic, F. Lind, H. Thunman, P. Knutsson, M. Seemann,
Ash properties of ilmenite used as bed material for combustion of biomass
in a circulating fluidized bed boiler, Energy Fuels 28 (12) (2014) 7672-7679,
http://dx.doi.org/10.1021/ef501810u.

[10] D.Y. Lu, Y. Tan, M.A. Duchesne, D. McCalden, Potassium capture by ilmenite ore
as the bed material during fluidized bed conversion, Fuel 335 (2023) 127008,
http://dx.doi.org/10.1016/j.fuel.2022.127008, URL https://www.sciencedirect.
com/science/article/pii/S0016236122038327.

[11] A. Benisek, E. Dachs, The accuracy of standard enthalpies and entropies for
phases of petrological interest derived from density-functional calculations,
Contrib. Mineral. Petrol. 173 (11) (2018) 90, http://dx.doi.org/10.1007/s00410-
018-1514-x.

[12] J. Biele, M. Grott, M.E. Zolensky, A. Benisek, E. Dachs, The specific heat of
astro-materials: Review of theoretical concepts, materials, and techniques, Int. J.
Thermophys. 43 (9) (2022) 144, http://dx.doi.org/10.1007/s10765-022-03046-
5.

[13] K. Chang, B. Hallstedt, D. Music, Thermodynamic and electrochemical properties
of the Li-Co-O and Li-Ni-O systems, Chem. Mater. 24 (1) (2012) 97-105, http:
//dx.doi.org/10.1021/cm201964r.

[14] L. Tosin Paese, P. Zeller, S. Chatain, C. Guéneau, Thermodynamic properties
of LiNiO2, LiCoO2, and LiMnO2 using density-functional theory, Phys. Chem.
Chem. Phys. 25 (2023) 20641-20656, http://dx.doi.org/10.1039/D3CP01771K.

[15] S. Sridar, R. Kumar, K.H. Kumar, Thermodynamic modelling of Al-
B-N system, CALPHAD 65 (2019) 291-298, http://dx.doi.org/10.1016/j.
calphad.2019.03.008, URL https://www.sciencedirect.com/science/article/pii/
S0364591619300070.

[16] W. Gierlotka, A. Debski, S. Terlicka, W. Gasior, M. Peska, J. Dworecka-Wéjcik,
M. Polanski, Theoretical studies of the thermodynamic and mechanical properties
of Mg-Pt system. An insight into phase equilibria, J. Mater. Res. 37 (11) (2022)
1904-1915, http://dx.doi.org/10.1557/s43578-022-00603-4.

[17] W. Gierlotka, A. Debski, W. Gasior, M. Polafiski, Computational approach
to the Ag-Ti system, Comput. Mater. Sci. 230 (2023) 112519, http://
dx.doi.org/10.1016/j.commatsci.2023.112519, URL https://www.sciencedirect.
com/science/article/pii/$092702562300513X.

[18] B. Sundman, B. Jansson, J.-O. Andersson, The thermo-calc databank system, CAL-
PHAD 9 (2) (1985) 153-190, http://dx.doi.org/10.1016/0364-5916(85)90021-5,
URL https://www.sciencedirect.com/science/article/pii/0364591685900215.

10

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Computational Materials Science 233 (2024) 112690

C. Bale, E. Bélisle, P. Chartrand, S. Decterov, G. Eriksson, A. Gheribi, K. Hack,
I.-H. Jung, Y.-B. Kang, J. Melangon, A. Pelton, S. Petersen, C. Robelin, J.
Sangster, P. Spencer, M.-A. Van Ende, FactSage thermochemical software and
databases, 2010-2016, CALPHAD 54 (2016) 35-53, http://dx.doi.org/10.1016/
j.calphad.2016.05.002, URL https://www.sciencedirect.com/science/article/pii/
S0364591616300694.

P.J. Linstrom, W.G. Mallard, The NIST chemistry WebBook: A chemical data
resource on the internet, J. Chem. Eng. Data 46 (5) (2001) 1059-1063, http:
//dx.doi.org/10.1021/je000236i.

M.T. Agne, P.W. Voorhees, G.J. Snyder, Phase transformation contributions
to heat capacity and impact on thermal diffusivity, thermal conductivity,
and thermoelectric performance, Adv. Mater. 31 (35) (2019) 1902980, http:
//dx.doi.org/10.1002/adma.201902980, arXiv:https://onlinelibrary.wiley.com/
doi/pdf/10.1002/adma.201902980, URL https://onlinelibrary.wiley.com/doi/
abs/10.1002/adma.201902980.

R.G. Berman, T.H. Brown, Heat capacity of minerals in the system Na,O-K,O-
Ca0-MgO-FeO-Fe, 05-Al,0;-Si0,-TiO,-H,0-CO,: representation, estimation, and
high temperature extrapolation, Contrib. Mineral. Petrol. 89 (2) (1985) 168-183,
http://dx.doi.org/10.1007/BF00379451.

K.T. Jacob, A. Kumar, Y. Waseda, Gibbs energy of formation of MnO: Mea-
surement and assessment, J. Phase Equilib. Diffus. 29 (3) (2008) 222-230,
http://dx.doi.org/10.1007/s11669-008-9280-5.

K.T. Jacob, A. Kumar, G. Rajitha, Y. Waseda, Thermodynamic data for Mn304,
Mn203 and MnO2, High Temp. Mater. Process. 30 (4) (2011) 459-472, http:
//dx.doi.org/10.1515/htmp.2011.069.

A. Jain, S.P. Ong, G. Hautier, W. Chen, W.D. Richards, S. Dacek, S. Cholia,
D. Gunter, D. Skinner, G. Ceder, K.A. Persson, Commentary: The materials
project: A materials genome approach to accelerating materials innovation, APL
Mater. 1 (1) (2013) 011002, http://dx.doi.org/10.1063/1.4812323, arXiv:https:
//doi.org/10.1063/1.4812323.

P. Villars, K. Cenzual, K,gFe)g)Ti 20, (Kg4TijeFe40,) Crystal structure,
in: PAULING FILE Multinaries Edition — 2012, in: SpringerMaterials (online
database), Springer, Heidelberg, 2012, URL https://materials.springer.com/isp/
crystallographic/docs/sd_1903793.

P. Villars, K. Cenzual, KoFeyoTig;0, (Koo Tig,Feyo0,)(KyoTiy, Feo0, HE2, T =
300K) crystal structure, in: PAULING FILE Multinaries Edition — 2012, in:
SpringerMaterials (online database), Springer, Heidelberg, 2012, URL https://
materials.springer.com/isp/crystallographic/docs/sd_1903793.

P. Villars, K. Cenzual, K, ,TigO,s (K(5Ti,Og) Crystal structure, in: PAULING FILE
Multinaries Edition — 2012, in: SpringerMaterials (online database), Springer,
Heidelberg, 2012, URL https://materials.springer.com/isp/crystallographic/docs/
sd_1002246.

P. Villars, K. Cenzual, K, 35TigO,¢ (K, 5Ti,Og) Crystal structure, in: PAULING FILE
Multinaries Edition - 2012, in: SpringerMaterials (online database), Springer,
Heidelberg, 2012, URL https://materials.springer.com/isp/crystallographic/docs/
sd_1408161.

P. Villars, K. Cenzual, CaMn,[SisO,5] (CaMn,SisO,5) Crystal structure, in:
PAULING FILE Multinaries Edition - 2012, in: SpringerMaterials (online
database), Springer, Heidelberg, 2012, URL https://materials.springer.com/isp/
crystallographic/docs/sd_1501099.

G. Bergerhoff, I.D. Brown, in: F.H. Allen, G. Bergerhoff, R. Sievers (Eds.),
Crystallographic databases, vol. 360, International Union of Crystallography,
Chester, England, 1987, pp. 77-95.

G. Zhu, Z. Ci, Y. Shi, M. Que, Q. Wang, Y. Wang, Synthesis, crystal structure
and luminescence characteristics of a novel red phosphor Ca;oMg,(PO,),:Eu**
for light emitting diodes and field emission displays, J. Mater. Chem. C 1 (2013)
5960-5969, http://dx.doi.org/10.1039/C3TC31263A.

M. ;\ngqvist, W.A. Muiioz, J.M. Rahm, E. Fransson, C. Durniak, P. Rozyczko,
T.H. Rod, P. Erhart, ICET - A python library for constructing and sampling
alloy cluster expansions, Adv. Theory Simul. 2 (7) (2019) 1900015, http://
dx.doi.org/10.1002/adts.201900015, arXiv:https://onlinelibrary.wiley.com/doi/
pdf/10.1002/adts.201900015, URL https://onlinelibrary.wiley.com/doi/abs/10.
1002/adts.201900015.

F. Eriksson, E. Fransson, P. Erhart, The hiphive package for the ex-
traction of high-order force constants by machine learning, Adv. Theory
Simul. 2 (5) (2019) 1800184, http://dx.doi.org/10.1002/adts.201800184, arXiv:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201800184, URL https://
onlinelibrary.wiley.com/doi/abs/10.1002/adts.201800184.

D. Wipf, S. Nagarajan, A new view of automatic relevance determi-
nation, in: J. Platt, D. Koller, Y. Singer, S. Roweis (Eds.), Advances
in Neural Information Processing Systems, vol. 20, Curran Associates,
Inc., 2007, URL https://proceedings.neurips.cc/paper files/paper/2007/file/
9c01802ddb981e6bcfbec0f0516b8e35-Paper.pdf.

I. Guyon, J. Weston, S. Barnhill, V. Vapnik, Gene selection for cancer classi-
fication using support vector machines, Mach. Learn. 46 (1) (2002) 389-422,
http://dx.doi.org/10.1023/A:1012487302797.

P.M. Larsen, K.W. Jacobsen, J. Schigtz, Rich ground-state chemical ordering in
nanoparticles: Exact solution of a model for Ag-Au clusters, Phys. Rev. Lett.
120 (2018) 256101, http://dx.doi.org/10.1103/PhysRevLett.120.256101, URL
https://link.aps.org/doi/10.1103/PhysRevLett.120.256101.


https://doi.org/10.1016/j.commatsci.2023.112690
http://dx.doi.org/10.1016/j.pecs.2015.09.003
https://www.sciencedirect.com/science/article/pii/S0360128515300216
https://www.sciencedirect.com/science/article/pii/S0360128515300216
https://www.sciencedirect.com/science/article/pii/S0360128515300216
http://dx.doi.org/10.1007/0-306-46920-0_1
http://dx.doi.org/10.1007/0-306-46920-0_1
http://dx.doi.org/10.1007/0-306-46920-0_1
http://dx.doi.org/10.1016/j.fuproc.2011.08.008
https://www.sciencedirect.com/science/article/pii/S037838201100302X
https://www.sciencedirect.com/science/article/pii/S037838201100302X
https://www.sciencedirect.com/science/article/pii/S037838201100302X
http://dx.doi.org/10.1016/j.energy.2020.119650
https://www.sciencedirect.com/science/article/pii/S0360544220327572
http://dx.doi.org/10.3390/ma11071187
http://dx.doi.org/10.3390/ma11071187
http://dx.doi.org/10.3390/ma11071187
https://www.mdpi.com/1996-1944/11/7/1187
http://dx.doi.org/10.1016/j.cherd.2019.07.004
http://dx.doi.org/10.1016/j.cherd.2019.07.004
http://dx.doi.org/10.1016/j.cherd.2019.07.004
https://www.sciencedirect.com/science/article/pii/S026387621930334X
https://www.sciencedirect.com/science/article/pii/S026387621930334X
https://www.sciencedirect.com/science/article/pii/S026387621930334X
http://dx.doi.org/10.1016/j.fuproc.2019.106313
https://www.sciencedirect.com/science/article/pii/S0378382019319058
https://www.sciencedirect.com/science/article/pii/S0378382019319058
https://www.sciencedirect.com/science/article/pii/S0378382019319058
http://dx.doi.org/10.1021/acs.energyfuels.2c01578
http://dx.doi.org/10.1021/acs.energyfuels.2c01578
http://dx.doi.org/10.1021/acs.energyfuels.2c01578
http://dx.doi.org/10.1021/ef501810u
http://dx.doi.org/10.1016/j.fuel.2022.127008
https://www.sciencedirect.com/science/article/pii/S0016236122038327
https://www.sciencedirect.com/science/article/pii/S0016236122038327
https://www.sciencedirect.com/science/article/pii/S0016236122038327
http://dx.doi.org/10.1007/s00410-018-1514-x
http://dx.doi.org/10.1007/s00410-018-1514-x
http://dx.doi.org/10.1007/s00410-018-1514-x
http://dx.doi.org/10.1007/s10765-022-03046-5
http://dx.doi.org/10.1007/s10765-022-03046-5
http://dx.doi.org/10.1007/s10765-022-03046-5
http://dx.doi.org/10.1021/cm201964r
http://dx.doi.org/10.1021/cm201964r
http://dx.doi.org/10.1021/cm201964r
http://dx.doi.org/10.1039/D3CP01771K
http://dx.doi.org/10.1016/j.calphad.2019.03.008
http://dx.doi.org/10.1016/j.calphad.2019.03.008
http://dx.doi.org/10.1016/j.calphad.2019.03.008
https://www.sciencedirect.com/science/article/pii/S0364591619300070
https://www.sciencedirect.com/science/article/pii/S0364591619300070
https://www.sciencedirect.com/science/article/pii/S0364591619300070
http://dx.doi.org/10.1557/s43578-022-00603-4
http://dx.doi.org/10.1016/j.commatsci.2023.112519
http://dx.doi.org/10.1016/j.commatsci.2023.112519
http://dx.doi.org/10.1016/j.commatsci.2023.112519
https://www.sciencedirect.com/science/article/pii/S092702562300513X
https://www.sciencedirect.com/science/article/pii/S092702562300513X
https://www.sciencedirect.com/science/article/pii/S092702562300513X
http://dx.doi.org/10.1016/0364-5916(85)90021-5
https://www.sciencedirect.com/science/article/pii/0364591685900215
http://dx.doi.org/10.1016/j.calphad.2016.05.002
http://dx.doi.org/10.1016/j.calphad.2016.05.002
http://dx.doi.org/10.1016/j.calphad.2016.05.002
https://www.sciencedirect.com/science/article/pii/S0364591616300694
https://www.sciencedirect.com/science/article/pii/S0364591616300694
https://www.sciencedirect.com/science/article/pii/S0364591616300694
http://dx.doi.org/10.1021/je000236i
http://dx.doi.org/10.1021/je000236i
http://dx.doi.org/10.1021/je000236i
http://dx.doi.org/10.1002/adma.201902980
http://dx.doi.org/10.1002/adma.201902980
http://dx.doi.org/10.1002/adma.201902980
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adma.201902980
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adma.201902980
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adma.201902980
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201902980
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201902980
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201902980
http://dx.doi.org/10.1007/BF00379451
http://dx.doi.org/10.1007/s11669-008-9280-5
http://dx.doi.org/10.1515/htmp.2011.069
http://dx.doi.org/10.1515/htmp.2011.069
http://dx.doi.org/10.1515/htmp.2011.069
http://dx.doi.org/10.1063/1.4812323
http://arxiv.org/abs/10.1063/1.4812323
http://arxiv.org/abs/10.1063/1.4812323
http://arxiv.org/abs/10.1063/1.4812323
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1903793
https://materials.springer.com/isp/crystallographic/docs/sd_1002246
https://materials.springer.com/isp/crystallographic/docs/sd_1002246
https://materials.springer.com/isp/crystallographic/docs/sd_1002246
https://materials.springer.com/isp/crystallographic/docs/sd_1408161
https://materials.springer.com/isp/crystallographic/docs/sd_1408161
https://materials.springer.com/isp/crystallographic/docs/sd_1408161
https://materials.springer.com/isp/crystallographic/docs/sd_1501099
https://materials.springer.com/isp/crystallographic/docs/sd_1501099
https://materials.springer.com/isp/crystallographic/docs/sd_1501099
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb31
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb31
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb31
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb31
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb31
http://dx.doi.org/10.1039/C3TC31263A
http://dx.doi.org/10.1002/adts.201900015
http://dx.doi.org/10.1002/adts.201900015
http://dx.doi.org/10.1002/adts.201900015
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201900015
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201900015
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201900015
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201900015
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201900015
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201900015
http://dx.doi.org/10.1002/adts.201800184
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201800184
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201800184
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adts.201800184
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201800184
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201800184
https://onlinelibrary.wiley.com/doi/abs/10.1002/adts.201800184
https://proceedings.neurips.cc/paper_files/paper/2007/file/9c01802ddb981e6bcfbec0f0516b8e35-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2007/file/9c01802ddb981e6bcfbec0f0516b8e35-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2007/file/9c01802ddb981e6bcfbec0f0516b8e35-Paper.pdf
http://dx.doi.org/10.1023/A:1012487302797
http://dx.doi.org/10.1103/PhysRevLett.120.256101
https://link.aps.org/doi/10.1103/PhysRevLett.120.256101

J. Brorsson et al.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

M. Angquist, P. Erhart, Understanding chemical ordering in intermetallic
clathrates from atomic scale simulations, Chem. Mater. 29 (17) (2017)
7554-7562, http://dx.doi.org/10.1021/acs.chemmater.7b02686, arXiv:http://dx.
doi.org/10.1021/acs.chemmater.7b02686.

P.E. Blochl, Projector augmented-wave method, Phys. Rev. B 50 (24) (1994)
17953-17979, http://dx.doi.org/10.1103/PhysRevB.54.11169.

G. Kresse, J. Furthmiiller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169, http:
//dx.doi.org/10.1103/PhysRevB.54.11169.

S.P. Ong, W.D. Richards, A. Jain, G. Hautier, M. Kocher, S. Cholia, D. Gunter,
V.L. Chevrier, K.A. Persson, G. Ceder, Python materials genomics (pymatgen): A
robust, open-source python library for materials analysis, Comput. Mater. Sci.
68 (2013) 314-319, http://dx.doi.org/10.1016/j.commatsci.2012.10.028, URL
https://www.sciencedirect.com/science/article/pii/S0927025612006295.

D.C. Langreth, M.J. Mehl, Beyond the local-density approximation in calculations
of ground-state electronic properties, Phys. Rev. B 28 (1983) 1809-1834, http:
//dx.doi.org/10.1103/PhysRevB.28.1809, URL https://link.aps.org/doi/10.1103/
PhysRevB.28.1809.

J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (18) (1996) 3865-3868, http://dx.doi.org/10.1103/
PhysRevLett.77.3865.

A. Jain, G. Hautier, S.P. Ong, C.J. Moore, C.C. Fischer, K.A. Persson, G. Ceder,
Formation enthalpies by mixing GGA and GGA + U calculations, Phys. Rev. B
84 (2011) 045115, http://dx.doi.org/10.1103/PhysRevB.84.045115, URL https:
//link.aps.org/doi/10.1103/PhysRevB.84.045115.

A. Jain, G. Hautier, C.J. Moore, S. Ping Ong, C.C. Fischer, T. Mueller, K.A.
Persson, G. Ceder, A high-throughput infrastructure for density functional theory
calculations, Comput. Mater. Sci. 50 (8) (2011) 2295-2310, http://dx.doi.org/
10.1016/j.commatsci.2011.02.023, URL https://www.sciencedirect.com/science/
article/pii/S0927025611001133.

A. Togo, I. Tanaka, First principles phonon calculations in materials science,
Scr. Mater. 108 (2015) 1-5, http://dx.doi.org/10.1016/j.scriptamat.2015.07.021,
URL https://www.sciencedirect.com/science/article/pii/S1359646215003127.

E. Fransson, F. Eriksson, P. Erhart, Efficient construction of linear models in
materials modeling and applications to force constant expansions, Npj Comput.
Mater. 6 (1) (2020) 135, http://dx.doi.org/10.1038/541524-020-00404-5.

L.M. Anovitz, A.H. Treiman, E.J. Essene, B.S. Hemingway, E.F. Westrum Jr., V.J.
Wall, R. Burriel, S.R. Bohlen, The heat-capacity of ilmenite and phase equilibria
in the system Fe-T-O, Geochim. Cosmochim. Acta 49 (10) (1985) 2027-2040,
URL http://pubs.er.usgs.gov/publication/70012727.

11

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Computational Materials Science 233 (2024) 112690

E. Bakken, J. Boerio-Goates, T. Grande, B. Hovde, T. Norby, L. Rer-
mark, R. Stevens, S. Stglen, Entropy of oxidation and redox energetics of
CaMnO;_g, Solid State Ion. 176 (29) (2005) 2261-2267, http://dx.doi.org/10.
1016/j.551.2005.06.009, URL https://www.sciencedirect.com/science/article/pii/
S0167273805002663.

L. Rgrmark, S. Stglen, K. Wiik, T. Grande, Enthalpies of formation of
La,_ A MnO,,; (A=Ca and Sr) measured by high-temperature solution calorime-
try, J. Solid State Chem. 163 (1) (2002) 186-193, http://dx.doi.org/10.
1006/jssc.2001.9391, URL https://www.sciencedirect.com/science/article/pii/
50022459601993910.

S. Kirklin, J.E. Saal, B. Meredig, A. Thompson, J.W. Doak, M. Aykol, S. Riihl,
C. Wolverton, The open quantum materials database (OQMD): assessing the
accuracy of DFT formation energies, Npj Comput. Mater. 1 (1) (2015) 15010,
http://dx.doi.org/10.1038/npjcompumats.2015.10.

Heat capacity determination at high temperatures by TGA/DSC part 1: DSC
standard procedures, Mettler-Toledo Therm. Anal. UserCom 27 (2010) 1-4.
J.E. Saal, S. Kirklin, M. Aykol, B. Meredig, C. Wolverton, Materials design and
discovery with high-throughput density functional theory: The open quantum
materials database (OQMD), JOM 65 (11) (2013) 1501-1509, http://dx.doi.org/
10.1007/511837-013-0755-4.

S. Kirklin, J.E. Saal, B. Meredig, A. Thompson, J.W. Doak, M. Aykol, S. Riihl,
C. Wolverton, The open quantum materials database (OQMD): assessing the
accuracy of DFT formation energies, Npj Comput. Mater. 1 (1) (2015) 1-
15, http://dx.doi.org/10.1038/npjcompumats.2015.10, URL https://www.nature.
com/articles/npjcompumats201510.

S. Curtarolo, W. Setyawan, G.L. Hart, M. Jahnatek, R.V. Chepulskii, R.H.
Taylor, S. Wang, J. Xue, K. Yang, O. Levy, M.J. Mehl, H.T. Stokes, D.O.
Demchenko, D. Morgan, AFLOW: An automatic framework for high-throughput
materials discovery, Comput. Mater. Sci. 58 (2012) 218-226, http://dx.doi.org/
10.1016/j.commatsci.2012.02.005, URL https://www.sciencedirect.com/science/
article/pii/S0927025612000717.

S. Curtarolo, W. Setyawan, S. Wang, J. Xue, K. Yang, R.H. Taylor, L.J.
Nelson, G.L. Hart, S. Sanvito, M. Buongiorno-Nardelli, N. Mingo, O. Levy,
Aflowlib.org: A distributed materials properties repository from high-throughput
ab initio calculations, Comput. Mater. Sci. 58 (2012) 227-235, http://dx.doi.org/
10.1016/j.commatsci.2012.02.002, URL https://www.sciencedirect.com/science/
article/pii/S0927025612000687.

C. Draxl, M. Scheffler, The NOMAD laboratory: from data sharing to artificial
intelligence, J. Phys.: Mater. 2 (3) (2019) 036001, http://dx.doi.org/10.1088/
2515-7639/ab13bb.


http://dx.doi.org/10.1021/acs.chemmater.7b02686
http://arxiv.org/abs/10.1021/acs.chemmater.7b02686
http://arxiv.org/abs/10.1021/acs.chemmater.7b02686
http://arxiv.org/abs/10.1021/acs.chemmater.7b02686
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1016/j.commatsci.2012.10.028
https://www.sciencedirect.com/science/article/pii/S0927025612006295
http://dx.doi.org/10.1103/PhysRevB.28.1809
http://dx.doi.org/10.1103/PhysRevB.28.1809
http://dx.doi.org/10.1103/PhysRevB.28.1809
https://link.aps.org/doi/10.1103/PhysRevB.28.1809
https://link.aps.org/doi/10.1103/PhysRevB.28.1809
https://link.aps.org/doi/10.1103/PhysRevB.28.1809
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.84.045115
https://link.aps.org/doi/10.1103/PhysRevB.84.045115
https://link.aps.org/doi/10.1103/PhysRevB.84.045115
https://link.aps.org/doi/10.1103/PhysRevB.84.045115
http://dx.doi.org/10.1016/j.commatsci.2011.02.023
http://dx.doi.org/10.1016/j.commatsci.2011.02.023
http://dx.doi.org/10.1016/j.commatsci.2011.02.023
https://www.sciencedirect.com/science/article/pii/S0927025611001133
https://www.sciencedirect.com/science/article/pii/S0927025611001133
https://www.sciencedirect.com/science/article/pii/S0927025611001133
http://dx.doi.org/10.1016/j.scriptamat.2015.07.021
https://www.sciencedirect.com/science/article/pii/S1359646215003127
http://dx.doi.org/10.1038/s41524-020-00404-5
http://pubs.er.usgs.gov/publication/70012727
http://dx.doi.org/10.1016/j.ssi.2005.06.009
http://dx.doi.org/10.1016/j.ssi.2005.06.009
http://dx.doi.org/10.1016/j.ssi.2005.06.009
https://www.sciencedirect.com/science/article/pii/S0167273805002663
https://www.sciencedirect.com/science/article/pii/S0167273805002663
https://www.sciencedirect.com/science/article/pii/S0167273805002663
http://dx.doi.org/10.1006/jssc.2001.9391
http://dx.doi.org/10.1006/jssc.2001.9391
http://dx.doi.org/10.1006/jssc.2001.9391
https://www.sciencedirect.com/science/article/pii/S0022459601993910
https://www.sciencedirect.com/science/article/pii/S0022459601993910
https://www.sciencedirect.com/science/article/pii/S0022459601993910
http://dx.doi.org/10.1038/npjcompumats.2015.10
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb52
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb52
http://refhub.elsevier.com/S0927-0256(23)00684-5/sb52
http://dx.doi.org/10.1007/s11837-013-0755-4
http://dx.doi.org/10.1007/s11837-013-0755-4
http://dx.doi.org/10.1007/s11837-013-0755-4
http://dx.doi.org/10.1038/npjcompumats.2015.10
https://www.nature.com/articles/npjcompumats201510
https://www.nature.com/articles/npjcompumats201510
https://www.nature.com/articles/npjcompumats201510
http://dx.doi.org/10.1016/j.commatsci.2012.02.005
http://dx.doi.org/10.1016/j.commatsci.2012.02.005
http://dx.doi.org/10.1016/j.commatsci.2012.02.005
https://www.sciencedirect.com/science/article/pii/S0927025612000717
https://www.sciencedirect.com/science/article/pii/S0927025612000717
https://www.sciencedirect.com/science/article/pii/S0927025612000717
http://dx.doi.org/10.1016/j.commatsci.2012.02.002
http://dx.doi.org/10.1016/j.commatsci.2012.02.002
http://dx.doi.org/10.1016/j.commatsci.2012.02.002
https://www.sciencedirect.com/science/article/pii/S0927025612000687
https://www.sciencedirect.com/science/article/pii/S0927025612000687
https://www.sciencedirect.com/science/article/pii/S0927025612000687
http://dx.doi.org/10.1088/2515-7639/ab13bb
http://dx.doi.org/10.1088/2515-7639/ab13bb
http://dx.doi.org/10.1088/2515-7639/ab13bb

	Thermodynamic properties for metal oxides from first-principles
	Introduction
	Method
	Procedure and Theory
	Selection of Reference Data
	Representative Structures via Enumeration
	Ground State from Cluster Expansions
	Monte Carlo Sampling of Cluster Expansion
	Electronic Structure Calculations
	Phononic Heat Capacity
	Generation of Phase Diagrams

	Results and discussion
	Calculated Thermal Properties
	Impact on Phase Diagrams

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Supplementary data
	References


