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The evaluation of reaction energies between solids using density functional theory (DFT) is of
practical importance in many technological fields and paramount in the study of the phase stability
of known and predicted compounds. In this work, we present a comparison between reaction energies
provided by experiments and computed by DFT in the generalized gradient approximation (GGA),
using a Hubbard U parameter for some transition metal elements (GGA+U). We use a data set
of 135 reactions involving the formation of ternary oxides from binary oxides in a broad range
of chemistries and crystal structures. We find that the computational errors can be modeled by
a normal distribution with a mean close to zero and a standard deviation of 24 meV/atom. The
significantly smaller error compared to the more commonly reported errors in the formation energies
from the elements is related to the larger cancellation of errors in energies when reactions involve
chemically similar compounds. This result is of importance for phase diagram computations for
which the relevant reaction energies are often not from the elements but from chemically close phases
(e.g., ternary oxides vs binary oxides). In addition, we discuss the distribution of computational
errors among chemistries and show that the use of a Hubbard U parameter is critical to the accuracy
of reaction energies involving transition metals even when no major change in formal oxidation state
is occurring.

PACS numbers:

I. INTRODUCTION

Density functional theory (DFT) computations can provide the total energy of solid compounds. These total
energies are then used to obtain reaction energies which are of importance in many fields such as batteries, hydrogen
storage, Hg absorption, carbon capture or thermochemical water splitting.!® Reaction energies are also critical to the
ab initio study of the thermodynamic stability of known materials? 4 or the prediction of novel phases.'® 27 Indeed,
it is a compound’s energy relative to the energy from combinations of other phases, which determines its stability.

While comparisons between experimental and computed energies of reactions for solids exist in the literature,
they tend to focus on very specific chemistries and/or crystal structures (e.g., perovskites?®2?). In contrast to the
evaluation of molecular systems in the quantum chemistry field, 303! there is a lack of statistically broad studies on the
accuracy of specific DFT functionals in predicting energies of reactions between solid phases. This situation makes it
difficult to add an error bar to predictions of reaction energies and can hinder the evaluation of the results provided
by ab initio phase stability studies (i.e., the study of phase diagrams built from ab initio computations). Hence, the
objective of this paper is to assess the accuracy of DFT in predicting reaction energies relevant to phase stability in
multicomponent oxides by comparing, on a large data set, experimental and computed reaction energies from binary
oxides to ternary oxides.

Our comparison between DFT and experimental reaction energies is mainly based on two very large experimental
thermochemical data sources, the Kubachewski and the NIST databases.??33 While it is common to report reaction
energies from the elements, elemental reaction energies are not, in general, relevant to phase stability. Indeed, when
one wants to determine if a predicted multicomponent compound is thermodynamically stable, the reaction energy
determining the stability of the new compound is typically not with respect to the elements but to more chemically
similar phases. For instance, the stability of a ternary oxide is most often determined by its relative energy versus
other oxides (binaries and/or ternaries) and not versus the elements. In this work, we focus on the accuracy of the
reaction energies that are relevant to the phase stability of ternary oxides with respect to binary oxides.

Using 135 of these solid phase reactions, we present in this paper the largest reported comparison between experi-
mental and DFT computed solid phase reaction energies. We analyze the error distribution, and the chemistries for
which errors are the most significant. Finally, we discuss the implication of our work on the evaluation of multicom-
ponent phase diagrams obtained by GGA and GGA+ U. We stress that our study, by providing an error distribution
for reaction energies involving chemically similar compounds, can be used to quantitatively assess the results obtained
when computing the stability of new predicted phases with DFT.



II. METHODOLOGY
A. DFT parameters

The DFT computations were performed using a generalized gradient approximation (GGA) functional parametrized
by Perdew, Burke and Ernzerhof (PBE).?* The transition metals, Cu, Fe, Cr, Co, Mn, Ni, V, Nb, and Mo, were
assigned a U parameter to correct for the self-interaction error present in GGA.3%36 This U parameter was fitted to
experimental binary oxides formation energies using the Kubaschewski tables3? following the approach from Wang et
al.3” We excluded tungsten from our analysis due to the difficulty to fit a U value reproducing experimental enthalpies.
All compounds were run with a &point density of at least 500/(number of atom in unit cell) A-points. The Vienna ab
initio software package (VASP)?® was used with the provided projector augmented wave (PAW) pseudopotentials.3”
All pseudopotentials and U values are provided in Appendix A. With these parameters, the computations are expected
to be converged to one meV /atom for oxide materials.“C More details on the high-throughput ab initio methodology
and parameters can be found in Jain et al.?® All magnetic moments were initialized in a ferromagnetic (FM) state
but compounds containing V, Mo, Cu, Nb, Co, Cr, Mn, Ni, and Fe, were also computed with an anti-ferromagnetic
(AFM) state initialization. We computed all non-symmetrically equivalent AFM magnetic orderings in the smallest
possible supercells using Hart’s algorithm.*!' From all different FM and AFM initializations, the one with the lowest
energy was chosen for our data set. For entries with mixed oxidation states (i.e., Fe304 and Mn3O,), we verified that
charge ordering actually occurred in the GGA+ U computation.

In all cases, two full subsequent ionic relaxations were performed using the DFT parameters described above and
the AFLOW wrapper around VASP.42:43

B. Experimental data selection

Due to their relevance in technological applications and the large experimental data set available for ternary com-
pounds, we only considered oxides in this study. For each oxide compound in the Kubachewski tables,? we searched
for a corresponding crystal structure in the Inorganic Crystal Structure Database (ICSD).#* Often the crystal system
(e.g., monoclinic or cubic) or the mineral name is given in the Kubachewski tables and we used this partial structure
information to choose the corresponding ICSD entries among polymorphs. When the data provided by Kubachewski
was not sufficient to choose among polymorphs, we chose the lowest energy polymorph. The Kubaschewski entries
that did not have a corresponding ICSD entry were disregarded, as were compounds with partial occupancies.

To exclude as much as possible unreliable experimental data from our study, we double-checked the formation
enthalpies provided by Kubachewski versus other sources (the NIST database,®? the Landolt-Bornstein database,*
the CTDP database,*® and the scientific literature). The principal verification was performed against the NIST
database3? which contains less data (especially for ternary oxides) but provides more recent and accurate data than
the Kubachewski tables. We found 107 oxide entries in the Kubachewski table having an equivalent entry in the
NIST database. If the difference in enthalpy between the two pieces of data was higher than 5 meV /atom, we chose
the NIST value. This situation occurred for nineteen entries in our data and the largest differences (j 30 meV /atom)
were found for six entries: MgoTiOs (216 meV/atom), KoSiO3 (72 meV/atom), BesSiO4(43 meV/atom) and CuO
(30 meV/atom). The remaining entries in Kubachewski for which no NIST data is available were compared with
the information in the Landolt-Bornstein database.*> For the entries with large discrepancies (; 20 meV/atom in
formation enthalpy), we looked for a third source to determine whether the value from the Kubachewski or Landolt-
Bornstein database should be used. We had to exclude four compounds (Cs2SiO3, K3POy, Li3AsOy4, and BaVoOg)
because of the lack of a reliable third source, and we selected the value from the Landolt database for four other
compounds (FeMoQOy, Nay V207, NasMoO4 and KFeO,). The remaining entries (without data in NIST and Landolt-
Bornstein) were compared to the CTDP database. The eight entries in the CTDP database were all in agreement
(within 20 meV/atom) with the Kubachewski data. Finally, the remaining 14 compounds (without data in NIST,
Landolt-Bornstein and CTDP) were compared to values found in the literature. Seven had to be excluded from our
data set as no consistent data was found in the literature (SrB4O7, LiTaO3, LiNbO3, LaPQy, LiB3Os5, NaVO3, and
CdTiO3)

Each enthalpy of formation in the Kubachewski table is given with an experimental error. Assuming that the
experimental errors on enthalpies of formation are normally distributed and independent, the error on a reaction
enthalpy (which is the result of a sum of enthalpy of formations) can be computed using the rule of summation of
normally distributed random variables. The resulting error on the reaction energy is also normally distributed, with a

standard deviation of o, cqction = Zafof . The o; represent the standard deviation associated with the experimental
i

enthalpy of formation of each compound involved in the reaction, and a; are the stoichiometric coefficients associated



with the product i in the reaction. For the few entries without any experimental error provided in the Kubachewski
table, the Landolt database, or the literature, we attributed an error of 10 meV/atom corresponding to the average
experimental error in the Kubachewski tables. We attributed an experimental error of 5 meV/atom for the more
reliable NIST data.

C. Evaluating zero K energies from 298K enthalpies

The Kubachewski tables provide enthalpies of formation at 298K while the computed total energies refer to energies
at zero K. To obtain experimental enthalpies at zero K, one needs to integrate the heat capacity between zero K and
298K. The experimental heat capacity of each compound is often provided in thermochemical tables as a polynomial
expansion on the temperature and it is tempting to directly integrate the polynomial to zero K. However, this
polynomial expansion is only valid for temperatures above 298K. Hence, we instead fit a Debye-like equation to
the heat capacity at 298K with the additional constraint that the integration of this heat capacity divided by the
temperature should give the formation entropy (also provided in the thermochemical tables) at 298K. The heat
capacity at constant pressure (c,) and per atom of compound is assumed to follow the Debye form:

T zte®
p(T;Tp,A) = A(=)3 ——dx (1)
T 0/ (e

Where Tp, the Debye temperature, and A are constants. The constants A and Tp are determined for each compound
from the heat capacity at 298K, ¢, 298k, and the entropy at 298K, Sagsk, provided in the Kubachewski tables:

Cp(298,TD,A) = przggK (2)
298 (T Tp. A)
¢ 5 »
/ % AT = Sagsi (3)
0
Integrating the Debye model in equation (1) with the fitted A and T leads to the experimental enthalpy at zero
K.
298
Hog ~ Haggg — / cp(T; A, Tp) dT (4)
0

We compared our fitted Debye model to actual heat capacity measurements down to zero K for a few compounds,
and found good agreement (see Appendix B).

As the heat capacity integration component depends on the entropy and heat capacity value provided by the
Kubachewski tables, we compared them to the NIST database. We did not find any large differences except for the
NaAlO; entropy for which we used the NIST values. For Fe;ZnO,4, we used direct values from the heat capacity
integration provided in King et al.?” as the heat capacity reported in the Kubachewski tables is unphysical and
negative.

In addition, we neglect the pressure times volume (PV) term, assuming that the formation energy at zero K is
equal to the formation enthalpy at zero K. When considering reaction energies between solids, the PV term of the
enthalpy is negligible. We also neglect the zero-point energy (ZPE) contribution to the energy (typically less than a
few meV /atom).48:49

We provide in Appendix C for each compound the corresponding ICSD number, the experimental enthalpy of
formation from the elements at zero K, the experimental error, the source of the enthalpy data (Kubachewski, NIST
or Landolt) as well as the DFT (GGA and GGA+U) total energy obtained by ionic relaxation. We also provide as
supplementary materials the relaxed structures (in FM state) for each of the selected compounds to facilitate future
comparison of our data set to other functionals or computational approaches.®®



D. Reaction energy critical to phase stability

When considering an AxB,C, compound in an A-B-C chemical system, there are many different reaction energies
forming this compound that can be defined. Most often, the formation energy from the elements (e.g., A + B + 2C
— ABCy) is reported but other reactions can be defined as well, for instance from binaries to ternaries (e.g., %AZC +
%B203—>ABC2) or even between ternaries and binaries (e.g., %A5BC4 + %BgCg — ABCy). In this work, we present
a method to choose the reaction most relevant to phase stability for a given AyB,C, phase. The algorithm relies on
the convex hull construction. The convex hull construction effectively evaluates the stability of a given compound
against any linear combination of compounds that have the same averaged composition, and is the common procedure
to assess is a compound is stable versus the decomposition to other products. First, we construct the convex hull with
all phases existing in the A-B-C, including all elemental, binary and ternary phases with the exception of the targeted
A ByC, phase. Then, we detect what phases constitute the equilibrium triangle in which the AyByC, composition
lies. The reaction from these phases in the equilibrium triangle to form the AyB,C, phase is defined as the reaction
critical to phase stability. Indeed, it is this reaction that determines directly if the AyB,C, phase is stable (i.e., on the
convex hull) or not (i.e., above the convex hull) as it compares the AyB,C, phase to the most competitive combination
of phases. Figure 1 illustrates this algorithm for an hypothetical A-B-C system and a ABCj ternary phase. Using the
phase diagram built by the convex hull construction without the ABCg3 phase, we can see that the ABC3 composition
(blue dot) lies in the triangle formed by the A;C, BC3 and BCsy phases (the decomposition is indicated by the
blue arrows). The critical reaction energy to phase stability is therefore %AQC + %BCg +%BCQ‘)ABC$. While we
illustrated the method by using examples from ternary phase diagrams, the algorithm is easily generalizable to higher
component systems (e.g., quaternaries) by considering the relevant equilibrium simplices.
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FIG. 1: (Color Online) Illustration of the procedure to determine the reaction critical to phase stability for a ABC3 compound.
By building the phase diagram using the convex hull construction on all phases in the A-B-C system with the exception of
ABCs3, we find that the equilibrium triangle consists in A2C, BC3 and BCsy. The critical reaction energy to phase stability is
therefore 1A,C + 1BCs +1BCy—ABCs.

We applied this algorithm to determine what would be the critical reaction energy from binary to ternary oxides for
each ternary oxide present in our data set. For chemical systems including only cations with single oxidation states,
there is only one binary oxide to ternary oxide reaction that needs to be considered. For instance, in the case of
LiAlOg, the only reaction energy forming this ternary compound from binary oxides is %A1203+ %LiQO — LiAlOg .
On the other hand, when a ternary oxide contains elements forming in several oxidation states (e.g, CoFe2QOy), there
is more than one reaction involving binary oxides reacting to form the ternary compound, but only one reaction will
be directly critical to the phase stability of the ternary (i.e., CoO+FeaO3—CoFes0y4). If any of the competing phases
is a gas (e.g., CO4 for a carbonate or SO4 for a sulfate), the ternary oxide was not considered in our data set. Gases



were excluded from our analysis because of the large known errors in DFT associated with molecular species (e.g.,
oxygen molecule overbinding).?7-51

In total, our data set consists of 135 reaction energies and each computed and experimental reaction energy is
present in Appendix C. In this work, we will express all reaction energies as energy per atom of ternary compound
(eV/atom or meV/atom); 10 meV /atom corresponds to about 1 kJ/mol-atom.

III. RESULTS

Figure 2 plots the experimental reaction energies as a function of the computed reaction energies. All reactions
involve binary oxides to ternary oxides and have been chosen as presented in the Methods section. The error bars
indicate the experimental error on the reaction energy. The data points follow roughly the diagonal and no computed
reaction energy deviates from the experimental data by more than 150 meV/atom. Figure 2 does not show any
systematic increase in the DFT error with larger reaction energies. This justifies our focus in the present study on
absolute and not relative errors.
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FIG. 2: (Color Online) Experimental reaction energy as function of the computed reaction energy (in meV/atom). The error
bar indicates the experimental error. As the reaction energies are typically negative, the graph actually plots the negative of
the reaction energy.

In Figure 3, we plot a histogram of the difference between the DFT and experimental reaction energies. GGA+U
underestimates and overestimates the energy of reaction with the same frequency, and the mean difference between
computed and experimental energies is 9.6 meV/atom. The root mean square (rms) deviation of the computed
energies with respect to experiments is 34.4 meV /atom. Both the mean and rms are very different from the results
obtained by Lany on reaction energies from the elements.??> Using pure GGA, Lany found that elemental formation
energies are underestimated by GGA with a much larger rms of 240 meV /atom. Our results are closer to experiments
because of the greater accuracy of DFT when comparing chemically similar compounds such as binary and ternary



oxides due to errors cancellation.?® We should note that even using elemental energies that are fitted to minimize the
error versus experiment in a large set of reactions, Lany reports that the error is still 70 meV/atom and much larger
than what we find for the relevant reaction energies. The rms we found is consistent with the error of 3 kJ/mol-at
(30 meV /atom) for reaction energies from the binaries in the limited set of perovskites reported by Martinez et al.?’

Very often, instead of the exact reaction energy, one is interested in knowing if a ternary compound is stable enough
to form with respect to the binaries. This is typically the case when a new ternary oxide phase is proposed and tested
for stability versus the competing binary phases.'® From the 131 compounds for which reaction energies are negative
according to experiments, all but two (AlsSiO5 and CeAlOs) are also negative according to computations. This
success in predicting stability versus binary oxides of known ternary oxides can be related to the very large magnitude
of reaction energies from binary to ternary oxides compared to the typical errors observed (rms of 34 meV/atom).
Indeed, for the vast majority of the reactions (109 among 131), the experimental reaction energies are larger than
50 meV /atom. It is unlikely then that the DFT error would be large enough to offset this large reaction energy and
make a stable compound unstable versus the binary oxides.
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FIG. 3: (Color Online) Histogram of the difference between computed (AEG"") and experimental (AEg;?) energies of reaction
(in meV/atom).

The histogram in Figure 3 shows several reaction energies with significant errors. Failures and successes of DFT
are often known to be chemistry dependent, and we present the effect of the chemistry on the DFT error by plotting,
in Figure 4, a matrix of absolute reaction energies errors. The z axis represents the oxides of element A and the y axis
the oxide of element B. Each element in the matrix corresponds to an A-B-O chemical system. When several reaction
energies are available in a chemical systems (i.e., several ternary compounds are present), we plotted the maximum
absolute error energy in this system. The matrix is symmetric as A-B-O is equivalent to B-A-O. The elements are
sorted by their Mendeleev number®® so that important chemical classes (e.g., alkalis or transition metals) are grouped
together. The first row and column in the matrix indicate the mean of the difference computed experimental for one
given element across all ternary oxide chemistries.

It is remarkable that no systematically larger error is present for elements with partially filled d-orbitals (e.g., Fe,
Mn, Co or Ni), which indicates that the use of a Hubbard U is sufficient to compensate the error associated with the
localized d-orbitals. On the other hand, elements containing f-electrons such as cerium show very large deviations
from experiments. Both reaction energies involving cerium (i.e., related to % Cey03 + % Cro03 — CeCrO3 and %
CesO3 + % Al,O3 — CeAlOgs) disagree by extremely large values (around 130 meV/atom) from the experimental
data. We should note that, in this study, we did not use any U value on forbitals and those Ce3* compounds have a
4f lelectronic configuration with one felectron participating in the bonding. This felectron is poorly represented by

GGA as Cey03, CeCrO3 and CeAlO3 are computed to be metallic while they are in reality insulators. It is likely that
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FIG. 4: (Color Online) Matrix of the difference between computed and experimental energies of reaction (JAEGY"™" — AEGY]).
The z (y) axis represents the oxides of element A (B). Each element in the matrix corresponds to a chemical system A-B-O.
When several reaction energies are available in a chemical systems (i.e., several ternary compounds are present), we plot the
maximum absolute error energy in this system. The matrix is symmetric as A-B-O is equivalent to B-A-O. The elements are
sorted by Mendeleev number and the first row indicates the mean of the difference across the different chemistries.

this incorrect representation of the electronic structure explains the large discrepancy obtained in reaction energies for
Ce3* oxides. The difficulty to correctly model the electronic structure of Ce;O3 with GGA had already been pointed
out by Skorodumova et al.>* One proposed solution has been to apply a Hubbard U on the cerium felectrons.?® While
fitting a U value for Ce is beyond the scope of this work, we indeed observe the reaction energy getting closer to the
experimental data by applying a moderate U value (U = 3 eV) on the felectrons in Ce for both CeCrO3 and CeAlO3
(see Table I). The other fcontaining elements (i.e., U and La) do not show as large discrepancies as Ce (with the
exception of one uranium based compound CsyUQ,). This observation can be easily rationalized by the non-occupied
character of the f-orbitals in the specific oxidation states of these uranium and lanthanum compounds (i.e., US* and
La®* do not have any occupied f electron states).

Reaction Computed Energy Reaction Energy Experimental
without U on with U on Energy
f-orbitals (meV /at) f-orbitals (meV /at) (meV /at)
1 Ce203 + £ Cr03 — CeCrOs -38.9 -52.2 -135
1 Ce0s + £ Al,O3 — CeAlOs 4.19 -50.9 -130

TABLE I: Comparison between the reaction energies from binary oxides to Ce-containing ternary oxides from experiment,
computed with GGA (without a U applied on the f-orbitals in Ce) and with a U applied on f-orbitals in Ce. The U value for
Ce was not optimized and set arbitrarily to 3 eV.

Another chemistry-dependent effect is the importance of a relativistic treatment, as effects due to spin-orbit coupling
will be larger for heavier elements (e.g., Pb). Recently, Ahuja et al. showed that spin-orbit coupling is required to
accurately reproduce certain reaction energies in lead-containing compounds.®® The reaction energies studied by Ahuja



et al., involved a metal and two oxides with different oxidation states. Our simpler reactions (involving only oxides in
a Pb?T oxidation state) do not show major errors with lead-containing compounds (see Figure 4 and Table II). We
should note, however, that spin-orbit coupling is incorporated indirectly in our computations in the construction of
the PAW pseudopotentials.

Reaction Computed Experimental Difference

(meV /at) (meV /at) (meV /at)
TiO24+PbO — PbTiO3 -36 -65 29
SeO24+PbO — PbSeOs3 -177 -195 18
MoO3+PbO — MoPbOy4 -154 -156 2
Si02+PbO — PbSiO3 -55 -29 25
SiO2+42PbO — Pb2SiO4 -37 -40 3

TABLE II: Experimental and computed reaction energies (in meV/atom) for lead-containing compounds.

Two molybdenum-based compounds (BaMoO,4 and NasMosO7) also show large errors (-72.9 and 82.2 meV /atom).
While the thermochemical data for both these compounds is consistent in the Kubachewski and Landolt databases,
a more refined literature search indicated that the discrepancy is due to measurements errors for both databases.
The formation energy from the elements for NagMosO7 is reported from two different methods at -2245 and -2248.5
kJ/mol,5"*® while the Kubachewski data reports -2361 kJ/mol. Similarly, three literature references indicate a
value around -1546 kJ/mol for the formation energy from the elements for BaMoO,,** %! in contradiction with the
value in the Kubachewski of -1516.3 kJ/mol. For both compounds, these revised values from the literature lead to
closer agreement with the computed data (respectively -26 meV /atom and -22 meV /atom differences). Some selenate
compounds in our data set show large deviations as well. The discrepancies are especially large for NiSeO3z and CoSeQOg3
(respectively 113 and 105 meV/atom) but also for ZnSeO3 (63 meV/atom). The three other selenate compounds
(HgSeOs3, PbSeO3 and CdSeO3) do not show unusual errors. After a more detailed study, we found that Olin
considered both experimental results from Ni and Co uncertain enough to exclude them from his comprehensive review
on selenates.®? Olin confirms on the other hand the value provided by Kubachewski for ZnSeOs. Finally, a surprising
large discrepancy is present for Cag(PQOy)s (67.9 meV/atom) and further investigation in the literature showed that
the Cag(POy4)2 composition forms two polymorphs: an a and § phase. Both phases form in the rhombohedral crystal
system and cannot be discriminated from the information present in the Kubachewski tables but enthalpy data from
another source showed that the enthalpy provided by Kubachewski most likely relates to the S-phase.5? In our work,
we selected the a-phase because of the absence of crystallographic data with full occupancies for the g-phase in the
ICSD. Using a simple ordering algorithm combined with an electrostatic energy model to select an ordering,*! we
estimate the S-phase to be 32 meV/atom lower in energy than the a-phase. Using the ordered -phase, the computed
value is in better agreement with experiment (35.9 meV/atom difference).

Our data can be used to fit a probability distribution of the DFT errors. The simplest model would be to consider
that the computational error is distributed normally with mean p and standard deviation o. Some of the large outliers
discussed previously (i.e., BaMoOy, NasMoyO7, Ca3z(POy)a, and the nickel and cobalt selenates) are due to errors
external to DFT (inaccurate enthalpy measurements or structure assignment), and we will exclude them for the rest
of the analysis. Likewise, we excluded the cerium-based compounds as those errors could likely be fixed by using
an adequate U value on felectrons. In addition, the Kubachewski tables provide for each enthalpy of formation an
estimate of the experimental accuracy of the measurement that needs to be deconvoluted from the error due to DFT.
The difference between experimental and computed energy for a reaction ¢ can be represented by a random variable
X, that is the sum of the experimental error X;*? and the DFT error X7,

X, = X" + XPFT (5)

Assuming that the experimental error for the reaction 4 is distributed normally with zero mean and a standard
deviation equal to o; (computed from the error bar on the formation energy of all compounds participating in the
reaction as presented in the Methods section) and that the error between DFT and experiment is distributed normally
as well with a mean p and a standard deviation o, we can show that



X; = N(0,04) + N(p,0) (6)
= N(p,\/0? +7?) (7)

1 _ (%{#)22
— e 2(o +U1:) (8)

2m (0% + 0?)

The unknown parameters to evaluate are the mean and standard deviation of the DFT error (u and o). These two
parameters can be estimated by a maximum likelihood approach.5* The log-likelihood L for the n observations (i.e.,
the n reaction energies) can be expressed as

L = log(Hp(Xi =x;)) 9)
= Z —

i=1

2

2((””:2;”;2) - 5 log(2n(o® + o) (10)

Maximizing the log-likelihood can be performed by searching for p* and ¢* such that %L =0 and %L =0. In
the case with no experimental error (0;=0), we find back the well known mean and standard deviation maximum
n

n
likelihood estimates: p* = 23 z; and o* = L 3" (z; — p*)2.
i=1 i=1

Searching for p* and o* numerically, we found a mean estimate of 5.6+ 4.6meV/atom and a standard deviation
estimate of 24+3.5 meV /atom. The 95% percent confidence intervals have been evaluated using Fischer’s information
matrix.% From this normal model of the DFT error, we see that 90% of the errors should lie within 440 meV /atom,
providing a reasonable order of magnitude for an “error bar” around the oxides reactions energies relevant for phase
stability.

Reaction energies involving a change in oxidation states are expected to be more difficult to model using DFT. In
our data set, only three reactions (shown in Table III) involve a change in formal oxidation state (as defined in the
ICSD). While the data set is too small to draw any strong conclusion, the few reaction energies involving a change in
oxidation states do not show larger errors than the typical errors found for the entire data set.

Reaction Change in AEZEA v — AEG
Oxidation State (meV /at)
2Fe304+4 3 MnzO4—FeaMnO,4 Fe’t, Mn** —Fe®*, Mn** 14
1Fez03+2MoOs+ 3 MoO2—FeMoO4 Fe’*, Mo*t — Fe**, Mo®" 14
%Mn203+%MOO3+%MOOQ*}MHMOO4 Mn3+, Mot — Mn2+, Mot 34

TABLE III: Difference between computed and experimental reaction energies in GGA+ U for reaction energies involving change
in formal oxidation states (as defined by the ICSD).

It has been demonstrated that GGA+ U is required to accurately predict the reaction energies of transition metals
oxides when a change in oxidation state is involved (redox reactions).>”"5! As most reaction energies studied in this
work do not involve changes in oxidation state, it is of interest to probe if the Hubbard U parameter is beneficial
to the accuracy of reaction energies. Therefore, for all reactions involving at least one element requiring a U value
(see Methods), we also computed the GGA (without U) reaction energy and compared the distribution of errors
in the two data sets (GGA and GGA+U). Applying the previously presented maximum likelihood estimation for
both samples (GGA and GGA+U), we find the means for both sets to be close to zero (-1.1£21 meV/atom in
GGA and -4.6+6.3 meV/atom for GGA+ U) showing no conclusive difference in terms of the mean and therefore
in the tendency to overestimate or underestimate reaction energies. On the other hand, the standard deviation is
significantly higher for GGA (69415 meV /atom) than for GGA+ U (1945.3 meV /atom), indicating significantly larger
errors when no Hubbard U parameter is used. Table IV illustrates this result by presenting the compounds with the
largest difference between the error with GGA+ U and the error with GGA. Some reactions, such as those forming
FeMoO, and Fe;MnQy, involve change in formal oxidation states and are, not surprisingly, better represented with
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GGA+U. However, even reaction energies without any change in formal valence (i.e., the reactions forming NaFeOo,
CraFeQy, C02Si04, MnTiO3 and MnyTiO4) show better accuracy in GGA+ U. This is likely due to the fact that all
reactions, even those without a formal change in oxidation state, can involve change in bonding and charge transfer.
The use of the Hubbard U is therefore necessary to correct for the self-interaction error arising from these charge
transfers.

reaction AEZGA — AEQY AEGGA+u — AEGY
(meV /at) (meV /at)

%F6304+%MD304HF62M1’104 355 14
Cr203+FeO—CraFeOy 71 -14
2C00+Si02—C025i04 64 -12
MnO+TiO2—MnTiOs3 -76 -25
2MnO+TiO2—Mn2TiO4 -88 -10
%Fezog—i—%M003+%M002—>FeM004 -74 14
1Nay0+1Fe;0s—NaFeOo -128 -51

TABLE IV: Difference between computed and reaction energies for GGA+U and GGA. Only the reactions with the largest
difference between GGA and GGA+ U results are presented (;50 meV/atom)

In contrast to most previous work comparing experimental thermochemical data with DFT results, we performed a
heat capacity integration to make sure we compare DFT results to zero K energies (instead of 298K). When formation
energies are calculated from the elements, the DFT error (rms of 200 meV /atom)®? is so large that the heat capacity
integration is not relevant. However, in our study where the DFT error is smaller it is difficult to a priori decide to
neglect the heat capacity integration down to zero K. Comparing the error distribution obtained with and without
the heat capacity integration, we observe a larger standard deviation when the integrated heat capacity is not taken
into account (31+4.2 meV /atom vs 24+3.5 meV /atom). On average, the contribution of the heat capacity integration
is smaller than the DFT error (mean absolute component of the heat capacity integration is 12 meV /atom) but for
some reactions, its effect can be large enough to be necessary to achieve a good accuracy. We present in Table V a few
of the reaction energies with the largest integrated heat capacity components (i.e., the largest |AE5 Y, — AESY]).
For all those reactions, including the heat capacity component improves the agreement between computations and
experiments. Many of those reactions involve aluminum-based compounds because of a large mismatch between the
Debye temperature for Al;Og (897K) and for some of the aluminum containing ternaries such as BagAl,Og (308K) ,
CagAIQOG (523 K) and CaAl4O7 (593K)

Reaction AES®, — AESYP AES™P _ AESP AESS™P _ AES®
(meV /at) (meV /at) (meV /at)
2Na20+V205—Nas V207 47 3 -45
Ko0O+2B203—K2B4O7 -45 0 45
Al,O3+3BaO—BazAl,Og 42 17 -25
Al,03+3Ca0—CaszAl,O¢ 54 -21 -75
2A1,03+3Ca0—CaAl4O7 52 -42 -93

TABLE V: Comparison between experimental zero K energy (with heat capacity integration) and experimental 298K energy
for the compounds with the largest influence of the heat capacity integration on the reaction energy ( ; 40 meV/atom).

IV. DISCUSSION

We have presented a comparison between experimental and DFT energies of reactions across a large set of oxide
chemistries and crystal structures. For a dataset of reaction energies relevant to phase stability, the distribution of
the error between GGA+ U computations and experiments has been provided. In addition, we analyzed how those
errors depend on chemistries and are influenced by the use of a Hubbard U parameter.
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While we tried as much as possible to remove unreliable experimental data from our data set, we must stress that
our results depend on the quality of the experimental data. Our work already identified a few large discrepancies
between the Kubachewski tables and data from NIST (e.g., K2SiO3 with a 216 meV /atom difference, and MgyTisO5
with a 72 meV /atom difference), or the Landolt-Bornstein database ( FeMoO4 with a 20 meV/atom discrepancy,
Nay V207 with a 88 meV/atom discrepancy, NasMoO4with a 97 meV/atom discrepancy and KFeOy with a 1420
meV /atom error), as well as very likely errors in both of these databases (e.g., NagMoyO7 and BaMoQOy,). Another
possible source of error in our data set can come from an inadequate choice of crystal structure among polymorphs
as only partial crystallographic information is usually provided in the Kubachewski tables (e.g., Cag(POy)2).

A few computational assumptions also influence our results. Due to the high-throughput nature of our investigation,
we only tested specific magnetic states of compounds: FM or AFM. Any magnetic ground state more complex would
have been missed. In addition, the U value we used have been fitted on binary oxides formation enthalpies and directly
influence the energies obtained. Finally, our results rely on the PAW pseudopotentials used, and would be influenced
by any error in their construction or transferability.””

The available experimental thermochemical data present some chemical biases influencing our results. While our
data covers main group and transition metals well, the rare-earth and transuranides are not as well sampled due to the
lack of experimental data available. Future work on those chemistries, relying mainly on extracting more experimental
data, would be required to more precisely evaluate the accuracy of their reaction energies.

The most straightforward use of our result is in error detection. By combining DFT computations with our error
distribution, we can test the accuracy of uncertain experimental data. For instance, during our experimental data
cross-checking process (see Methods section), we identified seven compounds (NaVOjs, SrB4O7, LiTaO3, LiNbOg,
LaPOQy, LiB3O5 and CdTiO3) for which the enthalpy provided by the Kubachewski database could not be confirmed
by other reliable sources and that we had to exclude from our data set. Among those seven compounds, we find
three compounds whose computed formation reaction energies differs from the reported experimental value by a large
enough extent to cast major doubt on the Kubachewski data (NaVO3 by 87 meV/at, CdTiO3 by 89 meV/atom and
LiNbO3 by 106 meV/atom).

Another critical application of our results lies in the assessment of the accuracy of zero K phase diagrams built
from GGA+ U computations. These phase diagrams are useful when studying the phase stability of known but also
predicted compounds. Several recent studies relied on such phase diagrams to investigate the stability of new proposed
phosphates-based compounds for lithium-ion batteries,?’ 22 new predicted ternary oxides,'® new iron borides'” or
new intermetallics.'®26 Zero K phase diagrams based on GGA computations for all compounds in the ICSD are also
available online through the Materials Project.*0:6

Zero K phase diagrams are typically built using the convex hull construction, which effectively evaluates the stability
for a given compound against any linear combination of compounds that has the same composition. From this
construction, there is one critical reaction energy that will ultimately determine if a compound is stable (on the
convex hull) or not (see Methods section). It is very common for those critical reactions to involve only very chemically
similar compounds when multi-component systems are studied. For instance, we show in Figure 5.a the Li-Al-O phase
diagram constructed from the calculated energy of the relevant phases in the ICSD. The black arrows indicate what
phases will be involved in the reaction critical to phase stability. For the two ternary oxides, LiAlOy and LizAlQOy,
the reaction energies determining their stability are respectively: %Li5A104 + %AIQO?, — LiAlO5 and 2Lio O+LiAlO4
— LisAlO4. The relevant reaction energies involve oxides (i.e., chemically similar compounds) and, while there are
metallic elements (Li, and Al) and intermetallics (LiAl, LizAl, LizAly) present in the phase diagram, those are not
directly involved in determining whether the ternary oxides are stable or not. Figure 5.b shows the Li-Cr-O phase
diagram which is more complicated due to the large number of oxidation states that Cr can form (+3 to +6). For
LiCrOs, the reaction determining phase stability is %CrQOg,—i— %LiQO — LiCrO,y. Again, this reaction involves only
Cr3*-based oxides. The reaction energies with respect to the elements or chromium phases at other oxidation states
(e.g., CrOg, CrOs3, and Li2CrO4) do not directly influence the stability of LiCrOs. Similarly, the stability of LiaCrOy4
depends directly on reaction energies with respect with LiO and another Crt oxide: CrOs. On the other hand,
Li3CrO,4 depends on a more complicated reaction involving LioCrO4, LiCrOs and LisO. This reaction still does not
involve metallic elemental phases but is a redox reaction (involving Cr in +3 and +6 states).
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FIG. 5: (Color Online) Two examples of ternary oxides zero K phase diagrams: Li-Al-O (a) and Li-Cr-O (b). All phases are
from the ICSD. We excluded phases with partial occupancies. The Li-Al-O phase diagram illustrates the case of elements with
only one oxidation state. On the other hand Cr in the Li-Cr-O phase diagram is common in oxidation states from +3 to +6.
The black (dark gray) arrows indicate the critical reaction energies determining the stability of ternary phases. The light blue
(gray) dashed arrow indicates the Li3CrO4 phase.

The situation we illustrated with the Li-Al-O and Li-Cr-O phase diagram is very common. For all ternary oxides
present in the ICSD database, 80% compete for phase stability through reactions involving only oxides reactions with
no change in formal oxidation state. In those common cases, the DFT error distribution we found in our work can be
used to assess the accuracy of zero K GGA+ U phase diagrams. For instance, when a new compound is proposed its
energy for decomposition to other stable phases can be computed through the convex hull constructions. Using the
DFT error distribution, we can take into account inherent errors within DFT and evaluate the likelihood for a DFT
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error to result in incorrectly predicting the stability of a compound. For example, a compound computed to be 50
meV /atom above the convex hull (i.e., having a decomposition energy to other phases around 50 meV /atom) is likely
to actually be unstable at zero K as such a large error would be two standard deviation away from the mean. Similarly,
when a predicted compound is stable versus competing phases (i.e., on the convex hull), our error distribution can be
used to assess the probability that its stability is due to a DFT error. We should note that, while not common, there
are instances where the reaction energy critical to phase stability involves compounds very different chemically (e.g.,
a ternary oxide competing versus a metal or versus phases with different oxidation states). In those cases, caution
must be exerted in the interpretation of the results, and it is possible that the typical errors can be larger than the
ones presented in this work. While our study did not show any large discrepancy for reaction energies involving oxides
with different oxidation states, our data set (three reactions) was too limited to derive strong conclusions. On the
other hand, it is extremely likely that the errors on reaction energies involving oxides and metallic phases will be
much higher than the errors obtained in this work. Indeed, solid elemental phases are often metallic and formation
energies from the elements for ternary oxides show much larger errors due to smaller cancellation of errors.?!:52.67

By noting that most reactions relevant for phase stability involve chemically similar compounds and providing an
error distribution for those reactions, our work also removes an apparent paradox on the accuracy of zero K phase
diagram. DFT-calculated zero K phase diagrams are often quite accurate in predicting the correct stable phases.
The Li-Fe-P-O phase diagram presented in Ong et al.!? for instance shows very good agreement with experimental
phase stability. This success is surprising when compared with the magnitude of the reported errors in DFT elemental
formation energies (rms of 240 meV /atom).?> Our work resolves this apparent contradiction by noting that reaction
energies from the elements are in general not relevant to phase stability and that the error distribution is much smaller
for the reaction energies relevant to phase stability.

Interestingly, our work shows that, when transition metals with partially occupied d-shell are involved, the accuracy
of DFT is significantly lower for GGA than for GGA+ U even for reaction energies involving no change in formal
oxidation state. Unfortunately, GGA+ U is known to fail at modeling metallic and intermetallic phases, leading to
larger errors in the regions of the phase diagram involving those phases. Our results reinforce the need to use either
higher level theories or schemes to mix GGA and GGA+U such as the one developed by Jain et al.%7 to obtain
accurate phase diagrams that cover chemically diverse regions of composition space.

This work only focused on oxides due to the lack of thermochemical data in other types of ternary semiconducting
or insulating materials (e.g., halides or sulfides). However, we believe that the conclusions might be of more general
character. The very limited set of fluorides present in the Kubachewski tables (LioBeF,, LisAlFg and NagAlFg)
show errors for reaction energies from binary to ternary fluorides of respectively -20 meV /atom, -6 meV /atom and
6 meV/atom which are within the error distribution found for oxides. We should however warn the reader that our
data did not include any peroxides (i.e., oxides containing oxygen-oxygen bonds as O2%) and we have experienced
that peroxides tend to be overstabilized in GGA due to the overbinding of the O-O bond (similarly to the overbinding
of the oxygen molecule).%® While peroxides are rare, other chemistries such as sulfides or nitrides tend to form those
type of covalent bonds more easily in solids (e.g., persulfides, or pernitrides) and might suffer more often from this
possible error.

We hope the work presented in this paper will motivate future thermochemical evaluation of alternative functionals.
It would be for instance of interest to compare the performances of new functionals, such as AMO05 and HSE,%°72 or
more advanced techniques, such as Quantum Monte-Carlo,” to GGA+ U. While bulk modulus and lattice constants
are often tested when new methods or functionals are proposed, it is rare to evaluate the accuracy of reaction energies.
We hope the material provided in this work can constitute a standard data set to perform future benchmarks.

V. CONCLUSION

We have estimated the error in GGA+U in reproducing reaction energies relevant to phase stability in ternary
oxides. This error is distributed normally with a mean close to zero and a standard deviation of 24 meV/atom .
The errors we found are much smaller than the error on the more commonly reported reaction energies from the
elements. We attribute this to the larger cancellation of errors involved in reaction energies among chemically similar
compounds. Our results can be used to assess the accuracy of zero K phase diagrams as the relevant reaction energies
when building phase diagrams involve chemically similar compounds. Finally, our analysis also demonstrates the
importance of using a Hubbard U parameter to model reaction energies involving transition metals even when no
change in formal oxidation states is occurring.
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The table below gives the VASP pseudopotentials used in this work and the value of the Hubbard U (if any) on

each element.

Element VASP PAW U Element VASP PAW U
pseudopotential (eV) pseudopotential (eV)
Ag Ag 06Sep2000 15 Li Li 17Jan2003 /
Al Al 04Jan2001 / Mg Mg 05Jan2001 /
Ba Ba_sv 065ep2000 / Mn Mn 06Sep2000 3.9
B B 06Sep2000 / Mo Mo_pv 08 Apr2002 4.38
Be Be 06Sep2000 / Na Na 08Apr2002 /
Ca Ca_sv 06Sep2000 / Nb Nb_pv 08 Apr2002 1.5
Cd Cd 06Sep2000 / Ni Ni 06Sep2000 6.0
Ce Ce 28Sep2000 / 0 O 08Apr2002 /
Co Co 06Sep2000 3.4 Pb Pb 08Apr2002 /
Cr Cr 06Sep2000 3.5 P P 17Jan2003 /
Cs Cs_sv 08 Apr2002 / Rb Rb_pv 06Sep2000 /
Cu Cu 05Jan2001 4.0 Se Se 06Sep2000 /
Fe Fe 06Sep2000 4.0 Si Si 05Jan2001 /
Ge Ge 05Jan2001 / Sr Sr_sv 07Sep2000 /
Hf Hf 20Jan2003 / Ti Ti 08 Apr2002 /
Hg Hg 06Sep2000 / U U 06Sep2000 /
K K_sv 06Sep2000 / \Y% V_pv 07Sep2000 3.1
La La 06Sep2000 / Zn Zn 06Sep2000 /
Zr Zr 08Apr2002 /
Appendix B

Heat capacity data down to zero K is not available for all compounds used in our work. To obtain the enthalpy at
zero K from the provided enthalpies at 298K, we estimated the heat capacity at low temperature by a fitting procedure
(see Methods). We used the experimental heat capacity and entropy at 298K to fit a Debye-like model. This model
was then integrated down to zero K and substracted from the enthalpy at 298K to provide the enthalpy at zero K. In
this section, we will compare, for a few compounds which have experimentally known heat capacity data, the results

of our fitting procedure to the direct heat capacity measurement.

Figure 6 shows the heat capacity vs temperature curve fitted to the Debye-like model (red line) and experimentally
determined for a few compounds: MgO,™ Ba0,™ Zn0,™ Cs,0,” FeO,”® and CoFey04.47 A very good agreement
between both data sets can be observed for all compounds, validating our approach.
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FIG. 6: (Color Online) Heat capacity vs temperature for several compounds (MgO, BaO, ZnO, Cs20, FeO, and CoFe204). The
black dots are experimental values and the red line is the fitted Debye-like model. All heat capacities are given in J/mol-fu.K.

Table VI shows the difference between the integrated heat capacity from zero K to 298K from our fitted model and
obtained directly from experiments. The good agreement in terms of heat capacity vs temperature curves is reflected
into the small difference between the integrated heat capacity (from 2 to 5 meV/atom).

formula Integrated Heat Capacity Integrated Heat Capacity Difference

from Direct Exp. (meV /at) from fitted Debye Model (meV /at) (meV /at)
MgO 24.9 26.6 1.7
BaO 49.2 53.6 4.4
Cs20 61.9 63.9 2.0
ZnO 35.6 37.7 2.1
FeO 45.4 50.1 4.7
CoFez04 32.6 37.2 4.6

TABLE VI: Integrated heat capacity from zero K to 298K. Values obtained directly from experiments and through the fitted
Debye model.

Our approach was not aimed at reproducing very accurately the Debye temperature but we compared our fitted De-
bye temperature to non-calorimetric-based Debye temperature measurements when present in the Landolt-Bornstein
database. From neutron scattering experiments on MgO, the Debye temperature is reported to be 743K and our
fitted value is 7T79K. From elastic constant measurements, we find 291K for BaO, 416K for ZnO and 494K for FeO
which compares well with 266K, 455K and 383K respectively found from our fit.

Appendix C

The table below gives the ICSD number of the corresponding crystal structure, the experimental formation energy
from the element (given at zero K through heat capacity integration), the experimental error on the formation enthalpy
from the element, the computed total energy (in GGA and GGA+U) and the source of the experimental data.

formula | ICSD [Exp. formation| Exp. Computed Computed [source
number enthalp error total energy total energy
(eV/atg' (eV/at) | GGA+4+U (eV/at)|GGA (eV/at)

AgoCrO4 | 16298 -1.114 0.011 -5.265 -6.045 Kuba




AgQO

AlCeO3 . ba
AlLaQO3 . ba
AlLiO- . ba
AINaO- . IST
AIPOy4 . ba
Al,BaOy4 . ba
Al>BaszOsg . ba
AloBeOy . ba
Al Ca0Oy4 . ba
Alzcazoe . DA
Al FeOy . ba
Alb,MgOy . IST
AIQO? . DA
AIQSI‘O4 . Da
Al>7Zn0Oy4 . ba
Al>Si05 . NIST
AlLTiO5 . ba
A14Ca()7 . Da
Al()BeOlo . DA
CsOo . ba
BKO- . ba
BLi0O> 0.0 ba
BNaO 0.0 ba
BRbO- 0.0 ba
BoCaOy4 0.0 ba
BQCaQOE 0.0 Da
BQC&%OG 0.0 Da
B2Os 0.0 ba
3NaOs 0.0 ba
1Ca07 0.0 ba
B.K20~ 0.0 S
4L1207 00 S
4Na2()7 0.0 S
BgNaQOH 0.005 Da
BaMoO4 .012 ba
BaO 011 a
BaSi0O3 .015 ba
BaTi0O3 0.024 ba
BaZrO3 0.012 ba
BaUO4 0.004 ba
BasSi04 0.006 ba
Ba,TiO4 .019 ba
0] 0.017 2}
BeoSi04 . IST
CaCra0y4 0.0 ba
CaFeo Oy 0.0 ba
CaGeOs3 0.0 ba
CaMoO4 0.0 ba
CaNb,Og 0.02 ba
Ca0 0.004 ba.
CaSi103 0.004 ba
CaTiOg3 0.01 ba
CaZrOs3 0.02 ba
CalUQO4 0.007 ba
CaV30g 0.006 ba
CaokFesO5 0.006 ba
CasSi0y 0.008 ba
Ca2P207 0. 2 DA
Ca2V207 0.006 D&
CaszSia 07 . 0.011 ba
CasP20sg -3. 0.02 ba,
CanQOg -O. 0.007 Da
Ca4T13()10 -9. 0.011 DA
CdO -1 0.004 a
CdSeO3 -1, 0.011 ba
CeCrO3 -3. 0.024 ba
Cea03 -3. 0.003 ba
CoCr04 -2, 0.01 ba
CoQ - 0.003 ba.
Co5e03 - 0.022 ba
CoTiO3 - 0.008 ba
Co2S104 0.007 ba
CrCso0y 0.005 ba
CIK204 0.006 Da
CrNaO» 0.012 ba
CrNasO4 0.014 ba,
CrOj3 0.028 ba
CraCuQOy 0.011 ba
CroFeOy 0.007 ba
roMgOy 0.005 ba
CraNiOy4 0.006 ba
Cro05 0.016 ba
Cro/ZnQy . ba
CsoMoOy ba
520 ba
CsaUO4 ba




CuQ) 67850 -0.84 0.0 -4.272 -4917 NIST
FeKO- 94467 -1.83 0.0 -5.794 -6.21 Kuba
FeMoO, 3013 -1.88 0.0 -7.069 -8.136 Lando
FeNaO- 33763 -1.84 0.015 -5.882 -6.444 Kuba

FeO 639 -1.46 0.0: -6.515 -7.03 Kupa
FeTiO3 9805 -2.602 0.01 -8.073 -8.3 Kuba
FeoMnOy4 | 24497 -1.858 0.007 -7.126 -7.54 Kuba
Fe, O3 1541 -1.74 0.007 -6.781 -7.511 Kuba
FeoSi04 34817 -2.214 0.012 -7.36 -7.66 Kuba
VANON 827 -1.779 0.009 -6.221 -6.618 Kuba
Fez04 31157 -1.697 0.011 -6.805 -7.633 IST
GeMgO3 [ 35534 -2.532 0.01 -6.291 -6.2901 uba
GeOo 92551 -2.029 0.005 -6.39 -6.39 Kuba

HIO, 27313 -3.896 0.006 -10.189 -10.189 Kuba
HISrOg 86830 -3.736 0.025 -8.704 -8.704 Kuba

HgO 14124 -0.522 0.004 -2.914 -2.914 Kuba
HegSeOs [ 412547 -0.804 0.011 -4.357 -4.357 Kuba

K>O 60438 -1.311 0.01 -3.409 -3.409 uba
K55103 201163 -2.712 0.011 -6.078 -6.078 IST
K251505 52156 -2.924 0.01 -6.723 -6.723 Kuba
K5514,09 2155 -3.015 0.01 -7.217 7217 Kuba
Laz O3 96201 -3.763 0.006 -8.405 -8.405 Kuba
LiPO3 35714 -2.628 0.00 -6.725 -6.725 Kuba

LiO 57411 -2.091 0.003 -4.771 -4.771 Kuba
Li5S103 16626 -2.873 0.0 -6.563 -6.563 Kuba
Lio TiO3 15150 -2.913 0.018 -7.008 -7.008 Kuba
LisZrOs 31941 -3.073 0.012 -7.243 -7.243 Kuba
MgMoO4 [ 20418 -2.453 0.009 -6.79 -7.658 Kuba

MgO 52026 -3.144 0.002 -5.983 -5.983 Kuba
MgSi03 30893 -3.236 0.008 -7.189 -7.189 Kuba
MgTiO3 55285 -3.288 0.004 -7.743 -7.743 Kuba
MgUO4 24725 -3.243 0.005 -8.443 -8.443 Kuba
MeTi;05 | 37232 -3.283 0.011 -8.159 -8.159 NIST
MgV506 10391 -2.566 0.006 -7.21 -7.921 Kuba
MgoSi04 [ 88023 -3.249 0.004 -6.885 -6.885 Kuba
Mg>Vo07 | 93603 -2.703 0.008 -7.048 -7.645 Kuba
MgsP2Og [ 31005 -3.014 0.011 -6.386 -6.886 NIST
MnMoO4 [ 15615 -2.097 0.017 -7.409 -8.444 Kuba

MnO 53928 -2.042 007 -1.764 -8.238 Kupa.
MnSiO3 160 -2.772 .005 -7.903 -8.087 [Kuba
MnTiOz 60006 -2.854 01T -8.48 -8.715 Kuba
Mn, O3 9090 -2.025 0.004 -7.50 -8.235 Kuba
MnoSi04 [ 26376 -2.601 0.006 -7.90 -8.176 Kuba
Mn,TiO, [ 2231 -2.632 0.011 -8.283 -8.622 Kuba
MnsOy 7608 -2.092 0.003 -7.627 -8.345 Kuba

MoNasOy4 4523 -2.214 0.011 -6.082 -6.825 _ando
002 36263 -2.06 0.006 -7.618 -8.80 Kuba
003 6365 -1.965 0.002 -6.99 -8.256 Kuba

MoPbO4 [ 39137 -1.862 .009 -6.623 -7.481 Kuba

MoSrOy4 23700 -2.713 0.017 -7.061 -7.925 Kuba

MooNasO7 | 24312 -2.263 0.012 -6.461 -7.392 Kuba

NaPO3 18139 -2.562 0.004 -6.556 -6.556 Kuba
NasO 60435 -1.486 0.0T -3.781 -3.781 IST
NasSiOg 24664 -2.734 0.01 -6.201 -6.201 Kuba
NaoUO4 79423 -2.838 0.0 -7.47 -7.47 Kuba
NaoSioOs [ 3468 -2.8 0.006 -6.785 -6.785 Kuba
NasTi307 | 1546 -3.042 0.0 -7.749 -7.749 Kuba
Na3zPOy 97205 -2.52 0.003 -5.851 -5.851 Kuba
NasSiOg 15500 -2.458 0.02 -5.509 -5.509 Kuba
NaysP20O7 [ 10370 -2.56 0.011 -6.165 -6.165 Kuba
Nays V207 | 35635 -2.374 0.011 -6.20 -6.708 _ando
Nb>Os5 25750 -2.847 0.006 -8.583 -8.96 Kuba

N1O. 24018 -1.278 0.007 -5.05 -5.74 Kuba

15e03 416251 -1.212 0.011 -5.221 -5.493 Kuba

11103 15988 -2.523 0.013 -7.349 -7.654 Kuba
Ni155104 [ 202376 -2.103 .0 -6.313 -6.714 Kuba

PbO. 94333 -1.187 0.0 -H.426 -H.42 [Kuba
Rb,O 77676 -1.23 .02 -3.15 -3.159 Kuba

SrQ) 28904 -3.113 0.02 -6.05 -6.052 Kupa

Z1n0 31060 -1.854 0.003 -4.549 -4.549 [Kuba

SeOo 24022 -0.815 0.007 -5.151 -5.151 Kuba

Si04 98629 -3.172 0.006 -7.904 -7.904 Kuba

Ti0O, 69331 -3.292 0.003 -8.804 -8.804 Kuba

71O 68782 -3.823 0.0 -9.51 -9.51 IST
PbSeO3 1271 -1.159 0.0 -5.438 -5.438 uba
PbSi0O3 26812 -2.408 0.0 -6.968 -6.968 IST
PbTiO3 27949 -2.515 0.0 -7.488 -7.488 Kuba
SeZn0O3 61341 -1.387 0.008 -5.003 -5.003 Kuba
SiSrO3 38271 -3.419 0.008 -7.42 -7.42 Kuba
SrTi03 56718 -3.5 0.016 -7.947 -7.947 Kuba
Sr7rO3 89354 -3.701 0.03 -8.273 -8.273 Kuba

U035 26673 -3.212 0.003 -9.628 -9.628 Kuba
PbaSiO4 26343 -2.079 0.011 -6.525 -6.525 IST
SiSro0y 36041 -3.446 0.005 -7.114 -7.114 Kuba
Si7Zn504 2425 -2.465 0.005 -6.015 -6.015 Kuba
SiZrOy4 31130 -3.524 0.011 -8.73 -8.73 IST
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SroTiO4 [ 20293 -3.426 0.014 -7.436 -7.436 Kuba

205 40865 -2.257 0.011 -7.011 -7.011 Kuba

V205 41030 -2.328 0.003 -7.479 -8.385 Kuba
Appendix D

The table below give all reactions considered in our data set with their associated experimental and computed
reaction energies at zero K.

reaction Computed Reaction|Exp. Reaction|Difference
Energy Energy (eV/at)
GGA+U (eV/at) (eV/at)

CaO+MoO3 — CaMoOu -0.281 -0.28 0.007
i02+PbO — PbTiO3 -0.036 -0.06 0.029
bO+S5i0,; — PbSiO3 -0.055 -0.02 -0.025

Se0O24+Pb0O — PbSeOs3 -0.177 -0.195 0.018

PbO+Mo0O3 — MoPbOy4 -0.154 -0.156 .002

2PbO+5i03 — Pb,ySiOy4 -0.037 -0.041 .003

TiO2+N1O — Ni1103 -0.035 -0.037 .001
NiO+SeO2 — NiSeOz -0.099 -0.212 0.113
NiO+Cro03 — CraNiOy -0.005 -0.004 -0.002
S1054+2Ni0 — NisSiOy4 -0.02 -0.014 -0.010
0.5NasO+0.5P>,05; — NaPOj3 -0.51 -0.53 0.022
0.5Fe20340.5Nas O — FeNaOo -0.25 -0.203 -0.051
0.5Cr2034+0.5NaxO — CrNaOs -0.256 -0.261 0.005
0.5B203+0.5NasO — BNaO» -0.327 -0.340 0.013
0.5NasO+1.5B203 — B3NaOs -0.216 -0.207 -0.010
0.5A1,0340.5NaxO — AINaO, -0.258 -0.227 -0.031

2NasO+V-205 — NaysVoOr -0.432 -0.434 0.003

2Na2O+5102 — Nayg 5104 -0.354 -0.409 0.056

P205+2Na’20 — a4P207 -0.645 -0.659 014

0.5P5054+1.5NaxO — NazPOu -0.65 -0.697 .039
2204+U03 — NaoUOy -0.34 -0.366 017
3T102+NasO — NasTizO7 -0.201 -0.201 .000

NasO+5105 — NanSiOg -0.359 -0.404 .046

25102+NasO — NasSinO5 -0.256 -0.270 .015

NasO+MoO3 — MoNaoOy -0.468 -0.454 -0.014

NasO+2MoO3 — 09 NasOr -0.346 -0.428 0.082

NasO+CrOz — CrNaoOy -0.520 -0.492 -0.029

4B202+Na20 — BgNaQO]q - .184 -0.175 -U. 09

NasO0+4+2B503 — B4NayOr -0.260 -0.249 -0.011

T105+MnO — MnTiO3 -0.086 -0.062 -0.025

5i024+MnO — MnSiO3 -0.042 -0.052 .010

0.5Mo00O7+0.5M00O34+0.5Mn203 — MnMoO4 -0.049 -0.084 .034
0.67F6204+0.33Mn204 — FQQMHO4 - w16 -U. 29 .01Z

2MnO4TiOy; — MnoTiO4 -0.064 -0.05 -0.01

Si054+2MnQO — MnsSiOy -0.067 -0.07 0.007

V205+MgO — MgV50s -0.064 -0.05 -0.007

UO3+MgO — MgUO4 -0.030 -0.054 0.024

MgO+TiOy — MgTiO3 -0.068 -0.055 -0.013

MgO+2Ti05 — MgTisOs -0.061 -0.027 -0.033

S5102+MgO — MgSiO3 -0.053 -0.075 0.022

MoO3+MgO — MgMoO4 -0.136 -0.095 -0.040

GeO2+MgO — GeMgOs3 -0.063 -0.057 -0.007

MgO+Cr,03 — CraMgOy -0.071 -0.060 -0.011

Al,O3+MgO — AlbMgOy -0.057 -0.036 -0.021

3MgO+P>05 — MgzP20g -0.350 -0.347 -0.003

2MgO+V205 — MgaV,20r -0.113 -0.078 -0.035

2MgO+4S5Si02 — MgsSiOy4 -0.079 -0.093 0.014

0.5P>05+0.5Li,O — LiPOj3 -0.386 -0.422 0.035
0.5L120+0.585,03 — BLiO> -0.213 -0.219 0.005
0.5A1,03+0.5L1,0 — AlLiO4 -0.149 -0.138 -0.011

LioO4+7rOs — Li57Zr0O4 -0.099 -0.116 017
10541150 — [19Ti03 -0.221 -0.222 .00T
15045102 — Li25104 -0.225 -0.242 017

L1, O+2B203 — B4LisO7 -0.172 -0.175 .003

0.5Las03+0.5P>05 — LaPOy4 -0.473 -0.57 .106
0.5A1,0340.5LasO3 — AllLaOg -0.072 -0.12 .049
0.5K>0+0.5Fes O3 — FeKOo -0.234 -0.25 .016
0.5K2040.5B203 — BKO> -0.432 -0.45 .025
S5102+Ko0O — KoS5i105 -0.421 -0.470 .049

4S105,+Ko0 — KoS51409 -0.212 -0.215 .003

K20+25102 — KoSi505 -0.317 -0.373 0.055

CrO3+Ko0O — CrKoO4 -0.676 -0.653 -0.023

K20+2B202 — B4K207 -0.334 -0.335 0.000

HgO+SeOy — HgSeO3 -0.100 -0.107 0.006

S5e021+CdO — CdSeO3 -0.178 -0.194 0.016

Ca0+7rOs — CaZrO3 -0.059 -0.072 0.013




CaO+V205 — CaVs0Og -0.182 -0.167 -0.016
U03+Ca0 — CalUOy -0.182 -0.238 0.056
Ti024+Ca0O — CaTiOg -0.159 -0.171 0.012
Si024+Ca0 — CaSiOg -0.171 -0.186 0.014
Nb20O5+Ca0 — CaNbsOg -0.117 -0.163 0.046
Ca0+GeQy — CaGeO3 -0.148 -0.149 0.001
CaO+4Fe;O3 — CaFeoOy -0.053 -0.035 -0.018
Cro03+Ca0 — CaCra04 -0.070 -0.090 0.020
CuO+4-Cro03 — CraoCuOy -0.003 -0.005 0.002
2FeO+5102 — FeaSiOy -0.057 -0.020 -0.037
Alg()g—i— eO — AlbFeQOy -0.038 -0.027 -0.011
Cr203+FeO — CraFeOy -0.072 -0.058 -0.014
0.5MoO2+ 5M0 3+0.5Fe203 — FeMoOy4 0.020 0.006 0.014
105+FeO — FeTiOg -0.049 -0.043 -0.006
0.5B>03+0.5RboO — BRbO, -0.450 -0.440 -0.010
S102+71r0O2 — SiZr0Oy -0.019 -0.026 0.006
7Zn0+Se0Qo — SeZn0O3 -0.093 -0.156 0.063
7Zn0O+Fes0O3 — FeaZn0Oy -0.033 -0.007 -0.026
7Zn0+4+Cr03 — CraZn0y -0.076 -0.092 0.016
Al,O3+7Zn0 — Al,7ZnOy4 -0.062 -0.065 0.003
27104510, — Si7Zn, 0y -0.028 -0.046 018
Z1r02+5rQ) — SrZrQOs -0.142 -0.162 .019
Ti024+SrO — SrTiO3 -0.244 -0.280 .036
SrO+5Si02 — SiSrOs -0.257 -0.270 0.013
SrO+MoOs — MoSrOg4 -0.384 -0.365 -0.019
SrO+HfO, — HfSrO4 -0.169 -0.153 -0.016
Al O3+SrO — Al,SrOy4 -0.132 -0.106 -0.026
Ti024+25rO — SroTi0Oy4 -0.205 -0.236 0.03
25rO+Si09 — SiSry04 -0.268 -0.307 0.039
0.5Cs20+0.5B203 — BCsO» -0.411 -0.435 0.024
Cs20+U03 — CsoUOy4 -0.448 -0.530 0.082
Cso0+MoQO3 — CsosMoOy -0.574 -0.630 0.056
Cs20+CrO3 — CrCsq04 -0.705 -0.736 0.031
T1024+Co0 — CoTi0O3 -0.062 -0.052 -0.010
Co0O+5e09 — CoS5e0O3 -0.134 -0.237 0.103
Cr03+Co0 — CoCra04 -0.085 -0.087 0.002
S102+2C00 — Co25104 -0.030 -0.018 -0.012
0.5Cra03+0.5Ce203 —> CeCrO3 -0.03 -0.135 0.097
0.5A1,0340.5CexO AlCeO3 0.004 -0.130 0.135
rOo+Ba0 — aZrOa -0.221 -0.257 0.036
UO3+BaO — BaUO,4 -0.315 -0.378 .063
BaO+Ti0O9 — BaTiOg -0.287 -0.320 .033
Si02+Ba0 — BaSiOg -0.297 -0.328 .031
0034+Ba0O — BaMoQO4 -0.457 -0.384 -0.073
a0+Al03 — Al,BaOy -0.193 -0.152 -0.040
3BaO+Al, 03 — AlyBa30g -0.165 -0.181 0.017
TiOo+2Ba0 — BasTiO4 -0.298 -0.287 -0.011
2Ba0-+Si0Os — BasSiOy4 -0.352 -0.392 0.039
CrO3+Ag20 — AgoCrOy -0.145 -0.156 0.012
Si02+A 03 — AlSiO5 0.006 -0.011 0.017
Al,O3+T105 — AlLTiO5 0.001 0.015 -0.014
0.5P20540.5A1,03 — AIPOy4 -0.270 -0.248 -0.021
2Be0+4-5109 — BesSiOa -0.009 0.017 -0.026
Al,O3+BeO — AlL,BeOy -0.019 -0.024 0.005
BeO+3AI,03 — AlgBeO1qg -0.007 0.007 -0.014
2Ca0+B703 — B2Cas 05 -0.213 -0.209 -0.004
FesO3+2Ca0 — CasFeaOs -0.071 -0.050 -0.020
2Ca0+P205 — CasP>07 -0.467 -0.529 0.062
Si02+2Ca0 — CasSiOg -0.192 -0.219 0.027
+2Ca0 — Cas V507 -0.252 -0.249 -0.003
3Ca0+P,05 — CazP20g -0.496 -0.56 0.068
Al,O3+3Ca0 — Al>CazOg -0.035 -0.013 -0.021
Bo03+3Ca0 — B2Casz0¢ -0.213 -0.23 .021
25102+3Ca0 — CasSia 07 -0.18T1 -0.18 .007
3Ca0+V205 — CazVo0Osg -0.220 -0.260 041
3r 1024+4Ca0 — CayTi3019 -0.137 -0.185 0.048
Ca0O+AI,03 — Al,CaOy -0.061 -0.027 -0.034
2A1,034+Ca0 — Al4CaOr -0.057 -0.01 -0.042
Ca0+B203 — B2CaOy4 -0.186 -0.17 -0.008
2B203+Ca0 — B4Ca0~ -0.142 -0.136 -0.007
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