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ABSTRACT

Controlling the oxidation state of constituents by tuning the oxidizing environment and materials chemistry is vital to the successful synthesis
of targeted binary or multicomponent oxides. We have conducted a comprehensive thermodynamic analysis of 137 binary oxides to calculate
their Ellingham diagrams. It is found that the “reactive” elements that oxidize easily are the f-block elements (lanthanides and actinides),
elements in groups II, III, and IV (alkaline earth, Sc, Y, Ti, Zr, and Hf), and Al and Li. In contrast, the “noble” elements are easily reduced.
These are coinage metals (Cu, Ag, and especially Au), Pt-group elements, and Hg and Se. Machine learning-based sequential feature selection
indicates that the ease of oxidation can be represented by the electronic structures of pure elements, for example, their d- and s-valence
electrons, Mendeleev numbers, and groups, making the Periodic Table a useful tool for qualitatively assessing the ease of oxidation. The other
elemental features that weakly correlate with the ease of oxidation are thermochemical properties such as melting points and the standard
entropy at 298 K of pure elements. Applying Ellingham diagrams enables the oxidation of multicomponent materials to be predicted, such as
the Fe-20Cr-20Ni alloy (in wt. %) and the equimolar high entropy alloy of AlICoCrFeNi. These Ellingham diagram-based predictions are in
accordance with thermodynamic calculations using the CALPHAD approach and experimental observations in the literature.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0216426

I. INTRODUCTION

Oxides are of enormous interest for a wide range of applica-
tions due to their broad range of extraordinary, unique properties.’
For example, a dense, stable, and continuous scale (e.g., a-Al,O3,
a-Cr,03, Si0z,” and CrTaO,’) formed on base alloys provides
both oxidation and hot corrosion protection. (Multi)functional
oxides garner enormous interest, including the metal PdCoO,;’
the ferroelectric Pb(Zr,Ti)Os;” the ferromagnets Lag7Sro3MnO3°
and Sr,FeMoOsg;” the multiferroics BiFeOs® and BiMnOs;’ the
high-temperature superconductor HgBa;Ca;Cu3O1.4;'"" the topo-
logical insulator Sr3SnQO;'' and the catalysts and electrocatalysts
LaMnOs,s and LaNiOs,'”> Bags5Sro5CoosFeq203-5,° and SrIrOs."
Synthesizing desired oxides is often challenging, particularly when
multivalent cations are involved. For example, the oxidation con-
ditions needed to form Mo*" (say in SrMoOj3, a conductive oxide
with conductivity comparable to platinum)'® are far less oxidizing

than what is needed to form Mo®" (say in SrMoOQy, an unwanted
insulating impurity phase commonly seen in the attempted synthe-
sis of SrMoO3).'® Controlling the oxidation state of constituents
is, hence, fundamental for material synthesis'’ as well as material
degradation.”

The relative stability of desired as well as undesired oxides
can be examined by the Ellingham diagram, which was introduced
by Ellingham in 1944'% to plot the change in the standard Gibbs
energy (AG®) vs temperature (T) for a given reaction; see details in
Sec. IT A. In the context of oxidation, the Ellingham diagram deter-
mines the relative ease of reducing a given oxide to element(s) or
another oxide(s), i.e., the lower the line on the Ellingham diagram,
the more thermodynamically stable the oxide relative to the other
oxides, where the “noble” metals (or elements, or oxides) are closer
to the top of the diagram and the “reactive” metals are closer to the
bottom of the diagram. In addition, replacing AG’ with the partial
pressure of oxygen, Po, (see Sec. II A), the Ellingham diagram gives
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the equilibrium Po, values for a given reaction as a function of T,
where the element (or oxide) will be oxidized at higher Po, values
or will be reduced at lower Po, values. The Ellingham diagram is,
hence, a useful tool to understand the relative stability of oxides. For
example, Ellingham diagrams are often used to guide the growth
of oxide thin films by molecular-beam epitaxy (MBE), including
high-temperature superconductors'””’ as well as the adsorption-
controlled growths of BaSnO3,”! BiFeO3,”” BiMnOs,” LuFe; 04,
PbTiOs3,* SrRuOs and CaRuOs,” and Sr3SnO.'! Ellingham dia-
grams have also been used to understand the thermodynamic sta-
bility of the spinel MgAl,O4 under strong reducing conditions,’® the
structural phase transition of PryNiOg, s involving variation of oxy-
gen content,”” the hot isostatic press processes,”® and the oxidation
behaviors of transition metals,” ultrahigh-entropy ceramics,” and
multi-principal component materials.”

Despite their importance, a comprehensive compilation of
oxide Ellingham diagrams is not present in the literature. For
instance, Backman and Opila®' calculated the Ellingham diagrams
for groups IV, V, and VI binary oxides using the FactSage soft-
ware and the Fact Pure Substance database.” Birks ef al.,’* Elling-
ham,'® Gleeson,”” and Smeltzer and Young’’ reported the selected
Ellingham diagrams, which are mainly for transitional metal binary
oxides.

This work aims to enrich the literature by providing, first, a
compilation of Ellingham diagrams for 137 binary oxides based on a
comprehensive thermodynamic analysis. Next, the ease of oxidation
as indicated by Ellingham diagrams is examined through machine
learning (ML) based correlation analysis in terms of the fundamen-
tal properties of pure elements. As an example of their utility, the
thermodynamic stabilities of the Fe-20Cr-20Ni alloy (in wt. %) and
the equimolar high entropy alloy AICoCrFeNi in oxidizing envi-
ronments are predicted using the CALPHAD (calculations of phase
diagram) approach® in terms of the calculated Ellingham diagrams.
It is anticipated that the presently predicted Ellingham diagrams
establish the growth conditions of many oxides, enabling a quick
survey of their growth conditions by considering the maximum
oxygen partial pressure that can be provided in a given synthesis
method.

Il. METHODOLOGY
A. Basis of Ellingham diagram

In 1944, Ellingham'® introduced a diagram that now bears his
name to study metallurgic processes involving oxides and sulfides.
This diagram shows the change in the standard Gibbs energy (AG’)
with respect to temperature (T') for a given reaction. It is a measure
of the thermodynamic driving force that makes a reaction occur.
In the present work, the following two scenarios are considered to
form binary oxides, where the reactions in “scenario one” are from
metal/element M to oxide MOy,

2—xM(s or ) +0y(g) = gM,COy(s orl), (1)
Y Y

and the reactions in “scenario two” are from one oxide, M,QOy, to
another oxide, MOy,

2x MaOp(s or 1) + O2(g) = _2a

M,Oy(sorl). (2

ay — bx ay — bx

pubs.aip.org/aip/apm

Here, the letters s, [, and g indicate the solid, liquid, and gas phases,
respectively. Note that (i) ay > bx in Eq. (2), indicating that the oxi-
dation process is from M,0; to M.O,; (ii) the oxygen gas species
O, is selected due to its dominance in comparison with the other
species of O; and O3;” and (iii) the reactions are under the total
pressure (Piot) of one atmosphere (atm) by consuming one mole of
oxygen (O). Assuming the activities of liquids and solids as unity,
the T-dependent equilibrium constant K for Eqgs. (1) and (2) is
determined by the activity of oxygen (ao,),”

K =1/ao,. (3)

For the reactions in Egs. (1) and (2), the Gibbs energy change under
isobaric conditions (e.g., at 1 atm) is given by

AG = AG’ + RTInK = AG’ - RT In ao,, (4)

where AG’ is the standard Gibbs energy of formation for Eqgs. (1) and
(2) at absolute temperature T, and R is the gas constant. Equation (4)
indicates that if AG <0, the reaction can proceed spontaneously,
and if AG > 0, the reaction is thermodynamically unfavorable. At
equilibrium (AG = 0), the reaction is at equilibrium, and

AG® = RT In ao,. (5)

In the present work, we set the reference pressure Pref = Piot = 1
atm(10° Pa), and the unit of Po, is Torr. If oxygen behaves ideally,
133.33P,,

Po,
= =——F2 6
Pref 105 ( )

ao,

showing that Po, = 750a0, Torr. Note that AG® = AH® — TAS®,
where AH® and AS° are the change in the standard enthalpy and the
change in the standard entropy of the reaction, respectively. When
AH® and AS° are essentially constant with respect to temperature,
the AG® vs T plots are the straight lines, with AS® being the slope
[i.e., the molar entropy of oxygen since AS® = —S¢ *° for Egs. (1) and
(2)] and AH® being the intercept.

It is worth mentioning that the AG® vs T plot is usually called an
Ellingham diagram,'® while the In K vs 1/T plot is usually called the
van’t Hoff diagram, and they are equivalent.”® In the present work,
the “Po, vs 1/T” plot is adopted as the Ellingham P-T phase dia-
gram to facilitate the determination of Po, for a given reaction—the
same as our previous applications for guiding the MBE growth of
oxides.”' """

B. Thermodynamic calculation of Ellingham diagram

An Ellingham diagram involves the determination of AG® or
Po, with respect to T for a given reaction. In the present work, these
thermodynamic calculations were performed by the Thermo-Calc
software® using the SGTE substance database (i.e., the SSUB5)."’
The missing thermodynamic properties for the Pt-O compounds
(PtO, PtO,, and Pt304) were added to SSUB5 using the reported
enthalpies and entropies of formation at room temperature.*' Ther-
modynamic calculations of AG® or Po, can use one of the following
three methods:

e Method Iis a direct calculation of AG® of a reaction of inter-
est, where Po, is determined by Egs. (5) and (6). In this case,
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tabulated AG® values can be predicted, where only the gas
species of O; is included in the calculations and all the other
gas species are excluded.

e Method II (Eq-reaction) is an equilibrium calculation con-
sidering all phases relevant to the reaction of interest. In this
case, all gas species (e.g., O1, Oz, O3, and simple and com-
plex M and M-O species) are considered, and the Po, values
are determined following thermodynamic calculations. In
the present work, method II is primarily used due to its
high-throughput advantage for the calculations.

e Method III (Eq-system) is an equilibrium calculation con-
sidering all available phases in the system of interest
(e.g., the Fe-O system), and the Ellingham diagrams for
all reactions in this system are calculated simultaneously.
Method III is, in fact, the equilibrium calculations of the
P-T phase diagram for a given system; see our previ-
ous calculations for ternary oxides of BaSnOs,”! BiFeOs,”
BiMnOs,” LuFe,;04,”° PbTiO3,”* SrRuOs; and CaRuO3,”
and Sr3SnO.!" Importantly, nonstable oxides are excluded
from method III, and successful calculations are not easy for
some systems due in part to the care needed in selecting ini-
tial conditions. We use the term “nonstable phase” to denote
that this phase is absent in the temperature-composition
phase diagram at ambient pressure, and we do not know
whether this phase possesses imaginary phonon modes or
not, i.e., whether they are metastable or unstable.

In principle, all three of the above methods predict the same
Ellingham diagrams (see Sec. III A, where the Fe-O Ellingham
diagrams are predicted by both methods II and III). During our
calculations of Ellingham diagrams using method II, the following
two situations are considered: First, only oxides that appear at some
temperatures in the phase diagram at 1 atm are included. This is
achieved by examining the calculated phase diagrams. To appear
in a phase diagram, the oxide must be stable at that T and Po,,
but in our analysis, we consider such oxides even at temperatures
where they are no longer stable, i.e., they are metastable. Meanwhile,
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nonstable oxides identified by thermodynamic calculations are
excluded (except for the nonstable Au,Os, which is the only
Au-based binary oxide in SSUB5). A total of 137 binary oxides
are considered to build the set of Ellingham diagrams from the
155 oxides available in the SSUB5 database; they are given in the
Excel file of the supplementary material (sheet: info-reactions). Sec-
ond, the reactions of Egs. (1) and (2) only involve the phases that
can be in equilibrium with each other, i.e., only the phases involv-
ing neighboring oxidation states are allowed in a reaction, making
the predictions from both methods II and III similar. For exam-
ple, the oxidations in the Cr-O system are from Cr to Cr,O3 and
then to CrsO1, with increasing oxygen content, whereas the oxida-
tion from Cr to Crs50y; is excluded; a complete list of the reactions
is given in the Excel file of the supplementary material (sheet:
info-reactions).

As an example, one of the Thermo-Calc macro files (i.e., the
tem files) to predict the Al O3 Ellingham diagram using method II
is shown in Table S1 of the supplementary material, which includes
the phases of a-AlO3 (both solid and liquid corundum), §-AL, O3,
v-AL O3, k-AL O3, Al (both solid and liquid), and all gas species
(included but dormant) available in SSUB5, which are all relevant
to the reaction of 3Al(sor[) + O(g) = 3ALOs(s or [). Following
the equilibrium calculations, the Po, value (in Torr) is determined
by Eq. (6); see also the function in the tcm file of the supplementary
material.

Ill. RESULTS AND DISCUSSION
A. Ellingham diagrams of binary oxides

As an example, Fig. 1 shows the predicted Fe-O Ellingham
diagram using both method II (Eq-reaction) and method III (Eq-
system); cf., Sec. IT B. Figure 1(a) (by method III) clearly identifies
the predicted phase regions, including the gas phase region, while
Fig. 1(b) (by method III) shows, in principle, the individual lines
for the reactions of interest. Note that the associated phase regions
in Fig. 1(b) are identical to those in Fig. 1(a). The red-dashed lines

Temperature (°C)
1600 1100 900 700 600 500450 400
I}‘{LI LI T T T T T T

10°

10°

1T Y N A N Y O v |

10 12 14 16
1000/T (1/K)

FIG. 1. Fe-O Ellingham diagram predicted by (a) method Il (Eg-reaction) and (b) method Il (Eg-system). The black dots indicate the solid/solid, solid/liquid, or liquid/gas
phase transitions. The blue lines in both diagrams are identical, and the red-dashed lines indicate the reactions to form nonstable oxides (ignored in the present work).
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in Fig. 1(b) are for reference only, since the nonstable Feg 04,0 was
ignored in the present work. The blue-solid lines in both Figs. 1(a)
and 1(b) are identical, indicating that both methods II and III pre-
dict the same results. In addition, the black dots in both diagrams
indicate the three-phase equilibria due to solid/solid, solid/liquid, or
liquid/gas phase transitions. For example, there are two black dots
for the reaction of 2Fe + O, = 2FeO, representing the three-phase
equilibria of “FeO (1), Fe (I), and Fe (s3)” and “FeO (I), FeO (s), and
Fe (s3)” with the (T, Po,) values at (1811 K, 4.06 x 10~ Torr) and
(1650 K, 1.94 x 107® Torr), respectively. A complete list of the pos-
sible three-phase equilibria for all the reactions is given in the Excel
file of the supplementary material (sheet: info-reactions).

Figure 2 summarizes the predicted Ellingham diagrams for the
137 reactions to form binary oxides. The data underlying these plots
are given in the Excel file of the supplementary material (sheet:
TP-data). 74 of them belong to reactions following scenario one
[cf.,, Eq. (1)] and 63 to reactions following scenario two [cf., Eq. (2)].
The top of Fig. 2 at higher Po, contains the metals (elements) that

APL Materials ARTICLE

pubs.aip.org/aip/apm

are the hardest to oxidize, while at the bottom of Fig. 2, at lower
Po,, are the metals (elements) that are the easiest to oxidize. The Po,
values at a given temperature can, hence, be used to rank the ther-
modynamic stability, i.e., the oxide-forming ability, of the oxides.
The lower the Po, value, the higher the oxide-forming ability, and
vice versa. Such a ranking shows that the most stable binary oxide is
Tb,Os3, associated with the reaction of %Tb +0; = %Tb203, which
is the lowest line in the diagram, implying that the f-element Tb can
reduce all other oxides. The most nonstable oxide is Au,0Os3, indi-
cating that the reaction %Au +0; = %Au203 to form Au, O3 on the
top of Fig. 2 is next to impossible as it occurs at extremely high Po,
values (>6 x 10%° Torr). The commonly observed oxides Cr,O3 in
stainless steel and Al;O3 in nickel-based superalloy are easily formed
due to the lower Po, values required; see Fig. 2. It is worth men-
tioning that most lines in Fig. 2 are almost straight, except for two
reactions exhibiting sharp kinks: 50WO5.9 + O, = 50WOs3 (labeled
as WO396 <> WO3 in Fig. 2) and 18.02Mo00; 889 + O, = 18.02Mo00O;3
(M00O3.839 <> M00O3). The kinks arise due to large Gibbs energy dif-
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FIG. 2. Overview of the predicted Ellingham diagrams denoting the formation of 137 binary oxides. Note that the data plotted on this diagram are shown in the Excel file of the
supplementary material (sheet: TP-data), with each reaction number listed in the Excel sheet: info-reactions, and one example of plots to form Ag,0 in the sheet: TP-data.
Note also that the log,, Po, values at 1100 K for these reactions are plotted in Fig. 3. The dashed red lines label four key reactions, and the magenta lines label the two

reactions exhibiting sharp kinks.
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FIG. 3. log,, Po, values at 1100 K for the reactions in scenario one (74 reactions indicated by one oxide) and scenario two (63 reactions indicated by two oxides separated
by “<"). The log,, Po, values from high to low are shown in panels (a)-(h) with decreasing log,, Po, values. The horizontal axis corresponds to the reaction numbers listed
in the Excel file of the supplementary material, which are ordered based on the log,, Po, values.
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ferences between the solids WO3 and MoOs and their respective
liquids.

To facilitate the analysis, Fig. 3 depicts the log,, Po, values
with Po, in Torr at 1100 K for the 137 reactions. The exact val-
ues are given in the Excel file of the supplementary material (sheet:
info-reactions). At 1100 K, the highest log,; Po, (=11.86) is for the
formation of Au, O3 and the lowest log10 Po, (=—49.21) is for the for-
mation of Tb,O;. In general, the log,, Po, (or Po,) values increase
with increasing oxygen content for a given system at a given temper-
ature. For example, the log,, Po, values in the Ti-O system increase
from —38.57 to —21.36 at 1100 K with increasing oxygen content
from the formation of TiO to Ti,Os3, Ti3Os, TisO7, and up to TiOy;
see also the Excel file of the supplementary material. Nonetheless,
at a given temperature, such as 1100 K, the loglo Po, values do not
always increase with increasing oxygen content when metastable
oxides exist. These cases include the metals K, Mn, Mo, Rh, Sn, Cs,
Re, and Pu. For example, the log,, Po, values are —17.34, 3.49, and
—0.88 at 1100 K for the reactions of 4K + O, = 2K,0, 2K,0 + O,
= 2K;0,, and K, O, + O, = 2KO», respectively; see also the Excel file
of the supplementary material (sheet: info-reactions) as well as the
calculated K-O pressure-temperature phase diagram in Fig. S1 of
the supplementary material.

To illustrate the trends, Table I shows the log,, Po, values at
1100 K in the Periodic Table for the 74 scenario one reactions, cf.,
Eq. (1) in colors. The “reactive” elements that form oxides easily
are colored green and with lower log,, Po, values, including the
f-block and group IIIB elements (lanthanides, actinides, Sc, and Y)
and their neighbors in group IIA (alkaline earth metals) and group
IVB (Ti, Zr, and Hf), and the elements Al and Li. These reactive ele-
ments readily form very stable oxides such as Tb,0s3, Y,03, Sc;03,
Er,03, Ho,03, and CaO; see Fig. 3. Table I indicates that the “noble”
elements are colored red. They require higher log,, Po, values to
be oxidized, including the coinage metals (Cu, Ag, and especially
Au), Pt-group elements (Ru, Rh, Pd, Os, Ir, and Pt), and Hg and

pubs.aip.org/aip/apm

Se. These noble elements could form oxides at high Po, values (e.g.,
log,, Po, > 0 at 1100 K) and are readily reduced, for example, from
the formed oxides of Au, O3, Ag, O, HgO, PtO, PdO, SeO,, and IrO,,
as shown in Figs. 3(a) and 3(b).

Note that Hensling et al.' have used the present data (from
a preprint of our work*’) to analyze oxygen pressures required to
achieve specific oxidation states of all elements relevant to epitaxial
film growth.

B. Understanding oxide-forming ability
by correlation analysis

Although the order of oxidation shown in Fig. 3 qualitatively
follows the order of half-cell reactions in redox chemistry*’ as well
as other trends taught in chemistry, in the present work we apply
a modern machine learning (ML) algorithm to identify how it cor-
relates with 42 features/properties of the elements. Oxide-forming
ability (represented by, for example, the log,, Po, values shown in
Table I) was analyzed in terms of the sequential feature selection
(SES) method using a suitable machine learning (ML) algorithm.*
Based on our previous work*! and the present examinations, the
selected ML algorithm is Gaussian Process Regression (GPR) with
the kernel function of Matern52* as implemented in the soft-
ware MATLAB (version R2021b). The presently examined features
include the quantities of pure elements related to

e Periodic Table: e.g., atomic number, period, group, and
Mendeleev number (M_Num?2).

e Electronic configurations: the filled and unfilled s, p, d, f, and
total valence electrons.

e Atomic size: e.g., covalent radius, van der Waals atomic
radius, and atomic volume.

e Physical properties: e.g., thermal conductivity, electrical
conductivity, electron density, electron affinity, and elec-
tronegativity (EleNeg).

TABLE |. Predicted logy Po, values at 1100 K for the reactions in scenario one to form binary oxides, where the green—yellow-red color scale is used to mark the logyq Po,

values from low to high. Green elements are easy to oxidize and red are not.

Li Be B C N (e}
-40.0 | -44.7 R . . . f bi id -28.9
Na Mg eactions in scenario one to form binary oxides Al Si P S
-22.5 | -42.9 -39.2 | -31.0 | -16.2
K Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se
-17.3 | -46.5 | -47.3 | -38.6 | -28.2 | -24.1 | -26.0 | -16.5 | -12.0 | -10.5 | -5.5 | -19.6 | -20.3 | -14.6 | -10.0 | 1.0
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te
-16.3 | -42.8 | 473 | -394 | -275 | -15.7 | -84 | -29 | -14 2.7 6.4 | -11.1 | -15.1 | -13.6 | -10.7 | -3.0
Cs Ba Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po
-17.0 | -39.2 -40.6 | -26.9 | -15.7 | -84 | -1.7 0.6 5.3 11.9 5.9 -50 | -7.5 | -55
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
-44.0 | -44.0 | 445 | -44.6 | -445 | -44.7 | -429 | -45.4 | -49.2 | -458 | -46.7 | -47.1 | -46.4 | -44.7 | -46.4
Ac Th Pa U Np Pu Am
-45.7 -39.6 | -39.0 | -40.9 | -42.2
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e Thermochemical properties: e.g., the heat of sublima-
tion, the heat of vaporization (VaporHeat); heat capacity,
standard entropy at 298 K (5298), melting temperature
(MeltingT), and boiling temperature.

o Elastic properties: bulk modulus, shear modulus, and
Young’s modulus.

All 42 of these features of the elements are explained in Table
S1 of the supplementary material, with their values given in the Excel
file of the supplementary material (sheet: 42_features).

After around four iterations using MATLAB between the SFS
processes and the GPR verifications by means of the five-fold cross-
validation (CV) for 500 times (see details in Ref. 44), the ranked
features based on their statistical significances are listed in Table
S1 and Fig. S2 of the supplementary material, showing the over-
all mean absolute error (MAE) values of log,, Po, (for reactions in
scenario one) with respect to the combined features starting from
the single feature of NdVal (the number of d valence electrons).
Here, the feature NdVal has the highest correlation with respect to
log10 Po, based on the R? values of linear fit-of-goodness; see Table
S2 of the supplementary material. Figure 4 shows that there exists
a strong correlation between the d valence electrons (NdVal) and
log,, Po,, with R* = 0.73 and MAE = 7.2. Adding more features in
addition to NdVal results in an increase in R* and a decrease in
MAE. Table IT lists the optimal set of 15 features, reaching an overall
MAE = 2.00 (Fig. S2) and R? = 0.98 (not shown). In particular,
the top six features that decrease the MAE fastest (cf., Fig. S2 and
Table IT) are NdVal, NsVal, M_Num2, Group, MeltingT, and S298.
The ML analysis shows that the trends observed in the Periodic
Table (Table I) are, in fact, correlated with the electronic structures
of pure elements, such as the features of NdVal, NsVal, M_Num2,
and Group. In addition, MeltingT and S298 are also key features to
tailor oxide-forming ability, plus minor effects of the other thermo-
chemical and physical properties such as the heat of vaporization,
heat capacity, and electronegativity; see Fig. S2 and Table I1.

As one of the examinations concerning the optimal set of 15
features, Fig. 5 shows the predicted log,, Po, values (for reactions in
scenario one at 1100 K) by GPR using the five-fold CV, illustrating
a good agreement with the original log,, Po, values with the fitted
R? = 0.976 + 0.006. The outliers are the formation of Cr,O3, HgO,
BeO, and Ag,0 based on at least 2000 machine learning trainings;
see detailed methodology in Ref. 44. Note that these outliers may

pubs.aip.org/aip/apm
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FIG. 4. Predicted logy, Po, values for the reactions in scenario one [cf., Eq. (1)]
with respect to the numbers of d valence electrons (NdVal) of pure elements.

be caused by Gibbs energy errors in the SSUB5 database. Figure 5
indicates the statistical significance of the present 15 features
(Table 1I), which correlate with the oxide-forming ability of pure
elements.

The present correlation analysis demonstrates that (i) elec-
tronic structures of pure elements are the key in affecting their
oxide-forming ability, resulting in the clear trends regarding the
log,, Po, values in the Periodic Table in Table I; and (ii) thermo-
chemical properties such as MeltingT and S298 are weakly correlated
with oxide-forming ability.

C. Examining oxide-forming ability
in multicomponent alloys

Ellingham diagrams of binary oxides are fundamental to under-
stand and predict oxide-forming ability in multicomponent alloys.
Taking concentrated alloys as examples, Fig. 6 shows the predicted
phases as a function of Po, for the equimolar high entropy alloy
AlCoCrFeNi at 1000 K and the Fe-20Cr-20Ni (wt. %) alloy at 873 K,
where the CALPHAD results were performed by the Thermo-Calc
software and the TCFE8 database.’” Figure 6(a) shows that with
increasing Po, from 107% Torr (i.e., loglo Po, = —40), first the Al,Os-
rich corundum forms and then the Cr,O3-rich corundum appears
(Po, > 107 Torr or log, , Po, > —27) in AlCoCrFeNi, while the other

TABLE II. The 15 elemental features that most strongly correlate with the ease of oxidation (i.e., the logy Po, value) based on the sequential feature selection method using
the Gaussian process regression algorithm, where the top six features are highlighted by bold and italic texts and the explanations of these features are given in Table S2 of the

supplementary material.

Category

Selected elemental features

Electronic configurations

NdVal (number of d valence electrons), NsVal, NfUnfill (number of unfilled f valence

electrons), NdUnfill

Positions in the Periodic Table

M_Num?2 (Mendeleev number), Group, Period

Thermochemical properties

MeltingT (melting temperature), S298 (standard entropy at 298 K), VaporHeat

(vaporization heat), CohEnergy, Heat_Capacity, BoilingT

Physical properties

EleNeg_Miedema, Ion_Pot_3
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FIG. 5. Machine learning (ML) fitting of the log,, Po, values using the Gaussian
process regression with the kernel function of Matern52, 15 features, and the five-
fold CV. This figure shows only one of the fittings. The outliers are Cr,O3, HgO,
BeO, and Ag,0, and the overall R? value is based on 2000 ML trainings.

oxides such as FeO and NiO are not observed. The CALPHAD-
based calculations agree with experimental observations where the
formed oxides in AlCoCrFeNi are mainly Al,O3 and Cry05.°2%
Table T shows that log,, Po, = —39.2 and —24.1, respectively, for the
formations of Al,O3 and Cr, O3 at 1100 K, agreeing well with exper-
imental observations. The unobserved oxides are due mainly to the
higher Po, values required to form, e.g., log,, Po, = —10.5 for NiO,

[%,]

LI I D I N I N I N N N B BN I B B N |

(a) AICoCrFeNi HEA

E
T

w
T

N
T

— FCC (HEA) :

—— Corundum#1 (Al,O5 rich) | B
-~~~ Corundum#2 (Cr,Oj rich) | i
0 | N N A [N N N A A M | I:' | N S |
10-40 10-37 10-34 10-31 10-28 1 0-25 10-22
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0.4k (b) Fe-20Cr-20Ni

Mole numbers of forming phases
-

0.3 — FCC (Fe rich)
-+=+ Corundum (Cr,0Oj rich)
|| —— Spinel#1 (Fe-Cr rich oxide)
0.2} ---- Spinel#2 (Fe rich oxide)

Mole numbers of forming phases

Partial pressure of O, (Torr)

FIG. 6. Predicted phases of two alloys as a function of the partial pressure of O,
(Po2) based on the TCFES database: (a) Equimolar AICoCrFeN:i at 1000 K and (b)
Fe—20Cr—20Ni (wt. %) at 873 K. Experimentally, the formed oxides in AICoCrFeNi
after 25 h oxidation at 1000 K are mainly AlO3 and Cr,03,°** and the formed
oxide in Fe-20Cr-20Ni after 1000 h oxidation in the air and at 873 K is mainly
CF203.47
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log,, Po, = —12.0 for CoO, and log,, Po, = —16.5 for FeO at 1100 K;
cf,, Table I as well as the Excel file of the supplementary material.

The analysis of Fe-20Cr-20Ni is similar. Figure 6(b) shows
that with increasing Po, from logw Po, = —31, first the Cr,O3-rich
corundum appears in Fe-20Cr-20Ni at 873 K, then the Fe-Cr rich
and the Fe-rich spinel appear when log,, Po, > 107> and 1077,
respectively. Experimentally, the observed oxides are mainly Cr,03
at 873 K after 1000 h oxidation in the air.*” The unobserved NiO
in both CALPHAD predictions and experiments is due mainly to
the high Po, value to form NiO, while the unobserved FeO is due
mainly to the relatively high Po, value required; for example, log,,
Po, = -24.1 for Cr,0s3, log10 Po, = —16.5 for FeO, loglo Po, =-10.5
for NiO at 1100 K as shown in Table I as well as the Excel file of the
supplementary material.

IV. SUMMARY AND CONCLUDING REMARKS

This work provides a calculation of Ellingham diagrams for
137 binary oxides based on a comprehensive thermodynamic study,
which can be used to understand and control the oxidation state
of constituents for material synthesis and material degradation. It
shows that the “reactive” elements that form oxides easily are the
f-block elements (lanthanides and actinides), the elements in groups
IL III, and IV (alkaline earth, Sc, Y, and Ti, Zr, and Hf), and the ele-
ments Al and Li. In contrast, the “noble” elements that are difficult
to oxidize are coinage metals (Cu, Ag, and especially Au), Pt-group
elements, and Hg and Se. Application of correlation analysis to
the calculated Ellingham diagrams reveals that the most strongly
correlated attributes of the 42 considered are the d- and s-valence
electrons, the Mendeleev number, and the groups of pure elements.
These features make the Periodic Table a great tool to qualitatively
assess the ease of oxidation of pure elements. In addition, thermo-
chemical properties such as melting points and standard entropy at
298 K are also weakly correlated with the ease of oxidation. As an
application of Ellingham diagrams, the thermodynamic stabilities
of the Fe-20Cr-20Ni alloy (in wt. %) and the equimolar AlCoCr-
FeNi in oxidizing environments are predicted using the CALPHAD
approach. The predicted oxides are in accordance with experimental
observations, which can be understood by the calculated Ellingham
diagrams.

Although Ellingham diagrams can qualitatively suggest
whether a given oxide system will oxidize or reduce at elevated
temperatures, some cautionary comments are in order. To facilitate
comparison, an Ellingham diagram is built under the conditions of a
total pressure of one atmosphere by consuming one mole of oxygen
(O2). These conditions may differ from the growth conditions of
oxides by thin film techniques such as MBE,?” where materials are
usually synthesized at a fixed partial pressure of oxygen rather than
a fixed total pressure. The MBE process behaves like either an open
or a closed system depending on the fluxes of metallic elements,
as has been discussed in the thermodynamics of MBE (TOMBE)
diagrams.”””” In addition, the Ellingham diagram is based on
thermodynamics, but for film growth, kinetic factors could also
be important. An Ellingham diagram does not quantify the rate of
reaction as well as the effect of elemental diffusivity in both alloys
and oxides, which need to be considered for a complete analysis.’"”
Solid solubilities may exist in oxides, and complex ternary and
higher-order oxides may be formed. Such effects were excluded
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in the Ellingham diagrams calculated here. In addition, internal
oxidation in the subsurface may also need to be considered to study
the oxidation and hot corrosion protection of alloys.”**

SUPPLEMENTARY MATERIAL

See the supplementary material for raw data in the Excel
file, the Thermo-Calc macro file (i.e., the tcm file) to predict the
Al, O3 Ellingham diagram, elemental features (descriptors) and their
ranks, calculated K-O pressure-temperature phase diagram, and
examination of the combined features.
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The Supplemental Excel file includes the following three sheets:

(1) Sheet “info-reactions’:

o

o

Columns A and B list atomic numbers and names of pure elements.

Columns C and D list the possible oxides in the SSUBS5 database as well as their
names when available.

Column E (O-vs-M) lists the ratio of oxygen vs. metal (element) for each oxide.
Column F (log10_PO2_1100) lists the log (base 10) values of Py, at 1100 K. Note
that for each M-O system, if the oxygen content (column E: “O-vs-M”) increases,
but the value of “Logl0 PO2 1100 does not increase, this indicates that some
oxides in this system are metastable. An example of such a P-T phase diagram can
be seen in the K-O system.

Column G (Stable-or-not): After examining all phase diagrams for all the M-O
systems by thermodynamic calculations, this column shows all the stable and
metastable oxides (marked by “Yes”) and the nonstable oxides (marked by “No”).
Column I (Reaction) lists the reactions which are in scenario one (showing only
one oxide) or in scenario two (showing two oxides separated by “ ).

Column J (No_Reaction) lists the number of each reaction, corresponding the

log;Po, values at 1100 K from large to small in Column F (“log10_PO2_11007),

i.e., the list of reactions in Fig. 3. Note that these reaction numbers are also used to
find the T-P data for the reactions in sheet “TP-data”. For example, the T-P data
of reaction no. 7 (i.e., “x7#AG201 vs. y7#AG201”) are in Columns M and N in
sheet “TP-data”; the T-P data for the last reaction no. 137 (i.e., “x137#0O3TB2 vs.

y137#03TB2”) are in the last two Columns JM and JN in sheet “TP-data”.



o

Column K (Three-Phases-and-7-P) lists all the three-phase equilibrium points

and the corresponding temperature (in K) and Py, values.

(2) Sheet “TP-data”:

o

o

Note that (I) the column names starting with “x” indicate the inverse temperatures
(1000/T, where T'is in K)) and the column names starting with *y” indicate the Py,
values (in Torr), where the numbers after x or y are the reaction numbers as listed
in Column J (No_Reaction) in sheet: info-reactions. The reactions in scenario one
are marked by only one oxide after the symbol “#” and the reactions in scenario
two are marked by two oxides separated by “ " after the symbol “#”.

Note that (II) the names of these oxides in this sheet are the same as those in the
SSUBS database. For example, columns A and B, which list the inverse

temperatures (1000/7, where T'is in K, marked by x1#AU203) and the Py, values

(in Torr, marked by y1#AU203) for the reaction in scenario one to form AuxOs.

As an example, the logy¢Pp, vs. 1000/7 phase diagram is plotted for the formation

of Ag20 in this sheet.

(3) Sheet “42-features™:

o

A list of the 42 elemental features examined in the present work together with the

corresponding P, values at 1100 K (column AR: logpo2), see the explanations of

these features in Table S 2.



Table S1. An example of the Thermo-Calc macro file (i.e., the tcm file) to predict the Al2O3
Ellingham diagram using Method II.

go data

sw ssub5

def-ele ALO

get

go p-3

ch ph *=dor

chph AL SAL L =el
ch ph CORUNDUM CORUNDUM_L AL203_DELTA AL203_GAMMA AL203_KAPPA =e 1
s-c n(0)=2

s-c n(AL)=1.333333333
s-c p=1e5 t=2000

c-e

c-e

s-a-v 1t 300 3000,,,
step,,,,

post

e-sy f torr=acr(02,gas)*p/133.33;
s-d-a x t-k

s-d-ay torr

s-a-ty y log

s-a-ty x inv

s-a-texn 1/T

s-a-te y n PO2 (Torr)
s-lab

Pl

set_inter




Table S2. Elemental features/descriptors examined together with their goodness-of-fit R? values
between the features and the log;,Po2 values at 1100 K for 74 reactions in scenario one. The
numbers in the “Rank” column rank the statistical significances of the features to regulate log,,Po2
after iterations between the sequential feature selection and the predictions using the Gaussian
process regression (with the kernel function of matern52) !. Note that the values of these features

are given in the Supplemental Excel file (sheet: 42-features).

Rank | Features R Explanations

1 NdVal 0.727 Number of d valence electrons.

2 M Num?2 0.408 Mendeleev number (MN2, start from left bottom, down-top sequence) 2.

3 Group 0.065 Group of pure elements in the periodic table.

4 MeltingT 0.004 Melting temperature (in K) based on the collections by Kittel *.

5 5298 0.073 Standard entropy at 298 K (in J/mol K) *

6 NsVal 0.204 Number of s valence electrons.

7 NfUnfill 0.201 Number of unfilled f'valence electrons.

8 Period 0.002 Group of pure elements in the periodic table.

9 VaporHeat 0.018 Vaporization heat (in kJ/mol) based on the collections of Wolfram
Mathematica (WM); see “VaporizationHeat” in WM >

10 CohEnergy 0.030 Cohesive energy (in eV/atom) collected by Kittel °.

11 EleNeg Miedema 0.442 Electronegativity (in Volt) used in the Miedema model .

12 Heat Capacity 0.042 Heat capacity at 298 K (in J/kg-mol.K) 7.

13 BoilingT 0.018 Boiling temperature (in K) 7.

14 Ion Pot 3 0.004 The third ionization potentials to remove two electrons (in V) 7.

15 NdUnfill 0.044 Number of unfilled d valence electrons.

16 NpVal 0.053 Number of f'valence electrons.

17 Therm_Conduc 0.178 Thermal conductivity at 300 K (in W cm™ K1) 38,

18 WorkFunc 0.430 Work function of pure elements °.

19 Heat Sublimation 0.076 Heat of sublimation at 298 K (in J/mol) ’.

20 Ion Pot 2 0.038 The second ionization potentials to remove two electrons (in €V) 7.

21 Number 0.032 Atomic number of pure elements in the periodic table.

22 Ele_Conduc 0.079 Electrical conductivity of metals in (chm-cm)™! 3.

23 NUnfill 0.156 Number of total unfilled valence electrons.

24 Heat Fusion 0.015 Heat of fusion at 298 K (in J/mol) ’.

25 V0 _Miedema 0.047 Atomic volume (in cm*/mol) used in the Miedema model ¢

26 Radius_Coval 0.282 Covalent radius (in pm) based on the collections of Wolfram Mathematica
(WM); see “ElementData” in WM °.

27 NsUnfill 0.155 Number of unfilled s valence electrons.

28 DebyeT 0.002 Debye temperature (in K) collected by Kittel *.

29 Mass 0.030 Mass of pure elements.

30 Radius_vDW 0.094 Van der Waals atomic radius (in pm) >1°.

31 EleDensity Miedem | 0.219 Electron density at the boundary of Wigner-Seitz cell used in the Miedema

a model ®.

32 G_wiki 0.152 Shear modulus (in GPa) of pure elements based on Wikipedia and

Azom ',




33 Y wiki 0.165 1\lf(l)zung’s modulus (in GPa) of pure elements based on Wikipedia and Azom

34 No_Spectral lines 0.017 Number of spectral lines of the elements 7.

35 NpUnfill 0.037 Number of unfilled p valence electrons.

36 EleNeg Pauling 0.593 Electronegativity by Pauling scale (a dimensionless quantity) >'°.

37 NfVal 0.009 Number of f'valence electrons.

38 Ion Pot 1 0.308 The first ionization potentials to remove one electron (in V) ’

39 Electron_Affinity 0.258 Electron affinity (in eV) '°.

40 B wiki 0.275 Bulk modulus (in GPa) of pure elements based on Wikipedia and Azom
112 Note that elastic properties of fcc Sr were taken from .

41 Nval 0.264 Number of total valence electrons.

42 MaxR Ele in Solid | 0.046 Maximum range of electrons in solid elements for electron energy of 15 keV

(in mm) 7.
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Figure S1. Calculated K-O pressure-temperature phase diagram in terms of the SSUBS database

(K207_S is stable below 411 K). With increasing temperature, the phase transitions follow K =

K>0 -2 K;,0; (stable below 411 K) = KO> - Gas (03).
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