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Walters et al.

Abstract

Connecting 0K density functional theory (DFT) energies to finite-temperature,

finite-pressure synthesis conditions is a well-established thermodynamic formalism, yet

quantified guidance on when and how accurately calibrate these results to experimen-

tal chemical potentials in practice remains sparse. In this work, we systematically

benchmark a complete workflow – the virtual furnace – that constructs effective oxy-

gen chemical potentials (µO2) for common synthesis atmospheres (air, Ar, H2, CO)

as functions of temperature and partial pressure, and propagates quantified errors

from formation enthalpies through reaction energies to critical chemical potentials.

Applying this workflow to 11 binary oxides, we find that ”gas-only” thermal corrections

are sufficient at low temperatures and for Group II oxides across all temperatures,

while solid-phase vibrational contributions become critical at elevated temperatures for

transition metal oxides. We quantify this threshold through the ratio |∆Ssolid/∆Stotal|

as a practical guide for when phonon calculations are warranted. Predicted critical

reduction temperatures and oxygen chemical potentials show strong agreement with

industrial practice and experimental data, with typical errors of 150–250 ◦C for most

oxides. This benchmarked workflow provides practitioners with explicit, quantified

guidance for predictive modeling of phase stability and synthesis condition design.

Introduction

One tool to understand materials formation and stability are thermodynamic models mapped

to experimental synthesis or processing conditions. Thermodynamic energies are often sourced

from total energies (Ee) calculated by density functional theory (DFT).1–4 A number of

frameworks have been offered to adjust 0K enthalpies computed from Ee for electronic

binding and orbital errors; DFT datasets now benchmark enthalpy error thresholds for binary

oxides at an average of 43meV per formula unit or less.5–10

However, translating these corrected energies into experimentally meaningful synthesis
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conditions and quantifying the associated errors remains poorly standardized. Energetic

adjustments for solid phases at finite temperature can be included through a number of

different techniques, including adjusting only entropy-dominate gaseous reference phases11

and statistical or machine learning learning approaches.12 More exact methods, such as intro-

ducing the temperature-dependent entropy and internal energy with vibrational Helmholtz

energies (Fvib) from phonon calculations, require more considerable computational and time

resources.13,14 Furthermore, accurate chemical potentials to describe gaseous environments

must be incorporated for reduction-oxidation active systems, as demonstrated in early ab

initio atomistic thermodynamics studies of oxide surface stability.15,16 Inspection of literature

demonstrates that energetic sourcing, calibration of energies for current experimental design,

and error contextualization are not comprehensively reported; for this reason, thermodynamic

model construction for solid state materials formation is not standardized.

In this work, we present a clear framework for building the “virtual furnace”,15–17 i.e.

methods for applying calculated free energies of formation to simulated experimental solid state

reduction-oxidation We benchmark strategies for thermal adjustments and calculate errors for

solid oxide systems. Gaseous atmospheres are scaled for effective oxygen chemical potential

within different reducing environments. Our workflow provides guidance for the direct use

of DFT energies to assess solid phase thermodynamic stability to aid in understanding and

predicting material phase formation. To our knowledge, no single validated reference currently

provides end-to-end error quantification across formation energies, reaction energies, and

critical chemical potentials for a standardized set of binary oxides under realistic synthesis

atmospheres.

Methods

Calculated density functional theory (DFT) energies are sourced from Materials Project18

using pymatgen.19 Lattice dynamics calculations were completed with the finite displacement
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supercell approach using the harmonic approximation as implemented with Phonopy.13,14

Simulation cells were constructed to have minimum lattice parameters of 9 Å. Phonon

calculations were completed with the Vienna Ab Initio Simulation Package20–23 utilizing the

Projector augmented wave method,24,25 the Perdew-Burke-Ernzerhof (PBE) functional,26

and input parameters dictated by MPSets delivered by pymatgen.19,27 Experimental data,

including enthalpies, entropies, heat capacities, and parameters for the Shomate equations

were sourced primarily from the National Institute for Standards and Technology’s (NIST)

JANAF Thermochemical Tables.28,29

To calculate thermodynamic quantities for gases, we used variations of the Shomate

equations.28,30 For oxygen, these are:

H◦ −H◦
298.15 = A · t+B · t2/2 + C · t3/3 +D · t4/4− E/t+ F −H (1)

S◦ = A · ln(t) +B · t+ C · t2/2 +D · t3/3− E/(2 · t2) +G (2)

where C◦
p is the heat capacity at temperature T in Kelvin, H◦ is the standard enthalpy at

temperature T , S◦ is the standard entropy at temperature T , t=T/(1000K) temperature

T , A, B, C, D, E, F , G, and H are empirical fit factors sourced from the NIST-Janaf

Thermochemical Tables,28 and are reproduced in Table S1-Table S5. Shomate equation

values must be referenced to a 298K reference state. When starting from 0K DFT energies,

this adjustment can be made using experimental enthalpy and entropy differences between

0K and 298K, or from phonon calculations reporting vibrational energy combined with

translational and rotational contributions. In this work, experimental thermochemical data

were used for this correction.31
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Results

Accurate Energetic Models for the Solid State

The formation free energy of a phase (MxOy) at T (∆fGT ) contains temperature-dependent

enthalpic and entropic contributions according to

∆fGT = ∆fHT − T∆ST , (3)

where ∆fHT is the formation enthalpy and ∆ST is the formation entropy of MxOy at

temperature T . When utilizing DFT to find accurate approximations for formation free

energies, vibrational enthalpy ∆ECALC
T,vib (MxOy) and entropy ∆SCALC

T,vib (MxOy) obtained from

the phonon density of states are often used to adjust calculated 0K enthalpies ∆fH
GGA
0K to

finite-temperature. While, in principle, the entropy of O2 gas can also be calculated, it is

common to use experimentally obtained values. Thus, Equation 3 can be re-composed to

contain terms directly calculable terms by DFT:

∆fG
CALC
T (MxOy) ≈∆ECALC

e (MxOy) + ∆ECALC
T,vib (MxOy)

− T (SCALC
T,vib (MxOy)− xSCALC

T,vib (A)− y

2
SEXP
T (O2))

≈∆ECALC
e (MxOy)−∆FCALC

T,vib (solids)− y

2
TSEXP

T (O2) , (4)

where FCALC
T,vib is the vibrational Helmholtz energy found from ECALC

T,vib − TSCALC
T,vib for each

phase, and Ee is the total energy used to approximate H0K and which is generally adjusted

with systematic or machine-learned corrections.5–10 While there are numerous reports of

utilizing phonon-derived thermodynamic quantities to model ∆fG
CALC
T

7,13–16,31, calculation

of vibrational energies is not always performed due to the high resource costs.
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Table 1: Reference table for thermodynamic models of energetic contributions to reaction
energies of phase MxOy . Terms are presented as ∆Eenergetic source

temperature (temperature adjustment terms). Com-
parison of different thermodynamic models for binary oxides are presented in Figure 1.

Gas Phase Gas and Solid Phases
Thermodynamic Thermal Correction Thermal Correction Modified

Term (Gas-Only Model) (Gas-Solid Model) Energetic Source

Enthalpy (∆fH) ∆fH
MP−GGA
0K ∆fH

MP−GGA
T (gas+solid) ∆fH

GGA
0K

Entropy (∆S) ∆SEXP
T (gas) ∆SEXP,MP−GGA

T (gas+solid) -

Free Energy (∆fG) ∆fG
MP−GGA
T (gas) ∆fG

MP−GGA
T (gas+solid) ∆fG

SISSO
T

Table 1 shows a handful of models, each with different associated resource costs, that

can be leveraged to approximate (temperature-dependent) enthalpy ∆fH, entropy ∆S, and

free energy ∆fG. The model in the first column use T -independent DFT-energies and T -

dependence of ∆fG accounted for by the entropy of the O2 gas. This approximation is often

used because the O2 entropy dominates the T -dependence of ∆fG in oxidation/reduction

reactions, and no calculation of phonon spectra is required. In the middle column, finite tem-

perature terms arising from solid phase vibrations are included through phonon calculations

of the participating solid phases. In the final column, we present a commonly used model

which takes ground state DFT energies with no additional adjustments, and approximates

the finite-temperature free energy using SISSO (Sure Independence Screening and Sparsifying

Operator), a descriptor model trained on experimental entropic contributions to the free

energy for a broad range of oxides.12 This model was developed and validated with binary

and ternary oxides, making it directly applicable to the oxide systems studied here, and its

low computational cost makes it a practical baseline for comparison against a phonon-based

approach.

In Figure 1 we present the difference between thermodynamic quantities calculated by

models in Table 1, and their associated reference experimental data at 298K. ∆fH, ∆S,

and ∆fG models, sourced from density functional theory MP-GGA energies,18 are fit by

adjusting for temperature with gas phases only included, or with gas and solid phases. For

additional comparison, models with direct energetic corrections are also shown: for enthalpy,
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Figure 1: Comparisons of strategies to adjust DFT-energies for errors and finite temperatures
against experimental values from NIST-Janaf28 at 298K for binary oxides. All DFT data is
sourced from the materials project and fit adjusted with systematic correction schema as
described in the Methods except where noted. (a) In pink triangles are the enthalpies from
the Materials Project without associated energy corrections, but without any temperature
adjustment. Blue squares are the same 0K enthalpy but with finite T -adjustment for solid and
gas phases. Teal circles are the uncorrected GGA values. (b) Results for T∆ST differences at
298K between experimental values and those calculated with the gas-only model ∆SEXP

T (gas)

(pink triangles) and the gas-solid model ∆SEXP,GGA
T (gas+solid) (blue squares). (c) Results for numerical

difference between ∆fG
EXP
298K and those calculated with DFT-GGA from Materials Project

for binary oxides adjusted by the gas-only model ∆fG
MP−GGA
T (gas) (pink triangles), the gas-solid

model ∆fG
MP−GGA
T (gas+solid) (blue squares), and estimated by SISSO ∆fG

SISSO
T (green diamonds).12

Consistent symbol shapes and colors across panels (a-c) denote similar thermodynamic models,
allowing visual comparison of enthalpy, entropy, and free energy errors for each approach.
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enthalpic corrections32,33 are excluded in ∆fH
GGA
0K data, and for free energy, the SISSO

method temperature fitting is employed in ∆GSISSO
T data.12

Figure 1a shows the differences between the experimental ∆fH and those calculated

with the gas-only (∆fH
MP−GGA
0K ) and gas-solid (∆fH

MP−GGA
T (gas+solid)) models for T -dependence

added to the MP-corrected GGA energies. The uncorrected GGA energies ∆fH
GGA
0K are also

shown. All DFT values are calculated with the GGA functional by the Materials Project

and adjusted with systematic composition and oxidation state energetic corrections for DFT-

GGA/DFT-GGA+U (implemented by the MaterialsProject2020Compatibility class).32,33

With no additional adjustment, calculated ∆fH
GGA
0K deviate by > 1 eV/atom for a number

of different phases. In particular, the difference between MgO experimental and calculated,

uncorrected enthalpies is -1.62 eV/O2. Due to the significant differences in experimental and

calculated values, correction schema have been developed that drastically improve calculated

DFT enthalpies. However, we note that many the systematic energy corrections, including

those employed by Materials Project, implicitly includes the zero point energy (ZPE)5 as it

is embedded in the experimental 0K enthalpy. This value is also included in the gas-solid

model with the vibrational enthalpy term ∆Evib,298K obtained from the phonon calculations.

Therefore, the ZPE is double counted in the gas-solid model when applied to ∆fH
CALC already

adjusted for the ZPE at 0K. Figures S1 to S5 demonstrate that MP-GGA ∆fH
MP−GGA
0K,ALL are

offset from experimental values by about 85meV/O at 298K. This is roughly equivalent to

the average ∆ZPE calculated for oxides from reference states with phonon calculations in

this study (see ZPEs reported in Table S10). Therefore, to avoid double counting the zero

point energy, we propose an adjustment of 85meV/O when utilizing the Materials Project

GGA/GGA+U-sourced (MP-GGA) adjusted enthalpies where and adding phonon-based

vibrational effects.

Enthalpies at 298K obtained with various schema and referenced to the experimental

value are shown in Figure 1a. Enthalpies at 0K without solid phase finite-T corrections

∆fH
MP−GGA
0K are within < 664meV/O2 of all experimental values, and on average deviate by
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177meV/O2. Inclusion of the solid phase T -dependent terms ∆fH
MP−GGA
298K,ALL , after adjustments

to prevent ∆ZPE double-counting, demonstrates slightly higher deviation from experiment,

at an average of 185meV/O2, however, the maximum deviation is lowered to 614meV/O2.

Some solids show generally poor agreement with experiment, notably for B2O3 and TiO2.

Explanations for these errors from previous studies center on the exclusion of key physics in

high throughput calculations for both materials: van der Waals corrections for the B reference

and boroxide,34 and a +U self-interaction correction for TiO2 for accurate charge transfer

and orbital occupancy between Ti and O.35,36

Figure 1b shows the difference between experimental and calculated entropies (T∆S298K)

for 11 oxides at T =298K, p =1atm (standard state). The gas-only ∆SEXP
T (gas) (pink circles)

and, gas and solid phase correction ∆SEXP,MP−GGA
T (gas+solid) (blue squares) models of entropy are

plotted. With the gas-solid model, the difference between experimental and calculated values

is less than 12meV/O2 for every oxide. In the gas-only model, the average difference is

19meV/O2, with the largest difference being 43meV/O2. The largest errors are associated

with CoO (35meV/O2), Li2O (-31meV/O2), and Na2O (-43meV/O2). However, these

entropy errors are still an order of magnitude less than the average error associated with

enthalpy calculations for all models included in this work. Note that errors associated with

the enthalpic and entropic models included in this work become generally larger at higher

temperatures.

The ratio of entropy change |∆Ssolid/∆Stotal|, reported in Table S7 for all eleven oxides

at 298K and 700K, provides a practical metric for assessing when solid-phase contributions

must be included in thermodynamic models. At 298K, the ratio of entropy change spans

from less than 2% for Al2O3 to 29% for CoO, demonstrating that the gas-phase entropy

of O2 dominates ∆Stotal for many oxides at standard conditions, and the gas-only model

would likely be sufficient. However, at elevated temperatures, the ratio of entropy change

becomes increasingly significant for transition metal oxides: CoO reaches 83% and V2O5

increases from 17% to 38% by 700K. Conversely, Group II oxides such as MgO and CaO
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have the ratio of entropy change remain below 13% across both temperatures, confirming

that the gas-only model is adequate for these systems even at high temperatures. We propose

|∆Ssolid/∆Stotal| ≈10% as a practical threshold: below this value, solid-phase contributions

from phonon calculations are unlikely to meaningfully improve agreement with experiment,

and the high computational expense of utilizing the gas-solid model could be weighed.

In Figure 1c, we present the difference in experimental and calculated ∆fGT at 298K.

Three models for temperature-dependence are included: the gas-only ∆fG
MP−GGA
T (gas) , the value

with gas and solid phases-included ∆fG
MP−GGA
T (gas+solid), and the SISSO method ∆fG

SISSO
T (teal

triangles)12 models. The average ∆fG difference when solid phase entropy is included is

0.186 eV/O2. The gas-only model yielded slightly lower disparity from experimental ∆fGT

of 0.185 eV/O2 at 298K, due to an overestimated FT,vib. Notable outliers are B2O3 and

TiO2, whose overestimated ∆fG
CALC
298K s are attributed to severely overestimated ∆fH

CALC
298K

as shown in (a). The largest ∆fG
EXP − ∆fG

MP−GGA found is for TiO2, at 0.59 eV/O2

(gas-solid model) and 0.61 eV/O2 (gas-only model). For most phases, both the gas-solid and

gas-only models overestimate (are more negative than) the experimental value. In Figure 1c,

we also show the ∆fG
SISSO
T difference from experiment calculated with the SISSO method.

∆fG
SISSO
T values are closer to experiment than the other calculated methods at an average

difference of 0.194 eV/O2. Seven out of eleven oxides show a difference from experiment less

than 0.2 eV/O2. However, we also note that ∆fG
SISSO
T s are not systematically over or under

approximated. One important example is MoO2, where ∆fG
MP−GGA
T are approximately

-50 to -100meV/O2 more negative (stable) than experiment, and the ∆fG
SISSO
T is over

23meV/O2 less negative (less stable).

We attribute the majority of the deviation of ∆fG
CALC
T from experimental values to

the enthalpy error in DFT-GGA energies. Figure 1a, Table S6 and Table S8 show the

enthalpy and free energy values calculated with different temperature dependence models,

compared to experiment, for specific oxide phases. Regardless of the correction schema, the

difference between experimental and calculated free energy of formation is very similar to
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the error in the enthalpy. For example, ∆fH
298K
EXP −∆fH

MP−GGA
298K for Al2O3 is -0.377 eV/O2

for solid phases included (∆fH
MP−GGA
T (gas+solid)) and -0.235 eV/O2 without solid phase vibrational

effects included (∆fH
MP−GGA
0K ), respectively. If we compare these values to the errors on the

free energy of formation ∆fG
EXP
298K −∆fG

MP−GGA
298K for Al2O3, -0.399 eV/O2 (gas-solid) and

-0.242 eV/O2 (gas-only model), this difference is about 5% or less for both fit schema. This

highlights the importance of accurate enthalpy sourcing from DFT, either through the choice

of functional or other empirical adjustments. We note other post-calculation methods beyond

those employed here have been proposed, such as defining solid oxygen reference phases or

developing additional bonding corrections,7,10 however, reported errors are still on the order

of 0.1 eV/O2. Errors in ∆fG
CALC
T therefore arise from several compounding sources: (1) the

choice of DFT functional and associated correction schema for 0K enthalpies, where TiO2

and B2O3 show deviations exceeding 0.5 eV/O2 (Figure 1a); (2) approximations inherent to

the quasi-harmonic phonon treatment of vibrational free energies; (3) the use of experimental

rather than calculated O2 entropy; and (4) the implicit reference state choices embedded in

the MP compatibility corrections, including the treatment of ZPE described above.

Virtual furnace for oxygen

Construction of a “virtual furnace”, a model for predicting materials formation and stability

during heating, necessitates proper accounting for experimental conditions. In the previous

section, we discussed methods to modify DFT reaction energies for finite temperatures. Here

and in the following section, we consider partial pressure (p) and chemical potential (µ)

calibration of the gaseous reduction or oxidation agent(s).

In both open-air box furnaces and controlled atmospheres heating under inert gases like

argon and nitrogen, commonly used in solid state synthesis or for the reduction of oxides, the

redox active agent is often oxygen gas. Oxidation of metal M to an oxide Mx Oy is described

by

xM +
y

2
O2 → MxOy (∆Grxn) , (5)
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where x,y are stoichiometric coefficients, ∆Grxn is the reaction free energy constructed from

∆fGT s, and the reverse reaction defines reduction. The thermodynamic equilibrium (Kp)

depends on the oxygen partial pressure (pO2) and ∆Grxn:

Kp =
1

pO2,eq

= exp(−∆Grxn

RT
) , (6)

where R is the ideal gas constant and T is the temperature in Kelvin. If the realized

(experimental) partial pressure pO2,exp. is greater than the equilibrium pO2,eq., then oxidation

is thermodynamically predicted to occur. If an oxide is initially present, reduction is predicted

for pO2,exp. < pO2,eq..

There are a number of different strategies to find or predict the experimental pO2 in a

furnace. These include direct measurement with gas partial pressure sensors, benchmarking

reduction-oxidation of known standards, and estimation from the grade of the supplied gas.

For open air and box-type furnaces, pO2 is presumed to be the oxygen partial pressure in air

at sea level at 0.21 atm. For furnaces with controlled, inert atmospheres or under vacuum (e.g.

tube furnaces with argon), some level of oxygen impurity may be expected. We estimate pO2

under argon as the commonly reported impurity content for high purity purchased argon at

1 ppm by volume, or approximately 10−6 atm. In practice, pO2 can vary in sealed furnaces due

to leakage and should be confirmed with gas sensors for accuracy if possible. It is important

to note that minimum bounds for pO2 can be approximated in furnaces; in a 1 L furnace with

1 molecule of O2, pO2 = 4× 10−25 atm at room temperature.

Virtual furnace for other gases

The virtual furnace can also be constructed for heating in alternative atmospheres including

reducing agents, e.g. H2(g), C(s), CO(g). As is well established in the field of metallurgy, these

reducing agents correspond to an equivalent partial pressure.
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Reduction with Hydrogen Gas

The direct oxidation of element M by water may be written as

Mx + yH2O → MxOy + yH2 , (7)

where the reverse reaction represents the reduction of the oxide by hydrogen gas. In this

case, the relevant parameter that controls oxidation/reduction is
pH2O

pH2
, and indeed, is the

quantity that is typically used to quantify a H2/H2O gas mixture. Reaction equilibria should

therefore be normalized per mole water or per mole hydrogen. Each
pH2O

pH2
(PHH) corresponds

to an equivalent partial pressure through the temperature-dictated equilibrium

pH2O

pH2

= Kp · p0.5O2
, (8)

where Kp is defined as −RT ln(∆Grxn) for H2 +
1
2
O2 ⇌ H2O. Because of the flammable

nature of H2, its content is usually limited to 1 or 2% in an inert carrier gas.

Multiple possible strategies can be used to record PHH . The most accurate method is

real time monitoring of H2(g), O2(g), and H2O(g) with gas sensors. A prior prediction of the

approximate PHH is possible by estimating hydrogen and water vapor content. The most

reducing PHH occurs when only a single molecule of H2O will be created before flowing out of

the system. For a 1 L tube furnace with 8.17× 10−4 moles of H2 (e.g. 2% by volume) present

alongside 1 molecule (6.022× 10−23 moles) water gives a minimum
pH2O

pH2
= 3.01× 10−21. A

more realistic PHH is found to be 5 × 10−5, calculated from a 2% volume H2 and a H2O

impurity level of 1ppm (1× 10−6 atm).

Reduction with Solid Carbon

A similar methodology is leveraged for modeling reduction by solid carbon or carbon monoxide.

In this case, solid carbon is oxidized in inert atmosphere through consuming oxygen from an
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oxide, resulting in the release of carbon monoxide or dioxide as

MxOy +
y

2
C → Mx +

y

2
CO2 , MxOy + yC → Mx + yCO , (9)

where CO2(g) is favored below ≈ 700 ◦C, and CO(g) is created above ≈ 700 ◦C. The initial

creation of CO(g) leads to a secondary possible redox reaction via

Mx + yCO2 → MxOy + yCO . (10)

In the remainder of this section, we will address only high temperature reactions > 700 ◦C.

The gaseous equilibrium for carbothermal reduction is defined by

CO + 0.5O2 → CO2 . (11)

Thus, the critical gaseous equilibrium parameter is pCO2

pCO
(PCC), which is equivalent to the

effective pO2 through the equilibrium in Equation 11:

pCO2

pCO

= Kp · p0.5O2 . (12)

Operating PCC can be established in a number of different ways: approximated as the

temperature defined equilibrium of Equation 11, set to flowing gas input concentrations,

monitored partial pressures with gas sensors, or approximated with a simple conversion rate

model. As-purchased ultra pure grade Ar generally contains CO2:CO ratios at 0.5 to 1 ppm

each, thus defining the PCC with no additional carbon source present as 1. In many works,

carbothermal reduction is carried out with flowing CO and CO2 gas mixtures, thus allowing

for precise control of PCC .
37 As an example a 20%CO/80%Ar with assumed impurities of

0.5ppm CO2 impurity (delivered by as-purchased ultra pure Ar), yielding pCO =0.2 atm,

pCO2=5× 10−7 atm, and a PCC =2.5× 10−6.
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Application of the Virtual Furnace to Binary Oxides

One standard model for understanding equilibrium reduction-oxidation is the enumeration and

calculation of possible reactions within the Ellingham diagram construction.7,38,39 In Figure 2,

we present Ellingham diagrams for a set of binary oxides with various approximations of

the reaction free energy. The left scale on the vertical axes show the reaction free energy

normalized per mole O2 reacted. The right axes are nomographic scales depicted to calculate

the equilibrium pO2 at each pressure. Light gray lines are overlaid to guide finding oxygen

equilibrium partial pressure at different temperatures. Within the Ellingham diagram

framework, partial pressures at a given temperature above the reaction energy line drive the

forward oxidation reaction and lower partial pressures favor reduction.

Figure 2a presents reaction free energies sourced from experimental data using different

T -dependence models. Solid, black lines (labeled ∆fG
EXP
rxn ) show reaction equilibrium lines

generated with free energies of formation (∆fG
EXP
T ) from the NIST-JANAF Thermochemical

Tables.28 The blue, dashed lines depict the same reaction equilibria, but with entropic

contributions from gaseous terms only (∆fH
EXP
T − T∆SEXP

T (gas)). Magenta, dotted lines

show experimentally sourced reaction energies that neglect temperature dependence for all

solid phases (experimental-gas-only model) (∆fH
EXP
0K − T∆SEXP

T (gas)). As such, the enthalpy

of formation at 0K is used for all temperatures.28 Consistent with previously reported

Ellingham diagrams,38 reaction energies trend up (lower oxygen partial pressure, less negative

reaction energy) with higher temperature due to the higher negative reaction entropy of

metal-oxidation reactions. When comparing the different temperature adjustment models,

reaction free energies calculated with entropies only from gas phases (experimental-gas-

only models) become less negative, making the oxide slightly less stable. In other words,

inclusion of solid phase entropies decreases reaction energy (reaction energy is more negative,

oxidation is more favorable) at high temperature. CoO and TiO2, B2O3, and V2O5 show

some of the largest deviations between experimental reaction energies, and those that include

temperature-dependence from O2 only (gas-only model). This can be understood by the
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large solid phase entropy contribution for the formation of these oxides. For instance, the

ratio for
∆ST,solids

∆ST (gas+solid)
is 0.6 at 700K for CoO. In other words, solid phases contribute ≈ 60%

of the reaction entropy. On the other hand, CaO and MgO exhibit near overlap between the

reaction energy calculated with ∆fG
EXP
rxn and from ∆fH

EXP
T − T∆SEXP

T (gas) (gaseous entropies

only) equilibria, demonstrating that the relative contribution of entropy from solid phases

is a smaller energetic contribution (
∆ST,solids

∆ST (gas+solid)
< 0.1 at all temperatures). Li2O and Na2O

are the only oxides in this collection whose reaction equilibria are more negative with only

gas phase entropy included in the temperature adjustment (∆ST : ∆SEXP
T (gas)). This can be

explained by the relative contribution to the entropy from solid phases being quite small∑
ST, solid products −

∑
ST, solid reactants ≈ 0.1 eV/atom.

In Figure 2b, we present and compare DFT-calculated reaction free energies for the same

set of binary oxides. As in Figure 2a, reaction equilibria calculated with free energies of

formation from experiment are labeled as ∆fG
EXP
rxn and shown with solid black lines. The

other two reaction equilibria lines are calculated with 0K enthalpies from MP-GGA energies.

The teal dashed lines depict reaction energies adjusted for temperature with solid phase

vibrational contributions included (gas-solid model) as ∆fH
CALC
T (gas+solid) − T∆SEXP,CALC

T (gas+solid). In

the orange dotted line labeled ∆fH
CALC
0K − T∆SEXP

T (gas), no vibrational energies from phonon

calculations are considered, and thus solid phase contributions to temperature are omitted (gas-

only model). In general, we find good agreement between DFT-calculated and experimental

reaction energies for the considered oxides. The gas-only model reaction equilibria, which does

not include solid phase temperature models, show a steeper slope from a larger energy change

with temperature than the gas-solid model equilibria. Both sets of MP-GGA calculated

reaction energies largely preserve the reduction series for the oxides. For nearly all oxides,

the reaction energy divergence from experiment (∆fG
EXP
rxn ) increases with rising temperature.

The reaction energy of a handful of oxides, B2O3 and TiO2, deviates by more than 10% from

the experimental value at low temperature. Inaccurate 0K enthalpies for TiO2 and B2O3 are

associated with chosen electronic structure methods. Previous DFT studies include ad hoc
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+U correlation for TiO2
35,36 and consideration of van der Waals corrections for elemental B,34

which are not used for this work. Divergence of reaction equilibria at higher temperature is

associated with small differences in calculated and experimental solid phase entropies (shown

in Table S9). Beyond solid phase entropy errors, reaction energy errors at all temperatures

inherit inaccuracies from the 0K enthalpy for specific systems such as TiO2 and B2O3

(Figure 2b), and at elevated temperatures, from uncertainties in Shomate equation fits used

to interpolate experimental thermochemical data, which compound with growing solid-phase

entropy errors for transition metal oxides such as CoO (see Table S9). For instance, while

the inclusion of solid phase entropies in the gas-solid temperature adjustment model helps

the calculated CoO equilibria come closer to experimental values, the calculated S300K is

27.9114 J/K/mol for elemental Co versus 30.221 J/K/mol from NIST-JANAF Tables.28

Assessing Critical Reduction Chemical Potential

To better understand reduction and oxidation in specific furnace settings, we calculate the ef-

fective µO at which a metal oxide reduces in specific furnace conditions. In Figure 3, we present

the reducing µO (critical reduction point) for a collection of binary and ternary/quaternary

oxides in air, argon, 2% H2 gas, and in excess solid carbon. A collection of 46 common binary

oxides are considered (see Table S11 for full list), for which we use ∆fG
EXP
T sourced from

experimental databases.28,29 In addition, we also evaluate a handful of Li battery cathode ma-

terials for which we use enthalpies from DFT corrected by gas phase entropies only: LiCoO2,

LiMn2O4, LiFePO4, Li2VO3, and Li4Mn3Co2Ni3O16.
40 The critical reduction point is defined

as the temperature and associated effective oxygen chemical potential when reduction from

oxide to elements becomes thermodynamically favored. Only materials with a predicted

reduction point in the chemical potential range are shown. The stability of all 46 oxides

was cross-checked against competing hydroxide, hydride, carbonate, and carbide formation

(see Table S12); in all cases, oxide reduction to elements occurs at a lower temperature than

possible competing phase formation.
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Figure 2: Ellingham diagrams for a set of binary oxides in air giving the free energy change
from the xM + y

2
O2 → MxOy reaction in various models. Right y-axes show the nomographic

overlay of the equilibrium oxygen partial pressure. Complimentary diagonal gray lines
are drawn to show constant oxygen partial pressure at different temperatures. Enthalpies
are sourced from experimental values,28 or from MP-GGA energies. a) Reaction energies
calculated with experimental free energies of formation for all elements (solid black lines),
utilizing temperature dependent solid phase enthalpies but only gaseous entropy terms (dashed
blue lines), and neglecting all solid phase temperature-dependence (dotted pink lines). b)
Experimental reaction energies calculated with ∆fG

EXP
T (solid black) overlaid with reaction

free energies that incorporate MP-GGA data. Temperature dependence calculated with gas
and solid phase terms included (gas-solid model) are shown with teal dashed lines. Orange
dotted lines portray reaction energies calculated with the gas-only model.
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For each panel in Figure 3, the reaction temperature range is shaded from red (500 ◦C) to

blue (1,200 ◦C), representing a range commonly used by laboratory furnaces. Blue circles are

shown for binary oxides predicted to have achievable reduction conditions under the given

temperature range. Red circles, depict critical reduction chemical potentials and temperatures

that are more extreme than those achievable by the furnace. Triangles similarly show reducible

(blue) and not reducible (red) ternary/quaternary oxides. The left axis contains the critical

effective oxygen potential (µO,eff). The effective oxygen potential is calculated from the

formation reaction equilibrium at a fixed gaseous atmosphere.

Figure 3: Overlay of the critical reduction temperature in different reducing environments
calculated for binary oxides with ∆GEXP

rxn (circles) and ternary/quaternary oxides with
∆GMP−GGA

rxn,O2−only (triangles). Data points indicate the effective critical oxygen chemical potential
necessary to reach reduction in the fixed gas environment of (a) air (b) argon (c) argon
+ 2% hydrogen (d) argon + 20% carbon monoxide. In each panel, oxides in blue are
thermodynamically predicted to be reducible while oxides in red are not predicted to be
reducible up to the furnace maximum temperature of 1,200 ◦C. The right graphs simulate
H2 and solid C reduction with H2O:H2 5× 10−5 and CO2:CO of 2.5× 10−6. Oxides whose
reduction is calculated to occur far outside of the chemical potential range considered are not
shown.

In Figure 3a showing the T and µO,eff calculated with ∆GEXP
T for reduction in air, the

chemical potential range accessible by the furnace is a narrow band ranging from -0.88 down

to -1.80 eV/O. As such, only a handful of oxides, including silver (II) oxide, gold (III) oxide,
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palladium (II), and selenium (IV) oxide are predicted to experience thermodynamically-driven

reduction. In argon (Figure 3b), the range of accessible µO expands to -1.29 to -2.57 eV

to include CuO, Bi2O3, Sb2O3, and PbO reduction. Most of the 46 binary oxides included

within the collection necessitate a lower µO for reduction to occur.

Figure 3c depicts critical reduction temperatures in 2% hydrogen (PHH = 5× 10−5). The

use of hydrogen creates effective oxygen chemical potentials that are much lower. Therefore,

though the range is modest (-2.15 to -4.21 eV/O), several materials whose reduction with

air or argon is not feasible, including Li2VO3, V2O5, Na2O and Nb2O5, is possible in the H2

mixes. Al2O3, SiO2, and TiO2 are still among the oxides that cannot be reduced even with

flowing 2%H2. However, Figure S13 shows that at a lower PHH of 10−10, SiO2 and TiO2

reduction are now thermodynamically accessible.

Reduction via 20% CO is shown in Figure 3d. The achievable µO,eff range between 500 to

1,200 ◦C is -2.55 to -4.97 eV/O, similar to the 2% H2 gas. A number of oxides remain out of

reach of thermodynamically driven reduction including MgO, Al2O3, and CaO (not pictured).

Still, more oxides are predicted to be able to be reduced comparable to argon or air, including

SnO2 and Cr2O3 (not shown in those ranges). Lowering PCC to 10−10 (Figure S13) enables a

more extensive set of thermodynamically reducible oxides including Al2O3 and La2O3, while

some oxides such as MgO remain stable against reduction.

The extremely low µO required for reducing oxides such as SiO2, TiO2, MgO, and CaO is

consistent with the fact that alternative practices are used in industry to extract these metals

from their oxides. Typically, these involve either starting from a less stable oxidized state,

such as a chloride, or the use of sacrificial metals to increase the driving force for reduction.

While metallurgical silicon can be produced from SiO2 by carbothermal reduction at very high

temperature in specialized furnaces (up to 2000 ◦C)41 often the chloride route is preferred.42

Mg is typically reduced by electrolysis from its chlorides in a molten salt electrolyte,43 though

thermal reduction with sacrificial silicon in the Pidgeon process is becoming more common.44

Ca is usually obtained by electrochemical reduction from CaCl2.
45 Titanium production is
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mostly produced by reduction of TiCl4
46 or through the use of Mg as a sacrificial metal.47

Figure 4: (a) The critical chemical potential difference µEXP
O,CRIT − µCALC

O,CRIT and (b) critical
temperature difference TEXP

CRIT−TCALC
CRIT in argon atmosphere (pO2 = 10−6 atm) for binary oxides.

(c) The critical chemical potential difference µEXP
O,CRIT − µCALC

O,CRIT and (d) critical temperature
difference TEXP

CRIT − TCALC
CRIT in 2% hydrogen atmosphere (PHH = 5 × 10−5). Experimental

values are calculated with entropies and enthalpies from the NIST-Janaf Thermochemical
Tables and Materials Thermochemistry.28,29 DFT-GGA 0K enthalpies are approximated
with Materials Project data fit with systematic oxidation-state and composition-dependent
corrections,32,33 and adjusted to finite temperatures without temperature effects from the
solid phases (gas-only model). Oxides are chosen such that the critical reduction point occurs
at temperatures where the Shomate equation is valid.

Critical Chemical Potential Errors

To characterize any errors associated with the critical µO introduced when GGA calculated

energies are adjusted for temperature without T -contributions from the solid phases (gas-only

model), we plot the critical chemical potential differences and critical temperature differences

versus experimental data in argon (Figure 4a and b) and 2% hydrogen (Figure 4c and

d). µEXP
O,crit − µCALC

O,crit for argon shows a difference of 0.471 eV/O. Critical chemical potential

differences are less than 0.4 eV/O for most phases, and within 0.2 eV/O for many. Bi2O3
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and Na2O exhibit the largest differences of -0.846 and -0.888 eV/O, respectively. MgO has

the smallest chemical potential difference in Figure 4a at 0.029 eV/O. Critical reduction

temperature differences are moderate for most oxides, with all being less than 500K. A

number of oxides, such as CuO,MgO, and TiO2, exhibit TEXP
crit − TCALC

crit < 100 ◦C. Many

oxide reduction temperature differences hover around 150 to 250 ◦C, including Cr2O3 (246
◦C),

Fe2O3 (184 ◦C), V2O5 (252 ◦C), and ZrO2 (199 ◦C).

The deviations of µO,crit and Tcrit from their values obtained with ∆fG
EXP
T for hydrogen

reduction (Figure 4b and d) are larger at 1.199 eV/O and 401.6 ◦C. The largest differences

from experiment for the critical chemical potential are found in Al2O3 (-1.823 eV/O), BaO

(-2.320 eV/O), CaO (-1.800 eV/O), MgO (-1.811 eV/O), and ZrO2(-2.122 eV/O). These large

differences lead to a calculated reduction temperature differences of 401.6 ◦C in 2%H2. Among

some oxides, the chemical potential and reduction temperature are much closer between

MP-GGA calculated and experimental values, including for Li2O (-0.228 eV/O; 74 ◦C) and

La2O3 (-0.219 eV/O; 71 ◦C). Most oxides, including Gd2O3, B2O3, Na2O, Nb2O5, TiO2, Y2O3,

and ZnO, exhibit differences in critical chemical potentials between about -0.5 to -2 eV/O,

which leads to predicted reduction temperature differences of about 200 to 600 ◦C.

There are a number of different explanations for oxides with larger errors in critical

chemical potential and associated predicted reduction temperatures. Similar to previous

analyses, issues with enthalpies of formation from DFT persist in critical chemical potential

difference calculations, including for Bi2O3 and Al2O3. In general, errors in µO,crit reflect the

cumulative propagation of errors from each upstream quantity: 0K DFT enthalpy errors,

solid-phase entropy approximations, and reference state choices, all discussed in detail in the

preceding sections. The material-dependence of these errors is evident in Figure 4, where TiO2

and B2O3 show large deviations driven by electronic structure approximations, while CoO

and Na2O show errors consistent with neglected solid-phase entropy contributions. When

enthalpy errors from total DFT energies arise, researchers may opt for specialized, system-

specific DFT configurations such as in Zeng48 to achieve higher accuracy than is provided
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by high-throughput computational frameworks. For many other oxides, including CoO and

Na2O, Figure 2 demonstrates that using only gaseous O2 to fit for temperature dependence

of reaction energies is a poor approximation due to the large contribution of solid phase

entropy to the reaction free energy. We anticipate the inclusion of solid phase entropies would

greatly improve agreement with experiment. We note that for a few cases, such as V2O5
49

and Bi2O3,
50,51 the melting point is below the calculated reduction temperature, and thus

reduction is not expected to occur (see Table S13). In total, average temperature differences

for both gaseous atmospheres and air (Figure S14) are moderate, but show oxide-specific

increases or decreases in deviation.

Discussion

This work introduces strategies to construct, validate, and apply thermodynamic stability

models derived from DFT energies to experimental conditions. By reviewing procedures for

incorporating temperature effects into DFT-GGA free energies, we evaluated their capacity to

predict experimental oxidation-reduction (redox) temperatures. Our results demonstrate that

at moderate temperatures, the gas-only model, utilizing 0K GGA enthalpies and thermal

corrections from O2 gas alone, provides relatively accurate redox temperatures for most

metal/oxide pairs. While incorporating solid-phase temperature effects (the gas-solid model)

improves the accuracy of reaction energies and equilibrium pO2 , the refinement is modest

except at very high temperatures. For some specific oxides such as CoO, the large solid

phase contributions to the change in entropy necessitate use of the gas-solid model even at

low temperatures. To bridge the gap between theory and the laboratory, we defined critical

gaseous equilibrium parameters and calculated effective oxygen chemical potentials (µO2) that

are achievable in common furnace environments (Air, argon, hydrogen, and carbon monoxide).

By overlaying these potentials onto redox thresholds, we provide a thermodynamic map for

key binary and ternary oxides. Ultimately, this work addresses two central challenges: (i
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quantifying the accuracy of DFT-sourced energetic models, and ii calibrating computational

data to real-world experimental environments.

A primary challenge in thermodynamic modeling is determining whether DFT-calculated

formation energies are sufficiently accurate to describe a physical system. Deviations in

formation enthalpy from 0K DFT energies are often the largest source of error in free

energies of formation. This aligns with existing literature and underscores the importance

of previously published correction schemes5–10 and functional benchmarking.52–56 As shown

in Figure 1, corrections such as those utilized within our study can bring calculated values

closer to experimental data by 1 eV/O2 or more. When oxide enthalpies are adjusted for

electronic errors and zero-point energy (ZPE), the formation enthalpy of most oxides falls

within ≈50meV/O2 of experimental values. However, these adjustments cannot be applied

judiciously; specifically, when combining MP-GGA enthalpies with phonon calculations,

double-counting ZPEs must be avoided as these are already included in the schemes that

correct DFT enthalpies with experimental references.

While entropy is a secondary contribution at low temperatures, it governs stability in

high-temperature regimes. At low temperatures, the gaseous phase entropy alone is often

sufficient for calculating reaction energies (see Figure S8). The gas-solid model utilizing

phonon calculations achieves high accuracy for entropies at 298K (within ≈ 10 meV/O2 of

experiment). The necessity of including solid-phase entropy is most apparent in the improved

agreement of redox reaction energies in Ellingham diagrams (Figure 2) at high temperatures.

Certain oxides, such as CoO and V2O5, exhibit significant deviations from experimental

values if solid-phase entropy is neglected. Conversely, for Group II oxides (MgO, CaO), the

solid-phase contribution is negligible. We propose that the ratio of solid entropy to total

entropy change (∆Ssolid

∆Sall
) serves as a reliable metric to justify the choice between the gas-only

and gas-solid models.

We note errors in thermodynamic quantities computed with this workflow are both

calculation- and material-dependent. For formation enthalpies, errors from the choice of
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electronic structure method dominate for specific systems: TiO2 and B2O3 show the largest

deviations (Figure 1a), attributable to the absence of +U corrections and van der Waals

treatments. For reaction energies and critical chemical potentials, solid-phase entropy

approximations become the primary error source at elevated temperatures, particularly for

CoO and Na2O where |∆Ssolid/∆Stotal| exceeds 20% at 298K and grows substantially with

temperature (Table S7). Additional contributions arise from the quasi-harmonic phonon

approximation, Shomate equation fit uncertainties, and reference state choices embedded in

the MP compatibility corrections.

By defining a “virtual furnace,” we model material stability as a function of specific

experimental atmospheres. We find that these models effectively produce realistic redox

conditions for a diverse set of binary oxides. For instance, many oxides (Na2O, Cr2O3, Nb2O5)

require extremely low chemical potentials achievable only through H2 or CO reducing gases

Figure 3. Our predicted rankings of redox activity and reduction temperatures correspond well

with experimental literature and industrial practices for carbothermal and electrochemical

reduction.

Despite this broad agreement, this analysis is are sensitive to the underlying DFT

energy errors. Errors in formation enthalpy and entropy propagate into µO,crit and Tcrit

variance, particularly for heavy metal oxides like Bi2O3 (Figure 4). Furthermore, reactions

associated small entropy change from weak reducing agents can lead to large discrepancies

in predicted critical temperatures (Figure S16). Nevertheless, the majority of binary oxides

explored exhibited reduction temperatures within about 10% of experimental values, instilling

confidence in the utility of DFT-sourced thermodynamic calculations.

Opportunities remain to refine these thermodynamic stability models. Databases of

widely available DFT energies from more accurate functionals, such as r2SCAN57 or even

hybrid functionals58 will reduce the reliance on empirical corrections, as would more complete

databases of phonon calculations.18 Extension of this framework to ternary and more complex

oxide systems is a natural and valuable next step, however, this comes with added challenges,
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including the scarcity of experimental thermochemical data for validation and the increasing

technical difficulty and computational cost of phonon calculations for larger, lower-symmetry

unit cells. More globally, thermodynamic frameworks that couple temperature, pressure,

and compositional degrees of freedom will be necessary to fully leverage stability models in

materials design, alongside incorporation of kinetic factors to capture the interplay between

thermodynamics and kinetics in material synthesis. Configurational entropy contributions

from cation disorder, relevant for complex oxides such as perovskites and spinels, also remain

to be incorporated.

Conclusion

We establish key methods for creating a virtual furnace to understand phase stability within

solid state synthesis. Calibration of accurate chemical potentials for solid phases and common

gaseous atmospheres allows us to establish maps of reduction and oxidation accessibility

for a number of key binary oxides. While limitations of this work exist for kinetic barriers

and energetic modeling, we expect wide applicability of our method to solid state synthesis

predictive modeling, particularly for high throughput screening work.
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