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ABSTRACT: This work reports the thermochemistry calculations for solid-phase periodic models of ten popular transition metal-
based species. These model structures were refined to stable geometry by geometric optimization along with calculating the
thermodynamic properties including enthalpy, entropy, heat capacity at constant pressure, and Gibbs free energy by DMol3 package
via first-principles ab initio calculations. The temperature-dependent thermochemistry values were converted to a NASA seven-
polynomial format. The behavior of different thermodynamic parameters based on temperature was investigated and their
comparative analysis was done. A higher number of atoms tends to show higher thermodynamic values. Moreover, these
thermodynamic values agree reasonably well with previously reported experimental and computational values. Metal copper shows
higher thermodynamic values as compared to its oxide. The thermodynamic properties of lanthanum-based oxides have been newly
calculated through the ab initio method. Amorphous structures reveal higher thermodynamic values compared to their crystalline
counterparts. A comparison between different transition metal-based species gives a better understanding of the different crystalline
structures and their surface sites. These calculated thermodynamic data and polynomials can be used for a variety of thermodynamic
calculations and kinetic modeling.

1. INTRODUCTION

The chemical kinetics and mechanisms of chemicals in their
different phases have been studied for over a century, and their
understanding was the foundation of our modern-day futuristic
world. Equilibrium-phase modeling is one of the most
important fundamental sciences for the development process
in the chemical industry.1 Thermodynamic data provide a
model-based evaluation for the basis of a wide variety of
processes including liquid−liquid extraction, solid-based
heterogeneous catalysis, and distillation. It also provides a
possibility to evaluate data through flow sheet simulations.2

Thermochemistry research and its related works were
started over 130 years ago. The earliest one was performed
by Mallard and Le Chatelier in 1883,3 and then over the years,
researchers have been working on, generating, and searching
for the thermodynamic properties of old and new materials to
better understand their behavior and kinetics.4−10 Burcat11,12

calculated the thermochemistry of materials using Gaussian03
G3/B3LYP (as known as G3B3) calculations. These results

were calculated through geometric optimization using a
nonperiodic model.11 Transition metal-based species are
composed of transition metals along with other species; they
are abundantly present on earth and are used for a wide variety
of applications, including catalytic reactions and photo-assisted
adsorption−desorption. They are deeply studied from lab-scale
developing research to industrial-scale applications.13,14

Previous thermodynamic calculations were mostly limited to
gas-phase species with nonperiodic boundary conditions.15

They were unable to precisely calculate species under their 3d
periodic boundary conditions due to the multiple possibilities
of order and arrangements that made the calculations more
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complicated. These multiple possibilities influence the species’
thermophysical behavior. Some recent developments through
quantum methods have been made in the field of material
studies, including the usage of machine learning,16,17 Para-
mendism algorithm,18 and quasi-harmonic approximations,19

which are still in the development phase. The present work is
an extension toward the understanding of thermodynamic
properties for the development of transition metals and their
oxides. Understanding the transition metal-based surface and
its thermodynamic properties is of immense importance
toward the development of the modern chemical industry
and environmental protection.20 The method of simultaneous
regression has been used for the approximate conversion of
thermochemical properties into a polynomial format, which
finally provides NASA’s famous seven-term polynomial
coefficients.21,22 Polynomials allow us to simulate thermody-
namic properties over a range of temperatures. This gives
better insight into the chemical reactions taking place from a
small experimental scale to an extraordinary industrial scale.
The approach of generating polynomial fits used in the
previous works11 of two temperature ranges was implemented
in this work. These calculations enable us to explore the
properties of a material beyond its nonperiodic state with a
higher number of atoms and layers, which enables us to
calculate better and more accurate results compared to its
predecessors. Meanwhile, a limitation of the density functional
theory (DFT) calculation is that the exact functional of the
Hohenberg−Kohn theorem is not known. Every time a DFT
calculation is performed, there is an intrinsic uncertainty that
exists between the true ground-state energies of the
Schrodinger equation and those calculated through the DFT
method. Another limitation lies in its computing capability, as
a larger and more layered composition of materials might show
better results, but these are limited to the modern generation
of computational technology. A careful comparison with
calorimetry-based experimental results and usage of different
functionals can help us overcome the limitations of the current
technology and get values closer to the ground-state energy.
The current work aims to apply a DFT-based approach in

calculating the thermochemistry of the materials using a much
larger number of atoms and layers for solid-phase periodic
models. Popular transition metals and their oxides were chosen
so that they can be used for different applications.
Thermochemistry data were converted to their thermodynamic
coefficients in an attempt to make them available for use in
different chemical kinetic applications. The calculated data
with thermodynamic properties were carefully analyzed and
compared with previously calculated and experimental data.

2. METHODOLOGY
2.1. Computational Details. The thermodynamic proper-

ties of ten species were calculated using the DFT method.
Most of the species were studied using crystalline models,
while for La2O3*, an amorphous model was used to analyze
and compare the behavior of species over a variety of different
physical traits and innate qualities. The amorphous model is
different from the crystalline model because it lacks the long-
range order. Here, a nonperiodic unit cell of lanthanum oxide
(La2O3) primitive cubic crystal (point group m3, space group
la3 (206)) and lanthanum monoxide (LaO, point group
Fm3̅’m, space group 225) was taken as a reference; both of
them were heated and then quenched using the amorphous
cell algorithm along with a rotational isomeric state (RIS)

model23 to generate an amorphous cell of lanthanum oxide
(La2O3*). In the amorphous cell construction calculation, a
cubic-type lattice was chosen, with a density of 1.0 g/cm3 and
the output in one frame. Construction calculation was
performed at 298 K with 1000 loading steps and the geometry
was optimized automatically right after the cell formation at 0.1
cal/mol and 0.5 kcal/mol/Å force. A universal force field-based
current was used for the amorphous cell construction and the
Ewald-based summation method was used with an accuracy of
0.001 kcalmol−1, while van der Waals interactions are atom-
based. All DFT calculations were performed using the DMol3

Package.24,25 The generalized gradient approximation of
Perdew−Burke−Ernzerhof (GGA-PBE)26 and the BLYP
(Becke for the exchange part, and Lee, Yang, and Parr for
the correlation part)27,28 functional were selected for exchange
and correlation potentials. Due to the difference in size of the
crystal and morphology, DMol3 generates k-points based on
equally spaced reciprocal space points depending on the length
of the primitive reciprocal space lattice vectors in the first
Brillouin zone. The spacing parameter is kept at the default
value of 0.03 au, while the k-point separation was kept as 0.08
Å−1; these k-points are specified in the form of Monkhorst−
Pack grid parameters.29 The orbital cutoffs of La, Cu, Fe, Mn,
and Co are 5.0, 4.0, 4.3, 4.4, and 4.1 Å, respectively. Double
numerical plus d-function (DND) and double numerical plus
polarization (DNP) basis sets were used. Two different basis
sets were used on the solid models, which are used for efficient
conversion of partial differential functions into algebraic
equations. Table S1 (see Supporting Information, SM)
shows the species arrangement in ascending order of atoms.
For the computation, the pressure was kept constant at 1 bar
to simulate real conditions, and the practical usage dictates that
1 bar pressure should be selected to simulate maximum
possible stable conditions.30 The DMol3 package enables us to
calculate the thermodynamics through the results of the
hessian evaluation, or vibrational analysis can be used to
compute the enthalpy (H), entropy (S), free energy (G), and
heat capacity (Cp) at a constant pressure as a function of
temperature; these formulas were devised by Hirano.31,32 The
Helmholtz free energy is a function of temperature for a given
structure, which can be determined through the vibrational
partition function from the phonon density of states. As a
result, using free energy minimization to determine the
structure’s temperature dependency is a logical technique.
Here, the key foundation is the quasi-harmonic approximation,
which assumes that the vibrational frequencies can be
determined as though the atoms were vibrating purely
harmonically while the cell parameters are adjusted to
minimize the free energy. Previous studies have indicated
that this is a reasonable approximation until a temperature of
approximately half the melting point is reached. The smallest
LaO unit cell comprises only two atoms, while the largest
surface model, La2O3*(amorphous), comprises 21% LaO and
79% La2O3. Table S1 (see SM) shows all of the computational
species arranged in an ascending arrangement of the number of
atoms. These temperature-dependent thermodynamic proper-
ties can be used by converting them into NASA’s seven-term
polynomial coefficients. Thermodynamic properties can be
converted into coefficients through the method of simulta-
neous regression.21 These coefficients can be used for kinetic
modeling. The crystalline surface and structures have been
characterized by various researchers and play a very prominent
role in different applications, including heterogenous catal-
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ysis,33−44 as shown in Table S2 (see SM). These peer-reviewed
works were used to select the crystalline structure and its
exposed surface. The thermodynamic properties of these
structures are calculated through DFT. Understanding their
thermodynamic behavior and surface catalytic kinetic reactions
can help us better understand their role in a variety of
applications.
2.2. Thermodynamic Data Generation. The thermody-

namic data generated through DFT calculations will be further
converted into seven-term thermodynamic coefficients using
NASA-designated polynomial equations. These polynomial
equations are E1−E6 (see SM). The heat capacity equations
are equations E1 and E2, while the enthalpy and entropy
equations are E3 and E4, and E5 and E6, respectively. These
equations are used to convert the calculated thermodynamic
values into NASA seven-term polynomial coefficients using the
simultaneous regression developed by Zleznik and Gordon.21

Polynomial fitting of these six equations will result in the
seven-term NASA polynomial coefficients, and these poly-
nomial coefficients are arranged in order so that they can be
easily identified by chemical kinetic simulation software.
Tables S3 and S4 (see SM) represent the arrangement order
for a NASA seven-term polynomial format, which is also used
as the input of the thermo input file for CHEMKIN package.
The species calculations can be directly used for chemical
kinetic calculations. The total temperature range is from 25 to
1000 K, while the mid-temperature is selected as 500 K. The
temperature range from 25 to 500 K is considered as the low-
temperature range and from 500 to 1000 K is considered as the
high-temperature range. Coefficients a1−a5 of equations E1−
E6 are calculated through polynomial fitting. These polynomial
fittings were performed using PAST (free statistical software
package), and a6 and a7 are calculated using a macro in excel
based on simultaneous regression.21 Table 2 reveals the data
converted into the NASA seven-term polynomial format.

3. RESULTS AND DISCUSSION
The thermodynamic properties of a material represent the
physical state of the system. The calculated models are based

on the requirements of simulation and chemical kinetics. DFT
calculation generates thermodynamic properties. These
thermodynamic properties are converted into NASA-based
polynomials through simultaneous regression. The properties
are calculated within the range of 25−1000 K because most
catalytic reactions can take place within this range. The
detailed description of the calculated species and their

thermodynamic properties are presented in Tables S1 and S2
(see SM). Table 1 displays the thermodynamic properties at

Table 1. Thermodynamic Properties at 298 K

material

enthalpy
(H)

(kcal/mol)
entropy (S)
(cal/(mol·K))

heat capacity
(Cp)

(cal/(mol·K))

free energy
(G)

(kcal/mol)

LaO(unit) 2.087 5.910 7.011 0.325
CuO(111) 35.629 98.356 84.091 6.305
Cu(111) 31.531 149.560 99.032 −13.060
Mn3O4(unit) 58.357 175.264 133.919 6.102
La2O3(unit) 81.507 211.889 198.028 18.333
Fe2O3(pri) 80.926 222.443 199.432 14.605
Fe3O4(311) 84.408 220.910 191.759 18.544
Fe3O4(pri) 116.558 275.404 274.107 34.446
Co3O4(pri) 190.836 238.459 129.526 72.629
La2O3* 105.630 649.732 324.129 −88.088

Figure 1. Entropy and enthalpy of transition metal-based species at
298 K.

Figure 2. Heat capacity at constant pressure and free energy of the
transition metal-based species at 298 K.

Figure 3. Heat capacity of our calculated species with temperature
increment from 25 to 1000 K.
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298 K (room temperature). Figures 1 and 2 show the graphical
representation of H, S, Cp, and G at 298 K, respectively. H and
S values tend to increase as the consecutive number of atoms is
increased. The amorphous-type lanthanum-based oxide reveals
the highest order of thermodynamic values as compared to its
counterparts. The lowest number of atoms of a crystal presents
the lowest order of values. The values of Cu(111) are higher
than those of CuO(111) and LaO(111), which indicates that
metal copper has higher S and Cp than its oxidized surface. Co
and Fe belong to group 8 and 9 of the periodic table,
respectively. The oxides of Co and Fe show dissimilar values at
298 K, which exhibit their difference of thermophysical
behavior at room temperature. The values in Table 1 reveal
that the thermodynamic values of a compound can be
influenced by the surface lattice. Tables S5−S14 (see SM)
show thermodynamic values concerning the temperature
calculated through the first-principles method in detail. The
thermodynamic properties of a system at 298 K represent the
nature of that species at normal room conditions. These values
are essential to understand their behavior for different

applications. G and Cp exhibit similar trends in Table 1. In
Figure 1, as the number of atoms increases from up to down in
increasing order, the calculated S values at 298 K consecutively
increase except for Fe3O4(311) and Co3O4(pri). However, H
does not show similar trends. In Figure 2, as the structural size
increases from left to right, Cp consecutively increases except
for Fe2O3(pri) and Fe3O4(311). However, G does not show
similar trends.

3.1. Heat Capacity (Cp). Cp calculated through DFT
calculations exhibits a trend of increasing values of
thermodynamics as a function of temperature. Most values
stabilize at 325 K, which signifies their physical property. The
heat required to raise the temperature of a specific species by 1
K is called Cp. The difference in thermophysical values reflects
the behavior associated with different structures and their
associated elements. The calculated Cp values of all of the
transition metal-based species are reported in Figures 3 and 4.
CuO(111) and Cu(111) display an increasing behavior of
thermophysical properties with temperature. At 100 K,
Cu(111) and CuO(111) have Cp values of 73.75 and 42.88

Figure 4. With Cp at a constant value, comparison of the calculated
species at temperatures of 298.15, 600, 800, and 1000 K.

Figure 5. Free energy of the calculated species with temperature
increment from 25 to 1000 K.

Figure 6. Free energy comparison of the calculated species at
temperatures of 298.15, 600, 800, and 1000 K.

Figure 7. Enthalpy of the calculated species with temperature
increment from 25 to 1000 K.
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cal/(mol·K), respectively. At 500 K, Cp increases up to 101.76
and 94.25 cal/(mol·K), while at 1000 K, these values surge up
to 102.93 and 99.45 cal/(mol·K), respectively. A temperature
rise reduces the difference between the Cp values of these two
species. The oxidized copper has lowered Cp values at
temperatures less than 400 °C, but as the temperature
increases their values become closer. Lanthanum-based species
LaO(unit), La2O3(unit), and La2O3* also have different
thermophysical effects. LaO(unit) exhibits a small-increment
change. However, it has similar trends. La2O3(unit) and
La2O3* display similar trends in terms of their heat capacity
evolution as a function of temperature. At 100 K, the Cp values
of La2O3 (unit) and La2O3* are 90.50 and 250.04 cal/(mol·K),
respectively. At 500 K, Cp increases up to 220.05 and 333.96
cal/(mol·K), while at 1000 K, the values are 230.70 and 338.32
cal/(mol·K), respectively. Even if the structural arrangement is
completely different for both species, the Cp difference
becomes smaller with the increase of temperature. La2O3*
exhibits the highest value of Cp; hence, it requires the highest
amount of heat per increase in temperature. Iron-based oxides

such as Fe2O3(pri), Fe3O4(311), and Fe3O4(pri) exhibit
relative trends of Cp. Fe3O4(pri) and Co3O4(pri) reveal similar
thermodynamic trends and similar Cp. La2O3(unit),
Fe2O3(pri), and Fe3O4(311) exhibit stability in values from
325 K. Fe3O4(311) and Fe3O4(pri) present little dissimilarities
in their properties due to the difference in the surface lattice.

3.2. Free Energy. The calculated G values show a
decreasing trend with a consecutive increase in temperature
for all species. Smaller structures display small increments of
change, while larger structures express higher increments of
variation in thermodynamic quantities. The order of G does
not express similar trends as Cp. Concave negative curves are
observed for larger structures with more atoms, while smaller
structures have small variations in the values of G. The change
in G value with temperature for different species displays the
change in thermodynamic behavior. Figures 5 and 6 represent
the Gibbs energies of the calculated species with increase in
temperature. La2O3* exhibits the most abrupt change to
negative values at 150 K, as observed in Table S12 (see SM).
Co3O4(pri) shows change to a negative value at 575 K.
Mn3O4(unit) and Cu(111) show a negative change in G at
around 298.15 K, while others shift at higher temperatures.
Figure 6 shows that most species have positive G values at
298.15 K, except for La2O3*, which has a negative G at 150 K.
Co3O4(pri) has negative values at 575 K. La2O3* displays the
most spontaneous change to negative G, while crystalline
LaO(unit) is less spontaneous. These spontaneous reactions
indicate the feasibility of a reaction to proceed in the forward
directions. Most species shift to negative values at 550 K
values, which seems to reflect the feasibility of a reaction to
occur at higher temperatures. The Gibbs energy for a specific
reaction or species is calculated at a specific temperature and
pressure; hence, the change of temperature gives the G profile
of the species. The negative G is also correlated with increasing
entropy. Comparing Figures 6 and 10, It can be observed that a
higher H results in lower G. LaO(unit) demonstrates almost
zero-G, which indicates the stability of its structure, and no
spontaneous change at all temperatures. Co3O4(pri) shifts to
negative G at 500 K. La2O3* shows the quickest negative G
shift. Iron-based oxides Fe2O3(Pri) and Fe3O4(311) exhibit
similar values, while Fe3O4(pri) shows a slightly lower value of
G.

Figure 8. Enthalpy comparison of the calculated species at
temperatures of 298.15, 600, 800, and 1000 K.

Figure 9. Entropy of the calculated species with temperature
increment from 25 to 1000 K.

Figure 10. Entropy comparison of the calculated species at
temperatures of 298.15, 600, 800, and 1000 K.
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3.3. Enthalpy. The values of H exhibit a constant rising
trend for all samples. The temperature rise of a particular
system reflects its kinetic and potential energy rise, which
results in increased enthalpy. As can be seen from Figure 7,
LaO(unit) does not show a continuous change in H, while
larger structures such as Co3O4(pri) and La2O3* portray a
much larger change. In Figure 8, Co3O4(pri) shows much
larger order of values at 298.15, 600, and 800 K compared with
La2O3*, while the trend is vice versa at 1000 K. The Cp and H
of Co3O4(pri) show a similar increasing trend; both show
changes in peak values at 325 K, as can be seen from Figures 3
and 7. The correlation between G and Cp indicates that Co3O4
shows the highest H value along with a positive Gibbs energy
at 500 K, while the stability of Cp is only reached at 800 K. In
Figure 7, Cu(111) and its oxide CuO(111) have similar H
values. At temperatures lower than 500 K, they reveal a small
difference of H, whereas the oxide leads the metal by a
difference of less than 5 kcal/mol. At temperatures higher than
500 K, the difference becomes less than 2 kcal/mol. For
lanthanum-based species LaO(unit), La2O3(unit), and La2O3*,
at 100 K, the values for La2O3(unit) and La2O3* are found to
be 50.42 and 40.34 kcal/mol, while at 150 K, these values
increase up to 56.06 and 59.82 kcal/mol. At 500 K, the values
are 123.78 and 171.88 kcal/mol, respectively. LaO reveals
similar increasing trends in small increments, while
La2O3(unit) and La2O3* show a larger difference. The
enthalpy of La2O3* exceeds that of La2O3(unit) at 150 K,

and it steadily continues to increase. Fe and Co belong to
columns 8 and 9 of the periodic table; even though they belong
to different columns, their oxides show a similar behavior in
properties. The enthalpies of Fe3O4(pri) and Co3O4(pri)
reveal similar thermodynamic trends.

3.4. Entropy. The entropy curves display an increasing
trend as a function of temperature in a concave manner, as
shown in Figure 9. The increase in temperature results in a
consecutive decrease in G, which is due to the disorder of the
system, as observed in Figure 7. From Figure 5 and Table S1
(see SM), as the number of atoms increases, the enthalpy
increases in a similar manner, which is similar to the entropy
curves. In Figures 9 and10, LaO has the lowest values of S,
while La2O3* and Fe3O4(pri) have the highest values. La2O3*
is an amorphous species; the reported properties indicate that
amorphous species have the highest disorder. Figures 5 and 6
display that La2O3* also has the highest negative G, which
corresponds to a spontaneous change in its properties. It
confirms the general behavior of amorphous materials having
the highest entropy and thermodynamic properties.45 LaO has
the lowest disorder, which illustrates its stability. La2O3(unit)
and La2O3* have different S values, which reveals that
amorphous materials have more S and negative G with
increasing temperature as compared to their crystalline
counterparts. From the analysis of Figures 9 and 10, at 100
K, Cu(111) and CuO(111) present entropy values of 30.11
and 53.74 cal/(mol·K). At 500 K, these values become 143.75

Figure 11. Cp, S, H and G comparison for Fe- and La-based species: (a) Cp and S for Fe-based oxide, (b) G and H for Fe-based oxide, (c) Cp and S
for La-based oxide, (d) G and H for La-based oxide.
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and 200.55 cal/(mol·K), while at 1000 K, they are 209.87 and
270.21 cal/(mol·K), respectively. It can be noted that Cu(111)

and CuO(111) exhibit similar trends in S values, while values
for their oxide species exceed those of the metal at all

Figure 12. Comparison of the entropy (S) and heat capacity (Cp) with those from JANAF studies: (a) CuO(111); (b) Cu(111); (c)
Fe2O3(primitive); (d) Fe3O4(311); (e) Fe3O4(primitive); and (f) Co3O4(primitive).

Figure 13. Comparison of the heat capacity (Cp) with thermodynamic assessments by CALPHAD with those from other studies: (a) Mn3O4(pri);
(b) La2O3(unit)/La2O3*; and (c) Co3O4(pri).
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temperatures. For lanthanum-based species, La2O3(unit) and
La2O3* show different entropies, which reflects the disorders
of the materials due to their structural differences. Comparing
the values of cobalt and iron for Co3O4(pri) and Fe3O4(pri)
from Figures 3, 7, and 9, the performance of entropy is
different when compared with H and Cp. It reflects the disorder
of the species’ inert property. Fe2O3(pri) and Fe3O4(311)
report similar trends and values of S at all temperatures.
3.5. Comparison Based on the Surface Lattice and

Types of Solids. The correlation among thermodynamic
properties, morphological order, and lattice parameters is
shown in Figure 11. Fe3O4(pri) is a primitive cell, while
Fe3O4(311) is a surface lattice site. La2O3(unit) is crystalline,
while La2O3* is amorphous. The Cp, S, and H for Fe3O4(pri)
are higher as compared to those for Fe3O4(311). The G of
Fe3O4(pri) is higher than that of Fe3O4(311) at 1000 K, and
vice versa for values less than 500 K. Both the surface lattice
and unit cell show changes in properties as a function of
temperature. La2O3* has higher thermodynamic values as
compared to La2O3(unit), which reveals that it has a higher Cp,
H, and S but much lower G. These high-end thermodynamic
properties indicate the general behavior of an amorphous
material, which is well observed here by comparing them with
their crystalline counterparts.45

4. COMPARISON WITH OTHER STUDIES

Upon careful comparison with the thermodynamic properties
calculated by Chase30 and thermodynamic assessment
calculated through CALPHAD codes,46−48 as displayed in
Figures 12 and 13, it can be observed that the Cp and S values
reveal similar trends to the ones reported in the literature.30

The solid-phase periodic model calculations have compara-
tively higher thermodynamic values of Cp and S, when
compared with the gas-phase models in JANAF.30 CALPHAD
models are designed to use computational algorithms for the
development of phase diagrams. They use experimental results
from various resources to effectively calculate accurate phase
diagrams.49,50 In Figure 13a, Mn3O4(pri) is compared with
Mn3O4(calphad), which shows that the code-generated values
are closer to the ones calculated in the current work. For
temperatures below ∼600 °C, it can be observed that
Mn3O4(pri) calculated values have an error of less than 5%,
while the values tend to show a higher discrepancy at higher
temperatures. In Figure 13b, La2O3(unit) and La2O3* are
compared with the values generated through CALPHAD
codes. La2O3(calphad) shows a lower order of values as
compared to those from the literature. These values can be
brought closer by calculating the thermodynamic data of
individual species through differential functional groups. In
Figure 13c, it can be observed that Co3O4(pri) has similar
values at temperatures less than ∼200 °C and higher than
∼900 °C, while there is greater discrepancy in-between these

Figure 14. Comparison of the thermodynamic values with those of different studies: (a) CuO(111); (b) Cu; and (c) La2O3 (unit) and La2O3*.
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temperatures. These errors could be removed through
calculations of these species using different functional groups.

Furthermore, a comparison of the calculated results with the
data from literature has been performed. Figure 14 compares

Figure 15. Comparison of the thermodynamic values with those of different studies: (a) Mn3O4(unit) and (b) Fe2O3(pri).

Figure 16. Comparison of the thermodynamic values with those of different studies: (a) Fe3O4(311) and Fe3O4(pri); (b) Co3O4(pri).
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the thermodynamic properties of CuO(111), Cu(111), and
La2O3(unit)/La2O3* with the data reported by JANAF51 and
Wu.52 The calculated values exhibit similar trends to the
literature ones. Cp and S show a difference of ±100 cal/(mol·
K), while H and G show a difference of ±200 kcal/mol, as
shown in Figure 14a. The calculated Cp and S values and
reported data indicate a difference of ±100 cal/(mol·K), while
H and G show a difference of ±50 kcal/mol (Figure 14b). The
calculated data show a difference of ±200 cal/(mol·K) for
La2O3 and ±600 cal/(mol·K) for La2O3* for Cp and S,
respectively, whereas H and G show slightly larger differences.
Comparison with experimental data has been done through
analysis of the work done by Knacke,53 Decterov,54 and
Berman.55 Figure 15 compares the thermodynamic properties
of Mn3O4(unit) and Fe2O3(pri) with those from Knacke53 and
Decterov.54 Mn3O4(111) shows a difference of ±150 cal/(mol·
K) for Cp and S, but larger differences for H and G. Fe2O3(pri)
tends to show ±200 cal/(mol·K) difference for both Cp and S,
while there is a difference of ±2000 kcal/mol for both H and
G. Figure 16 compares the thermodynamic properties of Fe3O4

(311)/Fe3O4(pri) and Co3O4(pri) with the values from
Berman55 and JANAF.51 In Figure 16a,b, Fe3O4(unit),
Fe2O3(unit), and Co3O4 show similar trends to JANAF. The
calculated values show a difference of about ±200 cal/(mol·K)
for Cp and S, while H and G have differences of ±3000 kcal/
mol. The comparison shows similar trends for the calculated
thermodynamic properties but the values differ positively or
negatively. These changes in properties are due to the current
limitations of computational resources. These variations can
greatly affect the calculations. Further calculations using
different functional groups can help to find the model and
properties closer to experimental data.

5. NASA SEVEN-TERM POLYNOMIAL FORMAT

The thermodynamic values generated through DFT calcu-
lations are converted into a NASA seven-term polynomial
format through simultaneous regression by using equations
E1−E6 (see SM). These values were calculated using a similar
strategy as in the literature.11,12 Table 2 represents the
thermodynamic coefficients calculated through ab initio

Table 2. Generated NASA Seven-term Polynomial Format Calculated through Ab Initio Calculations

CuO(111) CuO O 1Cu 1 0 0S 25.00 1000.00 500.00 1
2.71163200 × 10 8.49600000 × 10−2 − 1.27650000 × 10−4 9 04814000 × 10−8 − 2.48585000 × 10−11 2
−4.46439977 × 104 − 1.26768178 × 102 − 4.20852000 3.37210000 × 10−1 − 8.95395000 × 10−4 3
1.13032000 × 10−6 − 5.50026000 × 10−10 1.47937122 × 10 6.37684253 4

LaO (unit) LaO O 1La 1 0 0S 25.00 1000.00 500.00 1
2.68580000 4.79000000 × 10−3 − 7.33684000 × 10−6 5.27775000 × 10−9 − 1.46728000 × 10−12 2
−3.65811935 × 103 − 1.46919220 × 10 7.81530000 × 10−1 1.71100000 × 10−2 − 2.92337000 × 10−12 3
2.50364000 × 10−9 2.37964000 × 10−11 − 2.41372839 × 10 − 2.89250634 4

Cu(111) Cu O 1Cu 1 0 0S 25.000 1000.00 500.000 1
4.60861000 × 10 2.19200000 × 10−2 − 3.38482000 × 10−5 2.44625000 × 10−8 − 6.81928000 × 10−12 2
−5.04639313 × 104 − 1.93806309 × 102 − 1.13161000 × 10 7.70030000 × 10−1 − 3.65000000 × 10−3 3
7.54915000 × 10−6 − 5.68936000 × 10−9 6.57733681 × 10 1.94322469 × 10 4

Mn3O4 (pri) Mn3O4 O 1Mn 1 0 0S 25.000 1000.00 500.000 1
8.34087300 × 10 2.79970000 × 10−1 − 4.17595000 × 10−4 2.94420000 × 10−7 − 8.05562000 × 10−11 2
−1.41606458 × 105 − 5.46607782 × 102 − 2.55035000 9.29650000 × 10−1 − 2.20000000 × 10−3 3
2.34505000 × 10−6 − 8.54200000 × 10−10 − 1.98519843 × 102 − 8.97262445 4

La2O3(unit) La2O3 O 1La 1 0 0S 25.000 1000.00 500.000 1
1.34171370 × 102 3.61580000 × 10−1 − 5.48023000 × 10−4 3.90769000 × 10−7 − 1.07807000 × 10−10 2
−2.08298948 × 105 − 8.78483692 × 102 − 5.88202900 × 10 2.06399000 − 6.34000000 × 10−3 3
9.33664000 × 10−6 − 5.36738000 × 10−9 8.81279130 × 102 1.40210125 × 102 4

Fe2O3(pri) Fe2O3 O 1Fe 1 0 0S 25.000 1000.00 500.000 1
6.95143600 × 10 1.75260000 × 10−1 − 2.66071000 × 10−4 1.89925000 × 10−7 − 5.24360000 × 10−11 2
−1.05329238 × 105 − 3.27686001 × 102 − 1.71754800 × 10 7.68630000 × 10−1 − 1.39000000 × 10−3 3
8.29094000 × 10−8 1.29839000 × 10−9 2.19693862 × 102 4.28022436 × 10 4

Fe3O4(311) Fe3O4 O 1Fe 1 0 0S 25.000 1000.00 500.000 1
5.90216600 × 10 2.08510000 × 10−1 − 3.11881000 × 10−4 2.20316000 × 10−7 − 6.03635000 × 10−11 2
−1.02203167 × 105 − 2.76811189 × 102 − 1.18633900 × 10 7.62510000 × 10−1 − 1.91000000 × 10−3 3
2.20329000 × 10−6 −9.22281000 × 10−10 9.33464529 × 10 2.15444459 × 10 4

Fe3O4(pri) Fe3O4 O 1Fe 1 0 0S 25.000 1000.00 500.000 1
8.88471000 × 10 2.77310000 × 10−1 − 4.19455000 × 10−4 2.98687000 × 10−7 − 8.23266000 × 10−11 2
−1.45722196 × 105 − 4.35883015 × 102 − 2.49267100 × 10 9.82720000 × 10−1 − 1.34000000 × 10−3 3
−1.22506000 × 10−6 2.83521000 × 10−9 3.58464990 × 102 5.64159380 × 10 4

Co3O4(pri) Co3O4 O Co 1 0 0S 25.000 1000.00 500.000 1
8.88471000 × 10 2.77310000 × 10−1 − 4.19455000 × 10−4 2.98687000 × 10−7 − 8.23266000 × 10−11 2
−1.45720018 × 105 − 4.87618798 × 102 − 2.49267100 × 10 9.82720000 × 10−1 − 1.34000000 × 10−3 3
−1.22506000 × 10−6 2.83521000 × 10−9 3.70781044 × 102 5.61235374 × 10 4

La2O3* La2O3 O 1La 1 0 0S 25.000 1000.00 500.000 1
2.96764660 × 102 1.58440000 × 10−1 − 2.43599000 × 10−4 1.75509000 × 10−7 − 4.88041000 × 10−11 2
−3.28730654 × 105 − 1.60389747 × 103 3.69975400 × 10 3.31829000 − 1.48200000 × 10−2 3
2.96812000 × 10−5 − 2.19225000 × 10−8 − 1.87139521 × 103 − 8.97262445 4
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calculations. These thermodynamic coefficients can be used for
understanding the chemical kinetics in heterogeneous models
and can give insights into the simulation and experimental
behavior of popular material species.

6. CONCLUSIONS
Thermochemistry calculations were performed based on
ground-state energy calculations and thermal corrections at
different temperatures. Analysis of these thermodynamic
properties points out the behavior of these materials based
on their S, H, Cp, and G. A higher number of atoms tends to
own larger thermodynamic values. The S and H of most
species express similar trends with increasing temperature.
Amorphous La2O3* exhibits higher thermodynamic values as
compared to its crystalline form. LaO(unit) and Co3O4(pri)
have positive G at higher temperatures, while La2O3* and
Cu(111) have negative G at 298 K. The negative G at low
temperatures represents the abrupt reactive behavior of these
materials. Thermodynamic values vary based on different
lattice parameters and arrangement of atoms. The calculated
values present similar trends to the values reported in the
literature. The calculated thermodynamic parameters and
thermodynamic coefficients for transition metal-based species
offer the opportunity for a better understanding of metal
oxides and their thermodynamics. These surface thermody-
namic coefficients can be used for different thermodynamic
calculations. The quality of the thermodynamic values can be
improved by calculating over larger surfaces and using the
appropriate correlation functions. Moreover, the strategy
developed in the present work could be further applied to
obtain the surface thermochemistry of other materials.
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