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Thermodynamic studies on entropy stabilized
oxide (Co,Cu,Mg,Ni,Zn)O
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Thermodynamic properties of the rock-salt entropy stabilized oxide (Co,Cu,Mg,Ni,Zn)O have been

determined and the relevant functions suitable for evaluation of thermodynamic stability in particular

temperature ranges associated with structural changes during heating have been measured. The

energetic parameters obtained via several experimental methods under both the equilibrium and

dynamic conditions (drop calorimetry, solid state electromotive force measurements, DSC/TG), together

with the thermal expansion and electrical conductivity data, have been analyzed, and the relationship of

the thermodynamic stability with changes in the defect structure has been revealed. Our results are

consistent with a phase transition to a high entropy state around 1150 K and the large negative values of

the free energy, observed in the 1173 to 1223 K temperature domain, highlight a more stable state in the

sample with the rock-salt structure. The partial molar enthalpy and entropy values of oxygen dissolution

in the crystalline phase increase with increasing temperature suggesting the decrease of the binding

energy of oxygen and the decrease of order in the oxygen sublattice of the structure, respectively. Due

to the significant increase in partial molar entropy in the temperature range of 1173–1273 K, it is likely

that oxygen vacancies are not concentrated at specific oxygen sites but they are randomly distributed,

supporting the previous findings related to an entropy-driven phase transformation. The experimental

methods outlined in this report can be used to distinguish between the phase transitions associated with

the formation of an entropy stabilized phase and highlight the correlative effects of temperature and

defect structure on the thermodynamic behavior of the (Co,Cu,Mg,Ni,Zn)O compound.

1. Introduction

Due to their highly tailorable functional properties, there is
increasing interest in high entropy ceramics and, particularly,
in the area of entropy-stabilized oxides. This was first reported
in a seminal paper by Rost et al.,1 that explored the rock-salt
composition (Co,Cu,Mg,Ni,Zn)O [Note†]. In the last few years,
many other structures of complex composition oxides, includ-
ing ‘‘high entropy oxide materials’’,2,3 were obtained. Several
reviews were published discussing the structures, the extent of
chemical substitutions and some functional properties of these

new materials.4–13 However, this canonical rock-salt composi-
tion continued to be the most studied.14–25

An entropy stabilized phase is, as the name suggests, a
compound whose structure (meta)stability is determined by
the configurational entropy.26–29 However, as recent studies
have emphasized,22,23,30,31 challenging aspects related to the
phase stability criteria, as well as to the basic understanding of
the point defect formation in the entropy-stabilized oxide
(Co,Cu,Mg,Ni,Zn)O in relation to the local configuration and
structural distortion are still under debate. In addition, the
effective role of entropy in the stabilization should be demon-
strated for each system,23 and even for (Co,Cu,Mg,Ni,Zn)O.

The focus of the present work is on the prototypical entropy
stabilized oxide of composition Co0.2Cu0.2Mg0.2Ni0.2Zn0.2O,
hereafter noted (Co,Cu,Mg,Ni,Zn)O, and in particular on the
thermodynamic functions related to the formation and stability
of this material. Due to the complexity of the relationship
between different compositional variables and properties of
multicomponent oxide systems, the fundamental understand-
ing of the chemical processes involved is still limited. Even
though it has been emphasized that the phase formation is
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correlated with the energetics of the competing phases, the
thermodynamics and mechanisms underlying the phase trans-
formations induced by the phase metastability are of great
interest.26,32 Such analyses need robust, detailed and precise
thermodynamic data, because the driving forces for chemical
reactions and diffusion can be given properly in terms of
thermodynamic properties.

In the present paper the relevant functions suitable for
evaluation of the thermodynamic stability in particular tem-
perature ranges associated with structural changes during
heating have been measured. The energetic parameters
obtained in a large temperature range using several pertinent
methods (drop calorimetry, TG/DSC, and electromotive force
measurements) together with the thermal expansion and elec-
trical conductivity data have been analyzed and the relationship
of the thermodynamic stability with changes in the defect
structure in the (Co,Cu,Mg,Ni,Zn)O sample is discussed.

We report here, for the first time, the thermodynamic data
of oxygen dissolution for the (Co,Cu,Mg,Ni,Zn)O samples. They
have a strong dependence on temperature and show significant
variations in the temperature range where the charge imbal-
ance is mainly compensated by the formation of oxygen vacan-
cies. The oxygen vacancy ordering also shows contribution to
the observed phenomena. Through a combined analysis of
microstructure and thermodynamic data, the correlative effects
of temperature and defect structures on the thermodynamic
behavior of the (Co,Cu,Mg,Ni,Zn)O sample have been dis-
cussed. Moreover, the distinct thermomechanical (TMA) beha-
vior suggests a strong correlation between the thermal
expansion and the energetic parameters. It can also be corre-
lated with the mass change observed from TG data during the
transition to the single-phase rock-salt structure and is sup-
ported by the thermodynamic properties of oxygen dissolution
in the (Co,Cu,Mg,Ni,Zn)O oxide structure obtained by using the
solid electrolyte electrochemical cells method.

It was also shown that the evolution of the partial molar
thermodynamic data of the oxygen dissolution correlates well
with the variation of the electrical conductivity with temperature
and confirms the strong interplay between the thermodynamic
properties and electrical and structural characteristics. Based on
these results, it is possible to find new routes for modifying the
properties of these materials using various substitutions by
several aliovalent elements, and creating vacancies in the oxygen
sites. Thus, the thermodynamics approach of the interplay
between structural characteristics and energetic mechanisms
underlying the phase transformations is a key issue when
searching for both scientific and applicative reasons.

2. Experimental
2.1. Synthesis

The samples were prepared by standard solid-state synthesis
from high purity oxides MgO (Alfa Aesar 99.95%), CuO (Alfa
Aesar 99.7%), NiO (Strem Chemicals 4N), Co3O4 (Alfa Aesar
99.7%) and ZnO (Alfa Aesar 4N). The powders were mixed in

stoichiometric cation ratios in a Fritsch Pulverisette ball mill in
a 20 mL agate vial with agate balls. The homogeneous mixture
was then pressed uniaxially under 250 MPa into 12 � 3 �
3 mm3 bars. 24 bars were obtained from the same mixture and
heated in air for 12 hours at 1000 1C in alumina crucibles with a
heating rate of 200 1C h�1. After the thermal treatment, the
samples were quenched to room temperature in air. Powder
XRD was performed by using a Panalytical X’Pert diffractometer
with a Johansson Ge(111) incident monochromator (Cu-Ka1

radiation) and X’celerator detector. The diffraction patterns
are consistent with previous reports1,4,5 and the samples have
a well-defined rock-salt structure. The lattice parameter
obtained by LeBail fit was 4.2381(3) Å and the Rwp was 6.7%,
see Fig. S1 (SI).

2.2. Measurements by frop calorimetry

The enthalpy increments HT � H298 of the sample in the
isothermal regime were investigated by drop calorimetry using
a multidetector high temperature calorimeter (MHTC-96) of
SETARAM working in the drop mode. The procedure was
described in detail in previous papers.33,34 (Co,Cu,Mg,Ni,Zn)O
samples in the form of small pellets weighing about 50 mg,
accurately measured by a Mettler-Toledo microbalance to �2 �
10�6 g, were used. The experiments consist in dropping the
sample kept at room temperature (T0) into a pure a-alumina
bed maintained at a desired temperature in the calorimeter
block. The temperature is measured to be T � 0.1 K with a
calibrated thermocouple (Pt–Rh 30% � Pt–Rh 6%). The tem-
perature calibration was carried out separately by heating pure
standard metals (In, Sn, Pb, Zn, Al, Ag). The sample dropping is
alternated by a reference of a-alumina standard (Standard
Reference Material – SRM 720), under identical experimental
conditions. The sensitivity of the calorimeter was deduced by
comparing the heat exchange with the data given by the NIST
[Note‡] for a-Al2O3. Our results with sapphire all agree within
0.15% with NIST values. Measurements were performed in an
argon atmosphere, in the temperature range of 873–1273 K, at
prefixed temperature steps of 25 K. The heat flux was recorded
as a function of time. The peak area (after subtracting the
baseline) associated with each drop corresponds to the respec-
tive enthalpy increment, HT � H298. The baseline treatment and
the peak integration were carried out automatically by data
acquisition and processing using the Setsoft software supplied
by SETARAM. The enthalpy increments measured for each
temperature step were calculated by averaging the values of at
least six individual samples and SRM drops. A maximal uncer-
tainty of 2%, expressed with a 95% confidence interval was
obtained. Enthalpy increment values for the (Co,Cu,Mg,-
Ni,Zn)O material have not been previously reported in the
literature.

2.3. DSC/TG analysis

The thermal behavior of the processed samples in a non-
isothermal regime was investigated by simultaneous

‡ NIST (National Institute of Standards and Technology).
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differential scanning calorimetry (DSC) and thermogravimetry
(TG) using Setaram SETSYS Evolution 17 equipment. Samples
contained in alumina crucibles were heated from room tem-
perature to 1273 K under a constant flow of 16 mL min�1 of
pure argon and at a heating rate of 5 K min�1. Before each
heating run, the specimen chamber was purged with high
purity argon for about 15 min. The sample mass for DSC
measurements was about 18 mg. The thermo-analyzer calibra-
tion was performed using standard metallic substances in the
whole temperature range of the experiment with a 5 K min�1

heating rate, with the same type of crucible used for the
experiments (alumina crucibles) and with the same carrier
gas (Ar with high purity). The onset melting point temperatures
and heats of fusion of 99.99% purity standard metallic materi-
als (In, Sn, Pb, Zn, Al, Ag, and Au) were used for temperature
correction and energy calibration.35,36 Multiple runs under
identical conditions were performed to check the data reprodu-
cibility. The error of TG measurement is �0.15%. The mea-
sured transformation temperature is accurate to �2 K; the
transformation enthalpy is at best accurate to �5%. To calcu-
late enthalpy variation and mass change, the Calisto-AKTS
software was used.

2.4. Thermomechanical analysis (TMA)

Thermal expansion of the sample associated with the structural
changes was investigated by using a Thermomechanical Analy-
zer SETSYS Evolution TMA calibrated to a quartz standard. The
sample powder was pressed into pellets of 6 mm diameter and
1.3 mm height. A force of 0.049 N was applied to the sample in
order to provide good contact between the apparatus probe and
the specimen. Thermal expansion measurements were performed
at a heating rate of 5 K min�1 over the range 298–1373 K and in
an argon atmosphere.

2.5. Solid state electromotive force measurements (EMF)
coupled with solid state coulometric titration

In order to further evaluate the thermodynamic data, the
thermodynamic properties represented by the relative partial
molar free energies, enthalpies and entropies of oxygen dis-
solution in the crystalline phase (D %GO2

, D %HO2
, DSO2

), as well as
the equilibrium partial pressures of oxygen (log pO2

) were
obtained in the temperature range of 823–1273 K by using
the solid electrolyte electrochemical cells method. As shown in
previous papers,37–39 the thermodynamic stability limits of the
multicomponent-type oxides are conveniently situated within
the range of oxygen chemical potentials that can be measured
using galvanic cells containing 12.84 wt% yttria stabilized
zirconia solid electrolyte and an iron-wüstite reference electrode.
The design of the apparatus, as well as the theoretical and
experimental considerations related to the applied method have
been described previously.38,39 Measurements were performed in
vacuum at a residual gas pressure of 10�5 Pa, at 50 K intervals,
each time waiting until equilibrium conditions were obtained.
The overall uncertainty due to the temperature and potential
measurement (taking into account the overall uncertainty of a
single measurement and also the quoted accuracy of the

voltmeter) was �1.5 mV. This was equivalent to �0.579 kJ mol�1

for the free energy change of the cell. Considering the uncer-
tainty of �0.523 kJ mol�1 in the thermodynamic data for the
iron-wüstite reference,40–43 the overall data accuracy in oxygen
potential measurement was estimated to be �1.6 kJ mol�1.

The free energy change of the cell is given by the expression:

DGcell = mO2
� mO2

(ref) = 4FE (1)

where mO2
and mO2

(ref) are, respectively, the oxygen chemical
potentials of the sample and the reference electrode, F is the
Faraday constant (F = 96.5 � !03 C mol�1) and E is the steady
state EMF of the cell in volts (where 1 V = 1 J C�1). By using the
experimental values of the electromotive force of the cell and
knowing the free energy change of the reference electrode, the
values of the relative partial molar free energy of the solution of
oxygen in the crystalline phase D %GO2

and hence the pressures of
oxygen in equilibrium with the solid pO2

can be calculated
knowing the temperature T and the gas constant R:

D %GO2
= RT ln pO2

(2)

The relative partial molar enthalpies D %HO2
and entropies D%SO2

were obtained according to the known relationships:38,39

@
D �GO2

T
@T

¼ �D
�HO2

T2
(3)

D %GO2
= D %HO2

� TD%SO2
(4)

Following the completion of the steady state measurements in
the whole range of temperatures, by solid state coulometric
titration the precise change of the oxygen stoichiometry of the
sample was obtained38,39 by using a Bi-PAD Tacussel Potentio-
stat. The titrations were performed in situ at 1123 K at a pressure
of 10�5 Pa. According to Faraday’s law, the mass change (g) of the
sample is related to the transferred charge Q (A s) by:

|Dm| = 8.291 � 10�5Q (5)

The resolution in measuring mass changes in this manner is
extremely high compared with the use of typical mass balances
(1 A s corresponds to B8 � 10�5 g). After the desired amount of
charge was passed through the cell, the current circuit was
opened and sufficient time (about three hours) had to be allowed
for the electrode to equilibrate. Practically, we considered that
EMF had reached its equilibrium value when three subsequent
readings at 30 min intervals varied by less than 0.5 mV. After the
sample reached equilibrium, for the new obtained composition,
the temperature was changed under open-circuit conditions, and
the equilibrium EMFs for different temperatures between 1123
and 1273 K were recorded.

2.6. Electrical conductivity

The electrical conductivities were measured by AC impedance
spectroscopy. The measurements were carried out with the
Solartron Analytical 1255A using a ProboStat sample holder
(NorECs) heated up by an Elite TSV12/50/300 furnace. The
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impedance spectroscopy measurements were conducted in air,
in the temperature range of 723–1273 K, over the frequency
range of 100 Hz–1 MHz; the amplitude of the alternative signal
was 1 V. The temperature was acquired by using a Pt–Rh
thermocouple located close to the sample. For good contact
with the electrodes, two Pt electrodes were pasted onto the
sample surfaces and fired at 573 K for 1 hour.

3. Results and discussion

A proper understanding of the competition between the
enthalpy-dominated multi-phase state and an entropy-
dominated single-phase state is central to describing meta-
stable to single phase transformation in (Co,Cu,Mg,Ni,Zn)O.
The temperature sensitivity of entropy leads to metastability of
the entropy-driven state resulting in a reversible entropic phase
transformation.44,45 A great deal of effort has been devoted in
recent years to investigating this continuum of phase hetero-
geneity (also named the ‘‘phase spectrum’’),7 by considering
different composition variables (by changing the elemental
composition, the fraction of the constituent elements, grain
sizes, and using different methods of synthesis).4,14,17,22,46 In
the present paper, we provide insights for the first time into the
thermodynamic parameters obtained by a couple of measure-
ments – in both isothermal and dynamic regimes – describing
this metastable to single phase transformation in (Co,Cu,Mg,-
Ni,Zn)O which is regulated by temperature.

3.1. Evaluation of the relative enthalpies and related
thermodynamic functions of the (Co,Cu,Mg,Ni,Zn)O
compound by drop calorimetry

The basic drop calorimetry data, namely the enthalpy incre-
ments (HT � H298) in the temperature range of 323–1098 K are
shown in Fig. 1.

One can observe that the enthalpy increment variation with
temperature is nonlinear in nature, some features being
noticed firstly around 1023 K and then between 1123 and
1173 K with a most pronounced heat anomaly at 1148 K. The
change of the slope in the enthalpy – temperature variation of
our sample suggests the structural changes accompanied by the
temperature dependent evolution of the energetic parameters.
A marked change of slope between 1173 and 1273 K (inset of
Fig. 1) should be noted. With increasing temperature, the
considerable defect-induced contributions to the overall ther-
mal behavior have to be taken into consideration.

To further evaluate these results, the heat contents were
expressed as an explicit temperature function f (T) for the
temperature ranges 923.15–1023.15 K, 1048.15–1123.15 K and
1173.15–1223.15 K and least squares fitted into polynomial
equations of the form:

HT � H298 = a + bT + cT2 (6)

The values of the coefficients a, b, and c are given in Table 1
together with the standard error in the temperature ranges of
measurements.

The temperature-dependent estimates of the heat capacity
were obtained by differentiating above enthalpy increment
equations with respect to temperature:34,47

Cp ¼
@

@T
HT �H298ð Þ (7)

The relative entropy (the entropy increment) is obtained by
integrating the heat capacity data at constant pressure:

ST � S298 ¼
ðT
298

Cp

T
dT (8)

Using the fundamental thermodynamic relationship: DG = DH
� TDS, the relative Gibbs energy function (GT � G298) is
calculated by combining the measured enthalpy increment
and the calculated entropy increment. The thermodynamic
functions obtained by processing the calorimetric data are
included in Table 2. Taking into account the systematic error
related to the uncertainties in the temperature measurements,
as well as in the enthalpy data, the general overall uncertainty is
estimated to be around 0.2% for the heat capacity and the
thermodynamic functions. Enthalpy increment and thermody-
namic functions values for (Co,Cu,Mg,Ni,Zn)O oxide materials
have not been previously reported in the literature for
comparison.

It is of special interest for us to show how the thermody-
namic parameters may be used to understand the particula-
rities of the structure behavior upon heating. One can observe
that the increasing trend of the specific heat capacities with the
temperature increase is accompanied by the increasing values
of the entropies (Table 2), the larger values being noted at
temperatures between 1173 and 1223 K. The changes that
appear in the variation of entropy around the temperatures of
1023 and 1123 K highlight the progressive multiphase to single
phase transition that occurs at these temperatures.1,24 Also, the
tendency of the rock-salt structure to distort from the cubic

Fig. 1 Temperature dependence of the experimental enthalpy incre-
ments (HT � H298). The continuous lines were obtained by fitting the data
to a second-order polynomial form described in eqn (6).
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symmetry decreases when passing 1123 K, which corresponds
to a higher disorder.15,32 In line with this idea, the larger
entropies increment obtained in the 1173–1223 K interval for
the (Co,Cu,Mg,Ni,Zn)O sample is characteristic of the higher
degree of internal disorder. At the same time, the large negative
values of the free energy, observed in this temperature range,
highlight more stable states in the samples with the rock-salt
structure. The present data obtained for the first time for
(Co,Cu,Mg,Ni,Zn)O support the previous findings related to
an entropy-driven solid–solid transformation.1,14,24

3.2. DSC/TG

In order to further evaluate the heat effects related to the
anomalies evidenced by drop calorimetry, the thermal beha-
viour of the (Co,Cu,Mg,Ni,Zn)O material was investigated under
a non-isothermal regime by simultaneous thermogravimetry
(TG) and differential scanning calorimetry (DSC). The TG and
DSC plots of the as-prepared (Co,Cu,Mg,Ni,Zn)O sample are
shown in Fig. 2.

An endothermic thermal effect with a maximum at B 1140 K
was noted on the DSC curve, which could be correlated with the
transition to the rock-salt structure. As reported by Rost et al.,1

an intense 111 rock-salt peak in the diffraction data in the
temperature interval between 1098 K and 1148 K was observed.
The maximum temperature of the thermal effect on the DSC
curve is in good agreement with the heat anomaly indicated by
drop calorimetry between 1123 and 1173 K, both measure-
ments being performed in Ar. On the TG curve, a mass loss
of 0.5% at the temperature range of 1021 K and above,
corresponding to the endothermic effect was observed. Accord-
ing to previous reports,1,11,14,24 this could be due to the release
of oxygen following the formation of doubly ionized oxygen

vacancies which is expressed by the equation: OO )
V��O þ 2e0 þ 1=2O2 where OO, V��O , and e0 represent (according
to Kroger–Vink notation)48 the oxygen ions at their normal
positions, oxygen site vacancies, and generated electrons,
respectively. This suggests a correlation between molecular
oxygen evolution (particularly the oxygen stoichiometry of the
sample), mass loss, and the endothermic effect registered by
DSC measurements. While the magnitude of the mass loss at
temperatures below 800 K and thus the change in corres-
ponding oxygen stoichiometry can be regarded as negligible,
the stoichiometry deviation in (Co,Cu,Mg,Ni,Zn)O1�d asso-
ciated with this endothermic event was calculated to be d =
0.022. By increasing the heating rate to 10 K min�1 (see the SI,
Fig. S2), when keeping the same working atmosphere (con-
tinuously flowing Ar), a minor shift in the onset temperature of
only 3 K toward higher temperatures and a mass loss of 0.38%
were observed. The corresponding stoichiometric deviation of
the sample was calculated as d = 0.017, which is very close to the
d value obtained at a heating rate of 5 K min�1 (Dd = 0.005). The
obtained results on the change in oxygen stoichiometry in the
particular temperature range associated with the mass change,
not only support the thermal behavior of the sample when
working in a dynamic regime, but also correlate with the trend
in the temperature dependence of enthalpy increments mea-
sured by drop calorimetry around 1123 K. This important issue
related to the correlative effects of temperature and defect
structure on the thermodynamic behavior of the (Co,Cu,Mg,-
Ni,Zn)O sample will be later discussed in this paper based on

Table 1 Values of the fit coefficients in eqn (6)

Temperature domain (K)

Fitting parameters

a b c

923.15–1023.15 K �809.14 � 118.95 2.39 � 0.245 �1.14 � 10�3 � 1.25� 10�4

1048.15–1123.15 K 8245.29 � 88.85 �14.67 � 0.16 0.0069 � 7.5 � 10�5

1173.15–1223.15 K 6875.029 � 0 �12.50 � 0 6.05 � 10�3 � 0

The values after the ‘‘�’’ sign correspond to the standard error of estimates which is a measure of the scatter about the regression curve.

Table 2 Thermodynamic functions of the (Co,Cu,Mg,Ni,Zn)O sample

T (K) Cp (J g�1 K�1) ST � S298 (J g�1 K�1) GT � G298 (kJ g�1)

923 0.28 0.32 0.13
948 0.23 0.26 0.18
973 0.17 0.20 0.24
998 0.11 0.14 0.29
1023 0.05 0.07 0.37
1048 0.54 0.68 �0.24
1073 0.56 0.71 �0.29
1098 0.57 0.75 �0.34
1123 0.59 0.78 �0.37
1173 1.69 2.31 �2.18
1198 1.99 2.77 �2.74
1223 2.29 3.24 �3.33

Fig. 2 TG and DSC plots of the as-prepared (Co,Cu,Mg,Ni,Zn)O sample.
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the evaluation of thermodynamic data of oxygen dissolution in
the solid oxide structure obtained by EMF measurements
(in Section 3.4).

3.3. Thermomechanical analysis (TMA)

A direct relationship between the lattice strains and the point
defects in the lattice has been previously pointed out for
different entropy-stabilized materials.11,17,19,49–51 For the oxide,
the distortion on the lattice is concentrated on the anion
sublattice, which is consistent with the experimental results of
Rost.52 This distortion creates the possibility of interphase
stresses and anticipates the change of the thermal expansion
coefficients in the two different phase regions.

In order to elucidate this point further, we considered the
relative length change of the (Co,Cu,Mg,Ni,Zn)O sample asso-
ciated with structural changes during heating (Fig. 3). A linear
increase of the relative length of the sample with temperature is
observed from room temperature up to 973 K.

Then, two small anomalies in the displacement variation
could be noted: a relative length change of B0.28% obtained
between 973 K and 1100 K, with a shrinkage maximum at 1034 K,
and a length change of B0.30% between 1120 K and 1223 K with
a maximum in the shrinkage at 1210 K. We note that the thermal
expansion measured at a constant heating rate includes a decom-
position of the metastable phase toward a mixture of oxides. After
1223 K, the relative length of the sample linear increases again
with the temperature, but with a marked change of the displace-
ment slope. In addition, the enhancement to 48.8 � 10�6 K�1 of
the average thermal expansion coefficient (CTE) determined from
our data is observed over the temperature range 1223–1273 K
which is around the temperatures where the larger enthalpy
increments were obtained from calorimetric measurements. This
distinct thermomechanical behavior speaks in favour of the
strong correlation between the thermal expansion and the ener-
getic parameters. It can also be correlated with the mass change

observed from TG data associated to the changes in the defect
structure on the anion sublattice and is supported by the follow-
ing thermodynamic properties of oxygen dissolution in the HEO
oxide structure obtained by using the solid electrolyte electro-
chemical cells method.

3.4 Thermodynamic properties of oxygen dissolution in the
crystalline phase by using solid electrolyte electrochemical cells

Previous studies have shown that many oxides of transition
metals with a rock-salt structure have a strong tendency to non-
stoichiometry, and thus the point defects resulting by the
charge compensation mechanism could be taken into
account.4,6,11,17,19,44,53 Moreover, some reports stated that the
predominant disorder is present in the anion sublattice of
(Co,Cu,Mg,Ni,Zn)O oxide.5,6 Bérardan et al.15 showed that in
the presence of Cu2+ in octahedral coordination, the Jahn–
Teller effect could lead to a local deformation of the oxygen
sublattice around copper ions in order to decrease the overall
energy of the crystal. In addition, the (Co,Cu,Mg,Ni,Zn)O com-
pound with multivalent cations may experience a thermody-
namic dependence on oxygen chemical potential (or oxygen
partial pressure),6,11,54,55 potentially leading to charged defects.
Previous defect studies as a function of pO2

6 suggest potential
larger oxygen vacancy concentrations than is typical for the
end-member oxides, without observable phase decomposition.

In order to get a better understanding of how the thermo-
dynamic properties are related to the oxygen content in the
present (Co,Cu,Mg,Ni,Zn)O material, the thermodynamic prop-
erties represented by the relative partial molar free energies
D %GO2

, enthalpies D %HO2
and entropies D%SO2

of oxygen dissolution
in this complex solid oxide structure, as well as the equilibrium
partial pressures of oxygen were obtained (eqn (1)–(4)) in the
temperature range of 823–1273 K by using the solid electrolyte
electrochemical cells method. The thermodynamic data of
oxygen in the oxide can be interpreted to describe the defect
structure considering that partial molar energies are being
correlated with the concentration of the oxygen vacancies,
D %HO2

can be regarded as a measure of the binding strength of
O2� in the oxide and D%SO2

as a measure of O2� ordering in the
oxide. The set of experimental outcomes obtained by EMF
measurements help to complete our thermodynamic under-
standing of the oxygen defects contribution to the entropy
driven transition from multiple-phase to single phase in the
(Co,Cu,Mg,Ni,Zn)O sample. Moreover, to our best knowledge,
there are no other studies reporting these data available in the
literature.

The partial molar free energies (D %GO2
) and the corres-

ponding log pO2
values for the (Co,Cu,Mg,Ni,Zn)O sample are

shown in Fig. 4. One can observe that the variation of the
partial molar free energy with temperature is not monotonous.
The partial molar energy increases with increasing temperature
until 973 K, then a slight change of the slope is noted between
973 K and 1023 K. Between 1023 and 1123 K, D %GO2

increases
again with temperature until 1173 K. After 1173 K, the partial
molar energy decreases with increasing temperature to 1273 K.
The same trend is accounted for the log pO2

variation, which
Fig. 3 Thermal expansion as a function of temperature of the
(Co,Cu,Mg,Ni,Zn)O specimen.
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presents a marked decrease after 1173 K. Thus, after 1173 K,
the sample exhibits the lowest partial molar free energy show-
ing increased stability. If the partial molar energies are corre-
lated with the concentration of the oxygen vacancies, we obtain
that the sample is thermodynamically more stable between
1173 and 1273 K when the concentration of oxygen vacancies
is lower.

Further clarification could be achieved by determining the
D %HO2

and D%SO2
values in the temperature ranges where the

partial molar free energy is a linear function of temperature
(Table 3). In these temperature ranges, the partial molar
entropies and enthalpies are independent of temperature.

The partial molar enthalpy and entropy values increase with
the increasing temperature, suggesting a decrease in the binding
energy of oxygen and a decrease of order in the oxygen sublattice
of the (Co,Cu,Mg,Ni,Zn)O structure, respectively. Due to the large
increase in D%SO2

in the temperature range of 1173–1273 K, it is
probable that the oxygen vacancies are not distributed to some
particular oxygen sites but they are randomly distributed, sup-
porting the previous findings related to an entropy-driven phase
transformation.1 The results are also in agreement with our data
obtained by drop calorimetry regarding the higher degree of
internal disorder in this temperature range.

In addition, the thermodynamic behavior of the analyzed
sample (both before 1173 K and after this temperature) is in
agreement to the reported simulation data,31,56 regarding the
energy of oxygen vacancies formation (Evf) in (Co,Cu,Mg,-
Ni,Zn)O which was found to be strongly dependent on the local
configuration. The local lattice distortion due to the presence of
Cu reduces Evf leading to a higher concentration of oxygen
vacancies after reduction. This is also sustained by our TG
results in an Ar atmosphere showing the mass loss around
1100 K. After 1173 K, the tetragonally distorted phase vanishes
as the material transitions to a stable single-phase cubic rock
salt structure.15,32,45 Increasing the energy of vacancy for-
mation, a smaller concentration of oxygen vacancies (so, a
lower partial molar energy) is expected, together with a higher
partial molar entropy, as can be seen from Table 3 (D%SO2

=
609.62 J mol�1 K�1).

Bérardan et al.14 showed that the phase with the rock-salt
crystal structure obtained for the (Co,Cu,Mg,Ni,Zn)O sample at
high temperature will be preserved after air-quenching from
1273 K. This is why we want to check if the thermodynamic
parameters for entropy-driven phase evidenced in our study under
a nonoxidizing atmosphere will also be preserved by quenching
under this condition. In Fig. 5, besides the behavior of the partial
molar free energy when heated between 800 and 1273 K, the data
obtained during the cooling of the sample are also depicted.

It is noted that upon cooling, the low values of D %GO2
remain

within the range typical for the entropy-driven phase transfor-
mation. This finding is significant for utilizing these materials
in various applications such as energy production and
storage,12,57 electronics,4,45 and catalysts.8,58

The D %GO2
and log pO2

data suggest a complex behavior
occurring in (Co,Cu,Mg,Ni,Zn)O over the temperature range
of 1123–1273 K. To further evaluate the previous results, the
variation of the thermodynamic data of oxygen dissolution
was analyzed by changing in situ the stoichiometry of the
(Co,Cu,Mg,Ni,Zn)O sample at a constant temperature of
1123 K and in the pressure conditions of our experiment,
namely at 10�5 Pa. The precise change of oxygen stoichiome-
try of Dd = �0.005 was performed by solid-state coulometric
titration,38,39 through cathodic reduction. After titration and
equilibration, by changing the temperature under the open-
circuit condition, the variation of EMF with temperature was
again recorded for the new (Co,Cu,Mg,Ni,Zn)O1�d sample.

In Fig. 6, two sets of data before and after the isothermal
titration experiments obtained in the temperature interval of

Fig. 4 Variation of (a) D %GO2
and (b) log pO2

with temperature.

Table 3 Relative partial molar thermodynamic data of oxygen following
heating the (Co,Cu,Mg,Ni,Zn)O sample between 823 and 1273 K

Temperature
range (K)

D %GO2
= D %HO2

� TD%SO2

D %HO2
(kJ mol�1) D%SO2

(J mol�1 K�1)

823–973 �639.48 � 15.19 �311.09 � 16.89
1023–1123 �463.67 � 21.55 �108.83 � 20.07
1173–1273 311.75 � 101.05 609.62 � 82.58
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1123–1273 K are plotted. After titration, the D %GO2
and log pO2

values are decreasing which is indicative for the decrease of oxygen
vacancy concentration. However, it was noted that their variation
with temperature is not monotone and does not keep the same
trend as before titration. The higher deviation with Dd of the D %GO2

and log pO2
values are obtained at 1123 K and 1173 K. After 1173 K,

the change in the D %GO2
values for the (Co,Cu,Mg,Ni,Zn)O1�d

sample likely accounts for their increase with temperature. This
trend differs from that of the initial (Co,Cu,Mg,Ni,Zn)O sample,
which shows the decrease in D %GO2

values, indicating greater
stability in this temperature range. Taking into account that the
deviations from oxygen nonstoichiometry can significantly alter
the oxygen storage capacity of these materials, the result should be
important for a rational screening of new pure-phase entropy-
stabilized materials by controlling the charge compensation
mechanism and creating vacancies in the oxygen sites.

3.5. Electrical conductivity

In order to obtain further clarification on the relationship
between the thermodynamic parameters and electrical

conductivity behavior, the results of measurements of the con-
ductivity of the (Co,Cu,Mg,Ni,Zn)O sample in the temperature
range of 823–1373 K in air are presented in Fig. 7. We are
particularly interested to observe the electrical conductivity beha-
vior in this domain of temperature where the thermodynamic
parameters are sensitive to both oxygen vacancies concentration
and temperature.

The electrical conductivity of the sample increases with
temperature, being linear in the particular temperature ranges
related to the progressive multiphase to single phase transition,
which is a typical behavior for a thermally activated process.
The result is consistent with previous studies suggesting ‘‘hop-
ping small polarons’’ as the mechanism responsible for elec-
trical conductivity of the investigated (Co,Cu,Mg,Ni,Zn)O rock-
salt material in air,46,59,60 mechanism represented by the
equation s = (s0/T)exp(�Ea/kT) (where s is the electrical con-
ductivity, s0 is the pre-exponential factor, T is the absolute
temperature, k is Boltzmann’s constant, and Ea is the activation
energy of conduction).

One can note that, even though the two types of measure-
ments (thermodynamic and electrical measurements) are per-
formed in different environmental conditions, the discontinuity
in the conductivity upon heating in this temperature interval
correlates with the behavior as a function of temperature of the
thermodynamic data represented by partial molar free energy
obtained by EMF measurements, with the discontinuity of
enthalpy increment shown by drop calorimetry, as well as with
the variation of thermal expansion coefficient. The state of
oxygen vacancies, being ordered or disordered in the lattice
together the considerable stress gradients developing in the
materials due to the gradient in oxygen concentration have to
be considered to explain the discontinuity in the conductivity
and the lower energy of activation of Ea = 0.28 eV characteristic
for the temperature window range 998–1048 K.

In the inset of Fig. 7 it is also presented the evolution of
electrical conductivity in a larger temperature range including
the lower temperature domain 373–773 K. The energy activa-
tion value of Ea = 0.84 eV obtained from our measurements in

Fig. 5 Variation of D %GO2
with temperature during heating and cooling of

the (Co,Cu,Mg,Ni,Zn)O sample.

Fig. 6 Variation of (a) D %GO2
and (b) log pO2

with temperature and oxygen stoichiometry change (Dd = �0.005).
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this domain is quite close to the value of Ea = 0.80 eV obtained
by Bérardan et al.14 in the temperature window 313–373 K by
considering the intrinsic resistance of the (Co,Cu,Mg,Ni,Zn)O
specimen. The obtained values suggest that the energetically
favorable long-range interactions between the charged defects
that trap the oxygen vacancies become dominant at lower
temperatures.

4. Conclusions

In the present paper the thermodynamic properties of the
(Co,Cu,Mg,Ni,Zn)O entropy-stabilized compound have been
investigated. For the first time, the relevant functions suitable
for evaluation of thermodynamic stability in particular tem-
perature ranges associated with structural changes during
heating have been measured. The energetic parameters
obtained from various measurements (Drop Calorimetry, TG/
DSC, Electromotive Force Measurements) together with the
thermal expansion and electrical conductivity data have been
analyzed and the relationship of the thermodynamic stability
with changes in the defect structure in the (Co,Cu,Mg,Ni,Zn)O
sample has been revealed.

The enhanced values of the heat capacity and the larger
entropies increment measured by drop calorimetry in the 1173–
1223 K interval for the (Co,Cu,Mg,Ni,Zn)O sample are charac-
teristic for the higher degree of internal disorder. At the same
time, the large negative values of the free energy, observed in
this temperature range, highlight more stable states in the
samples with a rock-salt structure.

The maximum temperature of the thermal effect on the DSC
curve is in good agreement with the heat anomaly between 1123
and 1173 K indicated by drop calorimetry.

The variation of the thermal expansion associated with the
structural changes has been evidenced by thermomechanical

measurements. The distinct thermomechanical behavior
speaks in favour of the strong correlation between the thermal
expansion and the energetic parameters. It can also be corre-
lated with the mass change observed from TG data which was
assigned to the release of oxygen associated to the oxygen
vacancies formation and is supported by the thermodynamic
properties of oxygen dissolution in the (Co,Cu,Mg,Ni,Zn)O
oxide structure obtained by using the solid electrolyte electro-
chemical cells method.

The thermodynamic data of oxygen dissolution are reported
for the canonical entropy-stabilized oxide for the first time.
They have a strong dependence on the temperature, and show
significant variations in the temperature range where the
charge imbalance is mainly compensated by the formation of
oxygen vacancies. The partial molar enthalpy and entropy
values increase with increasing temperature, suggesting the
decrease of the binding energy of oxygen and the decrease of
order in the oxygen sublattice of the (Co,Cu,Mg,Ni,Zn)O struc-
ture, respectively. Due to the large increase in the temperature
range of 1173–1273 K, it is considered that the oxygen vacancies
would not be distributed to some particular oxygen sites but
they are randomly distributed, supporting the previous find-
ings related to an entropy-driven phase transformation.1,14 The
results are also in agreement with our data obtained by drop
calorimetry regarding the higher degree of internal disorder in
this temperature range. The analysis of the results obtained by
combining the EMF measurements with solid-state coulometric
titration allows for determining the role played by subtle oxygen
stoichiometry changes in explaining the properties within the
entropy-stabilized (Co,Cu,Mg,Ni,Zn)O sample.

We show that the evolution of the partial molar thermo-
dynamic data of the oxygen dissolution correlates well with the
variation of the electrical conductivity with temperature. Based
on these results, it is possible to find new routes for modifying
the properties of these materials using various substitutions by
several aliovalent elements, and creating vacancies in the
oxygen sites.

Further studies are in progress in our laboratory for a
systematic investigation of the evolution of properties in com-
positions with different substitutions at the cation site.
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Fig. 7 Temperature dependence of the electrical conductivity of
(Co,Cu,Mg,Ni,Zn)O in air between 823 and 1373 K. Inset: the temperature
dependence of the electrical conductivity for the whole temperature
range (373–1373 K).
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A. Meena, S. Franger and N. Dragoe, J. Am. Ceram. Soc.,
2019, 102(10), 6156–6162.

6 Z. Grzesik, G. Smoła, M. Stygar, J. Dąbrowa, M. Zajusz,
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