1. History of high entropy oxides

The concept of high-entropy materials has been one of the most influential ones in the
materials science during the last decade. It started in 1995 with the development of the first high-
entropy alloys (HEAS) by Yeh and Huang [1], however, it was not fully appreciated until 2004 when
articles by Yeh et al. [2] and Cantor et al. [3] triggered the worldwide studies on the subject. Today,
the idea of multicomponent, entropy-stabilized solid solutions is not limited just to metallic materials,
but was successfully applied to other groups as well, such as high-entropy alloy nitrides (HEANS) [4],
carbides (HECs) [5, 6], diborides (HEBs) [7] and oxides (HEOX) [8].

The high-entropy alloys remain the most studied group of high-entropy materials and in fact
are considered to be the benchmark for other groups, as most of the concepts used in the development
of HEAs can be, at least to some degree, translated to them. In fact, the high-entropy alloys remain the
only group, for which a definition was agreed. The most common definition states [2] that they are
alloys with 5 or more (often the upper limit is arbitrary set to 13) principal elements. Each principal
element should have a concentration between 5 and 35 at.%. The configurational entropy of such a
system reaches the maximum for a solid solution phase, favoring formation of simple crystal
structures. While today the definition seems to be loosened, as 4-component systems are also
sometimes counted among HEAs [9-11], it certainly shows the essence of the whole concept. The
extremely fast dynamics of HEAs development results from their unusual properties, which were
categorized by Yeh [12] into four core effects:

e Thermodynamics: high entropy effects - high configurational entropy tends to stabilize solid
solution phases

o Kinetics: sluggish diffusion - kinetics of diffusion is slower than in conventional alloys and
pure metals

e Structure - severe lattice distortion - atoms are randomly distributed in the crystal lattice,
leading to its distortion and affecting mechanical, transport and thermal properties

e Properties: cocktail effect - synergistic effect resulting from mutual interactions among
composing elements, which would bring excess quantities to the average values simply
predicted by the mixture rule

While the extent or even existence of these effects has been a subject of discussions [13, 14],
they can be considered a driving force of the studies of high-entropy materials. Above effects originate
from the most basic thermodynamic and structural properties, therefore, it can be expected that their
applicability is not limited just to metallic systems, but to other materials sharing the same design
principles as well.

The analogy to high-entropy alloys was the main inspiration for the group of Rost et al. during
the development of the first high-entropy oxide material [8] (named by the authors as an “entropy-
stabilized oxide™). As a result of their studies, they obtained a single-phased, Rocksalt-structured
(Fm3m) (Co,Cu,Mg,Ni,Zn)O solid solution. The choice of the composing elements, far from optimal
one as both ZnO and CuO are characterized by respectively Wurtzite and Tenorite structures, was
based on the motivation "to provide the appropriate diversity in structures, coordination and cationic
radii to test directly the entropic ansatz.”. The material was synthesized through free sintering of the
composing oxides followed by quenching. The material stability was studied at various temperatures
showing a reversible, endothermic, entropy-driven phase transition at a temperature of 900°C, over
which it exhibited the mentioned single-phase Rocksalt structure. The randomness of the ions
distribution was confirmed by the X-ray absorption fine structure method (EXAFS), showing the lack
of both short- and long-range order. All quaternary, equimolar subsystems of the (Co,Cu,Mg,Ni,Zn)O



were studied, showing that it was impossible to stabilize the single-phase structures in systems
characterized by lower configurational entropy.

The aforementioned study was a part of the Rost PhD thesis [15], in which a much wider
spectrum of compositions was tested. Most of them resulted in the multiphase mixtures. However,
some of them exhibited a single-phase structure, showing the feasibility of the whole idea. The
summary of the single-phase systems obtained by Rost is presented in Table 1.

Table 1. Single phase structures synthesized by Rost [15] (free sintering in air at 12000°C / 24 hrs).

HEOXx single phase structures

Mg-Cu-Fe-Zn-Ti-O Ni-Cu-Ga-Zn-Ti-O
Al-Fe-Cr-Mn-Ni-O Ga-Fe-Cr-Mn-Ni-O
Mg-Ni-Mn-Fe-Co-O Al-Fe-Cr-Mn-Ni-O

Mg-Ni-Cu-Zn-Co-O

The studies on the properties of high-entropy oxide systems were started by the Bérardan et al.
who investigated the electrical properties of the (Co,Cu,Mg,Ni,Zn)O and doping effect of other cations
[16, 17]. In their first study [16] the authors examined the possibility of doping the base structure with
various 1%, 3* and 4" cations (respectively Li*, In**, Ga®* and Ti*" ions). As a result, it turned out that
the presence of cations characterized by higher valence, destabilized the structure leading to the
formation of multiphase mixtures with the influence of high configurational entropy being
overwhelmed by other interactions. The addition of the Li* however, proved to be successful, allowing
to preserve a single-phase structure. To explain this phenomenon a compensating mechanism,
involving the presence of Co®" or/and oxygen vacancies, was postulated, with Co®" peaks being visible
on the XPS (X-ray photoelectron spectroscopy) spectra of doped samples. Additionally, a co-
substitution with Li* and Ga®* was performed, again leading to a single-phase (Co,Cu,Mg,Ni,Zn);.
»L1xGa,O solid solutions, further confirming the presence of compensating mechanism. The electrical
studies were performed for the equimolar (Co,Cu,Mg,Ni,Zn)O and (Co,Cu,Li,Mg,Ni,Zn)O materials.
Both materials exhibited a semiconductor-like behavior with the relatively big difference in their
resistivity, what can be explained by the formation of electroactive defects in the material doped with
Li. For the (Co,Cu,Mg,Ni,Zn)gsLio 05O measurements of the relative permittivity were performed
(440 K, frequency of 20 Hz) showing the colossal dielectric constant values of 2-10°. This property
was deemed by the authors to be characteristic for the HEOXx phase.

The second study of Bérardan et al. [17] focused on the measurements of the electronic and
ionic conductivities of the (Co,Cu,Mg,Ni,Zn)O doped with different level of Li, Na, K and both Li and
Ga. The authors also tested the upper limit of dopants' content, which permitted to preserve the single-
phase structure of the materials. The determined values were 33%, 15%, 5% and 7.5/7.5% for Li, Na,
K, and Li/Ga respectively. The measured electronic conductivities of (Co,Cu,Mg,Ni,Zn)O and
(Co,Cu,Mg,Ni,Zn)g7Lig 30, were o= 2:10° S-em™, making both materials the electronical insulators.
The studies of the ionic conductivity were carried out by means of electrochemical impedance
spectroscopy method (EIS), in a function of dopants' content. The results shown in Fig. 1., were
nothing short of spectacular, with the samples being doped with 30% of Li significantly outperforming
the state-of-the-art LIPON (lithium phosphorous oxy-nitride) solid electrolyte by orders of magnitude
at 20 and 80 °C. Also, the sample with 15% of Na performed similarly or better than LiPON,
considerably exceeding its ionic conductivity at 20 °C.
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Fig. 1. lonic conductivities of; a) Li doped samples at room temperature measured in a function of frequency; b)
Li and Na doped HEOx samples compared with the LIPON's performance [17].

The working theory presented by the authors was that small alkali ions were moving through the
oxygen vacancies that were incorporated into the matrix during their synthesis, as a part of the charge
compensating mechanism. The samples with potassium as the dopant, and co-doped with Li and Ga
exhibited much lower values of ionic conductivity, most probably due to relatively too big radius of
K* ions and much lower concentration of the oxygen vacancies in the material with Ga** ions.

The compensation mechanism in doped (Co,Cu,Mg,Ni,Zn)O was further studied by Rak et al.
[18] by means of DFT (density functional theory) calculations followed by the experimental
verification. The studies showed on the example of Sc®* ions that there is a possibility to introduce the
ions of higher valence without losing the single-phase structure, what stands in contrary to the results
of Bérardan et al. [16]. According to the results by Rak et al., the introduction of ions with formal
charges of either 1* and 3" always results in the pronounced charge transfer to other ions in the system,
what is reflected by their effective Bader charges being considerably different to those observed in
binary compositions. The authors also indicated that contrary to the situation observed in high entropy
alloys, in the case of HEOx materials the formulation of the empirical rules, which could govern the
process of composing materials selection, may be extremely difficullt.

The latest studies on the subject of (Co,Cu,Mg,Ni,Zn)O focused on the influence of Cu on its
atomic structure [19, 20], and influence of synthesis method on the microstructure of
(Co,Cu,Mg,Ni,Zn)0 and (Co,Mg,Ni,Zn)O [21]. The groups of Berardan et al. [19] and Rost et al. [20]
independently showed, by means of different methods, that the presence of Cu cations within the
structure of (Co,Cu,Mg,Ni,Zn)O leads to distortion of the anionic sublattice, consistent with the Jahn-
Teller origins. In the case of studies by Berardan et al. [19] the authors analyzed the deviation of the
XRD peaks intensity ratio from the ideal behavior. It was shown that it partially depends on the
cooling rate during quenching and thermal history of the sample, but the main reason for such
behavior was the influence of Cu cations, studied by the preparation of a number of samples with Cu
content varying from 16 to 28 at.%. It was postulated that the evolution of the local environment of the
Cu?* ions from octahedral to rhombic takes place. Finally, the authors studied the influence of the
considered deviations from the ideal structure on the electric properties, showing a strong correlation.
It may indicate that the properties of the HEOx materials can be easily tailored through the small
variations of composition. The detailed studies of the same material conducted by Rost et al. [20]
using EXAFS method led to similar conclusions, as the length of Cu-O bond differed significantly
from the other bonds in the system, showing also a relatively big variation. The last study published up



to this day was conducted by Sarkar et al. [21]. The authors obtained the (Co,Cu,Mg,Ni,Zn)O and
(Co,Mg,Ni,Zn)O by means of three different methods: nebulised spray pyrolisis (NSP), flame spray
pyrolysis (FSP) and reverse co-precipitation (RCP). The results showed that the microstructure of the
obtained materials strongly depended on the method of synthesis and its temperature, as the authors
were able to obtain single-phase (Co,Mg,Ni,Zn)O using the NSP method at temperature of 1250 °C,
what is in contrary to the reports of Rost et al. [8], who, however, used a lower temperature of 1000 °C
at which the stabilizing effect of the entropy was less pronounced.

It is worth noting that the choice of structures in transition-metal HEOx (TM-HEOX) is not
limited to just Rocksalt structures. Recent findings by Dabrowa et al. [22] showed the possibility of
spinel phase formation in HEOx. The homogeneity of the (Co,Cr,Fe,Mn,Ni);0, Fd-3m spinel was
proved with use of XRD, SEM+EDS, and Raman spectroscopy methods. Therefore, it can be expected
that the available palette of the TM-HEOx will grow rapidly in the nearest future.

Another group of HEOX is fluorite-structured high entropy oxides. They can be considered as
a sort of a further development of doped ceria Ce;REO,.», doped zirconia (ZrO,),(RE,O3) and
doped hafnia (HfO,),.(RE,O3), materials, a group, which includes some of the most promising oxygen
ion conducting solid electrolytes, essential for successful operation of solid oxide fuel cells (SOFCs)
and solid oxide electrolyser cells (SOEC) [23-25]. The first study in this area was presented in 2016 by
Djenadic et al. [26]. The authors synthesized a number of different compositions based on the
equimolar mixtures of ceria and different RE oxides, obtaining a number of 3 - 6 component systems,
including high entropy: (Ce,La,Pr,Sm,Y)0,;, (Ce,La,Nd,Pr,Sm,Y)O,_; and (Ce,Gd,La,Nd,Pr,Sm,Y)0,.
s ("multicomponent rare earth oxides"). In all cases, the as-received materials were characterized by a
single phase, fluorite, Fm-3m solid solution structure. However, after reequilibrating at 1000 °C,
followed by slow cooling with the furnace, the symmetry of most of the systems was reduced to the
la-3 structure, most probably due to the presence of vacancy ordering effect, similarly as e.g. in ceria
doped with Gd,O5 [27]. The single-phase structures were observed only in systems with cerium (even
for the ternary systems), what suggests different mechanisms of solid-solution formation and charge
compensation than the ones observed by Rost et al. [8], and highlights the role of CeO, as a parent
structure. The oxidation states of Ce and Pr in both as-received and annealed materials were
investigated with use of XPS, with the results suggesting the presence of Ce*" ions only, and mixed
oxidation state of Pr ions (both Pr®* and Pr*) in both types of the materials.

The same group published another study on this subject in 2017 [28], focused on the band
structure of the previously obtained REOX. Again, both as-received (Fm-3m) and calcined (la-3)
samples were considered. The XPS measurements were extended on all elements in the systems,
showing that all of them, except for Ce** and Pr¥*/Pr*", had a 3" oxidation state. As a consequence, all
REOx were deemed to be characterized by an extremely high amount of oxygen vacancies (up to 19%
of anionic sites being empty in the most extreme cases), what was further indirectly confirmed with
use of Raman spectroscopy. The band gap values of different REOx compositions were similar, with
an average value of direct Ey of about 2.06 eV, significantly smaller than 3.17 eV measured for pure
CeO,.

The most recent studies concerning the fluorite-structured HEOX present a different approach
to the topic, using all 3 basic oxides: CeO,, HfO,, and ZrO, simultaneously. Chen et al. [29] obtained
an almost single-phase, fluorite-structured (Ce,Zr,Hf,Sn,Ti)O, solid solution, in which all elements,
except for Ce, exhibited a uniform distribution. During electrical conductivity measurements, a
relatively high value of energy of activation E, of 1.43 eV was determined for the 600-1100 °C
temperature range. The measured room temperature thermal conductivity was 1.28 Wm™K™, roughly
50% of that observed for the 7 wt.% yttria-stabilized zirconia (7YSZ). The same direction of studies



was followed by the group of Gild et al. [30], who doped the equimolar composition of (Ce,Hf,Zr)
with combinations of Ti, Y, Yb, La, Gd, Ca and Mg ions, obtaining a number of different fluorite-
structured materials. The conclusions concerning the thermal conductivity were similar as in the case
of Chen et al., while the electrical conductivity was deemed to be an order of magnitude lower than in
8YSZ, with E, varying from 1.14-1.29 eV.

Similarly as in the case of TM-HEOX, the fluorite-structured, or rather rare-earth high entropy
oxides, are not limited strictly to the fluorite Fm-3m space group and its less symmetric counterparts.
It has already been proved that combined with other ions of suitable ionic radii, e.g. TM or alkaline
cations, they can form perovskite structures [31, 32], what should greatly expand the range of their
potential applications.

2. Electrical measure ments

Looking at the history of the high entropy oxides, it becomes clear that their potentially most
promising properties are the electrical ones. Therefore, the electrical measurements are of extremely
high priority in this particular group of materials.

The starting point of all electrical considerations is the Ohm's law:
R= T (1.1)

where R denotes resistivity, U - potential and I - current. The problem is that in this independent from
frequency form of law, the only one type of circuit element can be described - the resistor. Of course,
the real materials rarely have such character. That is why often another form of Ohm's law is used:

(1.2)

where Z denotes impedance and o is the radial frequency. Usually, the alternating potential and
current have a sinusoidal character:
U (@)=U,sin(at)

| (@)= 1,sin(at + 6)’ 3)

where & is the phase shift, between the potential signal and current response. Alternatively, we can
present the functions from (1.3) in exponential form:
U (w)=U,exp(iat)

| (@)=1,exp(i(wt-5)) (1.4)

As a result:

Z(w) _Y(@)_ Z,exp(i6)=2Z,(coss +isind)=Z"(w)+Z"(w), (1.5)

(o)
where: Z’(w) - resistivity, Z”(w) - reactance
Depending on the type of the signal we use, it is possible to conduct electrical measurements

in various variants. In general, there are 3 main types of electrical measurements which have to be
considered. Each of them offers both advantages and disadvantages:



- Direct current measurements (DC) - the most basic of the methods
+ easy to carry out
+ simple apparatus
+ easy interpretation
- a limited amount of information
- measures only the real part of the impedance
- can lead to the formation of an electrical double layer on the sample/electrode interface
- Alternating current (AC) - in ideal case it should give the same results as DC
+ easy to carry out
+ simple apparatus
+ easy interpretation
+ smaller probability of double layer formation than in DC
- a limited amount of information
- measures only the real part of the impedance
- Electrochemical Impedance Spectroscopy (EIS)
+ offers a huge variety of information
+ allows separating contributions from different mechanisms of conductivity
+ measures real and imaginary parts of impedance, as well as the phase shift
- requires a much more advanced technical base
- interpretation of the results is often not straightforward and unambiguous
- extremely time consuming

In general, the electrochemical impedance spectroscopy is by far the most informative method. As a
result of the measurement, one can obtain information on both resistivity and reactance, as well as
phase shift. On the other hand, it is an extremely complex method with high technical requirements,
making the AC/DC measurements an interesting alternative.

The AC and DC values can be considered specific cases of the impedance measurements. Let's
consider the most typical type of circuit in materials measurement, the parallel R-C circuit:

Fig. 2. R-C parallel circuit.

The impedance spectra of such a circuit look as follows:
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Fig.3. The impedance spectra of the R-C circuit.

With the impedance spectroscopy, we are able to measure the whole range of o, obtaining the whole
semi-circle. With the DC method, in fact we are measuring only the one point, namely the ®—0. The
AC method measures on the other hand point of specific o, which however, usually is low enough to
make the obtained value of R practically equal to the DC value. What is worth remembering, with the
AC method, despite the sinusoidal signal, we do not get any information concerning the reactance.

For each type of measurement, we can use a different type of measuring circle. The 3 most
common types are:

e 2 - point probe method
e 4 - point probe method
e quasi 4 - point probe method

The 2 - point probe method is the simplest one - we simply put the electrodes on the separate
end of the sample, apply the current and measure the potential's decrease. The equivalent circuit for
this method is as follows:

R, R=p-l/s R

C [

—G—®
| I
Fig. 4. 2 - point probe method equivalent circuit

The main problem with this method is the fact, that we are measuring the resistivity/impedance of
everything - sample, electrodes, wires etc.



The opposite end of the spectrum is the 4 - point probe method. In this method, another
circuit, attached directly to the sample is created:

R, R=p-l/s R

C [

®
—o

Fig. 5. 4 - point probe method equivalent circuit

Thanks to this, we are able to measure only the sample, with other components of the circuit being
dismissed. On the other hand, the 4 - point probe method is quite demanding from the experimental
point of view, requiring wiring of each measured sample and limiting the possible shapes and sizes of
the measured material.

A reasonable compromise is the quasi 4 - point probe method in which the measuring, much
shorter circuit is attached to the sample, but outside of electrodes. As a result, we are greatly reducing
the influence of the main wires.

R R=pls R

< [
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I

Fig. 6. quasi 4 - point probe method equivalent circuit.

3. Determining the conductivity

The most basic relation between conductivity ¢ and resistivity is as follows:

o=—1, (1.6)



where: | - thickness of the sample, S - area, R - resistivity. Since the conductivity in semiconductors
(the materials we are considering) is a thermally activated process, its temperature dependence can be
described by the Arrhenius-type relation of the following form:

E

oT =o,exp| ——= |, 1.7)
° p( RTJ

where E, is the energy of activation, R - gas constant and oy is the preexponential constant. The values

of energies of activation are dependent on phase, the mechanism of conductivity and many, many

more factors.
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