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ABSTRACT

High-entropy oxides, as a novel research field in ceramics, have been found to present state-
of-the-art improvement in various properties. These contributions could be achieved by multiple
cations homogeneously occupying the same polyhedral sites, introducing severe lattice distortion
throughout a structure. However, the mechanism of chemical selection rules for designing new
high-entropy oxides was still unclear. Randomly mixed, multi-components usually form
composites instead of a single-phase, solid solution. In this research, twenty high-entropy
lanthanide candidates were synthesized and examined to explore the function of two potential
parameters: (1) cation size mismatch, and (2) preferred valence states.

The oxide candidates were synthesized by the polymeric steric entrapment method to ensure
homogeneous mixing among the cations. The evolution of phase transformation and structural
stability from room temperature up to ~2000°C were examined in a quadrupole lamp furnace and
conical nozzle levitator at synchrotron X-ray facilities. The thermal expansion behaviors of single-
phase, high-entropy, lanthanide oxides were measured.

Cation size mismatch and preferred valence configurations have significant influences on the
formation of high-entropy oxides. In most of circumstances, mixing cations with excess threshold
in size mismatch (6 > 7) caused the formation of secondary phase(s), leading to failure in forming
stable, single-phase, high-entropy oxides. By choosing cations with different preferences in
valence configurations, the final structure could be constructed for a prototype with a similar
combination of oxidation states. Furthermore, merging cations with different valence states could
trigger phase transformations/separations during heat treatments. However, in high-entropy oxides,
the contribution from configurational mixing entropy was thought to be negligible. Understanding
the function of cation size mismatch and preferred valence configurations can benefit the ceramic

community in the future when designing high-entropy oxides.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

In general, research in materials science is mainly focused on a single, binary, or ternary
system. Due to the complex reactions and thermodynamics in constituent compounds, materials
with multiple components usually form composites instead of a single-phase solid solution. In
2004, high-entropy alloys (HEAs) were first reported where the definition of a single-phase alloy
describes at least five equimolar mixed metals in a concentration range of 5-35 atomic percent.|[1-
3] HEAs have been found to exhibit advanced mechanical properties due to four effects: (1) a high-
entropy effect, (2) a lattice distortion effect, (3) a sluggish diffusion effect, and (4) a “cocktail”
effect.[3-6] Compared to metal alloy systems, research in high-entropy oxides (HEOs) started only
recently in 2015.[7] Even though in a very early stage, the reported HEO
(Co02Cup2Mgp2Nip2Zno2)O containing aliovalent dopants (Li"), had exhibited an astonishing
tailorable electrochemical property, which had a promising application in all-solid-state battery
cells.[8] Moreover, other works of literature presented improvements in mechanical [9, 10],
magnetic [11], and optical properties [12]. Beyond oxide systems, the research into high-entropy
ceramics (HECSs) has been extended to carbides, borides, nitrides, sulfides, and fluorides.[13-18]
However, limited fundamental and systematic studies in this field have been reported. The current
studies on developing novel high-entropy ceramics were time-consuming and material-wasting
through the “trial and error” method. Moreover, designing a new single-phase, high-entropy
material is challenging without the knowledge of the formation mechanism. The formation of a
multi-component system often suffers from phase separation during synthesis, resulting in multiple

phases instead of single-phase materials. Here, this research provided a protocol for cation



selection in order to synthesize high-entropy ceramics and explore the next generation of structure-

stabilized ceramics.

1.2. Definition of High-Entropy Materials
The field of high-entropy materials includes high-entropy alloys (HEAs) and high-entropy

ceramics (HECs). The definition of these high-entropy materials is based on the value of

configurational mixing entropy (AScny):

AScong = —R ZN 1xi In x; {1}
i=
Where x represents the mole fraction of elements in the crystal structure, and R is the universal
gas constant 8.314 J/mol'K. Yeh et al. proposed that HEAs are materials with AS;,,r = 1.61R,
which is the value for five equimolar elements in an alloy system.[19] In HECs, the configurational
entropy can reach 1.61R when cations are solely considered in equation {l}. In general, this
number 1.61R was initially defined by the five-component system in a high-entropy alloy system.
As aresult, the value is less significant compared to the effect in stabilizing crystal structure, which
can be explained via thermodynamic calculations. According to the following equation, the Gibbs
free energy decreases as the entropy term increases:
AGpix = AHpix — TASpix {2}
Where  AGpi,: Gibbs free energy of mixing (kJ mol™)
AH,,;,: enthalpy of mixing (kJ mol ™)
AS, i entropy of mixing (kJ K'mol™!)
T temperature (K)
Assuming the enthalpy value is constant in a crystal structure, the entropy value dominates,

especially under a high-temperature environment, leading to lower the free energy. The entropy of



mixing (AS;,;x) is contributed from multiple factors, such as configurational mixing entropy
(AS;onf), vibrational mixing entropy (AS,;), electric mixing entropy ((ASee.), and magnetic
mixing entropy ((ASpqg)-. If the single-phase structure has the lowest free energy, compared to
other multi-component secondary structures, a single-phase, high-entropy material can be
synthesized. The critical effects of high-entropy materials are introduced in the next chapter.

At this point, the definition of high-entropy materials is controversial. Different concepts in
describing what factors those materials should follow are still unclear.[20] Some research proposed
that the multi-phase materials should be included in the high-entropy materials by calculating the
configurational entropy of the whole composites system.[3, 5, 19] Besides, new technical terms,
including multi-principal element alloys [21, 22], complex concentrated alloys [23], were found
to define the materials which were not fulfilled in the requirements of high-entropy materials.
Those ideas could confuse the research in this research field. In this research, the term “high-
entropy material” is defined as a single-phase, solid solution containing at least five elements, in
alloys, or five cations sitting in one polyhedral site, in ceramics. The detailed explanation of

thermodynamics calculations is introduced in Section 2.1.

1.3. Objectives and Scope of Research

This work aims to provide an initial protocol for cation selection in synthesizing high-entropy
oxides, as well as to explore the effects of different parameters in structural stability. The
candidates were designed via considering all binary oxides in the online-sourced Materials Project
[24] and International Center for Diffraction Data. The main questions initially posed were:

1. What are the possible parameters controlling the formation of HEOs?

2. Which systems of candidates are appropriate in materials design?

3. Which synthesis method would be ideal for synthesizing HEOs?

3



4. What is the possible limit of chosen parameters, such as cation radii mismatch and

configurational entropy?

5. Would a single-phase, high-entropy structure be stable from room temperature to extreme

conditions (up to 2000°C)?

6. If phase transformation(s) are involved, are they reversible or not?

This work reveals essential design criteria and proposes an ideal synthesis method in this novel
field of ceramic-HEOs. By understanding the effects of different combinations of cations in HEOs,
the concepts can be transferred to other HEC systems, such as carbides, borides, nitrides, and
sulfides. Furthermore, controlling the final, high-entropy structures was still unclear due to the
limit of HEC reported. This systematic research produces a variety of novel HEOs involving
lanthanide elements. Different phases in these HEOs can benefit the ceramic community in future
HEOs design. Furthermore, the properties, such as thermal expansion, can be found in this research,

through the in-situ experimentation at synchrotron-sourced, X-ray diffraction.



CHAPTER 2: LITERATURE REVIEW

In this chapter, studies of up-to-date research, including the mechanism of high-entropy
materials, as well as current research on HEAs and HEOs, are reviewed. Next, since the candidates
chosen for this research are lanthanides, the crystallographic background of both binary and

ternary lanthanide oxides are introduced.

2.1. Core Effects of High-Entropy Materials

Yet et al. proposed four high-entropy effects: (1) high-entropy effect, (2) lattice distortion
effect, (3) sluggish diffusion effect, and (4) cocktail effect.[4, 5, 19, 20] These eftects were used
to explain the potential for single-phase formation and promising applications of high-entropy

materials.

2.1.1. High-entropy effect

As mentioned in Section 1.2, multi-component arrangements in high-entropy materials can
increase the configurational entropy in equation {1}, leading to lower Gibbs free energy in
equation {2}. Compared to conventional materials, the configurational mixing entropies in HEAs
are relatively high, due to the large number (>5) of constituent elements. Figure 1 represents the
relationship between configurational entropy and the number of component(s) in the HEAs system.
The configurational entropy increases with the number of constituent components. However, the
increments of configurational entropy become less significant as the number of constituent
elements increase. Yet et al. proposed that one system could reach the “high-entropy” level when
AScons = 1.61R, the value of five elements upon equal molar mixing.[4, 19] According to
equation {2}, the contribution from the entropy effect becomes more significant as temperature

increases.
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Figure 1. The value of mixing entropy increases with the number of constituent components.
The increment of entropy becomes less significant as the number of components increase.
Based on the definition of high-entropy materials, the value of mixing entropy should be equal
to or more than 1.61R, which value results from five components mixing in an equal molar
ratio. R: gas constant 8.314 J/mol'K

In current HEAs research, the concept of high-entropy effects is also applied to the materials
with intermetallic phases involved.[1, 25-28] A recent paper has reported that actually more than
80% of discovered HEAs were related to multi-phases, instead of single-phase solid solutions.[29]
The concept of those multi-phase materials, the so-called “complex ordering phase,” might
confuse this community due to the ambiguous limitation for the thermodynamic calculation. For
example, a recently reported alloy containing five metals, CoCrCuMnNi, exhibited two different
face-centered cubic (FCC) phases in the final products.[30] Each FCC phase has at least one

element with <7% or >35% in chemical composition. In addition, the configurational mixing



entropy did not reach 1.61R for each FCC phase. These materials disobey the definition of high-
entropy alloys. In the HECs system, both anions and cations are involved in the crystal sites which
further complicates the high-entropy system. So far, current research only considers cations,
neglecting the contribution from anions, in the thermodynamics calculations.[9, 31-33] In order to

clarify the concept of HECs, a new thermodynamic definition for HECs is proposed in Section 3.1.

2.1.2. Lattice distortion effect

Severe lattice distortion of high-entropy materials is hypothesized from the size difference of
multi-constituent components. Elements with different sizes randomly located in the same crystal
sites can generate lattice distortions throughout the structure, leading to defects, which may
enhance their mechanical properties.[6, 34] A schematic of lattice distortion is shown in Figure 2.
Recently, the evidence of lattice distortion in HEAs has been observed by the direct imaging
method using electron nano-diffraction.[35] In HEC, different constituent cations are surrounded
by the same type of anions, such as oxygens or carbons. Larger cations sitting in a crystal site can
expand the size of a polyhedron; on the other hand, smaller cations shrink the size of the
polyhedron. In this case, different sizes of polyhedra also cause severe lattice distortion in the

HECs system.



One-component alloy Five-component alloy

BCC BCC
No lattice distortion Severe lattice
distortion

Figure 2. The lattice distortion effect of high-entropy materials is due to the size difference of
constituent elements. In HECs, the different sizes in polyhedral sites can induce lattice

distortion throughout the crystal structure. Figure taken from ref. [36]

2.1.3. Sluggish diffusion effect

The sluggish diffusion effect is also derived from the variation of constituent elements in
high-entropy materials. The metals in HEAs system, or cations in HECs system, are
homogeneously, randomly distributed in the crystal. One specific metallic element is surrounded
by different kinds of components, as shown in Figure 2. In the HECs system, by neglecting anions
in a crystal structure, the environment of cations is similar to elements in HEAs. This sluggish
diffusion effect can constrain the substitutional diffusion and prevent the aggregation of the same
type of cations (Figure 3). In other words, forming secondary phases from high-entropy materials

might require considerable input energy and longer reaction times.



Figure 3. Constituent elements in high-entropy materials are surrounded by different types of
constituent components. The sluggish diffusion effect can prevent the segregation of cations in
HEC. Figure taken from ref. [37]

2.1.4. Cocktail effect

This colorful phrase is firstly proposed by Ranganathan.[38] The Cocktail effect represents
the observation that the physical properties of high-entropy materials might not follow the rule-of-
mixtures. Figure 4 illustrates that HEAs tend to have higher mechanical properties, such as
hardness and yield strength, compared to conventional alloys.[39, 40] In addition, by altering the
composition of aluminum in AlkCoCrCuFeNi alloy, the crystal can transform from an FCC
structure to a base-centered cubic (BCC) structure.[4] Furthermore, each constituent element in
the system can contribute their intrinsic physico-chemical properties to the high-entropy materials.
The HEO, Pt/Ru-(NiMgCuZnCo)O, has been found to produce high temperature stability and good

catalytic activity in transforming atmospheric CO; to CO.[41, 42]
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Figure 4. Correlations between Vickers hardness and yield strength in HEAs, composites,

conventional alloys, ceramics, and glass. Figure taken from ref. [39]

2.2. Chemical Selection Rules for High-Entropy Alloys

In HEAs, five concepts have been popularly accepted as roles in dominating single-phase
solid solution and crystal structures: (1) mixing enthalpy, AH,,;y, (2) mixing entropy, AS;ix, (3)
atomic size mismatch, 0, (4) valence electron concentration, and (5) electronegativity.[28, 43-46]
Recently, it has been shown that the fourth and fifth parameters only determine the alloy structure,
with limited impacts on solid solution predictions.[44] Hence, these two factors would not be
addressed here, considering their small inherent effects in ceramic systems. In thermodynamics,
the phase stability is dominated by Gibbs free energy, which can be calculated as a function of

enthalpy and entropy, as previously mentioned, in equation {2}:
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AGpix = AHpix — TASpix {2}

where  AG,;,: Gibbs free energy of mixing (kJ mol™')

AH,,;,: enthalpy of mixing (kJ mol™)

ASix: entropy of mixing (kJ K 'mol™)

T temperature (K)
In high-entropy materials, the growth of AS,,;, decreases as the number of constituent elements
increases. Comparing with AH,,;,, the influence of AS,,;, in HEAs can be neglected since the
AS,,ix of high-entropy alloys are similar (= 1.61R). The large number of |AH,,;,|, either as a
positive or negative value, would lead to phase separations or intermetallic compounds, which are
not preferable in formation of single-phase HEAs.[47] The other important parameter is the size
mismatch of metallic atoms, which controls the formation of single-phase HEAs.[28] The size

mismatch of metallic atoms, denoted as 9, is defined as:

n rl.
5 = ;ci(l—pz 3}

where C; is the atomic fraction of atom (i), 7; is the atomic radius of an atom (i), and 7 1is the
average of atomic radii. Increasing d causes more local distortion in the crystal system, leading to
an unstable crystal structure. As shown in Figure 5, the statistical results concluded that the single-
phase solid solution HEAs could be synthesized when AH, is in the range of -11.6 kJ mol! <

AH,,;,, <3.2 kJ mol™! with a low & (< 0.066).[25]

11
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Figure 5. Statistical analysis of multi-component (n>5) alloys as a function of mixing enthalpy,
AH,,;ix, and atomic size mismatch, 3. The solid solution HEAs were constrained in the region
when the value of AH,,;, is either slightly positive or negative, and the atomic size mismatch
is small. Figure taken from ref. [25]

2.3. Current Status of High-Entropy Oxides

In HEAs, metal atoms are surrounded by other metallic atoms. However, in HEOs, the
metallic cations are located at polyhedral sites surrounded by oxygens. The coordinates vary in
different types of crystal structures. The AH,,;, ofasystem is only determined by metallic cations,
which distribute randomly at different polyhedral sites in a unit cell. The ratio of cation to anion
varies with different crystallographic chemistry. The up-to-date, reported HEOs are summarized
in Table 1. In this research, HEOs are defined as a single-phase structure consisting of at least five
metallic cations randomly located in the same structural sites with the atomic percentage of 5-35%.
For example, the sample (Coo.2Cro.2Feo2Mno.2Nio2)304 with a spinel structure, which contains five

cations, is not considered to be a HEO for the reason that not all the five constituent cations were
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distributed in the same polyhedral sites.[48] In the reported spinel system, five (or six) cations
were randomly distributed in two different cation sites. In this case, one of the key effects —
“severe lattice distortion” might be compensated by those polyhedral sites with a large size range.
The radius of oxygen is constant throughout a ceramic structure. Therefore, the difference in
crystallography between HEAs and HEOs leads to the equation for AS,,r in HEAs (Equation
{1}) is not applicable to the systems of HEOs. Furthermore, the cation radii in HECs vary with
different valence configurations, cation-anion coordination geometries, and sometimes, spin
states.[49]

In Table 1, two parameters, configurational entropy (AS¢ons) and size mismatch (3), were
calculated with consideration of the relationship between cations and anions, and cation radii in
their specific crystal structures. In the calculation of configurational entropy, both cations and
anions are considered in the modified thermodynamics calculations. The calculation detail, as
listed in Equation {5}, {6}, and {7}, is introduced in Section 3.1. So far, different types of oxides
have been synthesized in the literature. The modified configurational entropies of reported HEOs
are at least half compared to the HEAs criteria (AS¢ons = 1.61R). Those result is due to oxygen
>50% occupancy in the HEOs composition, with zero contribution to configurational entropy. In
perovskite ABO; chemistry, the contribution from both tetrahedral and octahedral sites were
weighed to be 50% in the calculation of size mismatch (). In this structure, if only one polyhedral
site 1s occupied by the multi-cations, the value in configurational entropy would be significantly
low (~0.3). The criteria of HEOs, or its larger category HECs, is still unclear and requires a
universal definition. A wide range of size mismatch can be found in the HEOs systems, compared
to HEAs. In particular, in yttrium-stabilized zirconia (YSZ) based HEOs, all the values exceed 8.0
in size mismatch. This result is caused by the prototype of YSZ, where Y>* (1.019A) is located on

the same site as Zr*" (0.84 A). Higher tolerance in size mismatch in a prototype structure could
13



increase the tolerance in fitting a variety of cations. However, the preferred valence configuration
might be one of the main factors dominating the cation radii and structural stability, which has not
been studied yet. This research provides a brief study of the contribution of oxidation states

amongst the constituent cations.
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Table 1. The structure, configurational mixing entropy (ASconf), and size mismatch (3) of

reported high-entropy oxides

Composition Structure AScons/R 6x 100 Ref.
MO
(Co02Cuo2Mgo2Nio2Zn02)O IE’\IC;‘CS';‘)“ 0.805 2.6888 (7]
MO,
(Ceo.2Lag2Pro2Smo2Y02)O02x 0.536 7.1647"
(Ceo.16La0.16Pr0.16Smo.16 Y 0.16Ndo.16) O2-x Fluorite 0.597 6.9456" [50]
(Ceo.14La0.14P10.14Sm0.14Y 0.14Nd0.14Gd0.14)O2 (CeO2) 0.649 6.4284"
(Ceo.2Zro2Hfp 2 Tio 2Sn0.2)O2 0.536 8.9108 [51]
My03
(Ceo.16La0.16Pr0.16Sm0.16 Y 0.16Nd0.16) O2-x 0.717 4.2918"
(Ceo.14La0.14P10.14Sm0.14Y 0.14Ndo.14Gdo.14) O2-x Bixbyite 0.778 4.2585" [50]
(Gdo2Tbo.2Dyo.2Hoo2Er0.2)203 (Er:0s) 0.644 1.8324 [52]
M;09 (3MO5-M203)
(Hfo2Zro.2Ce0.2Y0.2Ybo2)O2-x 0.557 8.4281
(Hfo2Zr02Ce0.2Y02Gdo.2)O02-x F(l\l{l(s)rzit)e 0.557 9.9736 9]
(Hfo2Zro2Ce02Ybo2Gdo 2)O2-x 0.557 9.3772
M;z015 (6MO2M>03)
(Hfo.25Z10.25Ce0.25)(Y0.125Ybo.125)O2-x 0.560 8.5103
(Hfo.25Zr0.25Ce0.25)(Yo.125Ca0.125)O2-x Fluorite 0.560 11.0866
(Hfo.25Z10.25Ce0.25)(Y0.125Gd0.125)O2-x (YSZ) 0.560 9.6281 51
(Hfo.25Z10.25Ce0.25)(Ybo.125Gd0.125)O2- 0.560 9.1922
ABOs3
Sr(Zro.2Sng 2 Tip 2Hfy 2Mng 2)O3 Perovskite 0.322 5.5936"
St(Zro.2Sno 2 Tig 2Hfo 2Nbg.2)O3 (SrTiO3) 0.322 2.9770"
Ba(Zro2Sno 2 Tip ,Hfo2Ce0.2)O3 0.322 5.9595"
Ba(Zro2Sno2Tio2Hfo2Y02)O3.x Perov.skite 0.322 6.6508™

(BaTiOs) [53]
Ba(Zrp.2Sno 2 Tig2Hfo.2Nbo.2)O3 0.322 2.9770"

Perovskite 0.461 5.7639*
(Sro.sBao.s)(Zro.2Sno.2 Tio.2Hfo.2Nbo.2) O3 (SrTiOs3, (0.139+ (2.7869+

BaTiO;) 0.322) 2.9770)

* Cation site in perovskite structure is calculated individually, with a weighting of 50% on each site.
" The oxidation states and coordination numbers are normalized based on the base structure (if applicable)

R: gas constant 8.314 J/mol'K
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Table 1 (continued). The structure, configurational mixing entropy (ASconf), and size mismatch

(0) of reported high-entropy oxides

Composition Structure AScons/R 6x 100 Ref.
ABO;
(Gdo.2Lap2Ndo2Smo.2Y0.2)CoO; 0.322 2.2228
(Gdo2Lag2Ndg2Smo2Y02)FeOs 0.322 2.2228
(Gdo2Lag2Ndo2Smo2Y0.2)MnO; 0.322 2.2228
Gd(Co¢.2Cro2Feo2Mng2Nip )O3 Perovskite 0.322 1.4929-4.7202* [32]
La(Co.2Cro2Fep2Mng2Nig2)O3 0.322 1.4929-4.7202™
(GdFeO3)
Nd(Co¢.2Cro2Feo2Mng 2Nig2)O3 0.322 1.4929-4.7202™
0.644
(Gdo.2Lao2Ndo2Smo2Yo.2) ..
+ -
(Coo»Cro sFeosMno sNig2)Os (0.322 3.7157-6.9430
0.322)
M;04
Spinel
(Ni1,43Fel,704, 0.440
(COO,ZCI‘OQFeo,zMIlo,zNio,2)304$ NiCr.5sMng 504, (0220+ [48]
FeCr,0q4, 0.220)
COF6204)
Same as above
(C00.2Cro.2Feo2Mng2Zn¢2)304* P )
(Nio2Cro2FeoMno2Zng.2)s04° (Czor;) substitute 0.440 [54]
Spinel Not HEOS
(AB.Os, 0.416 (2 sites)
(Alp.167C00.167Cr0.167F€0.167Mn0.167N10.167)304°  A: Mn, Co; (0.139+ [55]
B: Fe, Cr, Al 0.277)
Ni)
Spinel
(AB,O,,
(Mgo.2Tio.2Zno>Cug2Feo2)304° A: Mg, Ti, Zn, 0.277 [56]
Cu;
B: Fe)
Amorphous
10% Lay03-20% TiO,-10% Nb,Os- Glass NA NA

20% WO3-20% ZrO, [57]

* Cation site in perovskite structure is calculated individually, with a weighting of 50% on each site.
~ Ranging from high spin states to low spin states of constituent cations

$ The spinel structure has two cation sites, where Co and Ni are located at one cation site, Cr and Mn sites are
located at the other sites; Fe can be arranged in both sites. In this case, this material did not fulfill the criteria of a
HEO.

R: gas constant 8.314 J/mol'K
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The term “entropy stabilized oxide” was firstly reported by Rost et al.[7] in the HEO
Mgo2Cuo.2Nip.2C00.2Zno20. The material exhibited a reversible solid-state transformation between
multi-phase oxides and a single-phase oxide. The single-phase HEO phase could only be obtained
as the temperature reached above 1100°C. Rost et al.[7] claimed that this reversible phase
separation was driven by entropy, based on Equation {2}. In this case, a quenching process above
the transformation temperature was required for the synthesis of this high entropy oxide. However,
quenching could induce thermal shock and cause cracking in a bulk ceramic, which is not favorable
in materials production. Djenadic et al.[50] proposed that multi-component, equiatomic, rare-earth
oxides can be synthesized without quenching. In their research, lanthanide cations were chosen in
the designed HEOs. The author reported that cerium cation played a critical role in the formation
of high-entropy, rare-earth oxides. Without cerium, secondary phases formed after the thermal
treatments of the multi-component oxides. In addition, the crystal structures are different between
HEOs obtained through quenching versus furnace-cooled processes. The HEO,
(Ceo.16La0.16Pr0.16Smo.16Y0.16Ndo.16)O2x, exhibit fluorite structure (space group Fm3m) at 750°C,
and transform to cubic-bixbyite structure (space group Ia3) after air-cooling to room temperature.
The structure is characterized by a Cu-sourced X-ray diffractometer (Bruker D8, Bruker AXS Inc.,

Madison, WI, USA).

2.4. Binary Lanthanide Oxide Materials

The detailed review of common lanthanide oxides is summarized in Table 2, listed in order
of decreasing radii under trivalent cation charge and six-fold coordination. As shown in Figure 6,
at room temperature (~300K), lanthanide sesquioxides (M203) can be separated into either A-type
hexagonal structures in the light lanthanides (La-Nd) or the C-type cubic-bixbyite structures in

middle and heavy lanthanides (Sm-Lu).[58] As temperature increases, the middle-lanthanide
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sesquioxides (Sm203-Dy203), can experience the structural transformation from cubic to B-type
monoclinic. Above 2000°C, most of the lanthanide sesquioxides can transform to H-type (tilted
hexagonal) and X-type (tilted cubic) structures, before melting.[59] Several researcher have
worked to determine the accurate phase transformation temperatures involved in lanthanide
sesquioxides.[58-63] Those properties make lanthanides a promising candidate in our formation

study of high-entropy oxides.
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Figure 6. The phase diagram of lanthanide sesquioxides, M20s, as a function of temperature.
Structures including: A-type: hexagonal structure, B-type: monoclinic structure, C-type: cubic-
bixbyite structure, H-type: tilted hexagonal structure, X-type: tilted cubic structure. Figure taken
from ref. [58]

18



The C-type cubic bixbyite structure (space group la3, Pearson symbol cI80) contains 32
cations (occupying the 8a and 24d equipoints) and 48 anions (occupying the 48e equipoints) in
this relatively large unit cell. This structure can be derived from eight fluorite crystals with oxygen

vacancies sitting in two tetrahedral sites, as shown in Figure 7.

Bixbyite (Er,0,)

© Cation Fluorite Structure
(MO, compound)

° Oxygen anion

- @ Ebium 2 2 3 :

T . v ° Oxygen anion :

q ; ' ] Tetrahedral vacancy (16¢) 6 7
5 : 8 :

Figure 7. The C-type cubic-bixbyite structures can be derived from eight fluorite structures
with oxygen vacancies involved. The bixbyite structure can be naturally found in the middle
and heavy lanthanide (Sm-Lu) sesquioxides as well as yttrium sesquioxides. Figure taken from
ref. [64]
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Table 2. The common binary oxide structures of lanthanides and yttrium in descending order
of cation radii in trivalent and six-fold coordinates. Data obtained from the International
Center for Diffraction Data (ICDD) database and literature [58-60, 62, 65, 66]

Cation Mono-oxide Structure Space Pearson Valency CN e (A)
roup Symbol

La La,O3 Hexagonal P3ml hP5 (La,03) 3+ VII

- - - - 3+ VI 1.032
Ce CeO» Fluorite Fm3m  cF12 (CaF,) 4+ VI

Ce,05* Hexagonal P3m1  hP5 (LayOs) 3+ Vil

- - - - 3+ VI 1.01
Pr PrsO1y Monoclinic P2,/c 3+, 4+ VII, VIII

Pr,0;* Hexagonal P3m1  hP5 (LayOs) 3+ Vil

- - - - 3+ VI 0.99
Nd Nd,0s Hexagonal P3ml1  hP5 (Lay0s) 3+ Al

- - - - 3+ VI 0.983
Sm Sm,03 Bixbyite Ia3 cI80 (Mn,03) 3+ VI 0.958
Eu Eu03 Bixbyite la3 cI80 (Mn,03) 3+ VI 0.947
Gd Gd,0s3 Bixbyite la3 cI80 (Mn,03) 3+ VI 0.938
Tb Tb7012 Trigonal R3 hR19 3+, 4+ VI, VII

(Tb7012)
Tb11020 Triclinic P1 aP31 3+, 4+ VI, VII,
(Tb11020) VIII

Tb,O3* Bixbyite la3 cI80 (Mn,03) 3+ VI 0.923
Dy Dy»0; Bixbyite la3 cI80 (Mn,03) 3+ VI 0.912
Y Y,0; Bixbyite la3 cI80 (Mn,03) 3+ VI 0.9
Ho Ho,03 Bixbyite la3 cI80 (Mn,03) 3+ VI 0.901
Er Er03 Bixbyite la3 cI80 (Mn,03) 3+ VI 0.89
Tm Tm,0; Bixbyite la3 cI80 (Mn,O3) 3+ VI 0.88
Yb Yb,03 Bixbyite la3 cI80 (Mn,03) 3+ VI 0.868
Lu Lu0; Bixbyite la3 cI80 (Mn,03) 3+ VI 0.861

*metastable phase under ambient conditions

In Table 2, most of the chosen cations are stable in their trivalent states under ambient
conditions. In contrast, cerium, praseodymium, and terbium are thermodynamically unstable in
their trivalent states. Petit et al. [67] performed systematic research between lanthanide
sesquioxides and lanthanide dioxides. In Table 3, the oxidation energy between lanthanide dioxides
and A-type hexagonal sesquioxides, and between lanthanide dioxide and C-type bixbyite

sesquioxides were calculated. If the oxidation energy is negative, the cation is preferably in the
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tetravalent state instead of the trivalent state. Taking dysprosium oxide as an example, the
oxidation energy between DyO» and A-type Dy»Os3 is negative, meaning that the tetravalent phase
DyOs> is thermodynamically stable, compared to the A-type Dy>03. By comparing C-type Dy203
to DyO», the energy value is positive, indicating that trivalent, C-type Dy>03 is more favorable in
the dysprosium oxide system. The calculations indicate that the stable sesquioxide phases agree
with the research from experimental studies.[58, 60, 62, 65, 68, 69]. The results proved that cerium,
praseodymium, and terbium prefer to be in their tetravalent states, compared to in their trivalent
states.

In addition to the cations with stable trivalent states, some lanthanide cations— cerium,
praseodymium, and terbium, have stable tetravalent configurations due to their electronic
configurations.[70] Under ambient conditions, cerium oxide behaves in a tetravalent state, having
a dioxide composition and a fluorite crystal structure.[58, 61] On the other hand, crystallographic
studies on terbium and praseodymium are more complicated. Even the related research agrees with
that terbium and praseodymium occur as coexisting trivalent and tetravalent oxidation states; the
room-temperature oxide structures were controversial. The chemistry of terbium oxide was
believed to be the single-phase TbsO7 (Tb203+2TbO>).[71-73] Recent research has updated that
the room-temperature structure of terbium oxide is not a single phase but a two-phase mixture of
Tb7012 (2Tb203°3TbO>, rhombohedral structure) and Tb11020 (2Tb20327TbO>, triclinic structure,
respectively).[60, 74, 75] However, some research indicated that this two-phase mixture is an
intermediate phase instead of a stable phase.[76] Despite on-going discussion of the crystal
structures of terbium oxide, all reports claim that terbium acts as a mixture of tetravalent and
trivalent states under ambient temperature. Via calcination under an inert or reducing atmosphere,
the structure can become C-type bixbyite sesquioxide, TboO3, with only a trivalent oxidation state.

However, above 280°C in air, the sesquioxide transforms back to Tb70i12 and Tbi1020 with
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corresponding mixtures of +3 and +4 valence states, respectively.[77] This transition involves a
change in the terbium cation radii from 0.923A to 0.88A and 0.98A, caused by a variation in both
the oxidation states and coordination geometry.[49] Praseodymium oxide occurs as PrsOii
(Pr203+4PrO») at room temperature.[78-80] The fluorite structured phase PrO», with tetravalent
praseodymium, can be obtained through calcination under positive oxygen pressure. Overall, all
lanthanides can occur in sesquioxide stoichiometry, either as stable or metastable forms, under

ambient conditions.[81]

Table 3. Oxidation energies in electron volts between lanthanide sesquioxides and dioxides. The
negative energy indicates that the material prefers to exist in the dioxide form. Table taken from
ref. [67]

MO2/M205 Eox (A-M205) Eox (C-M203)
Ce02/Ce203 -1.90 -3.54
PrO2/Pr203 -0.14 -1.90
NdO2/Nd20; 0.54 -0.54
PmO,/Pm>03 0.00 0.27
SmO,2/Sm>03 -0.82 0.68
Gd02/Gd203 -10.88 0.14
TbO2/Tb203 -8.16 -0.27
Dy0,/Dy03 -4.08 0.27
Ho0O2/H0203 -0.68 0.00

A basic method to identify the valence configurations of lanthanide cations is through the
color of the powder sample (Table 4).[59, 76, 82-84] Cerium and terbium are both colorless in
their trivalent states. The yellowish or brownish color can be observed from a sample containing
tetravalent cerium or tetravalent terbium, respectively. For praseodymium, the color becomes
darker in the tetravalent sample, compared to the trivalent state. Most of the trivalent lanthanide

cations are colorless or exhibit a light color in their oxide powder form.
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Table 4. Color of the trivalent lanthanide, yttrium ions and tetravalent cerium, praseodymium,
and terbium [82, 84]

4 Lanthanides Color

39 Yttrium Y3 Colorless

57 Lanthanum La** Colorless

58 Cerium Ce** Colorless
Ce** Yellow

59 Praseodymium Pr’* Yellow
Prt* Brown

60 Neodymium Nd** Violet-blue

62 Samarium Sm** Pale yellow

64 Gadolinium Gd* Colorless

65 Terbium Tb** Colorless
Tb* Brown

66 Dysprosium Dy** Pale yellow

67 Holmium Ho* Brownish pink

68 Erbium Er* Pink

69 Thulium Tm?* Pale green

70 Ytterbium Yb* Colorless

71 Lutetium Lu** Colorless

2.5. Ternary Lanthanide Oxide Materials

Considering equimolar mixtures of two candidate cations, there are 78 types (through the
combination equation, C3>) of possible ternary lanthanide oxides. However, not every
combination has been investigated in previous research. Table 5 lists some of the reported ternary
oxide structures, including lanthanides and yttrium cations. Aliovalent doped-CeO> has been
widely used in oxygen concentration cells and in solid oxide fuel cells.[85-88] Below 800°C, some
doped-CeO; materials have been found to exhibit high ionic conductivity coupled with low
activation energy for ionic conduction. In addition, as mentioned in the previous Section 2.4,
cerium is stable in tetravalent states under ambient conditions. Mixing cerium with other

lanthanide cations, which corresponds to a trivalent configuration or the mixture of trivalent and
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tetravalent states, could form a tilted fluorite solid solution with oxygen vacancies.[89] Yamamura
et al.[90] reported that the dopant vacancy in these materials could suppress oxide-ion conductivity.
By altering the composition of lanthanides in trivalent and tetravalent states, the crystal structure
can change between tilted fluorite versus C-type cubic-bixbyite structures.[91] Consider Ce;.-
xNdxO2.y as an example: when the compositions between two oxidation states are an equimolar
fraction (x=0.5), the structure behaves as the tilted fluorite structure. Under the trivalent cation
depletion situation (x=0.25), the CeO»-type fluorite structure is the only structure observed from
neutron diffraction.[92] However, Hagiwara et al. [93] claimed that these two structures coexist in
the Ce1.xNdxO2y sample (in the range of 0.4<x<0.7). As presented in Figure 8, the crystal
structures behave as a tilted fluorite structure or a CeOz-type fluorite structure in the trivalent
cation dominated (x>0.7) or depletion (x<0.4) cases, respectively. In the region where two phases
coexist, the composition of fluorite structure decreases as the fraction of cerium, the cation
preferred in tetravalent states, and vice versa. This behavior has been reported in other Ce-M
(M=Gd, Yb, Y) oxide solid solutions.[94, 95]

Comparing this tilted fluorite structure to the C-type bixbyite structure, they both are in the
bixbyite category having the same space group Ia3. One way to distinguish them via the
crystallographic naming method is the Pearson symbol.[96] The tilted fluorite and C-type cubic-
bixbyite structures are designated as cI88 and cI80 in the Pearson system, respectively. The first
and second letters are indicating that they are classified in the cubic family (c) and body-centered

type (I). The number at the end indicates the number of the atoms in the conventional unit cell.
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Table 5. Ternary oxides structures of the lanthanides and yttrium. Data obtained from the
International Center for Diffraction Data (ICDD) database and literature [91-93, 97]

Composition Structure Space Group Pearson Symbol
CeLaOss Fluorite Fm3m cF12 (CaF»)
Fluorite Fm3m cF12 (CaF,)
CeNdOs 5 )
Tilted Fluorite Ia3 cI88 (Mn203)
CeSmOs s Tilted Fluorite la3 cI88 (Mny03)
CeGdOs s Tilted Fluorite la3 cI88 (Mny03)
CeDyOss Tilted Fluorite Ia3 cI88 (Mny03)
CeHoOs 5 Tilted Fluorite Ia3 cI88 (Mn>03)
Tilted Fluorite Ia3 cI88 (Mn,03)
CCEI‘O3,5 _
Cubic-Bixbyite* Ia3 cI80 (Mn,03)
Tilted Fluorite la3 cI88 (Mn,03)
CeYbOss _
Cubic-Bixbyite* Ia3 cI80 (Mn,03)
Tilted Fluorite la3 cI88 (Mn,03)
CeLuOss _
Cubic-Bixbyite* Ia3 cI80 (Mn,03)
Tilted Fluorite 1a3 cI88 (Mn,03)
CeYOs3s _
Cubic-Bixbyite* Ia3 cI80 (Mn,03)
LaLn'O;
Ln': (Lu, Yb, Tm, Er, Ho, ) Perovskite Pnma oP20 (GdFeOs3)
CeLn?0s
Perovskite Pnma oP20 (GdFeO3)

Ln? (Lu, Yb, Tm)

*Minor secondary peaks with low diffraction intensity.
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Figure 8. The structure of lanthanide oxide Ce1.xNdxO».y. The fraction of fluorite (F-phase) and
C-type cubic-bixbyite (C phase) phases coexist in the region 0.4<x<0.7. The fluorite phase

dominates in the cerium-rich sample, and vice versa. Figure taken from ref. [93]

Another typical structure type usually found in the ternary lanthanide oxides is ABO;
perovskite, where A and B sites represent the cation with larger and smaller radii, respectively.
Materials within a perovskite structure have been investigated for decades due to their promising
and useful electrical properties, such as superconductivity, ferroelectricity, photoluminescence,
and catalytic activity.[98-101] Due to the wide radii range in lanthanide cations (0.861 to 1.0324),
the light lanthanides, with larger cations, can occupy the corners of the unit cell, and the heavy
lanthanide sits in the center position to form a perovskite structure. Several ternary lanthanide
oxides with perovskite materials have been found in the literature, as shown in Figure 9.[102-105]
The symbol ¢t;; is used in expressing the level of size mismatch in A and B cations in a perovskite

structure.
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tir = (Ra + Ro)/V2(Rg + Ro) “
Where R represents the radius of ion in the perovskite structure. When t;;z exceed 0.847, the
ternary oxide oxides could transform into perovskite structures, such as LaYbO3, and CeLuOs.
During the cooling process, the ternary lanthanide oxide could slowly convert back to the C-type
bixbyite structure. For other ternary oxides in the C-type structure at ambient conditions, they
follow the similar high-temperature phase transformation trends as in the sesquioxides system

between oxygen and middle lanthanides (Gd203-H0203).
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Figure 9. Ternary lanthanide oxides, with perovskite structures, have been observed as
metastable phases at high temperatures (>1000°C). Those phases can be found when the size
mismatch between two lanthanides is large, with t;;z values exceeding 0.847. Other ternary
oxides exhibiting C-type cubic-bixbyite structures experience similar phase transformations as
the middle lanthanide sesquioxides (Gd203-Ho2053).

27



CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1. Modified Thermodynamic Definition of High-Entropy Ceramics

In ceramics, cations and anions are distributed in a crystal structure, occupying different
sites. Previously, the calculation of configurational entropy (AS.,,s) took cations solely into
consideration because the value of the mono-anion is zero.[7, 33] This calculation neglected the
contribution from anions in the ceramic chemistry. We propose that the contribution from both
cation and anion should be considered based on their molar ratios. For example, the contribution
of AS¢ony from a M>Os stoichiometry consists of 40% from cations and 60% from anions. Even
though the values would be significantly lower than in the HEAs systems, the difference in
chemical configuration should be included in a ceramic structure. Hence, the calculation results of
AScony in different oxide stoichiometries are illustrated in Figure 10. Compared with HEAs, using
a specific range of configurational entropy as a definition of HEOs may not be appropriate. The
basic concept of high-entropy materials is that a variety of atoms sitting on the same sites, inducing
severe lattice distortion. Having five cations lying in two different sites may compensate for the
local strength in the system. The overall AS.,,r can still be calculated from different sites with
their weighting levels, but it might not meet the definition of high-entropy materials. As a result,
the definition of HEC should depend on whether there are an equal number or more than five

cations sitting on the same site, so that the equation of AS¢,,; should be modified according to:

ASconf = Ccation,mole X ASconf,cation + Canion,mole X ASconf,anion {5}
N N
ASconf,cation = _(R Z Xi1 In X1t R Z Xi2 In Xi2 ) {6}
1=1 i2=1
M
ASmix.anion = —R Z xj In x; (vacancy should be included) {7}
j=1

where C is the mole fraction of cation or anion, x represents the mole fraction of elements

located in each cation (i) or anion (j) site, and R is the universal gas constant 8.314 J/molK.
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Figure 10. The configurational entropy (ASconf) parameter varies for different stoichiometries
between cations and anions as a function of the number of constituent cations. The mixing
entropy contribution from anions is significant and should be considered. R: gas constant
8.314 J/mol'K

With this novel HEOs definition, the value of AS,,r changes with different chemical
stoichiometries. Therefore, setting a value, such as 1.61R in the HEAs system, is not ideal for the
HEOs field. However, for each structure, having five or more cations located in the same site does
introduce higher configurational entropy, compared to the binary or low concentration doping

arrangement. Even though the value of AS.,,,s is smaller in HEOs, these materials still follow the

four effects of high-entropy materials.
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3.2. Materials Design—High-Entropy Lanthanide Oxides (HELOs)

As mentioned in Section 2.2, the size mismatch is a critical parameter in evaluating whether
the structures in HEAs are stable or not. In the ceramic field, the size of a cation could vary with
both oxidation states and coordination geometry. For example, in one of the most well-studied
transformation—zirconia (ZrO), the radius of the zirconium cation changes from 0.78A to 0.72A,
while the structure reconstructs from monoclinic to tetragonal symmetry.[49, 106, 107] During
this transition, the stoichiometry remains the same (ZrO). However, the coordination number
shifts from seven-fold to eight-fold coordination, leading to the change in cation radii. The radius
of cation can shift significantly, even in a similar crystal structure. The element chromium reduces
by almost 50% in CrOs (0.26A, Cr%*, 4-fold coordination), in the orthorhombic crystal structure,
compared to in CrOz (0.55A, Cr*", 6-fold coordination) within the same orthorhombic
symmetry.[49, 108] Furthermore, like the example of zirconia, phase transformations are
commonly involved in ceramic materials. As a result, the three key parameters: (1) cationic radii,
(2) oxidation states, and (3) high-temperature phase transformations need to be taken into account
while designing the candidates for this research.

Table 6 lists cation radii having a combination of valence states and coordination numbers
that have been reported in oxide materials.[49] Some cations could behave in multiple valence
states, such as vanadium or iron. However, if the valence state is not stable under ambient

ek

conditions (marked as in Table 6), those states exist only under high pressure or other particular
environments. The following rules were applied to narrow the selection of candidates:
1) No radioactive elements involved (excluded in Table 6)

2) For polymeric steric entrapment synthesis, nitrate, chloride, iso-propoxide products of

targeted cation should be available in the market.
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3) The ratio between a small cation to a large cation should be more than 0.9 in order to

avoid a large gap contributed from two cations.

4) The high cost of some novel precursors (>$100/g) was not considered.

The large ratio mismatch between two elements (ratio <0.9) could cause phase separation,
especially when the oxidation state in one of them is usually unstable. In this research, one sample
was synthesized to prove this hypothesis.

After an in-depth investigation of oxides, the lanthanide elements were chosen as our
candidates because of the following criteria: (1) an ideal range of cation radii, (2) similar electron
configurations, (3) different valence states, and (4) high-temperature phase transformations being
involved. Firstly, trivalent cations have small gaps between adjacent ions in an octahedral
interstitial site, where the selected cations have a wide radius range from 0.861A (lutetium) to
1.032A (lanthanum).[49] Yttrium was added into the system for its similarity to its cation radius
(0.9 A). In oxides, most of the chosen cations are stable in trivalent states. In contrast, cerium,
praseodymium, and terbium prefer to exist in either tetravalent states (e.g., CeO2) or mixed states
(such as PrsO11, Tb7012, Tb11020).[60, 74] Under ambient conditions, the light lanthanide oxides
exist in an A-type hexagonal structure, while heavy lanthanide oxides, including yttrium, adopt a
C-type, cubic-bixbyite structure. Furthermore, as mentioned in Section 2.4, complicated phase
transformations are involved in most of the binary lanthanide oxides. As temperature increases,
the middle lanthanide oxides can experience structural transformations from a C-type cubic to a
B-type monoclinic phase on heating. Lanthanides are ideal components in building candidates for

the study of chemical selection criteria of HEOs.
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Table 6. Reported cation radii with respect to valence configuration and coordination number
[49]

M3*, VI Radius (A) M*, VI  Radius (A)

Al 0.535 Sb 0.76 Ni* 0.48 Sn  0.69
Cu* 0.54 Au 0.85 Se 0.5 Hf 0.71
Co 0.545 Lu 0.861 Co* 0.53 Zr  0.72
Ni* 0.56 Yb 0.868 Ge 0.53 Pr* 0.85
As 0.58 Tm 0.88 Mn 0.53 Ce 0.87
Mn* 0.58 Tl 0.885 Cr* 0.55

Cr 0.615 Er 0.89 V* 0.58

Ga 0.62 Y 0.9 Fe* 0.585

V* 0.64 Ho 0.901 Rh* 0.6

Fe 0.645 Dy 0.912 Ti 0.605

Rh 0.665 Tb*  0.923 Pd 0.615

Ti* 0.67 Gd 0.938 Ru 0.62

Ir 0.68 Eu 0.947 Ir 0.625

Ru 0.68 Sm 0.958 Pt 0.625

Mo* 0.69 Nd 0.983 Os 0.63

Nb* 0.72 Pr* 099 Re 0.63

Ta* 0.72 Ce* 1.01 Mo 0.65

Sc 0.745 Bi 1.03 Y 0.66

Ag* 0.75 La 1.032 Nb* 0.68

Pd* 0.76 Ta* 0.68

M2*, VI Radius (A) M**, VIII Radius (A)

Fe 0.61 Ti* 0.86 Lu 0.977 Nd 1.109
Mn 0.67 Ag* 0.94 Tl 0.98 Pr* 1.126
Ni 0.69 Cd 0.95 Yb 0.985 Ce 1.143
Mg 0.72 Ca 1 Tm 0.994 La 1.16
Cu 0.73 Hg 1.02 Er 1.004 Bi 1.17
Ge 0.73 Yb* 1.02 Ho 1.015

Zn 0.74 Tm* 1.03 Y 1.019

Co 0.745 Dy* 1.07 Dy 1.027

V* 0.79 Eu* 1.17 Tb* 1.04

Cr* 0.8 Sr 1.18 Gd 1.053

Pt 0.8 Pb 1.19 Eu 1.066

Pd 0.86 Sm 1.079

*naturally not stable in this oxidation state
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Three systems were designed in this research and the following questions were considered here:
1) Whether the HELOs formation is dominated by cerium as a stabilizer
2) With four lanthanide cations fixed, the size limitation of the fifth cation (larger or smaller
cation)
3) Other than the cation size, whether the preferred oxidation states affect the final crystal
structure
4) For single-phase HELOs, whether the phase transformations of constituent cations could
break the high-entropy arrangement and trigger phase separation(s) as temperature
increases
To answer the first question, we chose five elements: gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), and erbium (Er), as our candidate cations. The combination of these five
elements tends to form a single-phase HELO due to their similarity in cation radii, preferred
trivalent oxidation state, and cubic-bixbyite oxide structure under ambient conditions.[49, 59, 67]
The only exception here is terbium. At room temperature, trivalent and tetravalent states coexist
in its structures, Tb7012 and Tb11020.[60, 74] Terbium sesquioxide, Tb2O3, can be obtained in an
inert or reducing atmosphere. However, the trivalent state transforms back to the mixed oxidation
states under heat treatments, along with crystal structural changes.[77] Furthermore, another
important reason for choosing these five candidates was due to their promising magnetic
properties.[109-113] Even though their sesquioxides exist as paramagnetic materials, these
materials have the highest magnetic susceptibility values in oxides and constitute the top 15
rankings in all reported inorganic materials.[114] The detailed information of those five cations
was listed in Table 7. The initial results showed that a single-phase HELO was successfully formed
by those five middle lanthanides, proving that certain specific elements, such as cerium in the

lanthanides, were not a restricting factor in single-phase HELOs formation. The next step was to
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systematically design candidates for understanding the questions regarding cation size mismatch,

valence configurations, and structural stability under high temperature.

Table 7. Crystal structures, cation coordination numbers (CN), cation radii (Rc), and magnetic

molar susceptibilities (ym) of mono-cation lanthanide oxides

Chemical Crystal structure Re(A) Y, 285K
formula (space group) CN Ref.[49] (cm3/mol)
Ref.[58, 60, 66, 115] Ref.[114]

Gd20s3 Cubic (Ia3) VI 0.938 5.32x 107
Th205" Cubic (Ia3) VI 0.923 7.83 x 102
Dy20s3 Cubic (Ia3) VI 0.912 8.96 x 107
Ho203 Cubic (Ia3) VI 0.901 8.81x 102
Er20s3 Cubic (Ia3) VI 0.89 7.39x 102

*Metastable phase at ambient conditions.

Two different systems were designed for discerning the limitation of cation radii:

System (1): larger cations which expanded the polyhedral sites,

System (2) smaller cations which fit into the more significant interstitial sites.
In the system (1), each of nine larger cation candidates (La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Y) was
included with the four smallest lanthanides (Lu, Yb, Tm, Er), while, europium and holmium were
excluded from the list due to their cost and similarity in cation radii. At ambient conditions, every
base cation (Lu, Yb, Tm, Er) was stable in trivalent oxidation states in the mono-cation oxide with
bixbyite structures having six-fold coordination. In the system (2), the four largest cations (La, Ce,
Pr, Nd) were fixed with the fifth cation candidate chosen from nine smaller cations. However, the
room-temperature structures of these larger-radius, mono-cation oxide were complicated. Cerium
prefers to exist in a tetravalent state (CeOz), and praseodymium tends to have a mixture of both
trivalent and tetravalent states (PrsO11 corresponding to ProO3+4PrQO;). The sesquioxides (M203)

of these four base candidates exist in the same A-type hexagonal structure. In the valence state
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prospective, the system (1) is less influenced by different preferred oxidation states compared to
the system (2). The precursors of these thirteen (4+9) lanthanides were chosen from the lanthanide
nitrates having cations in trivalent oxidation states. The structures of our candidates at room
temperature and high temperature are shown in Figure 11. The room-temperature phase
identification of these five-component oxides was studied. Furthermore, in situ X-ray diffraction
data were collected up to a maximum temperature ~2000°C. The chosen candidates and their

abbreviations are listed in Table 8.
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Figure 11. Room-temperature structures and high-temperature structural transformations of
chosen lanthanide sesquioxides. The systems were selected from either the four largest cations
(La, Ce, Pr, Nd) or the smallest cations (Lu, Yb, Tm, Er) as the base, and adding the fifth cation
in equimolar ratios to form the five-component oxides, respectively.
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Table 8. The chemical information, abbreviation, and cation size mismatch (8) of chosen

candidates. The value of 6 is calculated in the single-phase situation.

Chemistry Abbreviation 6x100
(Gdo4Tbg4Dyo.4H00.4Er0.4)Ox1 GTDHEO 1.8324
(Luo.sYbo.sTmo sEro5)Ox2 LYTEO 1.2714
(Luo4Ybo4Tmo4Ero4Y04)Ox LYTEY 1.6113
(Luo.4Ybo.4Tmo.4Er0.4Dy0.4)Ox4 LYTEDy 2.0308
(Luo.4Ybo4Tmo4Ero4Tbo4)Oys LYTETb 2.4551
(Luo.4Ybo.4Tmo 4Ero4Gdo.4)Oxe LYTEGd 3.0635
(Luo.4Ybo.4Tmo.4Ero.4Smo.4)Ox7 LYTESm 3.8988
(Luo.4Ybo.4Tmo 4Ero 4Ndo.4)Oxs LYTENd 4.9563
(Luo.4Ybo4Tmg 4Ero 4Pro.4)Oxo LYTEPr 5.2530
(Luo.4Ybo.4Tmo.4Er 4Ce0.4)Oxi0 LYTECe 6.0997
(Luo.4Ybo4Tmo4Ero4Lao4)Ox LYTELa 7.0273
(Lao.sCeo.5Pro.sNdo.5)Oxi2 LCPNO 2.8029
(Lao.4Ceo.4Pro.4Ndo 4Smo 4)Ox13 LCPNSm 2.5161
(Lag.4Ce0.4Pro.4Ndo.4Gdo.4)Ox14 LCPNGd 3.1651
(Lao.4Ceo.4Pro.4Ndo.4Tbo.4)Ox1s LCPNTb 3.6991
(Lao.4Ceo.4Pr0.4Ndo.4Dyo.4)Ox16 LCPNDy 4.1075
(Lao.4Ceo.4Pro.4Ndo4Y0.4)Ox17 LCPNY 4.5649
(Lao4Ceo.4Pr0.4Ndo.4Er0.4)Oxig LCPNEr 4.9536
(Lao.4Ceo.4P1r0.4Ndo.4Tmo.4)Ox19 LCPNTm 5.3483
(Lao.4Ceo.4Pro.4Ndo.4Ybo.4)Ox20 LCPNYDb 5.8283
(Lao.4Ceo.4Pro.4Ndo.4Luo.4)Oxa1 LCPNLu 6.1112
(Lao.4Ceo.4P10.4Ndo.4Ag0.4)Ox23 LCPNAg 10.8001

The compositions of oxygens were unknown during the process of materials designs.

3.3. Materials Synthesis

Precursors were synthesized by the polymeric steric entrapment method. This process has
an advantage in synthesizing homogeneous solid solutions, which is critical in preparing high-
entropy materials.[116-141] High-entropy alloys have typically been prepared by conventional
melting and casting methods.[25, 28, 43, 47, 142] Due to the relatively high melting temperature

and thermal shock behavior in ceramics, oxide materials were usually synthesized through solid
37



or wet chemical methods. However, homogeneously mixing multiple cations in solid-state reaction
or conventional liquid solution method is challenging. Aggregation of one of the constituent
cations in the solution can lower the configurational entropy, leading to the formation of secondary
phases. The polymeric steric entrapment method, a versatile technique developed by our research
group, is an ideal method for synthesizing high-entropy ceramics. As shown in Figure 12, This
method uses long-chain polymers, such as polyvinyl alcohol (PVA) or polyethylene glycol (PEG),
to entrap cations dissolved in a water-based or isopropanol-based solution. In addition to forming
a homogeneous solution, this method has advantages in controlling synthesized materials having
a desired crystal structure, chemical homogeneity, shape, and particle size distribution at lower

temperatures and higher time efficiency.[116, 117, 127-129, 143, 144]

Polymer
QO Cation
Water
— — —
®) © ®® ®® @) ©®® ®®
® © ® ® © G | 200°C Calcination
@ @ ® © @ ® c..o ... ...o.o

Figure 12. The process of polymeric steric entrapment. The long-chain polymer can entrap
cations in the solution to prevent cation segregation; in other words, ensure that the
configurational entropy is maximized. After drying out water at 200°C, the added cations are

homogeneously entrapped in the long-chain polymer.

The nitrate precursors, with good water-solubility and having cations in trivalent states,
were purchased from Millipore Sigma (Burlington, MA, >99.5% purity) and Alfa Aesar (Haverhill,
MA, >99.5% purity). Firstly, each nitrate salt was dissolved in water in an equimolar ratio. Then
5 wt% of polyvinyl alcohol solution (99% PVA; Millipore Sigma) was added into the mother

solution such that the ratio of cation valence charges : monomer (-OH ™) charge =4:1. The solution
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was then mixed by stirring on a hot plate for two hours at room temperature, to ensure the
homogeneous distribution of metallic cations in the solution. The mother solution was further
heated at 200°C to remove all the water. During this process, long-chain PVA would entrap the
cations to form a homogeneous, amorphous, organic-inorganic mixture. During the calcination
process, the decomposition of a dry precursor was calcined in the temperature range of 550°C to
600°C. The heat treatments of the powder obtained were designed differently in the designed
candidate mixtures:

(1) The middle lanthanide cation system (Gd, Tb, Dy, Ho, Er): As the first attempt in this
research, the ex situ heating experiments were performed from 600°C/2h to 1200°C/2h,
with 100°C interval, to understand the optimum condition for crystallization. For the
stability study, the amorphous samples were crystallized at 1200°C and further annealed at
three different temperatures (600°C, 800°C, and 1000°C), with a dwell time of 10 hours.
The densified pellets were finally sintered at 1400°C for microstructural and elemental
analysis.

(2) For system (1) and (2), small base lanthanides (Lu, Yb, Tm, Er, Ln) and large base
lanthanides (La, Ce, Pr, Nd, Ln), experienced similar pre-calcining conditions to those
described above, being heated to a temperature of 550°C at a ramp rate of 10°C/min,
dwelling for 2 hours, followed by a hold time at 1150°C/2h, at a ramp rate of 5°C/min to
allow for crystallization. The nano-sized particles were collected by a 10-stage cascade
Multi Orifice Uniform Deposition Impactor (MSP Corporation MOUDI-110) for

microstructure analysis.
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3.4. Characterizations
3.4.1. Powder X-ray diffraction

The structures of synthesized powder candidates were analyzed by the X-ray diffraction
method. The calcined materials were first studied using a Cu Ka radiation diffractometer
(Siemens-Bruker D5000, Bruker AXS Inc., Madison, WI, USA). The diffraction results provided
information on rough structural identification and crystallinity of powder samples. The high-
resolution, in-situ high-temperature, X-ray powder diffraction patterns were collected at:

(1) Advanced Photon Source (APS) at Argonne National Laboratory: synchrotron-generated

X-rays at Beamlines 11-BM-B, 33-BM-C, 17-BM-B, and 6-1D-D.

(2) National Synchrotron Light Source II (NSLS II) at Brookhaven National Laboratory:

synchrotron-generated X-ray at Beamline 28-1D-2.

For all the in situ, high-temperature XRD studies, except for beamline 6 ID-D, the tested
samples consisted of 90 wt% multicomponent lanthanide oxide and approximately 10 wt%
platinum powder as a temperature standard.[145] The powders were mixed by a mortar and pestle
with a small amount of isopropyl alcohol. After drying the solute in air, the tested powder samples
were mounted in a sapphire capillary, sealed by an alumina stopper and zirconia paste, as shown
in Figure 13. Mixing platinum with the tested sample powder had two functions:

(1) Platinum, the stable metal with low heat capacity, can assist the temperature inside a
sapphire capillary to reach the target temperature.[146, 147]

(2) The thermal expansion trend of platinum has been well-studied.[147-149] The precise
sample temperature could be obtained from the lattice parameters of platinum. In addition, the

platinum powder did not react with the candidates under our testing environments (25-2000°C).
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Furthermore, the platinum paste was painted between the scanning region in order to assist the
heat transformation inside the sapphire capillary. The sapphire capillary usually softened or reacted

with tested samples at around 1750°C.

- 5-10wt% Sample
Pt Paste *". Pt powder powder
} VR".:?" Dl f
\ W '
Zirconia Sapphire or  Ajumina
Paste Quartz Capillary  1,pe
~1.5cm ~6 cm

Figure 13. Schematic diagram of sample preparation for powder X-ray diffraction experiment
in the quadrupole lamp furnace capable of reaching 2000°C in air

The quadrupole lamp furnace (4 x 150W bulbs) was equipped as a source to heat the mixture
samples at the following three beamlines— 33-BM-C, 17-BM-B, and 28-1D-2.[145] The
quadrupole furnace has the ability to heat the sample in the center hot zone, shown in Figure 14,
from 200°C to about 2000°C. The water-cooling system was arranged around the furnace to either
cool down the furnace and prevent damage to the wires and furnace body at high temperatures. A
proportional-integral-derivative (P1D) controller (Omega Engineering, Inc) was used to control the
output power to the furnace. A type-B thermocouple was located on the top of the capillary, slightly
outside of the middle hot zone. By receiving the temperature information from a thermocouple,
the PID controller automatically adjusted the output power to make sure of the stability at the target
temperature (£10°C). The capillary was rotating during the experiment to avoid the influence of

possible preferred orientations.
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Capillary

Hot zone

Sample

Figure 14. The quadrupole lamp furnace installed at APS 33BM-C. The bottom-right
schematic is modified from ref. [150].

For the diffraction experiment performed at 61D-D, a 400W CO- laser was equipped to achieve
a high-temperature environment, under air gas, from 800°C to 3000°C.[151] In this conical nozzle
levitator (CNL) system, schematically presented in Figure 15, a bead sample was placed on an air-
streaming nozzle.

The bead samples were prepared by mixing 87 vol% of 1150°C calcined oxide powder with
approximately 5 vol% methylcellulose binder (Millipore Sigma), 1 vol% Darvan C® dispersant
(Vanderbilt Company, Inc., Norwalk, CT, USA), and a balanced vol% of deionized water. The
slurry was pre-shaped into a spherical shape and dropped into the vibrating table at a frequency of
about 70 Hz. The edges of the sample were smoothed by vibrating in a constrained 1 inch square
volume and formed a spherically-shaped bead, as shown in Figure 15(b).[152] The samples were
then calcined at 1100°C for 2 hours at a 10°C heating/cooling rate to burn out the organic additives.

During the in-situ heating experiments, the top of a tested bead was under exposure to a CO»

laser (hot zone), while the bottom of a bead was close to room temperature. In this case, the X-ray
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needed to be adjusted to focus on the top ~100um of the bead. This process was to avoid obtaining
diffraction patterns of our candidates with large temperature gradients. Unlike in the quadrupole
lamp furnace, no platinum was added to the sample, due to the low melting point of platinum
(1768.2°C).[146] The real temperature was identified by the infrared radiation on the top of the
bead. The air flowing through the nozzle assisted the bead to spin vertically, which increased the
homogeneity of heating on the top. Compared with the quadrupole lamp furnace (£10°C), CO>
laser furnaces have a higher temperature deviation of +100°C.[153, 154] The large deviation in the
latter system was caused by multiple issues: (1) no temperature standard (platinum) involved, (2)
temperature gradient on the top of a tested sample, and (3) the calibration of the pyrometer.[145,

148, 154, 155]

(a) Heated bead (b)

— Ry
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D="3 mm b e B ! !
X-ray beam . ——
g
% 200 um LJ
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X-ray beam l

Sintered bead

Nozzle

Figure 15. Schematic of conical nozzle levitator at 61D-D. (a) The bead sample was heated by
a COz laser, up to 3000°C. The X-ray beam was focused on the top of the vertically spinning
bead. (b) The spherical beads were prepared by the vibration method, where the major
ingredients of the tested sample and additives bounce in a constraint area.[152] The edges of a
sample were smoothened over time and became a spherical bead.

The powder X-ray diffraction data were collected at five synchrotron-sourced beamlines.

Detailed information is listed in Table 9. The sample to detector distance was determined by either
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LaBe or CeO2 standards. The area detectors were equipped at beamline 17-BM-B, 6-1D-D (APS),
and 28-1D-2 (NSLS I1). Figure 16(a) represents the diffraction pattern obtained from the LCPNTb
sample at room temperature. The noise on both sides of the detector was due to the diffraction path
being blocked by the quadrupole furnace. In an area detector, the high-intensity diffraction emitted
from single-crystal sapphire can be observed (in red circles). The intensities of the sapphire
capillary sometimes overlap with some of the diffraction peaks from the test sample and platinum.
This situation could pose obstacles to phase identifications and refinement processes. One
advantage of obtaining diffraction results via a 2D area detector is that the troublesome sapphire
diffractions can be masked before integration. Because the final 1D diffraction data was obtained
by integrating the section of diffraction rings generated by the tested sample, masking a small
portion of the integrated diffraction ring merely affects the final diffraction pattern, as shown in
Figure 16(c).

In the analysis process, firstly, the diffraction patterns were fitted by the JADE software,
version 9.5, Materials Data, Livermore, CA, 2019. The crystalline phase identification database
was obtained from the PDF-4+ 2017 database, from the International Center for Diffraction Data.
The crystallographic information files (CIF) with similar crystal structures were modified to the
correct chemical compositions. For example, during the analysis of GTDHEOQ, the best fitting CIF
was Er,Os (PDF #04-008-8242).[156] This bixbyite crystal seemed to be the structure of our
candidates; however, in the origin CIF, only erbium cation occupied in the octahedral sites. The
CIF was modified by adding five constituent cations (Gd, Th, Dy, Ho, Er) in the cation sites, with
20% occupancy each. Then the CIF was used as the input file for the Rietveld refinement analysis

using TOPAS 5 software.[157, 158]
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Table 9. Detailed information of synchrotron sourced X-ray diffraction beamline

Beamline Wavelength  Calibration Detector Temperature
Standard Ranges

11-BM-B (APS)  0.4127 A LaBs Multiple Scintillators 25°C

(LaCls)

33-BM-C (APS) 0.5902 A LaBs Pilatus 70K 200-1800°C

17-BM-B (APS) 0.2416 A CeO; Varex 4343CT* 200-1800°C

6-1D-D (APS) 0.1285 A CeO> Amorphous silicon* 800-2500°C

28-1D-2 0.2370 A LaBsand a-Si Perkin Elmer 200-1100°C

(NSLS 11) CeO; XRD1621*

*Area detector
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Figure 16. The process of integrating a 2D area diffraction pattern to 1D data. (a) The data
obtained from a 2D detector plate. (b) The diffractions emitted from sapphire capillary were
masked out (red circle). The section of the diffraction ring was chosen for integration. (c¢) Final

1D diffraction data after integration, without the interference of sapphire diffractions
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3.4.2. Microstructure characterization

The microstructures and elemental compositions were examined by:

(1) Scanning electron microscopes (SEM, model S-4700, Hitachi; Quanta 3D model, FEI, Inc.)
with energy-dispersive X-ray spectroscopy (EDS).

(2) JEOL 2010 LaB¢ Transmission Electron Microscopy (TEM) (voltage: 200 kV)

(3) JEOL JEM-ARMB300F Scanning Transmission Electron Microscope (STEM) (double

aberration correctors and two JEOL Si drift EDS detectors), operated by Dr. Qun Yang

The high angle, annular dark-field (HAADF), annular bright-field (ABF) images, and atomic-scale
STEM-EDS mapping were performed at a voltage of 300 kV using the STEM, JEOL JEM-
ARMS300F. The attainable resolution of the probe was 63 picometers. The collection semi-angles
for HAADF and ABF were 54-220 and 14-27 mrad, respectively. The TEM diffraction patterns
were compared to the simulated pattern via Java Electron Microscopy Software.[159] The
simulated patterns were generated from the CIFs constituted by the Rietveld refinement method.
In the sample preparation process, soft agglomerates of crystalline powder samples were broken
up by a planetary mill (Planetary Micro Mill Pulverisette 7 Classic Line, Fritsch). The grinding
process was performed at 350 rpm for 10 mins. The sieving process was prepared through an
aerosol sample collection method, performed at the Environmental Molecular Sciences Laboratory
at Pacific Northwest National Laboratory, Richland, WA, as shown in Figure 17. First, the dried
powder was added to deionized water. The nitrogen gas flow created bubbles containing a mixture
of water and our synthesized powder sample. The aerosol mixtures then experienced a dehydration
process by passing through the diffusion dryer CaSO4. Next, the powder sample passed through a
10-stage cascade Multi Orifice Uniform Deposition Impactor (MSP Corporation MOUDI-110).
The powder sample, with particle sizes <0.18um, was collected at the top of carbon-coated 400

mesh copper grids for microstructure analysis.
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Figure 17. Schematic of powder sample preparation process for microstructure analysis. After
passing through the cascade impactor, small powder particles (<0.18um) were collected on

400 mesh copper grids.
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CHAPTER 4: PHASE IDENTIFICATION AND STABILITY OF

MIDDLE LANTHANIDE HELO— (Gd0.4Tbg.4Dyo.4H00 4Er0.4)O3

4.1. Crystal Structure and High-Temperature Stability of (Gd0.4Tbo.4Dyo.4Ho00.4E104)O3
(GTDHEO)

Figure 18 and Table 10 summarizes the in situ high-temperature X-ray powder diffraction
patterns of (Gdo.4Tbo.4Dyo.4Ho0.4Er04)O3 (GTDHEO) as a function of temperature. At 600°C, the
material was in an amorphous state, where the crystalline peaks in the diffraction patterns came
from the platinum standard and the sapphire capillary. The region of diffraction emitted from the
sapphire capillary was excluded in the refinement process. At a temperature just below 1126°C,
the lanthanide sample started to crystallize into the bixbyite structure coexisting with secondary
phases. An attempt was made to fit the secondary phase(s) using the current lanthanide
crystallographic database. The lanthanide oxi-sulphates, Ln,O>SO4 (Ln: Ho, Er), having a
monoclinic structure were the only phases that matched the secondary phase. However, no sulfates
were involved in our synthesis process. Because of the limited database for lanthanide materials,
the secondary phase(s) we observed may not have been reported yet or were multiple metastable
phases. At 1149°C, the high-entropy, lanthanide sesquioxide became a single-phase, solid solution
having the bixbyite structure, which remained stable up to 1514°C. The high-entropy GTDHEO
oxide did not experience phase transformations, despite using mono-cation oxides of Tb,O3; and
Gd>03, which would normally disproportionate at 280°C and 1250°C, respectively.[58, 59, 74, 76,

77]
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Figure 18. In situ high-temperature X-ray diffraction patterns of 600°C/2h-calcined, multi-
component precursor in the temperature range of 600°C to 1514°C (multiple phases were
formed below 1149°C). Above 1149°C, the high-entropy, lanthanide sesquioxide,
Gdo.4Tho.4Dyo.4H00.4Er0 403, having a bixbyite structure became single-phase and remained
stable up to 1514°C. The temperatures of in situ experiments were determined via a platinum
standard. Representative data were selected from 15 powder diffraction patterns.
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Table 10. The evolution of HELO sample Gdy4Tbg4Dyo.4Hoo4Ero40;. The temperatures were
identified by the platinum standard.

Real T Lattice parameter Bixbyite phase Monoclinic phase
25°C Amorphous phase
792 °C Amorphous phase
969 °C 10.7566A 34.35% 65.65%
@ 1001 °C 10.7576A 30.49% 69.51%
qé 1052°C 10.7616A 29.24% 70.76%
i:n 1084 °C 10.7644A 32.20% 67.80%
u§ 1126°C 10.7702A 46.72% 53.28%
e 1149°C 10.7725A 100.00%
l 1178°C 10.7760A 100.00%
1257°C 10.7846A 100.00%
1339°C 10.7950A 100.00%
1514°C 10.8200A 100.00%
1487°C 10.8128A 100.00%
1389°C 10.8035A 100.00%
1287°C 10.7927A 100.00%
1190°C 10.7827A 100.00%
2 1090°C 10.7719A 100.00%
S 984 °C 10.7611A 100.00%
& 881°C 10.7508A 100.00%
= 773°C 10.7401A 100.00%
S 661 °C 10.7293A 100.00%
l 562°C 10.7196A 100.00%
462°C 10.7088A 100.00%
362°C 10.6985A 100.00%
264°C 10.6894A 100.00%
26°C 10.6694A 100.00%

Several HEOs have been found to experience the reversible phase transformations, which
was believed to be driven by entropy.[7, 32, 33, 51] During the in-situ cooling experiments (Figure

19 and Table 10), the monoclinic phase observed before GTDHEOQ crystallization did not reappear.
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In the Rietveld refinement process, the goodness of fit of each diffraction spectrum was identified
by monitoring the quality of fit between the observed and calculated patterns. The R factor did not
clearly express the good-of-fit in the powder refinement.[160] In Figure 19, the calculated pattern,
red dashed lines, is overlaid on the pattern observed from X-ray diffraction, solid black lines. The
difference between calculation and observation was indicated by the solid blue lines, located below
the diffraction pattern. During these XRD experiments, the regions of diffraction from sapphire
capillaries were excluded. The calculated patterns were virtually identical to the collected XRD

patterns in the cooling process.
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In the synchrotron experiments, the cooling rate was fast (~10°C/sec), and the dwell time
was short (~10mins), compared to the conventional furnace cooling situation. To examine the
reversibility of the unknown phase(s), the single-phase GTDHEO was firstly crystallized at
1200°C for 2 hours, followed by annealing at three temperatures (600°C, 800°C, and 1000°C) for
10 hours (as shown in Figure 20). The annealing temperatures were lower than the phase transition
temperature, i.e., 1149°C. The annealed samples were then analyzed by the high precision,
synchrotron sourced, X-ray diffraction at 11BM-B at APS. In Figure 21, X-ray powder diffraction
patterns indicated that the annealed samples exhibited the identical diffraction patterns with the
single-phase GTDHEO, indicating no secondary phase(s) existed during the cooling process. For
the GTDHEO formation, the precursor needed to reach above 1149°C to form the single-phase
structure. Once the HEO was crystallized, the structure remained stable up to 1514°C. Therefore,
these results provide evidence that the formation of a HELO was not dominated by a particular
cation, such as cerium as reported by Djenadic et. al.[S0] The next experiment was designed to

study the evolution of lattice parameters of the single-phase GTDHEO, and its properties.
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Figure 20. Schematic of the heat treatments for the stability study. The single-phase, solid
solution GTDHEO was prepared at 1200°C and then annealed at 600°C, 800°C, and 1000°C
for 10 hours, respectively.

1200°C 2h — Cubic-Bixbyite Structure

oD

1000°C 10h

Ll

800°C 10h

e

600°C 10h

Annealing ¢

Log Intensity (arbitary)

T T . T v
0.2 0.3 0.4 0.5 0.6 0.7

1/d (1/A)

Figure 21. Phase transformation reversibility of Gdo.4Tho.4Dyo.4H00.4Er0.403 (GTDHEO) upon
cooling. X-ray powder diffraction patterns of the samples experiencing the cooling treatments
were identical. The cubic-bixbyite structure remained stable after 10 hours of annealing.
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4.2. Characterization of GTDHEO
4.2.1. Coefficient of thermal expansion of GTDHEO

The second batch of GTDHEO powder sample was crystallized at 1200°C for 2 hours. The
cubic lattice parameter of the single-phase GTDHEO having the bixbyite structure, was analyzed
via in situ X-ray diffraction measured at increasing temperatures in air, from room temperature to
1639°C (Table 11). The evolution of lattice parameters with temperatures is plotted in Figure 22.
The measured cubic lattice parameter at room temperature was 10.6663 + 0.006 A. The material
expanded as the temperature increased, and the change in lattice parameter followed a second-
order polynomial equation having an R-squared value of 0.9994:

a = 10.66347 + 7.86846 X 1075 T + 1.12776 x 108 T? {8}
Where a is the lattice parameter in Angstroms, and 7 is the temperature in degrees Celsius. As a
cubic structure, the bixbyite lattice expanded uniformly in all directions. The coefficient of linear
thermal expansion (CTE, a) could be calculated as a function of the relationship between lattice

parameter (L), temperature (T), and lattice parameter at room-temperature (L).[148, 149, 161]

1dL

azzd—T

9}
Combining equation {8} and {9}, the evolution of the coefficient of linear thermal expansion was

expressed in the following equation and Figure 23.

a =7.37889 x 107+ 2.11518 X 107° T {10}
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Table 11. The evolution of lattice parameters in the single-phase GTDHEO

Temperature (°C) Lattice Parameter A Temperature (°C) Lattice Parameter A
31°C 10.6663 A 1094 °C 10.7631 A
335°C 10.6908 A 1135°C 10.7674 A
396 °C 10.6954 A 1172°C 10.7708 A
471°C 10.7005 A 1215°C 10.7751 A
534°C 10.7091 A 1256 °C 10.7794 A
606 °C 10.7161 A 1296 °C 10.7837 A
673 °C 10.7225 A 1336°C 10.7876 A
732°C 10.7279 A 1384 °C 10.7930 A
793 °C 10.7339 A 1440°C 10.7990 A
845°C 10.7389 A 1498 °C 10.8062 A
893°C 10.7434 A 1564 °C 10.8130 A
980°C 10.7519 A 1602 °C 10.8199 A
1016°C 10.7555 A 1639°C 10.8250 A
1054 °C 10.7591 A
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Figure 22. The cubic lattice parameter (a) as a function of temperature (T) for the bixbyite
GTDHEDO structure. The lattice parameters were analyzed from in situ heating X-ray
diffraction patterns obtained from room temperature to 1639°C. The lattice expanded as
temperature increased. The polynomial curve fitted the trend of the lattice parameter with an
R-squared value of 0.9994.
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Figure 23. The evolution of the coefficient of linear thermal expansion in the GTDHEO

sample, from room temperature to about 1600°C

4.2.2. Elemental distribution in GTDHEO crystal structure

The single-phase, solid solution, GTDHEO bixbyite structure, was prepared by Kuo-Pin
Tseng and further examined by TEM, operated by Dr. Qun Yang at the Shanghai Tech University,
Shanghai, China. The selected area electron diffraction (SAED) pattern taken from the <111>
direction (Figure 24(a)) matched the simulated pattern in Figure 24(b). The simulated patterns of
bixbyite GTDHEO were constructed based on a high-precision crystallographic information file
(CIF), which was generated by Kuo-Pin Tseng via the high-resolution X-ray powder diffraction at
beamline 11-BM-B, APS, taken at room temperature, with the designation that the five-lanthanide

cations occupied the same sites randomly and equally. The cross marks in the simulated pattern
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represent the electron double diffraction reflections. The STEM-HAADF and ABF images taken

from the <110> direction were consistent with the structural model extracted from the XRD results.

Figure 24. TEM diffraction of the high-entropy, lanthanide sesquioxide. (a) Selected area
electron diffraction (SAED) pattern of the single-phase, solid solution GTDHEO taken down
the <111> direction matches with the simulated pattern (b) of a bixbyite structure containing
five lanthanide cations. The simulated pattern was constructed from the high precision,
synchrotron-sourced, X-ray diffraction results. The cross marks in the simulated pattern
represent electron double diffraction reflections.

STEM-EDS mapping, Figure 25, showed that the five constituent lanthanide cations (Gd, Tb,
Dy, Ho, Er) in GTDHEO were homogeneously distributed on the atomic scale. No observable
segregation or aggregation of particular cation was observed. Moreover, the ion positions were
constructed by the CIF file and overlaid on the ABF image. In this bright-field image, the dark
region represents cations on an atomic scale, which perfectly matched the GTDHEO crystal
generated by XRD. The XRD and SAED results confirmed that the obtained GTDHEO was a

single-phase HELO from room temperature to 1650°C.
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4.2.3. Valence configuration of GTDHEO

In bixbyite sesquioxide, M20Os, the major oxidation state should be trivalent for charge
balance. The powder color of GTDHEO at a glance was yellowish-brown (Figure 26). Based on
the color listed in Table 4, the colors of trivalent states of constituent cations are either colorless
or light colors, indicating that a terbium tetravalent (brown color) could be involved in the
GTDHEO structure. In Section 4.1, XRD diffraction confirmed that there was no impurity
involved after the crystallization process. In other words, both trivalent and tetravalent terbium
were coerced to remain in the cubic-bixbyite structure. An attempt was made by using X-ray
photoelectron spectroscopy (XPS) to determine the valence configuration of terbium. During the
experiment, two terbium oxide powder samples were synthesized as the standards. In Figure 27,
the characteristic signals in the range 143-154 eV were attributed to Tb**, and those in the range
153-167 eV arose from Tb*'. These results obtained from two standards agreed with observations
reported in the literature.[73, 162-165] The spectrum of bonding energies in GTDHEO exhibited
multiple overlapping characteristic signals from 138-170 eV. In consideration of bonding energies
of other constituent cations in GTDHEO: gadolinium (Gd** 4d at 142eV), dysprosium (Dy** 4d at
156.1eV), holmium (Ho*" 4d at 160eV) and erbium (Er** 4d at 168eV), those characteristic signals,
in or around the Tb*" 4d regions, increased the difficulty in identifying the presence of Tb**. Even
though the evidence of trivalent terbium (Tb*>*) was observed via the XPS results, the overlapping

regions from the other four lanthanide cations made it difficult to obtain a reliable result.
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Figure 26. The color of the crystallized GTDHEO powder sample. Based on the yellowish-

brown color, trivalent and tetravalent terbium might have coexisted in the bixbyite structure.
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Figure 27. XPS spectra of 4d orbital electrons in selected lanthanides. Compared to terbium
sesquioxide, the terbium oxides are composed of a mixture of trivalent and tetravalent, Tb7012
and Tb11020, involving additional peaks in binding energy at 155-170eV. The binding energy
of lanthanide elements (Er, Ho, Dy) in Gdo 4Tbo.4Dyo.4H00.4Er0.40;3 overlap with the tetravalent

terbium element.

4.2.4. Magnetic property of GTDHEO

The direct current (dc) magnetic susceptibility measurements of GTDHEO in the temperature

range from 5K to 400K are shown in Figure 28. They indicated that GTDHEO had paramagnetic

150

140 130 120
Binding Energy (eV)
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properties. No magnetically ordered clusters (antiferromagnetic domains) were found down to 5
K. The temperature dependence of the inverse magnetic susceptibility exhibited a linear behavior.
At 285 K, the measured magnetic molar susceptibility of GTDHEO was 7.6388 x1072 cm?/mol,
which was close to the result calculated by the rule of mixtures, 7.6632 x10? c¢cm’/mol. The
calculated value was obtained from the cumulation of the magnetic molar susceptibility from each
cation multiplied by its molecular percentage. Based on the measurement results, GTDHEO still
exhibited relatively high magnetic susceptibility comparing to other oxide materials.[114]
Normally, the rule of mixtures is applied to composites instead of to the single-phase, high-entropy
materials. The homogeneous arrangement of cations in GTDHEO did not suppress or enhance the
magnetic property. However, since only one HEO was analyzed for the magnetic property in this
research, extrapolating this observation to be a general concept in HEOs would be hasty. Further

study is required to understand the magnetic behavior in HEOs.
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Figure 28. Magnetic susceptibility of the high-entropy, lanthanide sesquioxide, GTDHEO from
5-400K. This oxide has paramagnetic susceptibility. The inverse magnetic molar susceptibility
has a linear relationship with temperature. The molar susceptibility (ym) at room temperature

follows the rule of mixtures (ROM) of mono-cation sesquioxides.

4.3. Conclusions

The phase stability of the high-entropy GTDHEO could be explained by the homogeneity of
elements, with the support of TEM/SAED patterns and TEM/EDS mapping, presented in Figure
24 and Figure 25. Additionally, the X-ray, TEM electron diffraction, and TEM atomic resolution
EDS results demonstrated that there was no clustering in GTDHEO, which fulfilled the
requirement of a cation disorder, single-phase solid solution, for high-entropy oxides. In the high-
entropy arrangement, individual atoms are surrounded primarily by a random distribution of the

second nearest neighbor atoms.[3, 5] This arrangement of randomly distributed cations in the
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oxygen polyhedron sites prevents specific elements from clustering, which would induce phase
separation from a single-phase system. As a result, this arrangement was able to inhibit the phase
transformations associated with individual constituent elements in this multi-component high
entropy system.

Djenadic et al.[50] claimed that cerium was a crucial element for stabilizing high-entropy,
rare-earth oxides. However, our high-entropy, lanthanide sesquioxide, GTDHEO, did not contain
any cerium as a constituent cation. Research into high-entropy alloys stated that the atomic size
plays a key role in element selection.[28, 44] In Djenadic’s research, cerium may have reduced the
size gap in rare-earth oxides, resulting in single-phase, solid solution formation. In our GTDHEO
system, the small radii difference among the constituent cations, within a difference of 5%, could
be a factor constraining constituent lanthanide cations into a single-phase structure. Further study
is required to understand the mechanism of chemical selection for high-entropy oxides.

In conclusion, the high-entropy, single-phase, solid solution, lanthanide sesquioxide,
Gdo.4Tbo.4Dyo.4Ho0.4Er0403, exhibited non-reversible formation after 10 hours of annealing and
remained stable in a bixbyite structure from room temperature to 1650°C. The homogeneous,
random cation arrangement in this high-entropy oxide could inhibit the phase transformations
occurring in the constituent mono-cation sesquioxides. This structural constraint of high-entropy
oxides could sustain the phase stability, which could be helpful in the discovery of new refractory
materials. In addition, the magnetic susceptibility of GTDHEO was not suppressed by the multi-
cation arrangement and followed the rule of mixtures. The crystallographic stability of high-

entropy oxides demonstrated their potential as promising heat resistant materials.
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CHAPTER 5: CRYSTAL STRUCTURE IDENTIFICATION OF

MULTI-COMPONENT OXIDES AT AMBIENT CONDITIONS

Two systems were designed to understand the behavior of (1) larger cations fitted in smaller
interstitial sites (LYTE system), and (2) smaller cations added in more significant interstitial sites
(LCPN system). In CHAPTER 5: and CHAPTER 6:, the evolutions of crystal structures in these
two systems are introduced separately. Moreover, the homogeneity of cations and thermal
expansions of crystallized, single-phase, high-entropy lanthanide oxides (HELOs) are also
described. The significance of size mismatch and preferred valence configurations are proposed in

CHAPTER 7..

5.1. Crystal Structure of a System with Small Based Lanthanides (Lu, Yb, Tm, Er)
(LYTE)

In the LYTE system, larger cations were added as the fifth cation candidates. At room
temperature, the X-ray diffraction results (Figure 29) indicated that all of the multi-component
oxides, except LYTELa, were in the C-type cubic-bixbyite structures. According to the intensity
map plotted in Figure 30, these structures exhibited an identical crystal structure. The multi-
component oxide constructed by the four base constituent candidates (Lu, Yb, Tm, Er) was
synthesized as a comparison. These base lanthanide sesquioxides occur in nature as C-type
bixbyite structures. Obviously, the oxide material constructed by these four cations exhibited the
same structure. In the LYTE system, the four largest cations (La, Ce, Pr, Nd) could be naturally
stable in the A-type hexagonal sesquioxide structures. However, in these crystallized HELOs, three
out of four oxides, except LYTELa, were constrained in the cubic-bixbyite, single-phase solid

solution. The lattice parameters obtained through Rietveld refinement are listed in Table 12.
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The coexistence of both bixbyite and perovskite phases was found in the LYTELa sample.
The perovskite structure consisted of lanthanum, and a small-sized lanthanide (Lu, Yb, Tm, and
Er) have been reported in the literature.[102] Previous research on phase diagrams also found that
cerium and three other smaller cations (Lu, Yb, and Tm) lie in the perovskite structures.[105]
However, in contrast to LYTELa, LYTECe was stabilized in a single-phase, bixbyite structure. In
the meantime, based on the assumption that LYTELa formed a single-phase HELO, the radius
mismatch parameter would reach 7.03, which might exceed a threshold for 6-fold geometry HEOs.
The LYTE system provided clear evidence that the cation radii mismatch could obstruct the

structural arrangement of high-entropy oxides.
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Figure 29. X-ray diffraction patterns of the candidates in the LYTE system at room

Intensity (arbitrary)

temperature. The LYTELa sample exhibits the coexistence of bixbyite and perovskite

structures. Other LYTE samples have identical single-phase bixbyite structure.
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Table 12. Room-temperature structures of LY TE candidates and phase identification reference

Chemistry Abbreviation  Structure Space Pearson Lattice Parameter
Group Symbol
(LuosYbo.sTmg sErg )O3 LYTEO 10.4656
(Luo4Ybo4Tmg4Ero4Y04)O3 LYTEY 10.4922
(Luo.4Ybo4Tmg 4Ero4Dyo4)O3 LYTEDy 10.5041
(Luo4Ybo.4Tmg4Ero4Tbo4)O3 LYTETb 10.5090
(Luo4Ybo4Tmg 4Ero4Gdo4)Os3 LYTEGd Bixbyite Ia3 cI80 10.5335
(Luo.4Ybo.4Tmg 4Ero4Smo 4)O;3 LYTESm 10.5574
(Luo.4Ybo4Tmg 4Ero4Ndo4)O3 LYTENd 10.5811
(Luo.4Ybo.4Tmg 4Ero 4Pro.4)O3 LYTEPr 10.5567
(Luo.4Ybo.4Tmg 4Ero4Ceo.4)O3 LYTECe 10.5694
Bixbyite la3 cl80 10.5755
a=6.043
(Lu, Yb, Tm, Er, La)Ox LYTELa
Perovskite Pnma oP20 b=8.416
c=5.841
Database PDF# Structure Space  Pearson Lattice Prototype Structure
Structures Group Symbol  Parameter
ErO; 04-008-8242 [156] Bixbyite 1a3 cl80 10.550 MnFeO;
CeO> 04-015-0301 [166] Fluorite Fm3m  cF12 5.266 CaF,
a=6.052
LaTmOs3 00-025-1061 [167] Perovskite Pnma oP20 b=5.844 GdFeO;
c=8.429

LYTECe fitted well in the C-type bixbyite structure during the refinement process. However,

the room-temperature stable oxide structure of ceria (CeO2), which exists in the fluorite structure,

could possibly overlap with the bixbyite structure in X-ray diffractions. The cation arrangements

are similar in both structures, leading the same X-ray diffraction peaks, under the situation of

similar crystal lattices, as shown in Figure 31((a) and (b)). The slices of planes were extrapolated

from the (111) plane of the fluorite structure (Figure 31(a)) and the (222) plane of the bixbyite

structure (Figure 31(b)), respectively. As mentioned in Section 2.4, the C-type bixbyite structure
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consists of 8 fluorite structures with ordered oxygen vacancies. Under the mono-cation
circumstance, when the lattice parameter of the bixbyite structure is double that of the fluorite
analogue, the diffraction peaks of the latter structure exhibit the same Q-factor (reciprocal number
of d-spacing) in the collected pattern. As shown in Figure 31, it is difficult to distinguish these two
structures by the XRD technique. The LY TECe powder sample was examined by TEM and SEM,
with details explained in Section 5.3. These results confirmed that LY TECe is a single-phase HEO,

with no cerium cation segregation or observable fluorite structure.
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Figure 31. The cations (yellow-green) in fluorite structure (a) have a similar arrangement with
the cations in the cubic-bixbyite structure (b) in all observable planes as seen by X-ray
diffraction (c).
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Intrinsically, cerium, praseodymium, and terbium cations have a partial preference to exist in
the tetravalent states.[67] In sesquioxide chemistry, the cations of M>O3 should exist in trivalent
states for charge balance in a bixbyite structure. However, the color of the powders (pale and dark
yellow, seen in Figure 32) indicated that at least some portion of these three cations were in
tetravalent states.[60, 76, 82] Based on this situation, additional oxygens were randomly located
in the interstitial sites, which can be addressed in the Krdger-Vink notation for defect chemistry

as:[168]

om0, "% oM +30%+0, {11}
i
where M denotes tetravalent cations, and L»n denotes trivalent cations.

The correlation between lattice parameters, extrapolated from XRD patterns, and the size
mismatch (9) is presented in Figure 33. In the situation when all the cations existed in trivalent
states (Figure 33(a)), HELO candidates demonstrated linear increments as the cations increased
from small sizes (LYTEY) to medium sizes (LYTENGA). This trend proved that the crystal lattice
expands as a larger cation is added into the structure. However, the linear fitting under the trivalent
cation situation was poor (R*=0.86). The multiple-component oxide containing cerium and
praseodymium showed a different trend in the linear fitting. Based on Equation {11}, the delta
factor was modified with tetravalent Ce and Pr existing in 8-fold coordination (MO3), as presented
in Figure 33(b). In this circumstance, the lattice parameter increased in a linear trend with size
mismatch, and demonstrated excellent fitting R?>=0.99. This analysis, accompanied by the evidence
observed from the powder color, confirmed that cerium and praseodymium existed in either

tetravalent state or a mixture of trivalent and tetravalent states.
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Figure 32. The color of crystallized powder samples in the LYTE system
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Figure 33. The size mismatch (9) as a function of the lattice parameter obtained via the X-ray

diffraction patterns. The mismatch parameters were calculated under the circumstances that (a)

all trivalent states are in 6-fold coordination, and (b) Ce and Pr in tetravalent states are in 8-

fold coordination. The lattice parameters increase as a larger fifth cation (larger 9) is

incorporated in the bixbyite crystal structure.
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5.2. Crystal Structure of the System with Large Based Lanthanides (La, Ce, Pr, Nd)
(LCPN)

In the LCPN system, all structures became single-phase HELOs. As presented in XRD
patterns (Figure 34) and maps (Figure 35), all the oxides, except LCPNTb, were crystallized in the
tilted fluorite phase (Pearson symbol: cI88). LCPNTD exhibited the fluorite structure, as in the
stable phase of cerium dioxide CeO». The difference between these two structures could be easily
identified by the diffraction peaks at Q~0.22 and 0.38. All the synthesized powder samples
displayed brown colors. The color could be contributed to by Ce*" (yellow), Pr** (yellow), and
Pr*" (brown), as shown in Figure 36. On the other hand, lanthanum and niobium cations are
thermodynamically stable in trivalent configurations. The tilted fluorite phase was similar to the
cerium-niobium oxide, CeNdOss, where the trivalent neodymium homogeneously lies in the
tetravalent cerium site. The tilted fluorite structures found in the LCPN system were constructed
from trivalent and tetravalent cations located in the same polyhedral sites. This arrangement
generates vacancies (V') at the oxygen sites for charge compensation, as shown in Equation

£12}.[92]

34, C€702 ' o 12
Nd3*0; — 2Nd}, + 30% + V; 112}
In the LCPN system, Ce and Pr had a preference for the tetravalence states, whereas other

lanthanides, except terbium, preferred the trivalent states.
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Figure 34. X-ray diffraction patterns of candidates in LCPN system at room temperature. All
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synthesized samples became single-phase solid solutions after crystallization.
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Figure 36. The colors of crystallized powder samples in the LCPN system

The detail information of each HELO was listed in Table 13. The size of LCPNTb was
doubled since the tilted fluorite was interpreted to exist as a combination of 8 fluorite structures
and oxygen vacancies. The lattice parameters linearly decreased as smaller cations were added into
the structure, except for LCPNTDb, which was classified in a different type of crystal structure. The
lattice parameters are plotted in Figure 37 as a function of the size mismatch, §. In the LCPN
system, the tilted fluorite structure remained stable as a single-phase, solid solution, up to the

maximum value of designed mismatch parameter 5.81.
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Table 13. Room-temperature structures of LCPN candidates and phase identification

references
) o Space Pearson
Chemistry Abbreviation ~ Structure Lattice Parameter
Group Symbol
(Lao.sCeo.5Pro.sNdo.5)O3.5 LCPNO 11.0661
Fluorite _
(Lao.4Ceo 4Pro4Ndo4Smg 4)O3.5 LCPNSm lted) la3 cl88 11.0410
(Tilte
(Lao,4Ceo,4PI‘o,4Ndo,4Gdo,4)03‘5 LCPNGd 11.0277
(Lao,4Ce0,4PI‘0,4Nd0,4Tb0,4)O4 LCPNTDb Fluorite Fm§m cF12 10.9553!
(Lao,4Ceo,4PI‘o,4Ndo,4Dyo,4)03‘5 LCPNDy 11.0015
(LaoA4CeoA4ProA4NdoA4Y0A4)O3A5 LCPNY 10.9891
(LaoA4CeoA4ProA4NdoA4EroA4)O3A 5 LCPNEr Fluorite _ cl88 10.9784
Ia3
(LaoA4CeoA4ProA4NdoA4Tmol4)O 35 LCPNTm (Tilted) 10.9729
(La0A4CeoA4ProA4NdoA4YboA4)03‘5 LCPNYb 10.9672
(LaoA4Ce0A4ProA4NdoA4Lqu4)O3A5 LCPNLu 10.9676
Database Space Pearson Lattice
PDF# Structure Prototype Structure
Structures Group Symbol Parameter
Fluorite _
CeNdOs 5 04-013-6624 [92] Ia3 cI88 11.000 Ce0.4Gdo601.7
(Tilted)
CeO» 04-015-0301 [166] Fluorite Fm3m cF12 5.266 CaF,

'The lattice parameter was doubled for comparison
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Figure 37. The size mismatch () as a function of the lattice parameter in the LCPN system

obtained via X-ray diffraction patterns. The lattice parameters of HELOs decreased as the

smaller fifth cations (larger 6) were added to the structure.

5.3. Homogeneity of High-Entropy Lanthanide Oxide Systems
The single-phase HELOs were prepared by Kuo-Pin Tseng through a 10-stage cascade Multi

Orifice Uniform Deposition Impactor, and further examined by TEM, carried out by Dr. Qun Yang
at the ShanghaiTech University, Shanghai, China. For the LYTECe sample, TEM diffraction
patterns were taken from multiple crystals, with comparisons to corresponding simulated patterns.
The simulated patterns were generated through the crystallographic information file (CIF) obtained

from the Rietveld refinement of synchrotron sourced XRD measurements. Figure 38 presents four
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LYTECe diffraction patterns, where the results perfectly matched with the simulated pattern,
having agreement to the lattice parameters at room temperature. Some of the crystals exhibited

tiny superlattice peaks. No fluorite diffraction peaks were observed in the LYTECe sample.
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In the LCPN system, the STEM-EDS mapping (Figure 39) demonstrated the homogeneity of
cations in the HELO sample with the largest size mismatch-LCPNLu. No observable segregation
or aggregation of any particular cation was found. Furthermore, by superimposing the ion positions,
as constructed by the CIF file, to the EDS maps, both cations and oxygen locations fitted
adequately to the experimental results.

The EDS results, listed in Table 14, confirmed that the single-phase HELOs were close to
equimolar mixing among the five constituent cations. Except for the candidates containing yttrium,
all five cations exhibited atomic composition in a range of 20+1%. The deficiency of yttrium cation
was found in both LYTE and LCPN system. This result could be attributed to the quality of the
nitrate precursor. Despite the deficiency of yttrium, both LYTEY and LCPNY still existed as
single-phase, solid solutions in the synthesized powder samples. In an ideal equimolar mixing
situation, the bixbyite structure in LYTEY and tilted fluorite structure in LCPNY would have lower

values of Gibbs free energy.
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Figure 39. HAADF, ABF images, and atomic resolution elemental mappings were taken from the <110> direction of LCPNLu. It is

seen that five constituent cations were homogeneously distributed in the elemental maps. The anion/cation positions, obtained via the

CIF file generated by XRD results, perfectly matched with the TEM microscopy maps.



Table 14. The atomic percentage of each cation in the LYTE and LCPN systems

LYTE system

Ln' Lu Yb Tm Er Ln'

Y 22% 22% 21% 20% 15%
Dy 20% 20% 20% 19% 21%
Tb 20% 20% 21% 19% 20%
Gd 20% 20% 21% 19% 20%
Sm 20% 19% 21% 20% 19%
Nd 21% 20% 20% 20% 19%
Pr 20% 20% 21% 20% 19%
Ce 21% 21% 20% 19% 19%

LCPN system

La" La Ce Pr Nd Ln"
Sm 20% 20% 20% 20% 20%
Gd 20% 21% 19% 21% 19%
Tb 20% 21% 19% 21% 19%
Dy 20% 21% 19% 21% 19%
Y 21% 21% 19% 22% 17%
Er 20% 21% 18% 21% 20%
Tm 20% 21% 19% 20% 20%
Yb 21% 20% 19% 20% 20%
Lu 20% 20% 19% 20% 21%

5.4. Conclusions

The candidates in both LYTE and LCPN systems, except for LYTELa, were crystallized as
single-phase HELOs. The HELO samples in the LY TE systems exhibited the C-type cubic bixbyite
structure, which was the stable structure of base cation sesquioxides (Lu, Yb, Tm, Er) at ambient
conditions. For the LCPN system, both tilted fluorite and CeO»-type fluorite structures were
observed. The tilted fluorite structure was naturally seen in the sample with a mixture of trivalent

and tetravalent states. This result agreed with the preferred tetravalent nature of the two base
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cations: cerium and praseodymium. The high-temperature behavior of these candidates will be
introduced in the next chapter. The detailed analysis of the effect from key parameters, size

mismatch, and valence configurations, is proposed in CHAPTER 7:.
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CHAPTER 6: STRUCTURAL STABILITY AND

TRANSFORMATIONS IN

MULTI-COMPONENT OXIDES BELOW 2000°C

High-temperature behaviors of the synthesized powder samples were examined by in-situ
heating XRD. From room temperature to about 1800°C, the oxides experienced homogeneous heat
treatments in the quadrupole lamp furnace. The temperatures of a tested sample mounted in a
sapphire capillary were determined by the lattice parameters of the platinum standard.[145] In the
conical nozzle levitator, the top surface of a vertically rotated spherical sample was exposed to the
COgz laser, which had the ability to control the heating environment from 800°C to 2000°C. The

sample temperatures were acquired through the pyrometer.

6.1. Phase Evolution and Lattice Parameters of the LYTE System

In the LYTE system, most of the candidates had a stable structure from room temperature to
~1800°C, similar to the GTDHEO sample (Figure 19).[52, 169] Figure 40 to Figure 49 present the
high-temperature XRD patterns as well as the Rietveld refinement results. Some tiny diffraction
peaks were observed in the temperature region 1300-1700°C. These impurities exhibited
diffraction intensities similar to the background and could not be identified. Furthermore, these
unknown diffraction peaks disappeared as the temperature increased. The cerium cation in the
LYTECe sample separated from the HELO structure and formed a CeO; fluorite structure under
heat treatment. The evolution of this phase segregation will be discussed in the next paragraph.
The coexistence of cubic-bixbyite and perovskite structures in LYTELa remained in the XRD

results from room temperature to 1800°C, showing that the LYTELa sample did not become a
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single-phase solid solution under higher thermal energy. The structural evolution above 1800°C in

the LYTE system was examined in the conical nozzle levitator apparatus.
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The XRD patterns obtained from the conical nozzle levitator apparatus are presented in Figure
50 and Figure 51. During the experiments, the spherical samples would change their morphology
and became unstable above the levitator, especially after structural transitions or melting processes.
This issue limited the highest temperatures performed on our candidate materials. Above 1800°C,
most of the HELOs in the LYTE system remained stable as a single-phase bixbyite structure until
melting. However, some secondary phases were found in other samples under extreme temperature
conditions (~2000°C). A small portion of the hexagonal phase existed before melting in LYTESm
and LYTENd samples. This structure was similar to the A-type La>Os structure.[170] Considering
the mono-cation sesquioxides in LYTESm, none of them were naturally present in this hexagonal
structure. It is possible that the observed structure was H-type tilted hexagonal, which had a similar
arrangement to the A-type structure.[171] In LYTEGd, the origin bixbyite structure partially
transformed into the X-type, tilted cubic structure.[172] All the formations of secondary phases
were close to the melting temperature. Based on the previous observations in the HEO,
(C00.2Cu0.2Mgo.2Nio.2Zno.2)O, described in Section 8.1, the oxide might have partially melted and
then evaporated in the air.

There was an exciting transition behavior found in LYTECe, as presented in Figure 52. At
temperatures reached higher than 1300°C, the CeO- fluorite structure became distinguishable from
the bixbyite structure in the diffraction patterns due to the difference in thermal expansions of these
two structures. The segregation of cerium could occur below 1300°C. However, the transition
temperature was hard to establish by XRD measurement due to the overlap of diffraction peaks
between the fluorite and bixbyite structures.[93, 97, 173] This binary structure persisted until the

temperature reached 2200°C.
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Figure 52. The zoomed-in view of XRD patterns obtained from the LYTECe sample. The
CeO2 having the fluorite structure became distinguishable from the bixbyite structure above
1300°C.
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6.2. Phase Evolution and Lattice Parameters of the LCPN System

The closely related phase transformations, up to 1800°C, were collected and analyzed in the
LCPN system, and are presented in Figure 53 to Figure 62. All the crystallized HELOs could
maintain their single-phase crystal structures at room temperature. This tilted fluorite structure,
with Pearson symbol cI88, is denoted as the D-type phase in the following discussion. However,
complicated phase transformations were detected when the temperature rose above 1400°C. The
following is the phase transformation process for most of the candidates in the LCPN system.
Firstly, a small portion (<10 mole %) of A-type hexagonal structure became observable. Next, the
D-type phase experienced a complete structural transformation to the CeO> type fluorite (denoted
as F-type), accompanied by the increasing amount of A-type phase as well as tiny, unknown
diffraction peaks. These insignificant, unidentifiable, diffraction peaks disappeared at the
completion of transformation between D-type to F-type, which could be easily inspected in the
evolution of diffraction from the D-type (211) plane, at Q (1/d)~0.22. These unknown diffraction
peaks could be contributions from the intermediates during D-type to F-type formations. The F-
type structure had some identical diffractions to the D-type structure. As a result, the F-type
structure could have been present when the D-type diffraction peaks were unobservable in the
XRD spectrum. Meanwhile, this transformation has also been observed in one of the reported
HELO samples.[50] Two HELO samples prepared by the quenching process from 1150°C,
(Ceo.2Lao2Pro2Smo2Y0.2)O02-x and (Ceo.167Gdo.167L.20.167P10.167Smo0.167Y 0.167)O2-x, Occurred in F-type
phases, whereas the structure became D-type after the air-cooling process. The existence of
hexagonal structures and tiny unknown diffraction peaks was not mentioned by Djenadic et al.[50]
Based on their characterization methods and presented diffraction patterns, the insignificant
intermediate phases might not be distinguished from the background generated by Cu-based

laboratory XRD.
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The transition temperatures obtained by XRD patterns are listed in Table 15. During the in-
situ heating experiments, the reversibility of any transitions involved in the samples was tested by
slowly decreasing temperatures through 200-300°C, at 50°C intervals, below the transition
temperatures. The amount of the A-type phase would slightly decrease as the temperature
decreased. However, the single-phase D-type structure coexisted with a small amount of impurities
after cooling. In other words, the existence of an A-type structure could be non-reversible. On the
other hand, the transition between the D-type and F-type structures was reversible. Above 1500°C,
a minuscule amount of X-type tilted cubic phase appeared in the diffraction patterns, followed by
a decline in the A-type phase. This transition was similar to the high-temperature behavior of
mono-cation sesquioxides discussed previously in Figure 6, where the H-type tilted hexagonal
transferred to X-type tilted cubic above 2000°C. Nevertheless, the existence of X-phase was not
totally reversible. After cooling back to room temperature, some B-type monoclinic structure was
observed in the diffraction patterns. According to the phase diagram in lanthanide sesquioxides,
the B-type phase could be transformed from either H-type or X-type sesquioxides. Further
experiments were designed to understand the phase stability in the LCPN system, as proposed in
Section 6.3.

The structural transformations involved in the LCPNLu sample were similar to other
candidates in the LCPN system. However, the perovskite structure was observed at around 1448°C.
The amount of this phase slightly increased as the temperature reached 1622°C. Then the
composition started to decline at higher temperatures. The sample reacted with the sapphire
capillary as the temperature reached 1727°C. The reversibility of this special phase transformation
is described in the next Section 6.3.

LCPNTD was the only candidate in the LCPN system which exhibited the F-type, instead of

the D-type structure, at ambient conditions. Above 790°C, the diffraction peaks from the D-type
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phase stated to grow as the temperature increased. This was the first discovery in a reversible
transformation between two single-phase HEOs. As the temperature increased, the LCPNTb
sample followed a similar structural transformation route to the other HELOs in the LCPN system.
Surprisingly, after the F-type to D-type transition at around 790°C, the latter phase transformed to
the prior F-type structure above 1626°C, accompanying the coexistence of H-type and X-type
phases. After the cooling process in the quadrupole lamp furnace, tiny secondary phase(s)

remained in the oxide powder.
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Table 15. Transition temperatures identified by the in-situ heating X-ray diffractions
Transformation Formation of secondary phases
Do F D & F* A-type X-type Perovskite
LCPNSm 1486 °C 1486°C - -
LCPNGd 1655°C 1475°C 1570°C -
LCPNTb 790°C 1626°C 1568°C 1626°C -
LCPNDy 1642°C 1544°C 1642°C -
LCPNY 1604 °C 1519°C 1604 °C -
LCPNEr 1673°C 1581°C - -
LCPNTm 1684 °C 1583°C 1715°C -
LCPNYb 1507°C 1507°C 1607°C -
LCPNLu 1530°C 1448°C 1650°C 1448 °C
Database Pearson Prototype
PDF# Structure Space Group
Structures Symbol Structure
04-013-6624 Fluorite _
D-type CeNdOs s Ia3 cI88 Ce0.4Gdo6O1.7
[92] (Tilted)
04-015-0301 _
F-type CeO, Fluorite Fm3m cF12 CaF,
[166]
01-071-5408 -
A-type LaxOs Hexagonal P3mil cl5 LaxO;
[170]
04-007-2358 _
X-type Nd;O3 Cubic Im3m hP5 Nd03
[172]
00-028-0671
B-type Nd, O3 [174] Monoclinic P2i/m mP30 Ho»S;3
7

*The transition temperatures from D-type to F-type was identified by the total depletion of the D-type phase.

Under the extreme condition of >2000 °C, the X-type tilted cubic structure was found in some
of the partially melted samples (Figure 63 and Figure 64). Based on the phase diagrams of mono-
cation sesquioxides in Figure 6, the existence of the X-type phase could be transformed from the
H-type structure. In this case, based on the hypothesis that the X-type phase was solely transformed

from H-type phase, the F-type structure melted in the presence of the X-type phase, which
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remained stable up to around 2300°C in the mono-cation sesquioxides. During the in-situ heating
experiments in the conical nozzle levitator, the spherical beads deformed during transformations
between D-type and F-type structures. Once the sample became dome shape or near-planar in
shape, the power of the laser beam could melt the middle of the tested samples. In this case, the
amorphous diffractions from a melt sample were not observable from a donut-shape sample. At
below 2000°C, the transitions of HELOs in the LCPN system followed the trend observed in the
quadrupole lamp furnace, which had higher precision with respect to sample temperature, as

extrapolated from the thermal expansion of the platinum standard.
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6.3. The Hypothesis of Stability with respect to LCPN Phase Transformations

A complex series of phase transformations was observed in the LCPN system. During both
in-situ heating, synchrotron XRD experiments in the quadrupole lamp furnace and conical nozzle
levitator, some secondary phases (A-type, B-type, or H-type structures occurring in mono-cation
sesquioxides) remained after the cooling process. However, the cooling rates from these in-situ
experimental experiments were fast, compared to the air-cooling rates in a conventional furnace.
In the situation where if the cooling transformations required a longer time for H-type and X-type
phases to revert back to D-type and F-type structures, respectively, this reversibility might not be
observable in the in-situ experiments. In order to determine the phase stability of these HELOs,
another heat treatment process was applied to some of the crystallized powder samples in the
LCPN system. Firstly, the samples were heated in a conventional furnace at 5°C/min up to 1500°C,
and annealed for 4 hours, and then cooled down at the same rate to 1100°C, the temperature which
is about 300°C below the H-type and X-type transitions, for 10 hours, followed by the conventional
air-cooling process to room temperature.

The XRD patterns of the LCPNEr samples obtained from three different heat treatments are
presented in Figure 65. The as-synthesized (1150°C 2hours, 5°C/min) LCPNEr sample had a
single-phase D-type structure (where the diffraction peaks are denoted as orange lines). The
coexistence of D-type, B-type (monoclinic), and A-type structures was discovered from the sample
after relatively fast cooling down from 1673°C via the quadrupole lamp furnace. The last sample
was the one designed to study the stability of the phase transformations. After 10 hours annealing
at the temperature below the H-type and X-type transformations, there were still insignificant
impurities in the diffraction patterns. The specific phase(s) of those impurities could not be
identified due to their low intensities. Compared to the rapidly cooled samples collected by in-situ

experiments, the annealing process was able to determine whether the high-temperature secondary

122



phase(s) could be retained. This transformation was observed in most of the candidates in LCPN

system.

1500°C 4hrs

1100°C 10hrs JL n

After cooling at

in-situ XRD J l

As-synthesized
1150°C N

0.2 0.3 0.4

1/d (1/A)

Figure 65. XRD patterns of LCPNETr under three different heat treatments. The orange lines
indicate the D-type phase. Secondary phases were found in the powder sample after fast-
cooling from 1673°C by in-situ measurements. The annealed sample had approximately
identical phase to the single-phase HELO synthesized at 1150°C.

Intensity (arbitrary)

A hypothesis was made for the phase transformation behaviors of most of the LCPN
candidates. Under ambient conditions, these HELO samples exhibited a single-phase D-type cubic
structure. As the temperature increased, structural transformations became involved in these

samples. The transformation routes are sketched in Figure 66. In the first case, oxygen vacancies
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were the only variance between the transformation of D-type and F-type structures. The chemistry
of cations remained the same in both structures. This reversible transformation as a function of
temperature could be achieved in a short time (~mins). On the other hand, when a portion of cations
precipitated from a HELO structure, the A-type phase of hexagonal structure could be seen in the
diffraction patterns. This structure could possibly experience similar high-temperature
transformation trends as H-type sesquioxides of the middle lanthanide cations (Sm203-Dy203). X-
type tilted cubic structures and B-type monoclinic structures were observed in our in-situ
experiments under extreme environments (2000°C) and after cooling back to room temperature,
respectively. According to the results obtained from the annealing experiments, these impurities
could transform back to a HELO structure after the annealing process. In these slow, reversible
transformations, the precipitated cations homogeneously merged back to the HELO structures,
which could be a hypothesis why hours of annealing were required to re-obtain HELOs with
insignificant impurities. By increasing the annealing time, it is possible to complete this reversible

transformation.
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LCPNTD exhibited an F-type fluorite structure under ambient conditions. As the temperature
increased, the fluorite structure transformed into a D-type bixbyite structure, followed by the
similar transformations mentioned in the last paragraph. The rapid, reversible, transformations
between D-type and F-type structures provided evidence that HEOs could experience phase
transformation as a function of temperature. In Figure 67, the annealed LCPNTb exhibited an
almost identical single-phase F-type fluorite structure. The orange lines indicate the diffraction
peaks from the F-type phase. By including this additional transformation route, the phase
transformation behaviors of LCPNTD is summarized in Figure 68.

A unique phase was found in the LCPNLu sample during the in-situ heating experiments. The
perovskite phase was found in the diffraction pattern at 1448°C. Interestingly, the perovskite
structure remained in the powder sample after 10 hours annealing at 1100°C, as presented in Figure
67. This additional phase, composed of at least one large cation and one small cation (lutetium in
this case), could have required a longer time to transform back to the D-type structure. While this
may be true, these two structures could also be thermodynamically stable under ambient conditions.
In this case, preparing a precursor with cations homogeneously mixing may be a critical process

in the HEOs formation.
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LCPNLu l n
| 1 1 11

1500°C 4hrs
1100°C 10hrs
As-synthesized

Intensity (arbitrary)

1150°C |
LCPNTb i
0!2 l 0!3 | Of4

1/d (1/A)

Figure 67. XRD patterns of LCPNLu and LCPNTb samples. The orange and purple lines were
diffraction peaks from F-type and D-type structures, respectively. LCPNTb exhibited
approximately identical patterns in the annealed sample (blue) and single-phase sample
(black). A coexistence of perovskite structure and D-type structure were observed in the
annealed LCPNLu sample.

127



‘SarepIpued NdO1
JBY10 Ul paAJIasqo JolAeysq ainjesadwal-ybiy Jejiwis Ag pamo||o) ‘D.06/.~ e pPalinddo sainjondls anAgxiq adA-g pue syongy adAy-
U98M]8Q UOITeWIOYSURI] 8]qISIBAa) ‘pides ay L “ajdwes g1 NdDT 8yl Ul paAjoAul suolrewIojsuel) aseyd o) sa1noJ 81qIssod g9 ainbi4

[euoSexay OTUI[O0UON
adA1-g

881D =NAqxIg ayrony

UOTJRULIOJSURI) [QISSOJ

(Surwmsuod auny) O

e e

UOTIBUWILIOJSURT) [EINIONIS e 0 AT e n.ra’”,l. m../I
5 DS ST RN
uoneulojsuen jeimjonns > \ “ ..’?l ...M ”.Oa‘.“ ”//
' — \ NIRRT ‘w,.” B

AN SRS
‘:.!: aw f.“..

oiqn)y # ° : %
adKy-x

yuony

128



6.4. Thermal Expansions of Single-Phase High-Entropy Lanthanide Oxides

In the previous Sections, the outcomes from the in-situ heating experiments at synchrotron-
sourced X-ray facilities revealed possible structural transformations and thermal stabilities among
the LYTE and LCPN systems. Furthermore, the merit of the quadrupole lamp furnace was that it
was able to obtain the precise evolution of thermal expansions, where the actual sample
temperature could be obtained from a platinum standard.[147, 175] Here, the thermal expansion
behaviors of our candidate materials could be analyzed through the evolution of lattice parameters.
Only single-phase HELOs were discussed in this section since the composition shifted as
secondary phases existed. In the LYTE system, all candidates became single-phase HELOs except
LYTELa. Secondary phases were merely found in the seven out of nine samples in this system.
Above 1300°C, the diffraction from the CeO- fluorite structure became evident in the XRD
patterns. The evolutions of HELOs are presented in Figure 69. The trends between the lattice
parameters of the bixbyite structure and temperature were fitted via second-order polynomial
curves ( y=a+ bT +cT? ). The detail information, including the lattice parameters
corresponding to the sample temperatures, and each coefficient in the polynomial curves, are listed

in Table 16 and Table 17, respectively.
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Figure 69. The evolution of lattice parameters of LYTE HELOs obtained in-situ in the

quadrupole lamp furnace
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Figure 69 (continued). The evolution of lattice parameters in LYTE HELOs obtained in-situ in

the quadrupole lamp furnace
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Table 16. Lattice parameters (a) of cubic-bixbyite structures in LY TE HELOs corresponding to

temperature (T)

LYTEY LYTEDy LYTETb
T (°C) a(A) T (°C) a(A) T (°C) a(A)

26 10.49223(3) 26 10.50405(5) 26 10.50899(2)
643 10.53857(12) 627 10.54978(3) 559 10.55655(7)
735 10.54611(3) 736 10.55866(9) 717 10.57004(9)
839 10.55572(9) 842 10.56755(6) 860 10.58276(11)
928 10.5637(10) 940 10.57596(6) 990 10.59492(8)
1021 10.57188(7) 1027 10.58357(5) 1081 10.60342(8)
1101 10.57957(7) 1111 10.59119(4) 1155 10.61054(8)
1177 10.58666(6) 1192 10.59872(4) 1211 10.61610(2)
1255 10.59433(13) 1260 10.60507(4) 1293 10.62506(7)
1333 10.60202(10) 1333 10.61313(12) 1369 10.63313(4)
1407 10.6095(11) 1402 10.62027(10) 1494 10.64748(4)
1486 10.61858(13) 1475 10.62825(12) 1568 10.67457(7)
1567 10.62914(14) 1567 10.63919(2) 1614 10.68535(4)

1659 10.65014(1)
LYTEGd LYTESm LYTENd
T (°C) a(A) T (°C) a(A) T (°C) a(A)

26 10.53349(8) 26 10.55735(10) 26 10.58106(8)
574 10.57384(4) 608 10.60204(4) 602 10.62501(1)
677 10.58263(4) 720 10.61118(1) 711 10.63359(2)
776 10.59050(2) 827 10.62020(6) 820 10.64292(2)
876 10.59939(2) 919 10.62794(7) 912 10.65082(7)
951 10.60606(6) 1012 10.63641(8) 999 10.65874(4)
1038 10.61373(1) 1091 10.64389(1) 1079 10.66672(1)
1120 10.62114(8) 1173 10.65196(11) 1161 10.67428(3)
1200 10.62906(9) 1251 10.65994(10) 1236 10.68189(5)
1269 10.63620(5) 1319 10.66692(2) 1314 10.69096(12)
1341 10.64385(3) 1394 10.67531(9) 1384 10.69940(6)
1413 10.65207(1) 1496 10.69065(8) 1456 10.71377(6)
1498 10.66271(9) 1576 10.70501(1) 1540 10.72382(17)

1607 10.71533(15)
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Table 16 (continued). Lattice parameters (a) of cubic-bixbyite structures in LY TE HELOs

corresponding to temperature (T)

LYTEPr LYTECe
T (°C) a(A) T (°C) a(A)

26 10.55668(2) 26 10.56941(1)
639 10.63424(12) 679 10.62136(5)
763 10.64780(8) 782 10.63169(2)
863 10.65757(5) 890 10.64179(11)
964 10.66802(5) 975 10.65138(12)
1052 10.67701(1) 1047 10.66024(2)
1138 10.68504(6) 1130 10.66876(5)
1221 10.69468(4) 1213 10.67832(6)
1281 10.70258(12)
1369 10.71365(1)
1431 10.72115(11)
1544 10.73081(12)

Table 17. Coefficients of the second-order polynomial fitting curves (y = a + bT + cT?)

in LYTE HELOs
a b c R?

LYTEY 10.49075 6.47384 X 10°  1.44405X 108 99.97%
LYTEDy 10.50293 6.37192 X 105 1.45689 X 108 99.96%
LYTETb 10.51154 5.42225X10°  2.89887 X 10® 98.44%
LYTEGd 10.5323 6.2465 X 10 1.5729 X 10°® 99.96%
LYTESm 10.55836 5.02584 X 105 2.65322X 108 99.39%
LYTENd 10.58061 5.55923 X 10°  2.30654 X 108 99.69%
LYTEPr 10.55409 1.26377 X 10*  -7.82501 X 107 99.87%
LYTECe 10.56218 7.54468 X 105  1.67676 X 108 99.98%

As mentioned in Section 4.2.1, the coefficients of thermal expansions were calculated by
using equation {9}. The CTE in the LYTE system was derived from the first-order equation (y =
a + bT), whose results are listed in Table 18. The results are plotted in Figure 70, in increasing

order of the smallest fifth cation (yttrium, Y) to the largest cation (cerium, Ce). All the samples
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exhibited positive thermal expansion behavior with increasing temperatures, as seen in Figure 69.
By comparing the CTE values among these candidates, there was no clear correlation between
CTE and size mismatch in LYTE HELOs. Interestingly, the candidate LYTEPr had a different
tendency from other LY TE HELOs. While the value of CTE increased as temperature increased in
other LYTE HELOs, LYTEPr was the only candidate showing a negative slope in the CTE values
listed in Table 18. From the experimental results mentioned in Section 6.1, the melting temperature
of LYTEPr was around 1900°C. By extending the trends of CTEs, the thermal expansion behavior

of LYTEPr would remain at a positive value until it reached its melting point.

Table 18. The detail values of the coefficients of thermal expansion (y = a + bT) in LYTE

HELOs

a b
LYTEY 6.170128 X 10 2.752608 X 1077
LYTEDy 6.066153 X 10 2.773957 X 1077
LYTETb 5.159631 X 10* 5.516934 X 107
LYTEGd 5.930135X 10* 2.986476 X 1077
LYTESm 4760511 X 10 5.026297 X 1077
LYTENd 5.253942 X 10 4359751 X 107
LYTEPr 1.197129 X 1073 -1.48248 X 10
LYTECe 7.138223 X 10* 3.172855 X 107
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Figure 70. Evolution of the coefficients of thermal expansion among the LYTE systems. All

candidates exhibited positive thermal expansions in their cubic structures.

In the LCPN system, the candidates experienced phase transformations at high temperatures.
The A-type hexagonal structure existed when the temperature reached above 1500°C. In this case,
a portion of cations was precipitated out from the HELO and formed secondary phase(s), leading
to the composition changes in the original HELO. The lattice parameters chosen for the CTE
analysis came from single-phase HELOs. The LCPNTb sample experienced a phase
transformation between the two single-phase structures of F-type fluorite and D-type tilted fluorite.
The thermal expansion behavior of these two structures could be analyzed separately. The

evolution between lattice parameters at different temperatures is presented in Figure 71. The trends
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were fitted by second-order polynomial equations. Detailed lattice parameters and coefficients of

corresponding polynomial equations are listed in Table 19 and Table 20, respectively.
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Table 19. Cubic lattice parameters (a) of single-phase structures in LCPN HELOs

corresponding to temperature (T)

LCPNSm LCPNGd LCPNTb
T (°C) a(A) T (°C) a(A) T (°C) a-(A)

26 11.04103(13) 26 11.02770(8) 26 10.95533(12)
764 11.12935(12) 612 11.08481(4) 442 10.99483(11)
864 11.14915(7) 742 11.10704(3) 616 11.03288(2)
981 11.17069(8) 842 11.12695(3) 790 11.07024(12)
1080 11.18791(8) 952 11.14662(7) 908 11.10156(6)
1169 11.20224(7) 1060 11.16605(3) 1020 11.12835(6)
1255 11.21384(12) 1127 11.17955(14) 1105 11.14611(4)
1410 11.23826(14) 1236 11.19839(8) 1159 11.15635(4)
1475 11.25285(3) 1309 11.21560(3) 1212 11.16644(9)

1359 11.22927(13) 1365 11.19548(10)
1513 11.22344(5)
1568 11.24255(5)
LCPNDy LCPNY LCPNEr
T (°C) a(A) T (°C) a(A) T (°C) a(A)

26 11.00154(8) 26 10.98907(9) 26 10.97844(5)
574 11.04776(12) 599 11.04365(6) 718 11.04849(7)
725 11.07446(9) 732 11.06664(12) 821 11.06684(9)
873 11.10195(8) 866 11.09249(7) 926 11.08377(3)
989 11.12322(10) 979 11.11365(10) 1023 11.10140(8)
1105 11.14354(13) 1069 11.13033(11) 1115 11.11729(8)
1203 11.15985(13) 1159 11.14599(10) 1188 11.13038(9)
1285 11.17335(3) 1247 11.16312(9) 1262 11.14381(9)
1392 11.19174(9) 1309 11.17923(3) 1363 11.16306(8)
1483 11.20809(5) 1396 11.19318(9) 1438 11.17932(3)
1544 11.22094(5) 1435 11.1975(7) 1492 11.18668(4)

1443 11.19825(13)
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Table 19 (continued). Lattice parameters (a) of single-phase structures in LCPN HELOs

corresponding to temperature (T)

LCPNTm LCPNYb LCPNLu
T (°C) a(A) T (°C) a(A) T (°C) a(A)

26 10.97293(5) 26 10.96719(7) 26 10.96756(3)
618 11.02349(4) 643 11.02739(7) 646 11.01609(8)
769 11.04938(8) 789 11.05278(1) 736 11.03339(6)
891 11.07115(5) 904 11.07238(9) 868 11.05599(8)
999 11.09095(13) 1002 11.09009(11) 965 11.07232(9)
1084 11.10614(9) 1090 11.10513(12) 1073 11.08745(4)
1140 11.11461(11) 1155 11.11641(14) 1173 11.10405(4)
1199 11.12406(11) 1256 11.13583(11) 1282 11.12079(6)
1272 11.13553(9) 1306 11.14630(4) 1368 11.13852(1)
1427 11.16105(9) 1386 11.17242(3) 1448 11.17641(13)
1583 11.19718(11)

Table 20. Coefficient of the second-order polynomial fitting curves (y = a + bT + ¢T?) in
LCPN HELOs

a b c R?
LCPNSm 11.03594 1.10711 X 10 2.47452 X 10°® 99.79%
LCPNGd 11.02052 7.64532 X 107 5.62781 X 10 99.89%
LCPNTDb_Fluorite 10.9547 -1.21837 X 10”7 2.05959 X 1077 100.00%
LCPNTDb_cI88 10.86219 2.93666 X 10 -3.45485 X 1078 99.73%
LCPNDy 10.99679 8.13642 X 107 425268 X 10°® 99.58%
LCPNY 10.9822 8.57691 X 107 4.66015 X 10°® 99.70%
LCPNEr 10.97573 7.24084 X 107 476468 X 1078 99.91%
LCPNTm 10.96852 7.4559 X 107 4.45332X 10°® 99.63%
LCPNYb 10.96546 6.00586 X 107 6.20912 X 10°® 99.83%
LCPNLu 10.96654 3.95866 X 107 6.74843 X 1078 99.10%

The evolution of CTE in LCPN system, except for LCPNTDb, is plotted in Figure 72. All of
them indicated positive thermal expansion behavior. The CTE values as a function of temperature

were calculated using Equation {9}. The detailed CTE equations are listed in Table 21. There was
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no significant correlation in thermal expansion properties among the designed candidate materials.
In LCPNTD, the gradients of the CTEs significantly changed with the structural transformation
from fluorite to D-type tilted fluorite (Figure 73). Below 600°C, the CTEs increased with
increasing temperatures in the CeO,-type fluorite structures. However, after the structure become
a tilted fluorite structure (with Pearson symbol cI88), the CTE trends had a negative slope up to
around 1550°C. This outcome confirmed that the phase transformations involved in LCPNTb
affected its behavior with regard to thermal expansion. The CTE data reported in this research will

be helpful for further research on these HELO samples and future materials design.
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Figure 72. The evolution of the coefficients of thermal expansion among the LCPN system
(except for LCPNTDb). All candidates exhibited positive thermal expansions in their cubic
structures.
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Table 21. The detailed equations for the coefficients of thermal expansion (y = a + bT) in

LCPN HELOs

a b
LCPNSm 1.00272348 X 1073 4.48240789 X 107
LCPNGd 6.93283278 X 10 1.02066795 X 10’

LCPNTb_Fluorite
LCPNTb_cI88

-1.1121753 X 1073
2.68069688 X 10°¢

3.76014689 X 107
-6.3074415 X 107

LCPNDy 7.39509346 X 1073 7.73041855 X 1077
LCPNY 7.80494619 X 10 8.48142745 X 1077
LCPNEr 6.59550902 X 10 8.68006748 X 1077
LCPNTm 6.79476898 X 10 8.11686868 X 1077
LCPNYb 5.47620676 X 10 1.13230828 X 10°®
LCPNLu 3.60942634 X 10 1.23061647 X 108
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Figure 73. The evolution of thermal expansion coefficients in LCPNTb. The tendency changed
after the phase transformation from the F-type fluorite structure to the D-type tilted fluorite

structure.
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CHAPTER 7: KEY PARAMETERS OF THE

SINGLE-PHASE HIGH-ENTROPY LANTHANIDE OXIDES

Size mismatch and valence configurations were the key parameters in designing our candidate
materials. In this chapter, the effect of these two factors are introduced. Furthermore, additional
HELO samples were synthesized and analyzed for stability research. These parameters were found
to have a critical influence on single-phase formation and structural stability from room

temperature to 2000°C.

7.1. Size Mismatch (6) of Constituent Lanthanide Cations

In this research, 20 samples, containing equimolar cations, were designed having different
size mismatches (8) and valence configurations. According to XRD analyses, 18 of the 20 samples
became single-phase HELOs under ambient conditions. The size mismatches of all the designed
samples are listed in Table 22. In the LYTE system, initially, all cations were considered to be in
the trivalent states in a C-type bixbyite structure. In this case, the size mismatch increased as the
larger fifth cation was added to the system, from the smallest cation yttrium to the largest cation
lanthanum. However, after analyzing the relationship between & values and the lattice parameters
of the crystal structure (shown in Figure 33), it is seen that cerium and praseodymium cations have
a preference for the tetravalent state, instead of the trivalent state. In the ceramic field, the radius
of a cation depends on its oxidation state and coordination number. The value of 6 significantly
decreased after the modified calculation was applied to LY TECe and LY TEPr candidate materials.
Despite the fact that these two samples had lower o values from the initially designed composition,
the LCPNLa sample provided an example of failure to form single-phase HELO. The coexistence

of perovskite and C-type structures in the LYTELa sample provided the evidence that secondary
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phase(s) could exist in a solid solution as the cation size mismatch reached 7.0273. This system
demonstrated the tolerance of larger cations being merged in a HELO structure. In contrast, the
LCPN system provided the example for adding a smaller cation into a system that could be up to
0=5.8124. All the designed candidates turned out to form single-phase solid solutions after air-

cooling to room temperature.
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Table 22. Configurational entropy and size mismatches (0) of synthesized candidates

Chemistry Abbreviation Structure AScons/R 0x 100
(Gdo,4Tbo‘4Dyo,4H00,4EI‘0,4)O3 GTDHEO Bixbyite cl80 0.644 1.8324
(LuO_sYbo_sTmo_sEr0_5)03 LYTEO 0.555 1.2714
(Lu0_4Yb0_4Tm0_4Ero_4Y0_4)03 LYTEY 1 6 11 3
(Lu0_4Yb0_4Tm0_4Ero_4Dyo_4)O3 LYTEDy 2 03 08
(Lu0_4Yb0_4Tm0_4Ero_4Tbo_4)O3 LYTETb 2 .45 5 1
(Luo_4Yb0_4Tm0_4Ero_4Gd0_4)O3 LYTEGd 3.0635
(Luo_4Yb0_4Tm0_4Ero_4Smo_4)03 LYTESm Bixbyite CI80 0.644 3.8988
(Luo,4Yb0‘4TmoA4Er0A4NdoA4)O3 LYTENd . 4.9563
5.2530
(Lllo_4Yb0,4Tm0,4EI‘0,4Pr0,4)O3 LYTEPr .
3.9831
6.0997
(LUO_4Yb0,4Tm0,4Er0,4C60,4)03 LYTECe .
4.4056
Bixbyite cI80 7.0273%
(Lu, Yb, Tm, Er, La)Ox LYTELa <0.64
Perovskite NA
(Lao5Ceo.5ProsNdo5)Os 5 LCPNO 0.504 2.8029
(LaoA4CeoA4ProA4NdoA4Sm0‘4)O3A5 LCPNSm Bixbyite cl88 2.7723
0.585
(Lao.4Ce.4Pro4Ndo.4Gdo4)O3.5 LCPNGd 3.2118
(Lao.4Ceo.4ProaNdo4Tbo4)O4 LCPNTb Fluorite 0.536 5.0952
(Lao4Ceo.4Pro4Ndo4Dy0.4)Os 5 LCPNDy 3.9783
(Lag.4Ceo4ProaNdo4Y04)O3 s LCPNY 4.3803
(Lag.4Ce.4Pro4Ndo 4Ero4)Os5 LCPNEr 47317
Bixbyite cI88 0.585
(Lag4Ceo.4Pro4Ndo4Tmg4)O035 LCPNTm 5.0952
(Lao4Ceo4Pro4Ndo4Ybo4)O35 LCPNYb 5.5446
(Lag4Ce4Pro4Ndo.4Lu4)O0s 5 LCPNLu 5.8124
(La, Ce, Pr, Nd, Ag)O, LCPNAg - <0.58 14.42727*

*Ce and Pr were in tetravalent states and in 8-fold coordination
#Calculated for candidates in a single-phase HELO bixbyite (cI80 or cI88) structure
R: gas constant 8.314 J/mol'K

Figure 74 summarizes all the reported HEOs (listed in Table 1), and the candidate materials

synthesized in this research (Table 22), as a function of configurational entropy and size mismatch
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(9). First of all, in the HEOs system, the contribution from configurational entropy is not significant
compared to the atomic arrangements in HEAs. So far, successfully synthesized HEOs existed in
a 0 range up to about 7. An exception was the HEOs in the yttria stabilized zirconia prototype. In
this special doped structure, the ZrO» high-temperature phase transformation behaviors could be

constrained via doping with the large yttrium cation (Y5

at the zirconium cation (Zryj7, 0.78A)
polyhedral sites. According to the Kroger-Vink equation, each oxygen vacancy was created by two
aliovalent dopants. This doping mechanism could either achieve charge balance or create space
for larger cations. In the HEOs study, most of the literature references only reported the HEOs,
which were successfully synthesized. As a result, only two candidates which failed in HELO
formation were included, denoted by a blue “X” in Figure 74. In the situation when they were
homogeneously mixing in a single crystal, they both exceeded the value of 7.0 in size mismatch.

In conclusion, in a binary oxide prototype, the difference in cation radii among multi-components

has a critical effect on the formation of single-phase HEOs.
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Figure 74. Summary of high-entropy oxides (HEOs) as a function of configurational entropy
and size mismatch (8). In this research, most of the designed high-entropy lanthanide oxides
became a single-phase solid solution (red circle), while two of them formed secondary phases
(blue “X” cross). The contribution from configurational entropy was not significant, due to the
cation-anion arrangements in ceramics. For most of the single-phase HEOs, the threshold of 6
was determined to be around 7.0. R: gas constant 8.314 J/mol'K

In the LYTE system, all designed candidates became single-phase HELOs, except for
LYTELa. The LaTmOs-like perovskite structure was found in this sample as a secondary phase.
An attempt was made to alter the composition in lanthanum, which could lower both the

configurational entropy and change the value of size mismatch. In these (LuYbTmEr);.xLaxOy
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compositions, lanthanum lay in a range x=0.059 to 0.5, which covered the larger and smaller
ranges of the equimolar mixing condition (x=0.2). The XRD results are presented in Figure 75.
Obviously, the amount of perovskite structure was dominated by the composition of lanthanum in
the sample. When the lanthanum reached 50% among all of the constituent cations, the La;0O3
hexagonal phase, within P3m1 space group, existed in the sample. This hexagonal structure was
naturally stable for a binary lanthanum oxide under ambient conditions. When a small amount of
lanthanum was present (6% among cations) in the system, the highest peaks from the perovskite
structure were still observable in the diffraction pattern. In conclusion, the difference in cation size
mismatch had a significant effect on the formation of single-phase HEOs. Altering the composition
of extraordinary cations might decrease the value of the size mismatch, but it had limited

contribution to eliminating secondary phase(s).
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Figure 75. XRD patterns obtained from different levels of lanthanum contained in the
LYTELa candidates. The amount of secondary phase(s) was dominated by the lanthanum
content.

7.2. Valence Configurations and High-Temperature Stability

All the HELO candidates exhibited cubic structures after the crystallization processes. Three
different cubic structures were observed in the LCPN and LYTE systems. By comparing the
prototype structures, the constituent cations had different combinations of valence states. The C-
type cubic-bixbyite structure (M203, Pearson symbol cI80) is the common structure for middle
and heavy binary lanthanide sesquioxides (Sm>O3-LuxO3). In this structure, all cations are in the
trivalent states. This phase was found in the LYTE system, where the constituent cations were
dominated by cations in their trivalent states. On the other hand, the D-type tilted fluorite structure,
the so-called bixbyite structure (M203.5, Pearson symbol cI88), was found in most of the LCPN
candidate materials. This structure was derived from the CeNdOs 5 prototype, with both trivalent

and tetravalent cations present in the crystal structure. In the LCPN system, at least 40 mol% of
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cations (Ce, Pr) had a preference for tetravalent configurations. These outcomes agreed with the
initial design of the two systems. In the LCPNTDb sample, the structure behaved as fluorite structure
(MO2), with 60 mol% tetravalence-preferred cations present. As a result, the crystal structures of
HEOs could possibly be modified through the preferred valence states of its constituent cations.

The compositions of tetravalent cations presented in HELO candidates are organized in Table 23.
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Table 23. The molcular composition (mol %) of tetravalent cations (Bold, Red) among
constituent cations

Gd Tb Dy Ho Er Total M**
GTDHEO 20% 20% 20% 20% 20% 20%

Lu Yb Tm Er Ln"
LYTEY 20% 20% 20% 20% 20% 0%
LYTEDy 20% 20% 20% 20% 20% 0%
LYTETb 20% 20% 20% 20% 20% 20%
LYTEGd 20% 20% 20% 20% 20% 0%
LYTESm 20% 20% 20% 20% 20% 0%
LYTENd 20% 20% 20% 20% 20% 0%
LYTEPr 20% 20% 20% 20% 20% 20%
LYTECe 20% 20% 20% 20% 20% 20%

La Ce Pr Nd Ln"
LCPNSm 20% 20% 20% 20% 20% 40%
LCPNGd 20% 20% 20% 20% 20% 40%
LCPNTDb 20% 20% 20% 20% 20% 60%
LCPNDy 20% 20% 20% 20% 20% 40%
LCPNY 20% 20% 20% 20% 20% 40%
LCPNEr 20% 20% 20% 20% 20% 40%
LCPNTm 20% 20% 20% 20% 20% 40%
LCPNYDb 20% 20% 20% 20% 20% 40%
LCPNLu 20% 20% 20% 20% 20% 40%
(LCPN),xTbOy
X=10.059 23.53%  23.53%  23.53%  23.53% 5.88% 52.94%

0.11 22.22%  22.22%  22.22% @ 22.22% 11.11% 55.56%
0.5 12.50%  12.50%  12.50% 12.50% 50% 75%

In order to study the final HELO structures affected by the number of preferred valence states
of constituent cations, different levels of terbium were added to the LCPNTb sample, with other
cations balanced in equimolar ratios. LCPNTb was the only sample exhibiting the fluorite phase,
instead of the tilted fluorite structure found in other LCPN candidates. In the LCPN system, there

were at least 40 mol% cations inherently stable in tetravalent states. Inclusion of terbium into the
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LCPN sample did increase the overall preference for the tetravalent configuration. In the LCPNTDb
sample containing equimolar mixing of cations, a total of 60 mol% (40%+20%) tetravalent cations
was found in the powder. In Figure 76, the intensity of XRD peaks was plotted on a log scale for
better differentiation between fluorite and tilted fluorite phases. The fluorite structure
corresponded to the range of constituent tetravalent cations from 56 mol% to 75 mol% (11 mol%-
50 mol% Tb). However, the structure became the D-type tilted fluorite phase as the level of
tetravalent cations decreased to 53 mol%. In Table 23, it is seen that only 6 mol% of tetravalent
cations were contributed by the terbium. The results provided evidence that the final structures of

HELO samples could be modified by the valence configurations of the intrinsic cations.
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Figure 76. XRD patterns obtained from LCPNTb candidate materials having varying terbium
compositions. The structure remained fluorite within the composition of 11 mol% terbium
involved in the cations. The bixbyite structure showed up with a further decrease (x=0.059) of
terbium cations. The diffraction intensity was expressed as a log scale for better differentiation
between these two structures.

By including all the HELOs synthesized in this research, the relationships between the final
crystal structure and valence configurations of constituent cations are plotted in Figure 77. The
structure changed from cubic-bixbyite, as found in LYTE candidates, to a tilted fluorite structure,

in most of the candidate materials in the LCPN samples. In the LYTE system, the maximum
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possible content of tetravalent cations was 20 mol%, under the circumstances when the fifth
cations (Ce, Pr, Tb) preferring tetravalent states were added. The crystal structure became tilted
fluorite and fluorite as the levels of tetravalent cations reached 40 mol% and 60 mol %, respectively.
In the previous experiments containing various amounts of terbium concentration in the LCPNTDb
sample, the result provided evidence that the final HELOs could be modified by the composition
of constituent cations having different valence preferences. Those results lead to the conclusion
that the crystal structures of HELOs can be adjusted by the competition between cations with
trivalent and tetravalent configurations.

Moreover, as the relative ratio of oxidation states in crystal structure is varied, the resulting
high-temperature behavior could also be affected. In the LYTE system, the candidates remained
stable in the C-type bixbyite structure from room-temperature up to 2000°C. However, with the
amount of non-trivalent cations reached 40 mol% (the LCPN system), multiple phase
transformations became involved during heat treatments. As temperature increased, a portion of
the constituent cations became thermodynamically unstable and precipitated out from the high-
entropy arrangements. These results demonstrate that the structural stability could be lowered with
a higher level of mixture between cations having different preferences in oxidation states. Even so,
addition research into high-temperature HEOs is required in order to clarify the relationship
between mixed valence states of constituent cations and the occurrence of high-temperature phase
transformations. Based on this concept, the choice of cations having the same valence state will

ensure structural stability at high temperatures in refractory applications.
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Figure 77. The relationship between the valence states and the final crystal structures. In the
LYTE system, the maximum non-trivalent cations came from one constituent cation (20
mol%). As the non-trivalent cation (Ce, Pr, Tb) content in HELOs increases, the structure can
be modified from C-type bixbyite (M203), tilted fluorite (M2035) to fluorite (MO2) structures.

7.3. Mixing Enthalpy and Mixing Entropy

According to the “high-entropy effect” in high-entropy materials, a single-phase solid

solution is stabilized by a large value of configurational mixing entropy. In Sections 3.1 and 7.1,
the values of configurational mixing entropy in high-entropy oxides have been calculated.
Compared to the high-entropy alloys containing five equimolar components (AS;,,r = 1.61R),

the values of configurational mixing entropy in up-to-date synthesized HEOs are relatively small
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(AS¢cons < 0.80R). In this case, whether the single-phase HEOs is stabilized by configurational
mixing entropy should be re-evaluated. Three circumstances are involved in the competition
between mixing entropy and mixing enthalpy. If the value of mixing enthalpy is negative in an
HEO system, the free energy of mixing naturally becomes negative. Under the situation when an
HEO has a positive value in mixing enthalpy, the combination of configurational mixing entropy
and temperature could possibly lead to lower the free energy of mixing in single-phase formation.
However, the single-phase HEO formation might not be accessible when an extremely high
formation temperature is required, such as 3000°C. By considering such situations, the HEOs could
be stabilized by mixing entropy when the enthalpy value is positive, and the formation temperature
is accessible.

The values of configurational mixing entropy in the reported HEOs are listed in Table 1 and
Table 22, calculated through Equation {5}. On the other hand, in order to calculate the mixing
enthalpy, building a crystal structure with randomly distributed constituent cations is required. In
high-entropy oxides, multiple unit cells should be required to mimic a structure with a
homogeneous cation arrangement. In this case, density functional theory might not be an ideal
method for covering the whole range of a structure.

As an example, Anand et al. [176] evaluated the competition between mixing enthalpy and
mixing entropy in the high-entropy oxide, (Mgo.2C00.2Nio2Cu0.2Zno2)O, as well as other HEOs
with similar compositions. Using the genetic algorithm strategy, multiple microstates containing
1,000 cations and 1,000 oxygen anions were constructed. An order parameter was used to examine
the potential segregation of the cations in each microstate. From different chemistry
stoichiometries, the total number of configurations successfully generated from their constituent
cations were different. For example, the total number of configurations decreased from 23,536 to

351 by replacing magnesium with calcium in the (Mgo.2C00.2Nio.2CUo.2Zno2)O composition. In
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other words, only 351 microstates were successfully constructed without cation segregation in
(Cao.2C00.2Nin2Cuo.2Zno2)O. By taking the average value of all the microstates, the statistical
mixing enthalpy in a high-entropy oxide could thus be obtained.

However, there are obstacles to calculating the mixing enthalpy in the LYTE and LCPN
systems using the genetic algorithm strategy. First, the crystal structures having enormous oxygen
vacancies could collapse in the relaxation process. Moreover, the lattice parameters of the unit
cells obtained from X-ray diffraction (listed in Table 11 and Table 12) are more than twice that of
the rocksalt structure (a=4.2A). The size of a microstate needs to increase significantly to resemble
a structure with a homogeneous cation arrangement. In the rocksalt sample, a microstate containing
1000 cations and 1000 anions can represent 200 unit cells. On the other hand, the same size of a
microstate can accommodate only 31 unit cells in C-type cubic bixbyite structure. The microstate
size has a critical effect on the total number of configurations in a high-entropy oxide. To construct
a structure of a high-entropy oxide through the genetic algorithm strategy, a larger number of
configurations is preferred to acquire a reliable value of the mixing enthalpy. In this research, due
to the lack of computational resources, the quantitative values of mixing enthalpy among our
candidates were not calculated.

Despite the fact that calculating the mixing enthalpy of a high-entropy oxide is challenging,
two factors can be applied to qualitatively compare the mixing enthalpy among our candidates.
First, the mixing entropy of a high-entropy oxide could increase when any constituent mono-cation
oxide exhibits different crystal structures to the high-entropy oxide. In the LYTE HEOs, the C-
type bixbyite structure is naturally stable in the base mono-cation oxide (ErO3-LuxO3). For
lanthanide cations having a different sesquioxide structure (La>03-Nd2Os) or preferred valence
states (Ce, Pr, and Tb), the transformation from their naturally stable structure to the high-entropy

oxide could cause a penalty in mixing enthalpy. The influence of the enthalpy penalty could
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possibly overcome the entropy contribution. In the previous study on (Mgo.2C00.2Nig2Cuo.2Zn0.2)0O,
copper and zinc are not naturally stable in a rocksalt structure.[176] The simulation results
presented that the formation temperature would decrease in a four-component system by removing
either copper or zinc. The configurational entropy decreases as the number of components decrease
from five to four. Normally, higher formation temperatures would be required if the changes in
mixing enthalpy could be neglected. However, in this case, the contribution of enthalpy by
removing either copper or zinc, which are not naturally stable in the rocksalt structure, overcomes
the influence of mixing entropy, leading to lowering the formation temperature. In LCPN HEOs,
the final crystal structures exist either in tilted fluorite or fluorite structures, which are not the
naturally stable phases of constituent mono-cation oxides. The base cations (La;03-Nd>O3) are
stable in the A-type hexagonal structure as sesquioxides. Cerium and praseodymium prefer to exist
in a tetravalent state than in a trivalent state. By comparing the enthalpy between LYTE and LCPN
system, we can expect that the average mixing enthalpy in the LCPN system is higher than that in
the LYTE system. Furthermore, as the temperature increases, the constituent mono-cation oxides
could experience structural transformations, which changes the enthalpy. The formation enthalpy,
transition enthalpy, and standard entropy values are listed in Table 24. These two factors, (1)
structural difference between final HEO and room-temperature stable phase of constituent mono-
cation oxides, and (2) possible high-temperature structural transformations, would increase mixing

enthalpy in a HEO sample.
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Table 24. Formation enthalpy (AH]?(298 K)> kJ/mol), transition enthalpy (AHJ., kJ/mol),, and

standard entropy (J/mol°K) in mono-cation lanthanide oxides [62]

Oxides AHP 081 AHfs AHfs AHp ASCyosi)
(—B Type) (—A Type) (—H Type)

LayOs -1791.6 £5 2345 127.3 £0.84
CeO» -1090.4 + 1 69.3 £0.07
Cex0s3 -1799.8 £1.8 2848 148.1+£0.4
PrsOn 9446 £2.5 79.2+£2.0
Pr,0; -1809.9 £3 2848 152.7+0.3
Nd20; -1806.9 + 3 2948 158.7+1.0
Sm,03 -1826.8 £4.8 6+3 7£3 3248 150.6 0.3
Gd,0Os3 -1819.7+ 3.6 9+2 6.3+£3.3 34,7433 150.6 0.2
Tb7012 -963.8+5

Tb11020 -957.8+5

TbyOs -1865.2+6 12+4 55+8 159.2+3.0
Dy»03 -1863.4+5 14+5 55+8 149.8 £0.15
Ho,0; -1883.3 +8.2 16+5 57+8 156.4 £0.15
Er0O; -1900.1 £6.5 25+5 153.1£0.15
TmyO3 -1889.3+5.7 26+5 139.7+0.4
Yb,03 -1814.5+6 27+£5 133.1+0.3
LuOs -1877.0+ 7.7 110.0+0.13

The detailed structural information and transformation temperatures were introduced in Section 2.4.

The second factor that could possibly increase mixing enthalpy is due to the size mismatch
among constituent cations. According to the simulation results, the formation temperature
increases from 476°C to 2992°C by replacing magnesium with calcium in the high-entropy oxide
(Mgo.2C00.2Ni02Cu0.2Zn02)0.[176] Due to the notable difference in cation radii, substituting
magnesium (0.72A) with calcium (1.00A) would increase the size mismatch parameter (8) from
2.69 to 14.24. Large distortion generated from the polyhedral sites containing calcium in the
rocksalt structure causes a considerable increase in mixing enthalpy, leading to non-reachable

formation temperature (exceeding the boiling point of most of the constituent mono-cation oxides).
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In this research, the distortion among polyhedral sites in a single-phase structure increases with
the addition of a larger or smaller fifth cation in the LYTE or LCPN system, respectively. As
mentioned in Section 7.1, exceeding the threshold of size mismatch (>7) would cause the failure
of formation of a single-phase, high-entropy oxide. From the thermodynamic perspective, larger
distortion involved in a structure would cause a penalty in mixing enthalpy, leading to possible
segregation of constituent cations.

In conclusion, the stabilization of an HEO is determined by the competition between mixing
enthalpy and mixing entropy. The calculation of configurational mixing entropy has been
introduced in Section 3.1. Contributions from both the cations and anions should be considered in
the entropy calculation. Due to the homogeneous arrangement of cations in high-entropy oxides,
building an ideal model is challenging, especially when oxygen vacancies and high-temperature
transformations involved. At ambient conditions, the difference between stable structures of a
mono-cation oxide and single-phase HEO, and an increase in cation size mismatch could cause
penalties in the mixing enthalpy. If mixing enthalpy has either a negative or small positive value,
the free energy could possibly be negative at room temperature. In this case, the HEO structure is
naturally stable without a quenching process. As the value of mixing enthalpy becomes larger, the
formation temperature of HEO would also increase. In this case, the free energy might reach zero
by the contribution from temperature and mixing entropy. If the positive mixing enthalpy
dominates (AH,,;, >> ASpix), the single-phase HEO might not be stable at ambient conditions.
In order to fully understand the contribution of mixing entropy in “high-entropy oxides,” further

investigations on both experimental results and simulation improvements would be required.
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CHAPTER 8: MINOR PROJECT

8.1. High-Temperature Behavior of (Mgo2C00.2Nio2Cu0.2Zno.2)O

Prior to the design of the HELO systems, an attempt was made to reproduce the HEO,
(Mgo.2Co00.2Nip2Cu02Zno2)O (MCCZN), reported by Rost et al. in 2015.[7] The HEO was
successfully synthesized via the polymeric steric entrapment method from nitrate precursors. The
next step was to study the high-temperature behavior of MCCZN in the conical nozzle levitator at
the APS beamline 6ID-D. As shown in the diffraction patterns from room temperature to 2200°C
(Figure 78), no secondary phase were observed in the experiment. After cooling back to room
temperature, the sample remained in its rocksalt structure. However, even the CO; laser was able
to create an environment with temperatures up to 3000°C, such that the sample bead deformed at
temperature >2000°C. Figure 79 presented the evolution of sample morphology in a temperature
range 2000°C to 2100°C. A portion of the tested bead evaporated under exposure to the CO; laser.
The donut-like shaped sample had a hole in the middle, corresponding to the direction of the
heating source. The initial hypothesis was that the MCCZN sample might reach its melting point,
whose value has not yet been determined according to the literature. After testing different beads
with a careful increase in temperature, the tested sample still became volatile instead of remaining
in a melted state as the temperature reached above 2000°C. In this case, the in-situ heating

experiment was forced to stop.
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Figure 79. The MCCZN sample became volatile as the temperature reached above 2000°C,
under the exposure to the CO; laser.

The tested bead lost significant mass during the in-situ experiments. In order to understand if
there was any variation in composition, the deformed beads were examined by SEM-EDS. The
SEM/EDS results are presented in Figure 80. The remaining composition was determined to be
primarily magnesium and oxygen. The other components must therefore have been volatile and
left the HEO structure above 2000°C. The melting temperatures of binary oxides of constituent
cations are listed in Table 25. It is worth noting that MgO was the only component of these five
mono-cation oxides that had a melting point above 2000°C. In this case, the following hypothesis
was made for choosing cations for future study of high-temperature behavior of HEOs: the binary
oxides should have relatively high melting temperatures. The melting points of binary oxides in
MCCZN and the lanthanide cations are listed in Table 25. All lanthanides and yttrium cations
exhibited melting temperatures above 2100°C, which would be ideal candidates for a study of

phase stability in high-temperature environments.
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Figure 80. SEM/EDS analyses of the deformed MCCZN bead after heat treatment at >2000°C.
The remnant phase was dominated by the presence of magnesium and oxygen.

Table 25. Melting points of binary oxides [146]

MCCZN system Candidates in this research
Oxides Melting Point (°C) Oxides Melting Point (°C)

MgO 2852 LaxO3 2304
ZnO 1975 Ce203 2250
NiO 1955 CeO2 2480
CoO 1933 Pr20s 2183
CuO 1326 Nd203 2233
Sm;03 2335

Eu,03 2350

Gd203 2425

TbsO7 2303

Dy»03 2408

Y203 2439

Ho,03 2415

Er O3 2418

TmyOs 2341

Yb203 2355

Lu,03 2490
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CHAPTER 9: CONCLUSIONS

Three multicomponent oxide systems, including 20 candidate materials, were synthesized by
the organic steric entrapment, which had no history of a prior crystalline structure. This is in
contrast to the conventional synthesis method involving solid state diffusion of crystalline
precursor components. The polymeric steric entrapment method had the advantage of
homogeneously mixing cations in liquid precursor solutions and forming homogeneous
amorphous solid mixtures. This research focused on the study of the chemical selection rules for
the formation of high-entropy oxides (HEOs).

Lanthanides were chosen as cations in this research due to their physical behavior, such as
large range of cation radii, a variety of preferred oxidation states, and high melting points. Based
on observations in the single-phase, high-entropy lanthanide oxide (HELO),
(Gdo.4Tbo4Dyo.4Ho004Er04)O3, the terbium cation, which exhibited a mixture of trivalent and
tetravalent states, could be constrained in a C-type M20O3 cubic-bixbyite structure.

The other two systems, LYTE and LCPN, were designed based on their differences in size
mismatch and oxidation states. In the prior case, four of the smallest cations (Lu, Yb, Tm, Er) were
fixed and a further cation was added to create a powder sample containing five cations. On the
other hand, the design for the LCPN system was based on selecting the four largest cations (La,
Ce, Pr, Nd) as the base. Furthermore, despite the fact that most of the lanthanide cations were
thermodynamically stable in their trivalent state under ambient conditions, cerium, praseodymium,
and terbium exhibited a preference for the tetravalent state. The LYTE system demonstrated a
minimum effect from mixing cations with different valence configurations, while the LCPN
system was based on a mixture of cations which preferred trivalent and tetravalent states. The

crystal structures in the LYTE and LCPN systems were measured by in-situ heating X-ray
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diffraction, from room temperature to 2000°C. Phase transformations and stability were examined
in these 19 candidate materials. Their thermal expansions behaviors were measured by in situ high
temperature synchrotron diffraction and analyzed in 3D, resulting in a unique second order
polynomial function to describe the thermal expansion in 3D.

The results observed in this research demonstrated that size mismatch in cations had a critical
effect on the formation of HELOs. In the LYTE system, a secondary phase within the perovskite
structure was found in the LYTELa sample, which had the largest value (6=7.03) of size mismatch.
By altering the composition of lanthanum, the existence of secondary phase(s) could not be
eliminated. In the future design of HEOs, choosing cations having a large size mismatch would
fail to form a single-phase solid solution.

The second selection parameter was the preferred valence states among the constituent cations.
Despite the fact that cation radii could vary with oxidation states and coordination numbers, the
effect of preferred valence configurations had a minor contribution to single-phase formation.
However, by altering the number of cations containing different oxidation states, the final crystal
structure could possibly shift to a prototype composed of a major preferred valence state. The
levels of trivalent preferring cations among constituent cations in LYTEDy, LYTETb, LCPNDy,
and LCPNTb compositions were 100 mol %, 80 mol %, 60 mol %, and 40 mol %, respectively.
As the preferred valence configurations varied, the final structures changed from C-type cubic
bixbyite (M203), to tilted fluorite (M203 5), and then to fluorite (MO>). In the LCPNTb sample, the
crystal structure could be modified between tilted fluorite and fluorite structures by altering the
content of terbium. These results provided evidence that the final structures of HEOs could be
dominated by the preferred valence states of the intrinsic cations. In addition, mixing cations with
different preferred oxidation states in a HEO could decrease their structural stability under high

temperature heat treatments.
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Even though the materials studied in this research were called “high-entropy oxides,” the
contribution from entropy was not significant. Considering that the mixing entropy contribution
comes from both cations and anions in ceramics, the existence by anions significantly decreased
the configurational entropy in HEOs. Moreover, multiple cations occupying only one of the
polyhedral sites could further decrease the configurational entropy, such as in the case of the high-
entropy perovskite Ba(Zro.2Sno2Tio2Hfo2Ceo2)0O3.

In this research, altering the composition of the fifth cation in both LYTE and LCPN systems
decreased their configurational entropies. However, the changes in entropy made less of a
contribution to their final structures, compared to size mismatch and preferred valence states. Even
though the significance of configurational entropy might be negligible in “high-entropy oxides,”
the occupation of one polyhedral site with at least five cations can still impart local strength
throughout the structures. The lattice distortion, sluggish diffusion, and cocktail effects still have
contributions to HEOs.

In conclusion, this research provided an initial study of chemical selection rules for the future
design of a single-phase HEO. Two parameters, (1) size mismatch, and (2) preferred valence states
should be taken into account in choosing cations for the formation of single-phase HEOs with
desired crystal structures. The size mismatch parameter has a critical effect on single-phase
formation, while the preferred valence states affects the final structure and thermal stability. As an
initial study in this novel ceramic field, further study would be required to understand other

possible parameters in single-phase formation of HEOs.
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CHAPTER 10: SUGGESTIONS FOR FUTURE RESEARCH

Based on a short research history of high-entropy oxides, the investigation of several unknown
questions would be required to fully understand the complicated correlation between cations and
oxygen anions in different crystal structures. The cation radii change with different valence states
and coordination geometry. Different coordination geometries in oxide structures might exhibit
different strain tolerances among constituent cations. Cations existing in different valence states
in a HEO structure could produce oxygen vacancies. The following paragraphs provide a
hypothesis for future research in HEOs.

The radius of a cation is determined by its valence state and coordination geometry. In this
research, initially, the radii of lanthanide cations were based on the condition of trivalent oxidation
state and 6-fold coordination. All the single-phase HEOs in the LYTE system became a C-type
bixbyite structure constructed by octahedra. In LCPN HEOs, the constituent cations were either
located in 7-fold coordination, in a tilted fluorite structure, or in 8-fold coordination, in a fluorite
structure. Based on the coordination geometry, the cation site surrounded by 8 oxygen anions is
larger than the site surrounded by 6 oxygen anions. Different coordination geometries could exhibit
different tolerances in cation size mismatch. In addition, the existence of oxygen vacancies could
possibly increase the tolerance of specific polyhedral sites.

From the perspective of thermodynamics, an ideal model in building a high-entropy structure
having a homogeneous cation distribution is required to evaluate the competition between mixing
enthalpy and mixing entropy. According to the experimental results and thermodynamic
calculations, oxides containing different numbers of components (3-5) could exhibit the same
crystal structure.[50, 176] In this research, the candidate composed of four base lanthanide cations

exhibited identical crystal structures to most of the five-component oxides. As mentioned in
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Section 3.1, the contribution from configurational mixing entropy in HEOs is significantly lower
than in the HEAs system. The difference between the constituent mono-cation oxide structures and
final HEO structure, as well as lattice distortion produced by cation size mismatch cause a penalty
in the mixing enthalpy. Whether the final crystal structures of HEOs are stabilized by
configurational mixing entropy is controversial. In addition, the effects of HEOs on their physico-
chemical properties are still unclear. In the development of this novel oxide field, the chemical
selection rules proposed in this research provide a threshold of single-phase formation and

guidelines in final possible transformations in a final HEO structure.
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