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ABSTRACT OF THE THESIS

Synthesis of a New Class of High-Entropy ABO3 Perovskites

by

Sicong Jiang

Master of Science in Materials Science and Engineering

University of California, San Diego, 2017

Professor Jian Luo, Chair

The perovskite structure is very common in ceramics. In this thesis, eleven kinds
of high-entropy ABO3 perovskites, with five equimolar atoms in B sites, were
successfully synthesized by high-energy ball milling and conventional pressureless
sintering. Six of them, compositions #S1, Sr(Zro2Sno2Tio2Hfo2Mno2)Osz, #S5,
Sr(Zro.2Sno2Tio.2Hfo2Nbo 2)Os, #B2, Ba(Zro.2Sno.2Tio.2Hfo.2Ce0.2) O3, #B3,
Ba(Zro2Sno2Tio2Hfo2Y02)03.x, #B5, Ba(Zro2Sno2Tio2Hfo2Nbo2)O3, and  #BS1,
(BaosSros)(Zro.2Sno2Tio2Hfo2Nbo2)O3, can form a cubic homogeneous single phase,
while the others showed a major cubic phase with different amount of secondary phases.

Phase purity was verified by energy dispersive x-ray spectroscopy (EDS) mapping.

Xiii



Quench experiments were carried out to prove that composition #S1,
Sr(Zro2Sno2Tio2Hfo2Mno2)Os3, is an entropy stabilized perovskite, which is also
characterized in atomic and nanoscale by aberration-corrected scanning transmission
electron microscopy (AC STEM), STEM high-angle annular dark-field (HAADF)
images, and STEM annular bright-field (ABF) images. Goldschmidt's tolerance factor (t)
was introduced to be a necessary, but not sufficient, condition to form a homogeneous
single phase, while the revised Hume-Ruthery rule for high-entropy alloys (HEAS) can
not extend to the case of high-entropy ABOs perovskites. The successful synthesis of
these high-entropy ABO3 perovskites reveals the possibility to create high-entropy cubic

ceramics and to discover new materials in ABO3 perovskites family.
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Chapter 1. Introduction

1.1. ABOs perovskites

Perovskite is a very common structure in ceramics; the general chemistry formula
can be described as ABOs. As is shown in Figure 1.1 (a), the perovskite structure has
eight A cations (normally larger than B cations) in the corner, six O anions in the face
center, and one B cation in the body center. The A cations are 12-fold coordinated and
the B cations are 6-fold coordinated within the oxygen octahedral [1]. In the other way, in
Figure 1.1 (b), the structure of ABO3 perovskites can be viewed as corner sharing BOg
octahedras, where the A cations are in the center. Usually, in the structure of ABOg, the
candidates for A cations are alkaline earth metal, alkali, or even rare earth metal elements,
meanwhile the candidates for B cations are metallic transition metal elements. In 1926, a
new concept called “tolerance factor” was put forward by Goldschmidt [2] in order to

predict the structure and stability of perovskites, which is defined by the following:

t= Ra+Ro
V2 ((Rp)+Ro) '’

(1.1)
where R, is the ionic radius of A cation, Ry is the ionic radius of B cation, and R, is the
ionic radius of oxygen anion. The concept of Goldschmidt’s tolerance factor is based on
the structure of ideal cubic ABO3z perovskites, where all the ions are touching with each
other, so that the geometry relationship can be given as:

V2 ((Rg) + Rp)=Ry + Ry, (1.2)
In fact, for most of ABO3 perovskites, the relationship in Eq. (1.2) cannot be satisfied

exactly. However, they still have a cubic structure and some distortion in lattice. A

relatively large or small value of tolerance factor can change the structure of ABOs to



tetragonal, hexagonal, or rhombohedral instead of cubic. The range of tolerance factor
that can form a perovskite structure is between 0.75 and 1.0. When tolerance factor t is
smaller than 0.75, the distortion in lattice can change the unit cell in the structure to
orthorhombic as is observed in GdFeOs. A hexagonal structure can be formed if t is
larger than 1.0 because the BOg octahedra starts to share faces instead of sharing corners
as is seen for BaNiO3z [3]. In 2008, Li et al. put forward a new concept, octahedral factor

(1) which is given by:

R
Ry'

(1.3)

to predict the structure of ABX3 (X=F, Cl, Br, I) halide perovskites, so the octahedral
factor (u) can also be considered for ABO3z perovskites, if the Ry in Eq. (1.3) is
substituted with R, [4]. The combination of Goldschmidt’s tolerance factor (t) and
octahedral factor (u) can be taken into account when considering the formability and
structure stability of ABOs perovskites.

1.2. Applications of ABO3s perovskites

1.2.1. Solid-oxide fuel cells (SOFCs)

Many ABOs perovskites can be used as cathode materials in solid-oxide fuel cells
(SOFCs) for their high electronic conductivity, stable thermal property, and good
compatibility to work with SOFCs electrolyte, such as LaMnQg, LaFeOs, and LaCoOz3[5].
Moreover, Sr dopants in these cathode ABO3 materials are favored because of their high
electronic conductivity in oxidizing atmospheres [6]. Other doped perovskites, for

example SrZroeSco103, were investigated for their potential application on reduced-



temperature electrolytes. Therefore, varieties of ABOs structure materials are still very
promising in SOFC area [5].
1.2.2. Photodecomposition of water

To date, water splitting has risen a lot of concerns in solving the problem of
energy depletion [7-9]. In 1975, SrTiOswas reported by Wrighton et al. [10] to have the
potential to decompose water under solar irradiation into oxygen and hydrogen because
of its suitable band gap value of 3.2 eV. Recently, co-catalyst of NiO/SrTiOs has been
discovered to significantly enhance the effects of photodecomposition performance of
water, inspiring the deep investigation in this area [11].
1.2.3. Giant dielectric constant

Recently, Nb and Zr Doped SrTiOs have been reported to have a giant
permittivity. Therefore, these kinds of materials are good candidates for sensors and large
bypass capacitors. The giant permittivity phenomenon results from the formation of Nb°*,
creating cation vacancies (V”sr) and excessive oxygen ions, forming defects dipoles (Vs
- V-0), and partial reduction of Ti** to Ti%* (Ti**- e), generating giant dipoles with fully
ionized oxygen vacancies (Ti*" e - Vo - Ti**- €) [12-14].
1.3. Concept of high-entropy alloys and high-entropy perovskites

High-entropy alloys (HEAs) can be loosely defined as a solid solution that
contains five or more than five equal or near equal atomic percent of principal elements
[15]. There are four essential effects in high-entropy alloys (HEAS): 1. high-entropy
effects, which can stabilize the phases in high-entropy alloys (HEAS); 2. sluggish
diffusion effects, where the diffusion rate in HEAs are relatively lower than in stainless

steels and pure metals; 3. severe lattice distortion effects, which results in the high



strength of HEAs; 4. cocktail effects, where unexcepted properties that any single
element doesn’t have can be achieved [16]. To date, varieties of HEAs that have
promising properties have been discovered, such as the high hardness and good fatigue
behavior of AlosCoCrCuFeNi [17, 18] and the high wear-resistance of Co15CrFeNiysTi
and Alo2Co15CrFeNiysTi [15, 19].

According to the Gibbs phase rule at constant pressure, which is given by:

F=C-P+1, (1.4)
where F is the degree of freedom in the system, equals to zero at equilibrium, C is the
number of components, and P is the number of phases that can exist. For a high-entropy
system with five components, six phases can exist in maximum at equilibrium. However,
for most of HEAs, the existing phases are much less than the maximum number from the
Gibbs phase rule. This suggests that the mixing of components increases the solubility
between each single element due to the high configurational entropy and sluggish
diffusion of atoms. This mixing effects can bring significantly promising properties, such
as high hardness, high strength, and high corrosion resistance, which are discovered and
controlled.

In the 1870’s, an equation to calculate the configurational entropy was developed
by Ludwig Boltzmann [20], which is given by:

AScons = klnw, (1.5)
where k = 1.38x10723 J/K is Boltzmann’s constant, w is the total number of possible
micro-states corresponding to the macro-states of the system. Therefore, the
configurational entropy of high-entropy system can be developed as:

ASconf = —R Z?lei lnXi =RIn N, (16)



where R=8.314 J/(K'mol) is gas constant, X; is the mole fraction for the ith elements, and
N is the number of components. Thus, Eq. (1.6) suggests that the configurational entropy
of a system with five equal mole compositions, AS,,= 1.61R, is larger than that with
four equal mole compositions, AS.,,r= 1.39R. At high temperature, according to the
Gibbs free energy equation:

AG = AH — TAS, (1.7)
higher configurational entropy leads to lower Gibbs free energy and enhances the system
stability.

Recently, a crystalline entropy-stabilized oxide, Mgo.2Nig.2C00.2Cuo.2Zng 20, was
successfully synthesized via high temperature quenching experiments by Rost et al. [21],
inspiring the idea of creating high-entropy oxides. Following that work, David et al. [22]
discovered the high dielectric constant in modified high-entropy oxides; for example,
(MgCoNiCuZn)1xLixO, (MgCoNiCuZn)1-2x(LiGa)xO, and (MgCoNiCuZn)o.g(LiGa)o.2O
based on the idea of Rost. Subsequently, seven equimolar high-entropy homogeneous
diborides with five components were successfully synthesized by Gild et al. [23], where
these noncubic (hexagonal) high-entropy diborides ceramics were shown to have high
hardness and good oxidation resistance at high temperature. The concept of high-entropy
perovskites is based on the concept of high-entropy alloys (HEAS) and the structure of
ABO:3 perovskites, as the four core effects of high-entropy alloys (HEAS) may also exist
in high-entropy ceramics. In an ABO3 perovskite structure, there are two cations, so both
can be substituted and a large variety of combinations are available. Therefore, some very
promising properties can also be achieved because of the enormous total number of

possible combinations. In this research, we substituted the B sites with five kinds of



elements for most of the cases. Six, out of eleven, equal mole compositions, #S1,
Sr(Zro.2Sno.2Tig.2Hfo.2Mng2)Os, #S5, Sr(Zro.2Sno.2Tio.2Hfo.2Nbo.2)Os3, #B2,
Ba(Zro.2Sno.2Tig2Hfo2Ce0.2)O3, #B3, Ba(Zro.2Sno.2Tio2Hfo.2Y0.2)O3., #B5S,
Ba(Zro.2Sno2Tio2Hfo2Nbo2)O3, and #BS1, (BaosSros)(Zro.2Sno.2Tio2Hfo2Nbo2)Os, of
homogeneous single phase ABO3 perovskites were synthesized. The successful synthesis
of these high-entropy ABOgz perovskites shows a new method to create new class of

materials in ABO3 perovskites family.



Chapter 2. Experiment procedure and equipment

2.1. Selection of atoms

The candidates of atoms are shown in Figure 2.1. The candidates for A sites are
marked with yellow circle and the candidates for B sites are marked with green circles.
For A atoms and B atoms in ABOs structure, there are three kinds of possible
combinations, A*B%*, A¥B%*, and A%*B*" based on the valence of O atom. However, in
this thesis, we only consider the A%B*" case which is more common and has more
possible combinations. The reason why | chose these atoms is basically based on the
ionic radius. The closer the ionic radius of these atoms the less lattice distortion it
maintains in the structure, partially stabilizing the finally structure.
2.2. Experiment procedure
2.2.1. Preparation of high-entropy perovskites

The starting powders are SrO (99.5%, metals basis, from Alfa Aesar Inc., USA),
SrTiOz (>99%, metals basis, from Alfa Aesar Inc., USA), SrSnOs (99%, from Alfa Aesar
Inc., USA), HfO, (99%, metals basis, from Alfa Aesar Inc., USA), SrZrOsz (99.3%,
metals basis, from Alfa Aesar Inc., USA), GeO: (>99.99%, trace metals basis, from
Sigma-Aldrich Inc., USA), MnO (99.9%, metals basis, from Alfa Aesar Inc., USA),
Y203 (99.99%, trace metals basis, from Sigma-Aldrich Inc., USA), NbO- (99.9%, trace
metals basis, from Sigma-Aldrich Inc., USA), CeO2 (99.9%, metals basis, from Alfa
Aesar Inc., USA), BaO (99.5%, metals basis, from Alfa Aesar Inc., USA), BaZrOz (99%,
metals basis, from Alfa Aesar Inc., USA), BaTiOs (99.5%, trace metals basis, from
Sigma-Aldrich Inc., USA), SnO2 (99.9%, trace metals basis, from Sigma-Aldrich Inc.,

USA). The raw powders were appropriately weighed based on the stoichiometric mole



fraction, so that high-entropy ABO3 perovskites with five equal mole fraction of atoms in
B site can be reached. The detailed compositions are shown in Table 2.1.

The raw powders were hand mixed and high energy ball milled in a SizN4
container via Spex 8000D (SpexCertPrep, USA) for six hours. The high energy ball
milling process included 12 cycles, and in order to prevent overheating, the powders were
ball milled for 30 minutes and stopped for 10 minutes to cool down in each cycle. Post
milling, mixed powders were compacted into pellets in a 1/4 inch die with the pressing
pressure of 300 MPa and holding for 120 seconds. The pellets were sintered in a high
temperature tube furnace (GSL-1700X, MTI Inc., USA) at 1100 °C, 1300 °C, 1400 °C,
and 1500 °C separately with the heating rate of 5 °C per minute, a holding time of 10
hours, and were cooled naturally to room temperature.

2.2.2. Characterization

X-ray diffraction (XRD) patterns were obtained with a Rigaku diffractometer with
a Cu Ka radiation from 20° to 80°, with a step of 0.02 °/s. Scanning electron microscopy
(SEM, Phillips XL30, FEI Inc.) was used to verify the phase purity by energy dispersive
X-ray spectroscopy (EDS) mapping. Dual-beam FIB/SEM (Scios, FEI Inc.) was used to
prepare TEM samples. Aberration-corrected scanning transmission electron microscopy
(AC STEM) was utilized to preform characterization on samples in nanoscale. STEM
high-angle annular dark-field (HAADF) graphs and STEM annular bright-field (ABF)
graphs were conducted by STEM (ARM-200F, JEOL Inc., USA) with a voltage of 200

kV.



Chapter 3. Results and discussion

In this chapter, two compositions of Ba and Sr system with four kinds of atoms in
B sites, and eleven compositions of Ba and Sr system with five kinds of atoms in B sites
are discussed. The phase stability of high-entropy perovskites and the possible key
factors to form a homogeneous single phase are also included. XRD was preformed to
discover the structure of all samples and EDS mapping images were used to verify the
homogeneity of each element in all compositions. STEM-HAADF and STEM-ABF
images were taken to characterize composition #S1, Sr(Zro.2Sno.2Tio.2Hfo.2Mng2)Os3, in
nanoscale. Air quench experiments were carried out to prove the phase stability of
composition #S1 as well. Goldschmidt's tolerance factor (t) and lattice parameter (a) were
also calculated from theoretical models. Possible peak intensity of all compositions in

XRD patterns were calculated by equation:

I = |Fp|*Prialy, (0)A(8)e M, (3.1)
where

Structure factor: Fyy;, = YN_, f,e?™ (intkvntiwn) (3.2)

Scatting factor: f,,(s) = Z — 41.8214xs2x YN | aie“’isz, (3.3)

s= =0, (3.4)

Multiplicity factor: pp;,

2
Lorentz factor: L, (6)=—Tcos20 (3.5)

sin26 cos 6’

Absorption factor: A(6) (assume it is unity),

Temperature factor: e=2M (assume it is unity),

M= B30 (36)
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Possible positions of all compositions in XRD pattern were calculated by Bragg’s law:

2dsin 6=nA, (3.7)
3.1. Ba and Sr system with four kinds of atoms in B sites

The Ba and Sr system with four kinds of atoms in B sites were synthesized in
order to test the possibility of making high-entropy ABOz perovskites with five atoms in
B sites. Figure 3.1 and Figure 3.2 show the XRD pattern of Sr(Zro.25Sno.25Tio.25sHf0.25)O3
and Ba(Zro.25Sno.25Tio.25Hf0.25)O3 at 1100 °C, 1300 °C, and 1500 °C, respectively. Both
figures show the trend that at low temperature, XRD patterns show more than one major
phase; however, with the increase of temperature from 1100 °C to 1500 °C, the peaks
have the potential to merge into one major phase. This phenomenon results from the fact
that for almost every pure single phase perovskite, even those that have different
structures at room temperature, becomes a cubic structure at high temperature with the
space group of Pm3m. Figure 3.3 shows some of the structure changes of different
perovskites with the increase of temperature. Although the temperature is as high as
1500 °C, these two kinds of compositions cannot form a single phase, where the
shoulders of the peaks are very apparent and the unknown secondary phases are marked
as star. However, these promising results give us the potential possibility of synthesizing
high-entropy ABOs perovskites with five kinds of atoms in B sites.
3.2. Sr system with five kinds of atoms in B sites

Based on the results of Sr system with four kinds of atoms in B sites, Sr systems
with five kinds of atoms in B sites were investigated. The selection of atoms was
discussed in chapter 2.

3.2.1. Sr(Zro.2Sno.2Tio.2Hfo.2Mno.2)O3
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Figure 3.4 shows the XRD pattern of composition  #S1,
Sr(Zro.2Sno.2Tio.2Hfo.2Mno2)O3, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases
are marked as star. Obvious secondary phases can be seen at 1300 °C. However, at
1400 °C and 1500 °C, the XRD patterns display a cubic phase with the lattice constant (a)
of 3.992 A, which is close to the calculation of empirical formula for composition #S1
4.032 A, and there is no trace of secondary phases from the XRD pattern. Furthermore,
the red bars in the bottom of the image show potential positions of peaks and intensity by
calculation. Figure 3.5 (a) and 3.5 (b) are the EDS results of composition #S1 at 1400 °C
and 1500 °C, respectively. At 1400 °C, apparent precipitation of Mn enriched phase was
detected from the EDS mapping results. The EDS mapping results show that it is a
homogeneous single phase at 1500 °C.

STEM ABF and HAADF were carried out to verify that composition #S1 formed
a cubic ABO3 perovskite structure at 1500 °C in nanoscale. The STEM ABF and STEM
HAADF images in Figure 3.6 (a) and Figure 3.6 (b) show the arrangement of atoms in
composition #S1 at 1500 °C. Higher magnification images are presented in Figure 3.6 (c),
where the [001] zone axis and two perpendicular atomic planes (110) and (110) are
marked in red. The average d spacing of two (001) plane is about 4.010 A, which is very
close to the calculation results from the XRD pattern 3.992 A. Figure 3.6 (d) shows the
position of each atoms, where the A atoms are marked in green, the B atoms are marked
in blue, and the O atoms are marked in red. The O atoms cannot be clearly seen in Figure
3.6 (d) because of its low atomic number (Z). In the STEM-HAADF images, the intensity
of atoms is proportional to Z*7 (Z? is theoretical value), where Z is the atomic number of

the atoms [24]. Table 3.1 shows the values of Z'7 for all elements in the case of
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composition #S1. While Z3;7 = 238 and Z3/ = 191 are smaller than ZZ7 = 485, all the
other elements in the B sites have a Z!7 value larger than Z%7, so the B atoms show a
higher intensity. This is observed in the results in Figure 3.6 (d). Therefore, the
composition #S1 can be viewed as a homogeneous and uniform single phase high-
entropy ABOs solid solution and its atomic structure is thoroughly consistent with the
cubic structure depicted in Figure 1.1 (a).

Air quench experiments were conducted to investigate the phase stability of
composition #S1 at different temperatures. A sample was sintered at 1500 °C for 2 hours
and then air quenched to room temperature. Similarly, a sample was sintered at 1500 °C
for 2 hours, then held at 1400 °C for 2 hours, and quenched to room temperature. These
samples yielded the EDS mapping results in Figure 3.7 (a) and 3.7 (b), respectively. They
display that composition #S1 is a uniform single phase at 1500 °C but there are some Mn
enriched secondary phases at 1400 °C. Combined with the EDS results in Figure 3.5 (a),
conclusions can be made that the single phase of composition #S1 is entropy stabilized
and Mn enriched secondary phases are precipitated below 1400 °C.

3.2.2. Sr(Zro0.2Sno.2Tio.2Hf0.2Ce0.2) O3

Figure 3.8 represents the XRD pattern of composition #S2,
Sr(Zro.2Sno.2Tio2Hf0.2Ceo.2)O3, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases
are marked as star. Obvious secondary phases can be seen at all temperature. However,
with the increase of temperature, the XRD patterns display that the peaks evolve into one
major cubic perovskite phase. Likewise, the potential positions and intensity of #S2 by

calculation, which is represented by red bars, are consistent with the peaks of major cubic
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phase in the XRD pattern. Thus, composition #S2 did not form a homogeneous single
phase at 1300 °C, 1400 °C, and 1500 °C.
3.2.3. Sr(Zro0.2Sno.2Tio.2Hf0.2Y0.2) O3-x

Figure 3.9 displays the XRD pattern of composition  #S3,
Sr(Zro.2Sno.2Tio2Hf0.2Y0.2)O3x, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases
are marked as star. There are minor secondary phases at 1300 °C, 1400 °C, and 1500 °C.
The XRD peaks in the major phase are not symmetric and apparent shoulders can be
found, representing the inhomogeneity of this composition, but the major phase is a cubic
structure. More evidence can be achieved from the EDS results in Figure 3.5 (c) that Y
enriched secondary phases precipitated at 1500 °C. Therefore, composition #S3 cannot
form a homogeneous single phase at 1300 °C, 1400 °C, and 1500 °C.
3.2.4. Sr(Zro.2Sno.2Tio.2Hfo.2Geo.2) O3

Figure 3.10 shows the XRD pattern of composition  #S4,
Sr(Zro.2Sno.2Tio2Hfo.2Geo2)O3, at 1300 °C, 1400 °C, and 1500 °C, where the major phases
of each temperature is a cubic structure. The secondary phases are marked as star.
Perhaps due to the fast scanning speed, at 1300 °C there is no trace of secondary phases
in XRD patterns, whereas, with the increase of temperature to 1500 °C, a large quantity
of secondary phases can be seen from the XRD pattern. However, the EDS results in
Figure 3.5 (d) reveal that there are some precipitations of Ge enriched phases at 1300 °C,
so composition #S4 is very unlikely to form a homogeneous single phase.
3.2.5. Sr(Zro.2Sno.2Tio.2Hfo.2Nbo.2)Os

Figure 3.11 represents the XRD pattern of composition #S5,

Sr(Zro.2Sno.2Tio.2Hfo.2Nbo 2)O3, at 1300 °C, 1400 °C, and 1500 °C. Secondary phases can
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be found at 1300 °C, which are marked as star. At 1400 °C and 1500 °C, the XRD
patterns show a cubic phase with the lattice constant (a) of 4.021 A, close to the results of
empirical formula 4.067 A. The potential positions of peaks and intensity by calculation
and the plane index are shown at the bottom of the image. The homogeneity of
composition #S5 at 1500 °C was verified by the measurements of EDS mapping, and the
EDS results in Figure 3.5 (e) show that there is no trace of secondary phases and all
elements are uniform for composition #S5 at 1500 °C. Therefore, composition #S5 can
form a uniform and homogeneous cubic structure solid solution at 1500 °C.
3.3. Sr system with five kinds of atoms in B sites

Based on the results of Ba system with four kinds of atoms in B sites, Ba systems
with five kinds of atoms in B sites was investigated. The selection of atoms was
discussed in chapter 2.
3.3.1. Ba(Zro.2Sno.2Tio.2Hfo.2Mno.2) O3

Figure 3.12 represents the XRD pattern of composition #Bl1,
Ba(Zro.2Sno.2Tio.2Hfo.2Mno2)O3, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases
are marked as star. At 1300 °C and 1400 °C, there are only a small quantity of secondary
phases, however, with the increase of temperature to 1500 °C, apparent secondary phases
can be found from the XRD pattern. More EDS measurements were conducted to find
that the Mn enriched secondary phases precipitated at 1500 °C in Figure 3.13 (a).
Therefore, composition #B1 cannot form a uniform and homogeneous single phase at any
of the temperatures investigated.

3.3.2. Ba(Zro.2Sno2Tio.2Hf02Ce0.2) O3
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Figure 3.14 shows the XRD pattern of composition #B2,
Ba(Zro.2Sno.Tio2Hf0.2Ce0.2)O3, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases
of CeO- are marked as star. There is no trace of secondary phase from the XRD pattern at
1300 °C and the peak positions and intensity give a cubic perovskite, however, obvious
secondary phases can be found at 1400 °C and 1500 °C. Furthermore, with the increase
of temperature the peak intensity of secondary phases becomes higher. Compared with
the database from ICSD, the secondary phases can be confirmed as CeO2. More evidence
can be achieved from the EDS mapping data in Figure 3.13 (b) which shows that only Ce
enriched phase precipitated, whereas other elements are homogeneous, which is
consistent with the XRD results. Another EDS mapping results in Figure 3.13 (c) reveals
that every element in composition #B2 at 1300 °C is uniform and homogeneous. The
calculation of lattice parameter (a) of composition #B2 at 1300 °C is 4.192 A, which is
very close to the results of empirical formula 4.198 A. To sum up, Composition #B2 can
form a uniform and homogeneous cubic perovskite phase at 1300 °C.

3.3.3. Ba(Zro.2Sno.2Tio.2Hf02Y0.2)Osx

Figure 3.15 is the XRD pattern of composition #B3, Ba(Zro.2Sno.2Tio.2Hfo.2Y0.2)O3-
x, at 1300 °C, 1400 °C, and 1500 °C. The secondary phases are marked as star. There is
no trace of secondary phase in the XRD pattern at 1300 °C and the peak positions and
intensity give a cubic perovskite. A large quantity of secondary phases can be found at
1400 °C and 1500 °C. EDS mapping graphs presented in Figure 3.13 (d) show that
composition #B3, Ba(Zro2Sno2Tio2Hfo2Y02)O0zx, is a uniform and homogeneous single
phase. Besides, the calculation result of lattice parameter (a) of composition #B3 at

1300 °C is 4.179 A, which matches with the empirical formula 4.205 A.
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3.3.4. Ba(Zro.2Sno.2Tio.2Hf0.2Geo.2) O3

Composition #B4, Ba(Zro.2Sno.2Tio2Hfo2Geo2)Os, was sintered at 1300 °C,
1400 °C, and 1500 °C and the XRD patterns were shown in Figure 3.16. Secondary
phases which are marked as star can be seen clearly at all three temperatures. Besides, the
peak around 31 degree is not symmetric revealing that this composition is not a single
phase. Thus, composition #B4 cannot form a uniform single phase at 1300 °C, 1400 °C,
and 1500 °C.
3.3.5. Ba(Zro.2Sno.2Tio.2Hf0.2Nbo.2) O3

The XRD pattern of composition #B5, Ba(Zro.2Sno.2Tio.2Hfo.2Nbo2)O3, at 1300 °C,
1400 °C, and 1500 °C is presented in Figure 3.17, where the secondary phases are
marked as star. A uniform XRD pattern of cubic perovskite is shown at 1300 °C, and
there is no trace of secondary phases at all. However, secondary phases appear at 1400 °C
and with the increase of temperature, the peak intensity of secondary phases increases.
EDS mapping results are shown in Figure 3.13 (e), where all the elements in this
composition are homogeneous and uniform. From the XRD pattern, lattice parameter (a)
is also calculated as 4.104 A which is very close to the results of empirical formula, 4.155
A. Based on all the experiment results of composition #B5, a conclusion can be made that
composition #B5 can form a uniform and homogeneous cubic single phase at 1300 °C.
3.4. (BaosSros)(Zro.2Sno.2Tio2Hfo.2Nbo.2) O3

Due to the promising experiment results of all ten composition above, interest in
multiple cations in the A site in addition to the B site was increased. Composition #S5,
Sr(Zro.2Sno.2Tig2Hfo2Nbo 2)O3, can form a homogeneous single phase at 1500 °C, while

composition #B5, Ba(Zro2Sno2Tio2Hfo.2Nbo2)Oz can form a uniform single phase at
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1300 °C. Whether a single phase with both the Sr and Ba in the A sites would be possible
was investigated. The mixing of these two compositions gives a conclusion that the
temperature range of forming a single is broadened. Composition #BS1,
(Bao.5Sro.5)(Zro.2Sno.2Tig2Hfo2Nbo2)O3 can form a homogeneous single phase at both
1400 °C and 1500 °C. Figure 3.18 is the XRD pattern of composition #BS1 at 1300 °C,
1400 °C, and 1500 °C, where secondary phases are marked as star. At 1300 °C, apparent
secondary phases can be found; however, it shows a uniform cubic single phase pattern at
both 1400 °C and 1500 °C, where there is no trace of secondary phases. EDS mapping
results can be found in Figure 3.19 (a) for 1400 °C and Figure 3.19 (b) for 1500 °C. In
both Figure 3.19 (a) and (b), elements are uniform and homogeneous, where no
precipitations of elements can be found. The calculation of lattice parameter (a) from the
XRD pattern is 4.027 A, close to the empirical results of 4.111 A.
3.5. Summary of all compositions

Among the eleven compositions discussed, six compositions can form a
homogeneous single phase. These compositions are #S1, Sr(Zro.2Sno.2Tio.2Hfo2Mno2)Og,
#S5,  Sr(Zro2Sno2Tio2Hfo2Nbo2)Os,  #B2,  Ba(Zro.2Sno2Tio2Hfo2Ce02)0s,  #B3,
Ba(Zro2Sno2Tio2Hfo2Y02)03.x, #B5, Ba(Zro2Sno2Tio2Hfo2Nbo2)O3, and  #BS1,
(Bao.5Sro5)(Zro.2Sno.2 Tio2Hfo.2Nbo2)Os. Table 3.2 is a summary of phase stability and
other parameters of all eleven compositions. In this table, single phase samples are
marked as ‘Yes’; samples with secondary phases, but cannot be discovered by XRD
based on our relatively fast scanning speed, are marked as ‘1’; samples that the intensity
of secondary phases is less than 6% are marked as ‘2’; samples that the intensity of

secondary phases is more than 6% are marked as ‘3’. Homogeneous single phase can
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form at low temperature 1300 °C for Barium based systems, whereas uniform single
phase can form at high temperature 1500 °C for Strontium based systems.

The atomic-size difference () and the enthalpy of mixing (AHmix) are the two key
factors to predict the phase stability of high-entropy alloys (HEAS), where in order to

form a stable phase, § < 4% and AHmix < 5 KJ/mol are two essential conditions.

5= T, C.(1 - R/, R (38)
AHmix = ¥ 1 i 4AHTE*C,C, (3.9)
Where R; is the atomic radius of the i"" component; C; is the mole fraction of i®"
component; AHJ¥* is the mixing enthalpy of binary A-B system. Based on the concept of
high-entropy alloys (HEAs), 6z, can also be calculated for high-entropy ABOs
perovskites using the ionic radius with the coordination number of six. However, AHmix
cannot be calculated because AHFY* is complicated and unknown in this case. The value
of atomic-size different (6g,) was calculated at the second last column of table 3.2.

However, the criterion of high-entropy alloys (HEAs) cannot extend to high-entropy
ABO:s perovskites because the phase stability of latter is not only dependent on the ionic
radius of B atoms, but also related to the ionic radius of A atoms. In the Sr system, both
compositions #S1, Sr(Zro.2Sno.2Tio.2Hfo.2Mno2)Os, and #S4, Sr(Zro.2Sno.2Tio.2Hfo.2Nbo 2)O3,

have the atomic size difference dg, of 8.7%, but only composition #S1 can form a
homogeneous single phase. Compared with the Ba system and Sr system the &g, of both

composition #S1, Sr(Zro.2Sno.2Tio.2Hfo.2Mno 2) O3, and #B1,
Ba(Zro.2Sno.2Tio.2Hfo.2Mno2)O3, is 8.7%, and the former can form a homogeneous single

phase, but the latter does not. Likewise, compositions #S2, Sr(Zro.2Sno2Tio2Hfo2Ceo.2)O3,
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and #S3, Sr(Zro2Sno2Tio2Hfo2Y02)O3x, do not form a uniform single phase, but
compositions #B2, Ba(Zro.2Sno.2Tio.2Hfo.2Ce0.2) O3, and #B3,
Ba(Zro.2Sno2Tio2Hfo2Y02)Os.x can, though they have the same &g, , respectively.
However, both #S5, Sr(Zro.2Sno.2Tio.2Hfo2Nbo.2) O3, and #B5,
Ba(Zro.2Sno2Tio2Hfo2Nbo 2)O3, can form a homogeneous single phase with a relatively
small 8, of 4.8%. In conclusion, the criterion of high-entropy alloys (HEAs) is not that
applicable for high-entropy ABOs perovskites, but a relatively small value of &g, (6g, <
5%) is favored to form a stable homogeneous single phase.

A criterion called Goldschmidt tolerance factor, which is very common in single
component perovskites, is introduced for the purpose of predicting phase stability of
high-entropy ABOs. The factor is based on the ionic radius of A atoms and B atoms, so
both the effects of A and B atoms are considered, where in the case of high-entropy of
ABO3 perovskites an average R ( Rg ) was utilized. The value of tolerance factor (t) is
presented at the last column of table 3.2. The formula of tolerance factor (t) is shown

below:

— Ra+Ro
Y= Fre)roy (3.10)

For a single component ABOs perovskites, a cubic structure can be formed when the
tolerance factor (t) is between 0.9 and 1.0, while a hexagonal or tetragonal structure can
form when t is larger than 1.0 and if t is smaller than 0.9, orthorhombic or rhombohedral
structure can from [3].

In the case of high-entropy ABOz perovskites, based on the data of tolerance

factor (t) and the phase stability of all compositions, compositions that have a tolerance
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factor (t) closer to 1.0, which is the tolerance factor of an ideal cubic perovskite, have
more possibility to form a homogeneous single phase than those are further away from
1.0. For example, composition #S1,  Sr(Zro2Sno2Tio2Hfo2Mng2)Os,  #S5,
Sr(Zro.2Sno2Tio.2Hfo2Nbo2)Os, #B2, Ba(Zro.2Sno.2Tio.2Hfo.2Ce0.2) O3, #B3,
Ba(Zro2Sno2Tio2Hf02Y02)03.x, #B5, Ba(Zro2Sno2Tio2Hfo2Nbo2)O3, and  #BS1,
(BaosSros5)(Zro.2Sno2Tio2Hfo.2Nbo 2)O3, have the tolerance factor (t) of 0.99, 0.97, 1.01,
1.03, and 1.00 respectively, while composition #S2, Sr(Zro.2Sno.2Tio.2Hfo2Ceo2)O3, #S3,
Sr(Zro.2Sno.2Tig2Hfo.2Y0.2)O3., #B1, Ba(Zro.2Sno.2Tig.2Hfo.2Mng 2)Os, #B4,
Ba(Zro.2Sno.2Tig2Hfo2Geo2)O3, have the tolerance factor (t) of 0.95, 0.95, 1.05, 1.05
respectively.  However, there is an exception that composition #S4,
Sr(Zro.2Sno.2Tig2Hfo2Geo 2)Os3, has a tolerance factor (t) of 0.99, which is close enough to
1.0, but still cannot form a single phase. Therefore, an appropriate value of tolerance
factor (t) is a necessary, but not sufficient, condition to form a single phase. In the other
way, samples that cannot form a single phase, except composition #S4, all have a
tolerance factor (t) smaller than 0.97 or larger than 1.04. This is mainly attributed to the
fact that a relatively large or small tolerance factor can influence the structure of
perovskites. As was mentioned previously, the influence of the value of tolerance factor
(t) on the structure of one component ABO3z perovskites can also extend to high-entropy
ABO3 perovskites. Even if this ionic radius of B atom in the tolerance factor is calculated
by the average number of the five B atoms ( Ry ), tolerance factor (t) can still give a trend
of whether a single phase can form, because relatively large or small t can make the cubic
structure, the major phase in all eleven compositions, not stable and have the possibility

to transform to another structure. Table 3.3 is another summary table of all the
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compositions that can form a single phase. The empirical formula of lattice parameter [25,
26] is shown below:

a = 1.8836(Ra+Ro)+1.4898t-1.2062, (3.11)
where t is the tolerance factor which is mentioned before. In this table, lattice parameter
(@) from XRD pattern and from empirical formula are compared, and the values from
these two different methods are very close, with an error margin smaller than 1.3%. This
relatively small value of error can partially verify the feasibility of using average number
of Re ( R ) instead of Rg in the case of high-entropy perovskites.

In conclusion, Goldschmidt's tolerance factor (t) is proved to be a necessary, but
not sufficient, condition to form a homogeneous single phase, whereas the revised Hume-
Ruthery rule for high-entropy alloys (HEAS) can not extend to the case of high-entropy
ABOs perovskites. The mixing of two compositions, which can form a homogeneous
single phase separately, broadens the temperature range of forming a uniform solid
solution. Besides, for Ba system single phase formed at low temperature (1300 °C),

whereas for Sr system single phase formed at high temperature (1500 °C).



Chapter 4. Suggested future work

There is a large amount of potential for future research due to the large
compositional space. More compositions can be tested and some theoretical calculations
can be carried out.
4.1. Mixing of Ba system and Sr system

Composition #BS1, (BaosSros)(Zro2Sno2Tio2Hfo2Nbo2)O3 is a mix of
composition #S5, Sr(Zro.2Sno.2Tio.2Hfo.2Nbo.2)O3 and #B5, Ba(Zro.2Sno.2Tio.2Hfo.2Nbo.2)Os,
while the temperature range to form a single is broadened after mixing. It would be very
interesting to see whether the mixing of other two compositions in Ba system and Sr
system can make it possible to form a homogeneous single phase, despite one of them not
forming a single phase on its own.
4.2. Improvement of relative density

The relative density of all the samples are between 70% and 87%, which is a
relatively low value. In order to get good results of property measurement, nearly fully
dense samples are ideal. Samples after sintering did not reach an idea density because the
sintering method is only conventional sintering. Spark plasma sintering (SPS) method
was also tried to get a sample with high density; however, the valence change of Ti*
results in secondary phases and the contamination of carbon can be another problem.
4.3. Density functional theory (DFT)

DFT simulation can be conducted to calculate the band gap of all compositions
that can form a single phase. Compared with traditional ABO3s perovskite material, high-

entropy perovskites have five kinds of different atoms in B sites, where it gives more
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possibilities to coordinate atoms in B sites in order to improve the value of band gap to

the target results based on applications.



Figure 1.1 Structure of ABOz3 Perovskites [11].
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Table 1. Tolerance factor (1), lattice parameter (@), cohesive energy (E.) and transition sequences of the simple 2:4 perovskites in this study. The bold
Roman numeral or “tricrit.’ label refers to the order of the transition (first order, second order or tricritical). Question marks indicate uncertainty.

BaCeO3  SrZrO;  SrHfO;  PbZrO;  CaTiO;  PbHfO;  PbSnO:;  BaPbO3;  SrRuO:;  SfTi0;  BaZrO3;  BaHfO;  PbTiO;  BaTiOs

t 0.9428 09531 09577  0.9701 09730 09748 0.9844 0.9850 1.0014 1.0091 10111 10160 1.0272 1.0706
a(h) 444 4.15 4.11 4.16 3.89 4.15 407 429 397 301 4.20 4.17 397 4.02
E.(eV) -3635 -40.09 3763 3737 3875 3547 2980 2792 3405 3873 -—4057 3842 -36.13 3878
Ref. [42] [43] [44] [34,40] [45] [32.33]  [36] [46] [47] [48] [49] [50] 6] 6]

Transition sequence

Pmim Pm3m  Pm3m Pm3m Pm3m Pm3m Pm3m Pm3m Pm3m Pm3m  Pm3m Pm3m Pm3m Pmim

@a®a®) (a"aa®) (@%a%") (@%a%a®) (a%a%a®) (@%a%a®) (a%a®a®) (@%%a®) (a®a®a") (a%a%a") (@®aa®) (a%a®a®) (a"a%a®) (a%a%a®)
120K 1380K  1380K  ~520K 1634K ~484K ~400K 723K 950K 105K 763K 393K

- - - - - - Ed - - - — -

1 tricrit. 11 ? tricrit. 7 7 tricrit. I I 1 1

Rie 14/mem 14/ mem ? 14/mcem  Tetrag.(?) Mono.(?) [4/mem  14/mem  14/mem Pdmm Pdmm
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Figure 3.3 Transition sequence of several common ABOs perovskites [27].
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Figure 3.4 XRD pattern of composition #S1, Sr(Zro2Sno.2Tio2Hfo.2Mno2)Os.



Figure 3.5 (a) EDS mapping of composition #S1, Sr(Zro.2Sno2Tio.2Hfo.2Mno2)O3

@1400 °C ; (b) EDS mapping of composition #S1, Sr(Zro.2Sno2Tio.2Hfo.2Mng.2)O3
@1500 °C ; (c) EDS mapping of composition #S3, Sr(Zro.2Sno.2Tio.2Hfo.2Y0.2)O3-x
@1500 °C ; (d) EDS mapping of composition #S4, Sr(Zro.2Sno.2Tio2Hfo2Geo2)O3
@1300 °C ; (e) EDS mapping of composition #S1, Sr(Zro.2Sno.2Tio.2Hfo.2Nbo.2)O3

@1500 °C.
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Figure 3.6 STEM ABF and HAADF images of composition #S1,
Sr(Zro.2Sno.2Tio.2Hfo.2Mno.2)Oz.
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Figure 3.7 (a) EDS mapping of composition #S1, Sr(Zro.2Sno.2Tig2Hfo2Mno2)Os, sintered
at 1500 °C for 2 hours and then air quenched; (b) EDS mapping of composition #S1,
Sr(Zro.2Sno.2Tig2Hfo2Mno 2)Os, sintered at 1500 °C for 2 hours then held at 1400 °C for 2
hours and then air quenched.
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Figure 3.9 XRD pattern of composition #S3, Sr(Zro.2Sno2Tio.2Hf02Y0.2)O3x.
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Figure 3.10 XRD pattern of composition #S4, Sr(Zro.2Sno.2Tio.2Hfo.2Geo.2)Os.
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Figure 3.11 XRD pattern of composition #S5, Sr(Zro.2Sno.2Tio.2Hfo.2Nbo.2)O3.
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Figure 3.12 XRD pattern of composition #B1, Ba(Zro.2Sno.2Tio.2Hfo.2Mno2)Os.
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Figure 3.13 (a) EDS mapping of composition #B1, Ba(Zro.2Sno2Tio.2Hfo2Mno 2)O3
@1500 °C ; (b) EDS mapping of composition #B2, Ba(Zro.2Sno.2Tio.2Hfo.2Ceo.2)O3
@1500 °C ; (c) EDS mapping of composition #B2, Ba(Zro.2Sno2Tio.2Hfo2Ce.2)O3
@1300 °C ; (d) EDS mapping of composition #B3, Ba(Zro.2Sno.2Tio.2Hf0.2Y0.2)O3x
@1300 °C ; (e) EDS mapping of composition #B5, Ba(Zro.2Sno.2Tio.2Hfo.2Nbo.2)O3
@1300 °C.



39

* : CeO,

—
(7))
=
c
)
o
E * ~ A * A?’ A A *_~ 1200 °C
p—
>
= I N
<2 %*
C | E * N °
o) ‘"L A A% 1500 °C
- o — :
£ . T S ~ & S .8 g

5] - = 9 o ¥ § 8§55 T8

- - N va
T = | < | 1 © 1 £~ Calculation
20 30 40 50 60 70 80

2-theta (degree)

Figure 3.14 XRD pattern of composition #B2, Ba(Zro.2Sno.2Tio.2Hfo.2Ceo.2)Oz.
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Figure 3.15 XRD pattern of composition #B3, Ba(Zro.2Sno.2Tio.2Hf0.2Y0.2)O3-x.
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Figure 3.16 XRD pattern of composition #B4, Ba(Zro.2Sno.2Tio.2Hf0.2Geo.2)Os.
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Figure 3.17 XRD pattern of composition #B5, Ba(Zro.2Sno.2Tio.2Hfo.2Nbo.2)Os.
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Figure 3.18 XRD pattern of composition #BS1, (Bao.5Sro.s5)(Zro.2Sno.2Tio.2Hfo.2Nbg 2)Os3.
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Figure 3.19 (a) EDS mapping of composition #BS1,
(Bao.5Sro.5)(Zro.2Sno.2Tio.2Hfo.2Nbo 2)O3 @1400 °C ; (b) EDS mapping of composition
#BS1, (Bao.sSro:5)(Zro.2Sno.2Tio.2Hfo2Nbo.2)O3 @1500 °C.



Table 2.1 Summary of original chemicals.
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Components

Original Chemicals (with stoichiometric mole fraction)

#S0 Sr(Zro.2Sno.2Tio.2Hfo.2) O3 N/A
#S1 Sr(Zro.2Sno.2Tio.2Hfo2Mno.2) O3 MnO:
#S2 Sr(Zro.2Sno.2Tio.2Hfo.2Ceo.2) O3 Ce0O>
SnO2 BaTiOs BaZrOs BaO
#S3 Sr(Zro.2Sno.2Tio.2Hfo.2Y0.2) O3« Y203
#S4 Sr(Zro.2Sno.2Tio.2Hfo.2Geo.2) O3 GeO2
#S5 Sr(Zro.2Sno.2Tio.2Hfo2Nbo.2) O3 NbO2
#BO Ba(Zro.2Sno.2Tio.2Hfo.2) O3 N/A
#B1 Ba(Zro.2Sno.2Tio.2Hfo.2Mno.2) O3 MnO2
#B2 Ba(Zro.2Sno.2Tio.2Hfo.2Ceo.2) O3 CeO>
SrSn0s SrTiOs SrZrOs SrO
#B3 Ba(Zro.2Sno.2Tio.2Hfo.2Y0.2) Oz« Y203
#B4 Ba(Zro.2Sno.2Tio.2Hfo.2Geo.2) O3 GeO2
#B5 Ba(Zro.2Sno.2Tio.2Hfo2Nbo.2) O3 NbO2

HfO2
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Table 3.1 Intensity of elements in composition #S1 in STEM images, Z is the atomic

number of elements.

Ti Zr Sn Hf Mn Sr
Z 22 40 50 72 25 38
zv7 191 529 773 1437 238 485
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Table 3.2 Summary of all compositions: lon radius: R[Sr?*]: 1.440 A, R[Ba?*]: 1.610 A,

R[O%]: 1.350 A, tolerance factor (t) = %; Yes: single phase, 1: secondary phase
B 0

cannot be discovered from XRD, 2: small amount of secondary phase (XRD intensity of
secondary phase is less than 6%) , 3: large amount of secondary phase (XRD intensity of
secondary phase is more than 6%).

Single phase?
Standard
Averag . tolerance factor
Components 1300 1400 1500 deviation 3(Re)
e RB/A R t
B
°C °C °C
#S1 Sr(zro_zsno_zTio_szo_zMn0_2)03 2 1 Yes 0.651 0.07 8.7% 0.99
#S2 Sr(Zro_zsno_zTio_sz0_2C90_2)03 3 3 3 0.719 0.09 10.5% 0.95
#S3 Sr(ZI'o'28no,zTio'szo'zYo,z)Oy,.x 3 2 1 0.725 0.10 11.9% 0.95
#S4 Sr(Zro.2Sng, Tip2Hfo 2Geo2) O3 1 1 3 0.651 0.07 8.7% 0.99
#S5 Sr(zrozsnoleoszoszoz)O;; 2 1 Yes 0.681 0.04 4.8% 0.97
#B1 Ba(zro_zsno_zTio_szo_zMn0_2)03 3 3 3 0.651 0.07 8.7% 1.05
#B2 Ba(zro,zsno,zTio,szo'zcer)O?, Yes 2 3 0.719 0.09 10.5% 1.01
#B3 Ba(zro'zsno,zTi0,2Hf0,2Y0.2)O3.x Yes 3 3 0.725 0.10 11.9% 1.01
#B4 Ba(ZI’o_zsno_zTio_sz()gGeO_z)O;; 2 2 3 0.651 0.07 8.7% 1.05
#B5 Ba(zl’ozsnoleo2Hf02Nb02)03 Yes 2 3 0.681 0.04 4.8% 1.03
#BS1 (Ba°-55r°-5)(ZFO-ZSO”"-zT"’-ZHf"-ZNb“) 1 Yes | Yes | o681 0.04 8.7% 1.00
3




Table 3.3 Summary of lattice constant of compositions that can form a homogeneous
single phase.
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Components Lattice Empirical Error Standard

P constant a/A calculation a/A deviation
#S1 Sr(zro'zsno,leo,szo'zMn0,2)03 3.992 4032 1.0% 0.07
#S5 Sr(Zro'zsno,leo'szo'zNb0,2)03 4.021 4.067 1.1% 0.04
#B2 Ba(zro,zsno.le0,2Hf0,2C€0,2)O3 4.192 4198 0.2% 0.09
#B3 Ba(Zro2Sno2Tio2Hfo2Y0.2)O3.x 4179 4.205 0.6% 010
#B5 Ba(zl’o_zsno_leo_szo_zNb0_2)03 4.105 4155 1.2% 0.04

#BS1 .

(Bao_5Sr0_5)(Zl’o_zsno_leo_szo_zNb0_2)03 4.072 4.111 1.0% 0.06
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