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Abstract

Thermoelectric materials convert heat directly into electricity according to the Seebeck effect.
Thermoelectric generators (TEGS) use two types of TE materials: n-type (electron dominated
conductor) and p-type (hole dominated conductor) to increase the efficiency of electricity
generation from a given temperature gradient. High electrical and low thermal conductivities
are required to enhance the figure of merit, ZT. These characteristics are often mutually
exclusive in naturally occurring materials. Some p-type materials have been found with
greater than unity ZT however, current n-type materials are seriously underperforming their
p-type counterparts. This work shows a study of two methods designed to enhance ZT in an
n-type oxide by reducing thermal conductivity. These are: controlled impurities to enhance
phonon scattering and a novel cold sintering method designed for complex stoichiometry
oxides with incongruent dissolution rates which allows nano-scale grains to be retained in a
sintered ceramic, increasing the density of grain boundaries which scatter phonons.
Nanoscale particles are produced using by ionic liquid synthesis method, what’s more a new
compositional series was made using this method: Lao.1s.xEuxSrTiOs. The results demonstrate
the cooperative fine tuning of thermoelectric properties to improve ZT. The initial densities
of ceramics made using the novel cold sintering method are relatively low, ~55%, but this
technique has the potential to be greatly improved. These results show novel compositions
and methods which make incremental steps towards improving the efficiency of TEGs, in
order to begin recuperating some of the 72% of primary energy lost globally in the form of
waste heat.
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Thesis Structure

This thesis begins with an introduction to relevant scientific theories and published research
which contextualise the experimental chapters. The methodology then describes the
techniques used to synthesise and characterise materials throughout this work. The
experimental work is separated into three distinct chapters: lonic Liquid Synthesis of
Lanthanum-Doped Strontium Titanate, Europium Doping of Lanthanum Strontium Titanate
and Novel Cold Sintering Method. These chapters are self-contained with their own aims,
objectives, introduction, results, discussions, conclusions and references.

Chapter three covers the initial synthesis of Lanthanum doped, A-site deficient strontium
titanate (LST) using the ionic liquid method and comparing the product to that of the same
composition made using the conventional solid state synthesise which usually requires a
temperature upwards of 1000 °C. The main reasons for using a low temperature synthesis
method was to reduce the grain size of the LST and reduce the embodied energy of this
material which would not only help to improve the thermoelectric performance of the
material (if the small grain size could be retained in a sintered product) but would also reduce
the environmental impact of ceramic synthesis.

Chapter four covers a compositional series introducing europium doping into LST. This
present a novel combination of dopants in strontium titanate which would aim to reduce the
thermal conductivity through scattering caused by mass fluctuation on the A-site. A low
thermal conductivity must be coupled with a high powder factor and so the electronic
properties were also investigated to calculate the thermoelectric figure of merit for each
composition in the series.

Chapter five introduces a novel take on the Cold Sintering Process, in which ceramics are
sintered at temperatures < 300 °C. This novel method was inspired by the ionic liquid
synthesis method and Reactive Cold Sintering. In this chapter the initial development of the
novel process is detailed in which the density/ porosity was examined. Key findings from the
previous two chapters on the nature of the ionic liquid synthesised LST and the inherent
impurities were integrated into the examination of the bulk ceramics to determine
densification mechanisms and potential improvements.



1.0 Literature Review

1.1 Thermoelectric Principles

The depletion of fossil fuels and rising CO: levels are a well-known crisis in our society, with
increasing urgency we look to increase the sustainability of our practises and halt the rise in
global temperatures. A lesser known aspect of this crisis, is that two thirds of the energy
converted from our primary sources (petroleum, coal, natural gas etc.) is lost as heat.* Not
only do we need to look for renewable sources of our energy but we must learn to use our
resources more efficiently. Thermoelectric generators (TEGS) are able to recapture waste heat
and convert this directly into usable electricity in an emission free process. Furthermore, with
no moving parts TEGs are a reliable and scalable solution to tackle the waste heat crisis.

TEGs are already used in deep space probes (e.g. Cassini mission to Saturn) in the form of
Radioisotope Thermoelectric Generators(RTGs), where decaying radioactive materials are
the heat source and the TEG converts this into electricity.? The current state of the art
thermoelectric materials (chalcogenides) are expensive and toxic materials, which is
acceptable for RTG applications, however to open up the use of TEGs into commercial and
domestic applications their cost and toxicity must be reduced. Currently the search is on to
provide low cost, highly efficient and sustainable alternatives.

1.1.1 Discovering Thermoelectricity

In 1821, Thomas Seebeck observed that the needle of a compass moved when the junctions
of two dissimilar metals were held at different temperatures. Seebeck initially termed this
effect ‘thermo-magnetism’, though it is now known as the thermoelectric effect.®* This effect
is observed when a potential difference is generated due to a temperature gradient. It is now
known that what Seebeck observed was a magnetic field generated by the flow of electricity
across the two junctions, due to the thermoelectric effect.’

When a temperature gradient is present the majority charge carriers will move from the hot to
cold side, which leads to a potential difference between the two sides. Two types of charge
carries are defined: electrons and holes (holes being considered the absence of an electron)
allowing the separation of two types of thermoelectric materials. For n-type materials
electrons are the majority carrier and for p-types holes are the majority carrier.®

A thermoelectric generator (TEG) utilizes both n-type and p-type ‘legs’ thermally in parallel,
electrically in series between a hot and cold contact (Figure 1.1.1) to create a current from
which heat energy can be converted to electricity then stored or immediately utilised. For
example, the cold contact could be attached to a water-cooling system and the hot contact
could be attached the external face of a tail pipe in a combustion engine.’
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Figure 1.1.1 Schematic of thermoelectric device showing current
flow in thermoelectric ‘legs’ between a hot and cold contact.

The maximum conversion efficiency of a thermoelectric device is given in Equation 1.1.1.8
This is ultimately limited by the temperature differential between the hot and cold contacts
and the thermoelectric of merit, ZT, of the n and p components.

n _ N1+ZT-1 Ty-T¢
max — T
\/1+ZT+ﬁ Ty

Eqn. 1.1.1

ZT is a dimensionless figure of merit which is determined by the materials electrical and
thermal properties, shown in Equation 1.1.2. Where S is the Seebeck coefficient (V/K), o is
the electrical conductivity (S/m), T is the absolute temperature (K) and « is the thermal
conductivity (W/mK).
S20T
K

ZT = Eqn. 1.1.2

In order for a material to generate the largest potential across the thermal gradient, the charge
carriers must move unimpeded through the material whilst heat transfer is minimal to
maintain the temperature gradient. In 1995, Glen Slack termed a phonon-glass electron-
crystal (PGEC), which is a material with the high electrical conductivity of a crystal and low
thermal conductivity of glass and therefore an extremely high ZT.%° For this technology to
be commercially viable it is necessary for TE materials to have a ZT > 3 in order to compete
with other energy recovery technologies. 1112

Part of the numerator in Equation 1.1.2, S%, is known as the power factor, which describes
the electronic characteristics of the material. Due to the interdependencies of S, o and k,
which will be discussed in this section and throughout the literature survey, no one naturally-
occurring material possessing all the desirable properties is currently known, therefore
strategic materials engineering is required to achieve optimisation.t3*



The band structure of a material is an important factor, as this determines the environment in
which the charge carriers flow, and so has a large impact on the power factor. Band theory is
a popular theory to predict the conduction behaviour of insulators, semiconductors and
metals.®

Both the position and momentum of an electron are impossible to determine due to the
interaction of our observing instruments and the electrons. Therefore, we refer to electron
densities which describe the possibility of an electron being in a particular space.*®

In an atom an electron resides in an orbital. When a covalent bond forms between two atoms,
the orbitals overlap and form molecular orbitals. In 3D materials this idea can be extended
until a continuum of energy levels form bands: a valance band, and a conduction band at a
higher energy level.*®

In semiconductors, at 0 K, there is a full valence band and an empty conduction band
between which there is an area of forbidden energy, the band gap. In insulators the band gap
is much larger. Metals are represented by a partially filled band, or overlapping valence and
conduction bands.*®

The fermi energy is the highest filled energy level at 0 K. Electrons in the vicinity of the
fermi level are of particular importance as these are the electrons which generally can be
induced to take part in electrical conduction. The fermi level can change position with
temperature and level of doping.’®

This is a highly simplified way to look at the electronic structure of the material. In fact,
within a band there are variations in the density of states (available sites for electrons to
occupy) due to the specific chemical and crystal structures. Density Functional Theory (DFT)
modelling looks further into this, mapping the density of states for a specific material in order
to predict its electronic properties.t6-18

1.1.2 Seebeck Coefficient

The Seebeck coefficient is a measure of the potential difference, AV, generated per unit
temperature, T, shown by Equation 1.1.3. The larger the potential generated by a material the
larger the Seebeck coefficient; the square of the S is directly correlated to ZT. This potential
is generated by a majority charge carrier of holes or electrons, so the sign of the Seebeck
reflects which type of conduction the material possesses. n-type materials have a majority of
electron charge carriers and so the Seebeck coefficient is negative, whereas p-type materials
have a majority of hole charge carriers so the Seebeck coefficient is positive. Current flows in
opposing directions in these two materials and so the potential sign reverses from p-type to n-

type.

AV
S=4 Egn. 1.1.3

_ 8m2KET *(n')z/?’
~ 3en?

Egn. 1.1.4

3n



Equation 1.1.4 can be used to further understand the factors affecting the Seebeck coefficient.
Where kg is the Boltzmann constant, T is temperature in Kelvin, m”is the effective mass of
charge carriers, h is Plank’s constant, n is the carrier concentration, and e is the electron
charge. 9%

Therefore, three important values can be extracted which strongly affect the Seebeck
coefficient. These are: the absolute temperature, the effective mass and the charge carrier
concentration.

The Seebeck coefficient is directly proportional to the effective mass. The effective mass
describes ability of the outermost electrons, those which take part in conduction, to travel
through the lattice. It takes into account not only the mass of the electron but the effect of the
surroundings, the band, on the electron. A large effective mass will also lower charge carrier
mobility, which also reduces the electrical conductivity.?

The effective mass is dependent on the density of states (DOS). Sharp gradients in the DOS
map lead to a large effective mass. A large number of energy levels occupying a very small
energy range increases the effective mass, which can be caused by a highly symmetrical
crystal structure inducing degenerate energy levels, or an impurity band introduced by
dopants (this is also referred to as a resonant level).** Manipulating the band structure in this
way is called band convergence, Pei et al. used this technique in PbTe by alloying with MgTe
which converged the valence band at low temperatures which gave them a 40 % increase in
the ZT.%2

On the other hand, the Seebeck coefficient is decreased by a large number of charge carriers.
In a very highly electrically conductive material such as a metal, the Seebeck values are
typically around 10 pV/K due to the large number of charge carriers.? Insulators, with the
lowest amount of charge carriers (usually only from small levels of impurities) typically have
a Seebeck coefficient greater than 200 pV/K. A semiconductors Seebeck coefficient lies
somewhere between the two. Figure 1.1.2 shows how the Seebeck coefficient decreases with
an increase in charge carrier.?

Typically, in a semiconductor due to thermal excitation the number of charge carriers
increases with temperature, therefore the absolute Seebeck coefficient reduces with an
increase in temperature.

10
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Figure 1.1.2 Seebeck and electrical conductivity versus carrier concentrations from
Gayner.?

1.1.3 Electrical Conductivity

The electrical conductivity is determined by the electron mobility, p, the number of charge
carriers, n and the charge of the charge carrier, g according to Equation 1.1.5.

0 = nqu Egn. 1.1.5

The Mott transition is the transition between insulator and metallic conduction behaviour,
which occurs when the carrier concentration exceeds a value ne, according to Equation 1.1.6.
Where ne is the electron carrier concentration and ag is the Bohr radius of the carrier and
dopant. For oxygen deficient STO the Mott criterion is ~1x108 cm3.24

1/3

Ne

.ag ~ 0.25 Eqgn.1.1.6

Both the lattice itself and any impurities present, or purposefully added (dopants), can scatter
electrons which reduces the mobility of charge carriers and therefore the electrical
conductivity.

A semiconductor or small band gap insulators’ electrical conductivity will increase with
temperature as thermal energy provides enough energy for electrons to overcome an
activation energy and take part in conduction. Whereas, a metal’s electrical conductivity will
decrease with increasing temperature, as all the electrons in a metallic structure are free to
take part in conduction at all temperatures. However, the level of scattering increases with
temperature and so interactions between electrons and phonons cause a decrease in electrical
conductivity.
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Muta et al. found that for single crystals of EuTiOs, SrTiOs and CaTiOs, doped with
lanthanum, the electrical conductivities all decreased with temperature between 300 and 900
K so that 6 &< T ~*. This is because the conductivity is dominated by the charge mobility, p,
in this region and p o< T~*. At lower temperatures (300-500K) the T exponent of the
electrical conductivities reduction was -2.7, indicating optical phonon-electron scattering. At
higher temperatures (500- 900K) the T exponent was -1.6 which is caused by dominant
acoustic phonon-electron scattering according to their findings.?® See the section entitled
‘Thermal Conductivity’ for a description of the two phonon-electron scattering modes. The
electrical conductivity-temperature behaviour of single crystal and polycrystalline
Lao.003Sro.e97TiO3-5 normalised for charge carrier density, n, and elementary charge, e are
given in Figure 1.1.3. 26 Moos et al. proposed that acceptor type stated exist on the surface of
the grains which trap the conduction electrons from the adjacent grains, reducing the
electrical conductivity. 2°
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Figure 1.1.3 Electron mobility as a function of temperature for single crystal and
polycrystalline Lao.o03Sro.097TiO3.5 normalised for charge carrier density, n, and elementary
charge, e.

1.1.4 The Power Factor

The power factor is a useful metric summarising electronic properties of the material, and is
the numerator of the ZT equation. It is calculated using Equation 1.1.7 from the Seebeck
coefficient, S, and the electrical conductivity, o. It is particularly useful when trading off
Seebeck coefficients and the electrical conductivity during band engineering to determine
what level of doping etc. will ultimately lead to the highest ZT.

PF = S%c Eqn. 1.1.7

Consider a semiconductor at room temperature in which the fermi level lies between the
conduction and the valence band. When the fermi level is in the centre of the band gap the
Seebeck coefficient is maximized as the number of charge carriers is almost zero. However,
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this region has a low electrical conductivity due to low to no charge carriers, so the power
factor is not maximized.

The charge carrier concentrations are clearly largest when the fermi level is within the
conduction band- as is the case with metals. Metals have a large electrical conductivity but
low Seebeck coefficients due to overly the large number of charge carriers.

Therefore, the ideal position for the fermi level, to achieve a high power factor, is on the band
extrema where there is a sharp change in the density of states. Here the effective mass is large
(leading to high Seebeck coefficient), and a small temperature increase can allow high energy
electrons to take part in conduction. This can be achieved by careful defect engineering
and/or doping of semiconductors.

Of course the temperature also affects the position of the fermi level so that the power factor
changes with temperature. Therefore, the material will also have an optimal temperature
window where the power factor is maximized. Typically, in n-type systems the fermi level
moves further to the conduction band, and in p-type systems the fermi level will move
towards the valence band with an increase in temperature.

In order to maximize the power factor, the ideal charge carrier concentration depends on the
material (as effective mass and mobility change) though the ideal concentration is between
10'°and 10% carriers/cm?. This is lower than those of typical metals and higher than that
found in typical semiconductors which is why heavily doped semiconductors are ideal
thermoelectric materials.?’

Wei et al. showed an example of fermi level optimization for p-type GeTe.?® For pristine
GeTe the fermi level lies deeply into the valence band where the carrier concentration is ~ 8.7
x10%° cm™3, This results in a very low Seebeck coefficient of ~ 25 uV/K. By doping GeTe
with Bi the fermi level can be moved to a higher energy, towards the edge of the valence
band to improve the power factor. GeossBio.12Te has a reduced carrier concentration of 7
x10%° cm™ and a much larger Seebeck coefficient of 150 pV/K. The power factor is
maximized by a trade-off between carrier concentration and Seebeck leading to the highest
value for Geo.94Bio.0s Te which was ~ 4.5 mW/mK?2.28

1.1.5 Thermal Conductivity

KtOt = Ke + Klat Eqn 118

The equation for the total thermal conductivity is given in Equation 1.1.8, where K¢ is the
contribution of thermal energy carried by the electrons and Kja is the contrition from the
lattice. The majority of thermal energy is carried through the lattice via phonons. In order to
reduce the thermal conductivity, it is necessary to prevent phonons from making efficient
progress through the lattice. This can be done by scattering and reducing their mean free path
via means of introducing scattering centres and/or reducing the strength of bonds between
atoms. Strong rigid bonds limit the amplitude of vibrations so allow greater mobility of
carriers and phonons.?® Nonharmonic vibrations in filled skutterudites, for example Ba, La,
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Yb doped CoSbs have, for example, been used to destructively interfere with heat carrying
phonons to reduce thermal conductivity down to 2.7 W/mK at room temperature.*

If a unit cell has more than one atom, then the crystal has two phonon modes: acoustic and
optical. In the acoustic mode atoms in the unit cell move together, and their frequency is near
to that of sound waves.?132 Whereas in optical mode adjacent atoms move against each other
and their frequency is close to that of infrared light.3!3?

Acoustical Mode

Optical Mode

Figure 1.1.3 Schematic of optical and acoustic phonon modes.*!

Optical phonons are dominant at lower temperatures (300-500K). Their thermal conductivity
is relatively low due to low velocity and small heat capacity. Acoustic phonons are dominant
at higher temperatures (500-900K) and responsible for the majority of thermal conductivity.*

A portion the total thermal conductivity is carried by the conduction electrons, shown in
Equation 1.1.9 where L is the Lorentz number, ¢ is the electrical conductivity and T is
temperature.®

K, = LoT Eqgn. 1.1.9

This equates to a small portion of the total, for example at room temperature an electrical
conductivity 500-1000 S/cm only corresponds to a Ke of 0.4-0.8 Wm/K.3* When considering
the total thermal conductivity of most materials are between 2 and 10 Wm/K, this is not by
any means a large contributor to the overall thermal conductivity, therefore, the lattice
contribution is the focus of most efforts when trying to reduce the thermal conductivity.

Scattering centres are only effective at scattering phonons which have a similar wavelength to
their own dimensions. It is known that many different wavelengths of phonons are involved
with thermal transport. Therefore, a hierarchy of scattering centres are required to effectively
reduce the thermal conductivity.® Scattering centres include point defects such as vacancies
or interstitials which are effective in scattering low wavelength phonons, nanoparticles and
grain boundaries which scatter medium wavelength phonons.® However, these additions can
also scatter electrons, decreasing their mobility, therefore decreasing the electrical
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conductivity. Balancing the reduction in thermal conductivity with the preservation of
electrical conductivity is an important yet challenging task.

For a typical metal or semiconductor, the thermal conductivity reduces as the temperature
increases due to an increase in lattice vibrations which scatter phonons. This temperature
dependence can be lost if the lattice contribution to the thermal conductivity is low. Guélou,
et al. showed that in the semiconductor CusSn;S- the total value and temperature dependence
of the thermal conductivity was largely reduced due to Cl doping which caused an increase in
the level of cation disorder. ®

1.1.6 Summary

Therefore, it has been shown that a large degree of interconnection exists between the
parameters S, ¢ and K. Phonon-Glass Electron-Crystal (PGEC) materials with high electrical
conductivity and low thermal conductivity are desired, though extremely difficult to achieve
in practice due to the conflicting structures which produce a low thermal conductivity and
those which produce a high electrical conductivity. Figure 1.1.4 shows the general trend of
the key parameters versus the carrier concentration. Current research aims to achieve a trade-
off between the three key properties to achieve a maximum ZT. This can only be achieved by
carrier concentration refinement as well as the use of complex materials and hierarchical
structures to achieve a high ZT.

With these underlying theories in mind let the next section delve into the state of the art in
thermoelectric materials. There are a huge number of thermoelectric materials that have been
created and discovered though for brevity, only the highest performing categories of
materials are put forward and discussed.

T
=
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Figure 1.1.4 The interdependencies of thermoelectric properties in maximizing ZT. ¥’
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1.2 p-Type Thermoelectric Materials

1.2.1 Bismuth Telluride — Antimony Telluride Alloys

The most mature and widely used of the thermoelectric materials are bismuth telluride
(Bi2Tes) based compounds. The small band gap of the intrinsic material, 0.13 eV, leads
to degradation of ZT at high temperatures due to flooding of minority charge carriers,
therefore these materials function best close to room temperature.

Quintuple Layer

van der Waals Gap

BiTeg Octahedron
Figure 1.2.1 Tetradymite crystal structure of bismuth

telluride taken from work published by Witting et
al.38

Bismuth telluride has a tetradymite crystal structure with the large Te atoms forming
hexagonal close packed layers, and Bi occupying octahedral holes. For every 5 close
packed layers there is a layer with no Bi atoms. The bonds between the Te and Bi are
polar covalent (slight negative charge on the tellurium due to higher electronegativity
and positive on the Bi), with weak Van der Waals forces between the close packed
layers.3® This layered structure leads to anisotropy in the electrical conductivity -
conduction within basal planes is much larger than across the planes in the c direction.

Importantly, the anisotropy is lower in p-type materials (3:1) than in the n-type tellurides
(6:1).30 This fact will be discussed further in the section 1.3.1 ‘Bismuth Telluride - n-
type’. Though the Seebeck values remain isotropic due to isotropic density of states.3°

These compounds have high band degeneracy, high carrier mobility and relatively low
thermal conductivity leading to outstanding figures of merit. The large Te atoms with
weak bonds between them lead to low thermal conductivity — single crystals of Bi;Tes

have an average thermal conductivity of 1.37 W/mK at 300K.%

The complexity of the fermi surface, originating from spin orbit coupling, leads to high
Seebeck coefficients. Without the spin orbit interactions, the band gap in Bi>Tesz would
be positioned at a high symmetry point in the Brillouin zone (I'). Though due to
interactions between the Bi and Te orbitals the conduction band becomes lower in
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energy, moving towards the valence band, which in order to avoid a crossing, inverts.*
This results in a complex fermi surface, a small band gap and a high level of degeneracy,
which leads to a large Seebeck coefficient.

Single Valle . Multi-Valley 1.0 [T EEE ©
Sem?conduct}cl)r Semimetal Semiconductor

EF

ir ir

.S 24

Parabolic bands Band inversion Gap opening z f z

f a'(cbm) a'(vbm) r
Wavevector k

Figure 1.2.2 Diagram showing how band inversion creates a complex fermi surface in
BiTe (left) and a DFT band model of BiTe (right).®

p-type conduction can be induced by alloying Bi>Tez with Sh,Tes which also increases
the band gap, increasing the maximum service temperature.! In 2017 Kim et al. tuned the
carrier concentration of Bi>Tes-ShoTes by adding excess Te. Reducing the carrier

concentration improved the Seebeck coefficient but reduced the electrical conductivity,
however, tuning of the carrier concentration can overall improve the power factor.
Stoichiometric (Bio2sSho.7s)2Tes had a carrier concentration of 6.7 x 10'° cm™ which
gaveaZT of 0.6 at 27 °

C. When adding excess Te the carrier concentration was tuned to 2.6 x 10*°® which gave a
ZT of 1.05 at 27 °C.**

Additional doping e.g. with Indium, can help to expand the band gap of Bi.Tes which
upshifts the service temperature. Operating at higher temperatures allows for larger ZTs
to be accessed and the energy conversion efficiency increases, as the difference between
the cold and hot contacts is proportional to the conversion efficiency of thermoelectric
materials. In 2016 Xu et al. showed this by doping (Sb,Bi)2Tes with indium, resulting in
apeak ZT of 1.4 at 227 °C, rather than the usual peak around room temperature seen in
BiyTes.*?

Controlling the microstructure with techniques such as ball milling and hot pressing have
been used to create nanostructured materials which reduce the thermal conductivity due
to grain boundary and dislocation scattering, expanding the ZT of BiosSb1sTes to 1.4 at
100 °C.*3 In 2015 Kim et al. introduced a high dislocation density at grain boundaries of
BiosSbisTes (through a liquid phase compaction synthesis technique) which reduced the
thermal conductivity compared to a ingot solidification, increasing the ZT from 1.00 to
1.86 at 47 °C.*4
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Table 1.2.1 Thermoelectric properties of Bi>Tez and Sh.Tez based alloys.

Composition ZT | Temp./ | Electrical Thermal / | Seebeck Source
°C conductivity | Wm?IK? | coefficient
/ Scmt [ pvK?
(Bio.25Sho75)2Tes 1.05 | 27 1900 1.75 180 Kim,
2017 4
Bio.3Sb1esInoorsTes 14 227 700 11 220 Xu, 2016 #2
BiosShisTes 14 | 100 850 1.0 210 Poudel,
2008 ©
BiosSbisTes (melt 1.00 | 47 830 1.3 225 Kim,
solidification) 20154
BiosSbisTes(liquid 1.86 | 47 650 0.65 242 Kim,
phase compacted) 2015 4

Although bismuth telluride is a high performing p-type material its low service temperature
severely limits its applications in anything above a room temperature environment. Large
temperature differences between hot and cold contacts lead to the largest energy conversion
so other materials are required to aim for this.

1.2.2 Tin Selenide

Tin Selenide (SnSe) on the other hand does not suffer from the same issue as bismuth
telluride, its optimum temperature range is 500-800 °C. SnSe is a 2D anisotropic material
with low symmetry, and an intrinsically very low thermal conductivity, <0.4 W/mK (at 923
K) due to strong anharmonic bonding.*® This is already beneficial in reaching high ZTs if the
electronic properties can be engineered to match this.
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Figure 1.2.3 Schematic of the atomic
arrangement of SnSe taken from work published
by Zhao et al. %8

Understanding the structure of SnSe is key to engineering high ZTs as its layered structure



leads to a large degree of anisotropy. In single crystals of SnSe, Se and Sn form two atom
thick layers, by corrugation in the b-c plane of a single atom think sheet in an accordion-like
pattern. ZT is highest in the b and ¢ axis for hole doped specimens, though much smaller
along the a-axis due to reduced mobility between layers. This material operates at moderate
temperatures, ultimately limited by a phase transition from Pnma to Cmcm at ~ 527 °C. Much
beyond this temperature (~ 700 °C) the ZT drops, due to bipolar conduction mechanisms
(holes and electrons) being activated in the Cmcm structure (Cmcm has half the band gap of
Pnma so electrons can overcome this gap at elevated temperatures leading to electron
conduction which interferes with the hole conduction mechanism).*

ZT is maximized in the b-axis, followed by the c then a axis, due to the differences in the
power factors. The electrical conductivity is greater along the Sn-Se planes which have strong
Se-Sn bonds, and much lower along the a axis which has weaker bonds.*® The thermal
conductivity is also much lower along the a axis, though this is not compensation enough to
increase the ZT as the thermal conductivity is already intrinsically low in all directions (<0.5
W/mK at 680 °C). 46

Anharmonicity means that mechanical and thermal exchange energy and cause a dampening
effect.*’ The scale of the effect can be quantified by the Griineisen parameter. Along the a, b
and c axes the average Griineisen parameters are: 4.1, 2.1 and 2.3, which follow the same
trend as the thermal conductivities. %°

In n-type selenides such as bromine doped SnSe, charge density overlap between the layers
facilitates conduction in the out of plane direction (a-axis) where the thermal conductivity is
at its lowest, therefore reaching a higher ZT ~2.8 at 773K.?°

Table 1.2.2 Thermoelectric properties of tin selenides.

Composition T Temp./ | Electrical Thermal / | Seebeck Source
°C conductivity | WmIK?® | coefficient
/ Scm' / uVK?
SnSe (a-axis) 0.2 680 14 0.23 390 Zhao,
2014
SnSe (c-axis) 2.3 680 71 0.31 320 Zhao,
2014
SnSe (b-axis) 2.6 680 89 0.35 340 Zhao,
2014
SnSe (b-axis) 15 500 33 0.33 440 Zhao,
2014
Sno.gssNao.o1sSe (b- | 2.0 500 150 0.55 300 Zhao,
axis) 2016 %
Polycrystalline SnSe | 0.5 550 33 0.62 350 Sassi,
2014 8

In 2016 Zhao et al. showed a huge increase in the PF of single crystal SeSn from ~6.4
pWem ™! K2 (500 °C) to ~14 pWem ™! K2 when acceptor doped with Na.*® Doping with
sodium pushed the fermi level deeper into the valence band where there are multiple valence
bands in a small energy range. This changed the electrical conductivity character to metallic
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rather than semiconducting. *° This vastly increased the number of charge carriers and
enhanced the electrical conductivity. A huge loss in Seebeck coefficient would be expected
to accompany this, however, Zhao et al. only found a small degrease due to the effective
masses of holes in these bands being greater than in the first valence band, which enhanced
the Seebeck coefficient.

Sassi et al. showed the properties of polycrystalline SnSe. The maximum ZT was much lower
as the anisotropy of the electrical properties becomes averaged as the grains are no longer
perfectly orientated.*® Though their sample did show some preferred orientation, which led to
a small degree of anisotropy in electrical and thermal conductivities. Still an element of
random grain orientation heavily reduced the power factor. Not only this but the thermal
conductivity overall did not decrease in the polycrystalline sample, as would be expected due
to grain boundaries causing phonon scattering. They reported that the increase in thermal
conductivity of the polycrystalline samples was due to increased diffusivity and specific heat
capacities measured. This resulted in an overall ZT of 0.5 at 550 °C.*

Furthermore, at higher temperatures above the phase transition to Cmcm (~ 527 °C) Sassi et
al. recorded significant mass loss from the samples indicating that the polycrystalline
material was not stable at higher temperatures.*®

This is a disadvantage for SnSe thermoelectric as polycrystalline materials are generally more
mechanically stable than layered single crystals and much easier to manufacture.*

Another intriguing family of layered oxides are the calcium and sodium cobaltites. Though
their thermal conductivities are not as low as SnSe, they have been shown to possess
electron-crystal phonon-glass characteristics which is highly attractive for thermoelectric
materials. >

1.2.3 Sodium and Calcium Cobaltite

Unlike most other high performance thermoelectric materials, layered cobaltite materials
such as NaxCoO> and CaxCoOy consist of light elements and show metallic conduction at
room temperatures.> This is in stark contrast to bismuth telluride which is a semiconductor
consisting of heavy elements.

Oxides usually have high thermal conductivities due to strong bonds and light elements
which make phonon transport easier. However, in this material the alternating layers of
ordered CoO2 and highly disordered CaxCoOy or sodium ion nanoblock layers play an
important role in reducing the thermal conductivity below 1 W/mK at room temperature
whilst maintaining high electrical conductivity. 51

CoO:2 layers are responsible to the electrical conductivity whist the intermediate layers are a
source of holes and act as a glass in terms of phonon transport.*® Therefore, electrical
properties show a large anisotropy, with larger values in plane. For single crystals the larger
in-plane values are quotes from now on.>°
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Figure 1.2.4 Crystal structure of a) NaxCoO2 which consist of
CoO:> layers and sodium nanoblock layers b) CazCo4Og which
consists of layers of CoO and Ca,C003.%

These materials have been found to have very low charge carrier mobility though are highly
abundant in charge carriers leading to a high electrical conductivity. Unlike in most
semiconductors where the number of charge carriers has an optimal level above which S is
too low, so the thermopower is maximised by the mobility of charge carriers.

The Seebeck coefficient is usually highly negatively correlated to the number of charge
carriers, though the opposite effect is observed with layered cobaltites. Funahashi et al.
showed that for “whisker like” single crystals of Ca2Co.0s the electrical conductivity and the
Seebeck coefficient simultaneously rose with temperature up to the maximum measure
temperature, 700 °C, typical of semiconductor behaviour.>

On the other hand, the electrical conductivity of NaxCoO2 shows metallic behaviour,
electrical conductivity, reducing with an increase in temperature, between 50 and 800

K .49:50:5254 K oumoto et al. compared the thermoelectric properties of NaxCoO, and CasC040s
between 25 and 300 K. They found that, of the two, CazC04O9 had lower thermal
conductivity and highest Seebeck coefficient, but also lower electrical conductivity due to the
increased disorder of the interlayer between CoO- planes.>

Fujita et al. showed the effect of moving from single crystal to polycrystalline NaxCoO2-,
which reduced the thermal conductivity but also the electrical conductivity and Seebeck
coefficient.> This drastically lowered the ZT at 527 °C from 1.2 to 0.31. This effect was also
confirmed at 27 °C by Takahata et al.*°

A similar value of ZT was found by Miyazaki et al. for polycrystalline CazC04QOo9, though in
contrast this was an improvement on the single crystal thermoelectric properties reported by
Koumoto et al. due to the marked decrease in thermal conductivity due to grain boundary
scattering.5%?
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Table 1.2.3 Thermoelectric properties of layered cobaltite materials.

Composition T Temp. | Electrical Thermal/ | Seebeck Source
/°C conductivity | WmIK?® | coefficient
/ Scmt / pvK?

CasCo0409 0.01 27 41 2.9 160 Koumoto,
single crystal 2006 °2
NaxCoO: 0.06 27 1000 5.0 100 Koumoto,
single crystal 2006 2
NaxCo0O2-5 1.2 527 1900 51 200 Fujita,
single crystal 2001
NaxCoO2-5 0.31 527 280 2.1 170 Fujita,
polycrystalline 2001
NaCaz04 0.03 27 330 2.0 80 Takahata,
polycrystalline 2000 49
Ca3C0409 0.035 |27 67 0.98 133 Miyazaki,
polycrystalline 2000 °1

1.2.4 Closing Remarks on p-type Materials

A material will generally perform better as a p-type or an n-type material due to
idiosyncrasies in the microstructure and band properties making them unable to perform
as well in both conduction mechanisms. There is a large abundance in high performance
p-type materials, however there is no guarantee that when inducing n-type conduction the
performance is as great - and in most cases it is not, with the exception of bismuth telluride.
Currently in the literature n-type thermoelectric materials are falling short of their p-type
counterparts, though high figure of merit n and p types are essential for a high efficiency
thermoelectric device. Some of the highest performing n-type materials in the literature are
described and discussed in the following section 1.3 ‘n-type Thermoelectric Materials’.
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1.3 n-type Thermoelectric Materials

This section discusses the state of the art of n-type thermoelectric materials. It lists the most
common classes of materials in this field, providing the details of their crystal structures
which lead to desirable characteristics for n-type thermoelectric materials.

1.3.1 Bismuth Telluride — n-type

Bismuth telluride is able to perform as a p-type or n-type thermoelectric material, depending
on the doping strategy and so this material features in both the state of the art for p-types and
this section which will cover its performance as an n- type. The crystal structure of bismuth
telluride was shown in the section ‘1.2 p-Type Thermoelectric Materials’ Figure 1.2.1. It has
a complex tetradymite structure with hexagonal close packed Te atoms with Bi occupying the
octahedral sites. In order to induce n-type conduction bismuth telluride can be doped with
bismuth selenide (Bi>Ses) which induces Se vacancies.

n-type tellurides have a larger power factor than p-types in the basal planes (~45 pW/Kcm for
n-types, compared to ~35 uW/Kcem for p-types) due to the weighted higher mobility of
electrons than holes.3 However, the ZT of n-types is lower than p-types due to the increased
anisotropy in the n-type’s electrical conductivity. The lower anisotropy in p-types generally
matches that of the thermal conductivity anisotropy so that the ZT is virtually isotropic in p-
type materials whether in a single crystal or polycrystalline material.* In contrast, the
anisotropy in n-type conductivity is much larger (~6) so it remains anisotropic unless all the
grains are oriented in the same direction.3® This means that strategies to increase ZT by
reducing the grain size are less applicable to n-type bismuth telluride, as random grain
orientations reduce the power factor.

Table 1.3.1 Thermoelectric properties of n-type Bismuth Tellurides

Composition T Temper | Electrical Therma | Seebeck | Source
ature / conductivit | I/ Wm" | coefficien
oC y/ Scm? 1K1 t/ pVK?
Bi>Te2.7Seo.3lo.0075 1.13 | 150 1400 1.1 -150 Lee,
2015%
Bi2Te2.790S€0.21 1.2 102 800 1.1 -200 Hu,
2015°
Bi,Tes 1.16 147 1000 0.75 -150 Wu,
2013%

By alloying Bi>Tes with Bi>Sesz Lee et al. induced an n-type material which had a ZT of 0.55
at 150 °C, a relatively low value for this material compared to its p-type counterparts. When
further doped with iodine this improved the electrical conductivity by increasing the carrier
concentration and reduced the lattice thermal conductivity, achieving a ZT of 1.13 at 150
oc_55
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Also achieving a similarly low thermal conductivity was Hu et al. who performed hot zone
melting of Bi>Te2.79Se0.21. This gave a lighter deformation, than say ball milling, and
maintained some texture of the grains, meaning that the power factor can be preserved
(otherwise negatively affected by anisotropy) whilst introducing point defects and microscale
grains. This resulted ina ZT of 1.2 at 102 °C.

Wou et al. also investigated microstructure control, looking at three different morphologies of
n-type Bi>Tes: nanowires, flower-like nanosheets and nanoparticles.® They found that the
flower like nanosheets gave the highest ZT due to the preservation of the electrical
conductivity that was not shown in the other two morphologies. This is likely also due to the
retained texture in these microstructures. This need to maintain grain orientation or single
crystals is a complication for these materials as it makes synthesis of high performance n-type
bismuth tellurides complex and costly compared to a material which can perform well in
polycrystalline form as these are much easier to make on an industrial scale than single
crystals. Furthermore, the expensive and toxic nature of Te and Se resign these materials to
niche high value applications.

A material which can be made polycrystalline whilst maintain high electrical conductivity
and very low thermal conductivity, due to their unique crystal structure are Skutterudites.

1.3.2 CoSb; Based Skutterudites

Based on M X3 formula skutterudites are composed of corner sharing MXe octahedra which
form nanoscale cages which can be filled with a variety of atoms. n-type filler atoms donate
electrons to the lattice inducing semi conduction and create inharmonious vibrations which
interfere with lattice vibrations, therefore inhibiting thermal transport. The greatest
improvement in thermal transport reduction has been seen in multiple filled cages, the key to
this being that multiple size fillers produce vibrations of multiple magnitudes which interfere
with a broader range of phonons, rather than in the case of one filler species. The parent
structure CoShz possesses a thermal conductivity of around 10 W/mK at room temperature
but by adding Ba, La and Yb Shi et al. found a reduction in thermal conductivity to 2.7
W/mK at 27 °C.%°%8 This was accompanied by a large increase in the electrical conductivity
whilst maintaining the Seebeck coefficient value which resulted in a ZT of 0.42 at 27 °C.*°

The increase of the electrical conductivity from unfilled to filled skutterudites, whilst
maintaining a high absolute Seebeck coefficient is an unusual effect amongst materials. This
effect is attributed to the large effective mass of the electrons, therefore the Seebeck
coefficient remains high, despite the rise in the number of conduction electrons.®

For filled skutterudites the electrical conductivity reduces with an increase in temperature,
whilst the absolute Seebeck coefficient increases. This metallic behaviour is typical of
heavily doped semiconductors.>® As temperature is increased the electrons become more
scattered by the lattice vibrations therefore the electrical conductivity drops.

Table 1.3.2 Thermoelectric properties of CoShz based Skutterudites.
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Composition ZT Temper | Electrical Therma | Seebeck | Source
ature / conductivit | I/ Wm" | coefficien
oC y/ Scm 1Kt t/uVK?
Nolas,
CoSbs 0.017 27 400 10 -120 90005
Bao.osLao.osYbo.04C0sSh12 | 0.42 27 2398 2.7 -126 38;;130
Bao.osLao.os Ybo.04C04Sh12 | 1.71 577 1428 2.6 -192 %“11130

1.3.3 n-type Oxides

Oxides are an attractive group of materials for thermoelectric applications as their
constituents are generally low cost, non-toxic and are stable up to high temperatures —
features which many other thermoelectric materials such as BizTesz selenium and cobalt
containing materials not able to claim. This is a significant consideration when trying to
expand the viable applications of thermoelectric devices from niche applications with large
budgets e.g. RTG in space probes to wider scale applications within homes, commercial and
domestic vehicles etc.

Thermoelectric generators present a unique opportunity to convert the vast amount of energy
humans waste in the form of heat directly into electricity, reliably and portably. In order to
grasp this opportunity, the constituent materials must be of low cost, have low environmental
impact and be efficient (possess high figure of merit). As previously stated this is proving a
challenge in the current state of the art for n-type materials, though some of the most well
documented and promising n-type thermoelectric oxides are described in this section.

1.3.4Zn0O

ZnO is a direct band gap semiconductor with a hexagonal wurtzite crystal structure at room
temperature, Figure 1.3.1. Through doping the electrical conductivity can be increased to
significant levels though the ZT is limited by its thermal conductivity.>%°

.Zn
Qo

—

[ ]
A—D

B

Figure 1.3.1 Hexagonal wurtzite crystal structure of ZnO

25



The c/a ratio of the crystal structure pays an important role in the electronic properties as
shown by Wiff et al. when adding small amounts of Al in place of Zn. Al decreased the c/a
ratio thereby compressing the distance between hexagonal layers.®! The smaller c/a ratio led
to larger concentration of charge carriers at room temperature as well as a small increase in
the effective mass leading to large improvement in the power factor at small c/a ratios, onset
by increasing Al doping levels.5!

Qu et al. corroborated this effect by showing the increase of the electrical conductivity with
Al content across three samples, shown in Table 1.3.3. The largest ZT achieved by this study
was 0.16 at 800 °C in Zno.97Alo,030.%2

The largest ZT for ZnO based materials was reported by Ohtaki et al. in 2009 who reported
much higher electrical conductivities than Qu et al. Their Al doped ZnO showed nearly 6
times the electrical conductivity and gave a ZT of 0.37 at 1000 °C. Co-doping with Al and Ga
increased the ZT further by increasing the absolute Seebeck value and reducing the thermal
conductivity.5® The disparity of these results may be down to their contracting synthesis
routes with Qu et al. using a co-precipitation method and Ohtaki et al. using a solid state
synthesis route. The co-doped sample by Ohtaki et al. also contained an unknown peak in
their XRD analysis as well as small amounts of ZnAl>O4 in the Al dopes composition. This
makes it hard to determine if the properties are soley down to the composition, though the
fact stands that these are the highest thermoelectric properties of n-type ZnO to date.

Table 1.3.3 Thermoelectric properties of zinc oxides.

Composition ZT Temper | Electrical Therma | Seebeck | Source
ature / conductivit | I/Wm" | coefficien
oC y/ Scm'? 1K1 t/ uVK?
ZnO 0.007 | 800 33 6.0 -174 Qu,
2011°2
Zno.99Alo.010 0.04 | 800 130 5.1 -154 Qu,
2011°2
Zno.97Al0.030 0.16 | 800 170 3.6 -117 Qu,
2011°2
Zno.98Alo.020 0.37 | 1000 816 ~1.7 -152 Ohtaki,
2009°
Zn0.96Al0.02Ga0.020 0.65 | 1000 458 ~4.8 -255 Ohtaki,
2009°
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1.3.5 Perovskites

N | N |
N |
é Os octahedra \ \
® Titanium
Strontium

Figure 1.3.2 Cubic perovskite crystal structure of SrTiO3

Perovskites in general are a highly attractive structure for a wide range of applications such
as solar cells, MLCCs, super conductors and thermoelectric materials.®*%” With the general
structure ABX3 they can accommodate a variety of atoms as the A and B sites vary largely in
size, smaller atoms can occupy the B site whereas larger atoms can occupy the A and X site.
An ideal cubic perovskite is SrTiO3, (STO) shown in Figure 1.3.2. Ti and O form corner
sharing octahedra, Sr occupy cavities between the octahedra. It contains mixed boding:
covalent bonding within the octahedra and ionic bonds between strontium and oxygen.

The tolerance factor is essentially a measure of stability of the cubic perovskite and can be
used to predict and explain crystal structure distortions. In Equation 1.3.1, ra, g, ro are the
ionic radii of the A-site, B-site and oxygen atoms respectively, and t is the tolerance factor.

t = rat+ 710
- \/Z(T'B+T0)

Egn.1.3.1

The tolerance factor for SrTiO3 is 1 meaning that the ionic radii are ideally sized to form a
cubic perovskite arrangement. The further the tolerance factor is away from one the less
stable the cubic perovskite is. Small changes in atomic size and bond lengths can be
accommodated by distortions which relieve strain such as, octahedral distortions in CaTiO:s.
Ca is a smaller ion than Sr and so the A-O bond is reduced in length and t drops below 1.
This is compensated for by octahedral tilting giving rise to an orthorhombic distortion of the
cubic perovskite. Larger ions like Ba can cause tetragonal and rhombohedral distortions.%
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The flexibility of perovskites mean that the material properties can be largely changed which
is an advantage for an application such as thermoelectric materials where careful balance of
the Seebeck coefficient, electrical and thermal conductivity needs to be employed.

Electron transport in n-type perovskites occurs via the large polaron mechanism.®7% When
charge carriers interact with the lattice they can be referred to as polarons.” The coherence
length is the size of the polarisation cloud, effectively the range of influence the charge
carrier has on the lattice. If the coherence length is larger than one lattice parameters length,
then this is called a large polaron.®®

For example, the electron induced by the loss of oxygen in STO is localised to the Ti species,
reducing it from Ti*" to Ti*. The electrons radius of influence on the surrounding ions is
larger than one unit cell and is therefore a large polaron. This polaron hops between Ti atoms
aided by the overlapping 3d orbitals. This is the large polaron conduction mechanism.

1.3.6 CaMnQO3

Stoichiometric CaMnO3 (CMO) has an orthorhombic perovskite crystal structure. Molinari et
al. found that undoped CMO has a ZT 0.03 at 950 K, with a power factor of 0.5 uW/K?cm
and a Seebeck coefficient of -230 nV/K.”2 Typical donor dopants for CMO are Yb on the A-
site and Nb on the B-site (ref. Fergus et al. and those therein).>® Through Yb doping
(Can.9Ybo.1MnO3) to increase the electrical conductivity the ZT can be increased to 0.2 at
1000 °C. The Seebeck coefficient of this sample was -150 pV/K at 1000 °C.*

1.3.7 SrTiOs

Doped SrTiOs3 (STO) based structures with the cubic perovskite structure have a higher
electrical conductivity, thermal conductivity and absolute Seebeck coefficient than CMO.
The high degree of symmetry in cubic perovskites induce a high level of degeneracy in the
density of states and therefore lead to a high effective mass and Seebeck coefficient. Highly
directional Ti 3d electrons (states occupied when STO is donor doped) lead to a high
electrical conductivity. Though the strength of these covalent bonds also leads to high
thermal conductivity. High power factors of 28- 36 mW/K?cm have been reported for La
doped STO which rival that of Bi;Tes.”® The ideal charge carrier concentration for strontium
titanate, to maximise the power factor is ~ 2 x10?* cm3.747> This can be achieved through
doping and or oxygen deficiency.

Due to these properties, strontium titanate based oxides form the basis of the remainder of
this work. Though already many works have been published engineering the properties of n-
type STOs this is a young material compared to bismuth telluride and much is yet to be done
with the material thanks in large part, to the highly flexible perovskite structure. One of the
key obstacles in oxides is their high thermal conductivity, which negatively impacts the ZT,
therefore much research is done to reduce the thermal conductivity whilst retaining high
power factor.
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1.4 Strategies to Improve the Figure of Merit in Strontium Titanate

Pure strontium titanate (SrTiOs) is a wide band gap insulator (indirect band gap of 3.20 - 3.25
eV at room temperature) with a large thermal conductivity.’®"” A high performance
thermoelectric material requires a high electrical conductivity and low thermal conductivity
to give a high ZT, this clearly is not achieved by pure strontium titanate. For this reason,
strontium titanate is commonly doped with substitutional elements or its stoichiometry is
changed in order to improve the thermoelectric performance.’® Some of the most common
strategies are described in the following section.

1.4.1 Oxygen Vacancies

Inducing oxygen vacancies into strontium titanate is a common strategy to increase the
electrical conductivity. Oxygen vacancies lead to the generation of electrons and the
subsequent reduction of Ti** according to Equations 1.4.1 and 1.4.2 respectively.

SrCO; + TiO, —» Sr& + Ti¥, + (3 — 8)0% +§ 0,(g) + 8V +28¢’ + CO,(g) Eqn. 1.4.1 707
Ti** + e’ - Ti3* Eqn. 1.42 7

The creation of oxygen vacancies is encouraged by high temperature and low oxygen partial
pressures.’® The electrons produced in equation 1.4.1 then occupy the Ti 3d band which form
the conduction band leading to higher electrical conductivity than stoichiometric STO. As
Ti®" is a larger ion than Ti** this mechanism is commonly associated with a lattice parameter
increase.808!

As oxygen vacancies are defects which can cause the scattering of phonons, as well as a
means to increase the electrical conductivity, it is possible that they can decouple the
interaction of power factor and thermal conductivity. Rahman et al. show this as they
increased the Hz content in their Ho/Ar reducing gas from 1 to 20% (therefore increasing the
level of reduction) they saw an increase in electrical conductivity from ~ 0 S/cm to 13 S/cm
as well as a reduction in thermal conductivity from 4.5 to 4.0 W/mK at 400 °C.?* Though the
Seebeck coefficient also reduced from -800 to -450 uV/K, this resulted in a modest ZT value
of 0.047 at 400 °C.2*

The charge carrier concentration in this sample was 10.66 x10%° cm and was accompanied
by an increase in lattice parameter to 3.9047 A, compared to 3.8991 A when sintering in 1%
Ha/Ar (carrier concentration in this case was 0.106 x 10%° cm™). Both the lattice parameters
given appear to be smaller than the standard STO cubic lattice parameter of 3.905 A.82 This
could be due to the fact that they are working with highly pure single crystals therefore the
amount of impurities and oxygen vacancies in their starting material was much lower
resulting in a smaller lattice parameter.

Yamada et al. also show a study of single crystal STO heat treatments in increasing
temperatures and reduced oxygen partial pressures which show a direct correlation to the free
electron density.” Their maximum free electron density reached 5.8 x10*® cm™ at the highest
sintering temperature (1400 °C) and the lowest oxygen partial pressure (9.6x10712atm). This
sample had a lattice parameter of 3.9053 A, however, in general this study found no trend
between lattice parameter and number of charge carriers - though they make a comment on
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the accuracy of their lattice parameter measurements and do see a trend in the density of
samples after heat treatment, which reduces in correlation to the temperature and partial
pressure of the heat treatment.” This represents loss of oxygen from the lattice.

Cao et al. showed the effect of reducing Lao.osSrooTiO (LSTO) in three different
environments: 1) 5% Hz / Ar, 2) 5% H. / Ar with sacrificial carbon powder not in contact
with the sample and, 3) 5% H_ / Ar sample in direct contact with sacrificial carbon powder.®
These were sintered at 1437 °C for 12 h, though they increased this to 24h for the samples
with carbon to induce more oxygen vacancies. Between the conditions 1 and 3, the degree of
reduction increased which was evidenced by an increase in lattice parameters from 3.9080 A
to 3.9095 A and an increase in the Ti**/Ti ratio found from XPS data Figure 1.4.1.%% This
increased the electrical conductivity from 85 S/cm to 1288 S/cm at 57 °C, Figure 1.4.2. The
increase in electrical conductivity is mainly seen at lower temperatures, by ~ 600 K (327 °C)
the electrical conductivity values become comparable between all three samples of LST at a
value around 183 S/cm. Cao et al. hypothesised that this is due to the modulation of the grain
boundary potential barrier height. The barrier is caused by a difference in concentration of
oxygen vacancies between the bulk and the re-oxygenated grain boundary, the boundary
remains relatively oxygen rich compared to the bulk due to trapped oxygen. This property is
discussed further in the section ‘Reducing Thermal Conductivity Via Alternate Synthesis and
Processing Routes’. Cao et al. do not provide thermal conductivity data so the ZT could not
be determined.

a b
+ SrTiOg (Pm-3m) higher degree TP 4.4%
| of reduction
(1) LSTO-H, }\‘
(2) LSTO-H,-C i ~ |LsTO-H nC
= (3) LSTO-H,-in-C /W 2 T 3.2%
L ( =
= ¢ M 320 325 33.0 a
g N | N 2Theta (degree) Q
5 ‘ | R + E LsTOH,C T :
S, | s Lo e tel o, Ti**: 3.0%
} | ‘ T 2p 172 o
. @ ' } ‘—4 L
\ Ti* 2p 3/2
LM | . ] | S LSTO-H,
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Figure 1.4.1 a) XRD of LSTO samples and b) XPS data of LSTO samples. &
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Figure 1.4.2 Electrical conductivity of LSTO found experimentally are represented by
symbols and lines show that predicted by the model with band off set values, AE. 8

The obvious strategy would be to increase the level of oxygen deficiency until a high ZT is
achieved, but beyond maximum oxygen nonstoichiometric the cubic perovskite structure
(desirous for its highly symmetrical structure leading to large Seebeck coefficient) becomes
unstable.?**2 Furthermore, once the optimum number of charge carriers for STO is reached
the Seebeck coefficient begins to reduce, limiting the value of ZT. Therefore, the strategy to
increase the electrical conductivity through the generation of oxygen vacancies is a successful
one, but this strategy alone does not achieve the electrical conductivities required to bring ZT

above 1.

Table 1.4.1 Thermoelectric properties of oxygen deficient strontium titanate.

Composition ZT Temp. / Electrical Thermal Seebeck Source
°C conductivity/ | Conductivity | coefficient
Slcm /Wm?K? | /pvK?

. Rahman,
SrTiOs-s 0.047 400 13 4.0 -450 2019
Lao.0sSrooTiOs5 Cao
Sintering in 5% / 57 85 / -129 183
H, 2021
Lao.0sSrooTiO3-5
Sintering in 5% Cao,
H, on carbon / >7 1288 / 115 20218
bed
Lao.0sSrooTiOs5
Sintering in 5% Cao,
H, on carbon / 600 183 / -208 20218
bed
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1.4.2 A-site Doping

A second common strategy to increase the figure of merit in n-type strontium titanate is the
addition of A-site donor dopants. Perovskites, given their flexible structures in terms of
substitution, have the possibility of doping with many elements. The relative ionic radii of the
dopant compared to the parent A-site species dictates what site the dopant will occupy; large
to mid-size ionic radii e.g. La, Dy, Y, Nd, Ba, Sr, Ca generally occupy the A-site rather than
the B-site, whereas smaller ionic radii will occupy the B-site e.g. Ti, Nb, Yh,2>70.74.84-88

Some mid-size dopants may occupy both the A and B site, for example Eu®* has been shown
to dope onto both the A and B site in barium titanate, as Eu is much smaller than the Ba ion
but larger than the Ti ion.848 This is undesirable as this leads to a self-compensation
mechanism which cancels out the donor doping effect. The aim of donor doping on the A-site
it to induce defects which cause phonon scattering and reduce the thermal conductivity. This
is commonly done by doping with a 3+ species: a rare earth element.

The replacement of the Sr?* with a 3+ ion (M®*) requires charge compensation to retain
overall charge neutrality. The possible compensation mechanism for replacing the Sr2* with
M?3* (representing any donor 3+ ion) are given in the equations below, using the Kroger-Vink
notation.

2M,05 + 3Ti0, - 4Mg,. + 3Ti¥; + 1203 + V;" Eqn. 1.4.3%
M,05 + 3Ti0, - 2Mg, + 3Ti¥; + 90% + Vi, Eqn. 1.4.4%°
M,0; + 2Ti0O, — 2M:, + 2Ti¥, + 60} + %02 + 2e’ Eqn. 1.4.5%°
It is generally accepted that the most energetically favourable of these compensation
mechanisms is equation 1.4.4, which describes the formation of A-site vacancies to retain
charge neutrality. 8:9-9 Commonly used levels of doping are between 10 and 20 mol.% as
this achieves the optimum charge carrier concentration for strontium titanate of around 2

X1021 Cm—3_74,75

Table 1.4.2 Thermoelectric properties of A-site doped strontium titanate.

Composition T Temp. / | Electrical Thermal Seebeck Source
°C conductivity/ | Conductivity | coefficient
S/cm / WmK? [ uvK?!

[ Muta,
Sro9Y01TiO3 0.15 680 60 25 -220 200368
Sro9Dyo.1TiO3 0.051 680 15 2.3 -230 %%t;g'g
Sro.9Gdo.1TiO3 0.051 680 19 25 -215 %%t;g'g
Sroglao1TiOs 0.03 680 15 3.2 -215 %%?ég
SroeSmosTiO; | 003 | 680 11 2.7 215 %%tgég
EuosLaoiTiOss | 025 | 570 380 4.2 1180 %‘6‘;5
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Muta,

Sro9lLao1TiO3-s 0.20 570 350 4.1 -180 2005%

Kovale
Sro9Lao1TiOs3:s 0.19 800 102 35 -246 vsky,
2014%

Kovale
SrooNdo.1TiO3z5 0.39 800 150 2.2 -231 vsky,
2014%

Kovale
Srp.9SMo.1TiO345 0.36 800 130 2.6 -259 vsky,
2014%

Kovale
Sr0.9Gdo.1TiO3:5 0.35 800 116 2.2 -249 vsky,
2014°%

Kovale
Sr0.9DY0.1 TiO345 0.41 800 113 2.1 -266 vsky,
2014%

Kovale
Sro9Y01TiO345 0.25 800 112 3.4 -266 vsky,
2014%

In 1981 Chan et al. proposed that, in terms of a defect model, strontium titanate could be
considered a two phase material of SrO and TiO.. They stated that a dopant reacts only with
one of the binary oxides depending on which site they occupy.’®% For an A-site dopant this
would lead to interaction with the SrO binary oxide only. Since then other studies have
agreed and found that the dopant species of the A-site ion is compensated for within this
binary system and does not largely affect the TiOs octahedra.?>®® Further to this it is
suggested that the SrO binary oxide is responsible for the thermal conductivity whilst the
TiO: is responsible for the electronic properties. Separating these two characteristics is an
important step in achieving a high ZT, though in practice the separation is not so clear.

In 2003 Muta et al. showed SrTiO3z doped with a selection of 3+ ions: La, Sm, Gd, Dy or Y at
a level of 10 mol.%.88 They found that the electronic properties (electrical conductivity and
Seebeck coefficient) between all these samples reached the same maxima and were
comparable across the whole temperature range. Whereas the thermal conductivity decreased
with increasing atomic mass and ionic radii of the dopant species.®® These results support the
school of thought that the A-site dopant species does not affect the electric conductivity, only
the thermal conductivity.

Adding dopant ions with a smaller ionic radius than Sr would be expected to reduce the
lattice parameter. This trend was observed for all dopants except La, which actually increased
the lattice parameter in this study. °>°2 Lu et al. also confirmed that this lattice expansion
effect is also seen in La doped STO sintered in a reducing atmosphere.*® On the other hand,
other studies have shown that for La doped STO, when allowed to slowly air cool, additions
of La did decrease the lattice parameter. These are two contrasting effects on the lattice
parameter seen from La doping.

In the 2003 study Muta et al. showed STO with three levels of La doping, 5, 10 and 20
mol.%, and found that the lattice parameter increased with level of doping, along with the
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electrical conductivity.®® They showed that the absolute Seebeck coefficient also decreased
from 180 to 150 S/uV/K at 1000 K with increasing La content. This is likely evidence of the
number of charge carriers increasing. Therefore, by increasing the level of La doping they
appeared to be increasing the number of charge carriers. Though the fact remains that A-site
vacancy creation is more energetically favourable so it is unlikely that La is doping is directly
causing the increase in charge carriers. More likely is that the presence of La and A-site
vacancies encourage oxygen vacancy creation and titanium species reduction, which leads to
lattice expansion (Ti%* is a much larger atom than Ti*").

In 2005 Multa et al. studied the lanthanum doping of europium titanate (LETO) compared to
lanthanum doped strontium titanate (LSTO) and found electrical conductivity much higher
than the 2003 work.?® It is clear in this work that the conductivity is due to reduction of the
titanium species from Ti*" to Ti**, providing electrons to the conduction band, as they observe
that the sintered pellets appeared black, which is commonly associated with Ti®*. No
observation of sample colour was made in their previous study. It is therefore likely that the
same effect is seen in both these works, though to a greater extent in the 2005 study leading
to larger amounts of oxygen vacancies and charge carrier creation.

Muta’s conclusion from both these papers is that the electrical conductivity is not greatly
affected by the identity of A-site species, but is affected by the level of doping. The thermal
conductivity however is greatly affected by the species of the A-site ion. In order of
effectiveness of reducing the thermal conductivity was: Dy, Y, Gd, Sm, La. Overall Dy
doping gave the largest ZT due to the reduction in thermal conductivity. This correlates to the
ionic radii of the dopant species with smaller ions reducing the thermal conductivity the most.

Table 1.4.3 lonic radii and atomic mass of A-site species. Where CN 12
was not given in Shannon Radii the next largest CN is quoted.

A-site Species I)o&nigc(:J radii in CN 12 | Atomic mass (g/mol)
(

Dy 1.038 (CN 9) 162.5

Y3 1.075 (CN 9) 88.905

Gd** 1.107 (CN 9) 157.25

Sm3* 1.24 150.36

La®* 1.36 139.905

Eu® 1.12 (CN 9) 151.964

Nd3* 1.27 144.242

Sr?* 1.44 207.2

However, Kilner et al. suggest, and Hui et al. concur, that in order to predict the effect of a
dopant rather than just looking at the ionic radii it is more helpful to consider the pseudocubic
lattice parameter. Doing this means that the effect of both the ionic size and the Ti** produced
under reducing conditions is considered. For SrTiO3 the pseudocubic lattice parameter is
3.905 A, LaTiOsis 3.956 A due to the creation of Ti%*.”%% This would explain the increase in
lattice parameter when La is added.

Hui et al. stated that although the electrical properties are mainly determined by the Ti-O
bond, the A-O interaction can modify the Ti-O interaction.”® This is because of the pi bond
which surrounds the Ti-O-Ti bond is optimised when the bonding angle is 180 °, any
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distortions to the lattice, cubic to orthorhombic perovskite for example, can change the angle
of this bond and therefore reduce the electrical conductivity. The pi bond is optimised in a
cubic structure, with the tolerance factor close to 1. A-site dopants of course have the ability
to reduce the tolerance factor depending on their ionic radii and factional occupancy.

Further to this increasing the electronegativity of the A site ion can weaken the Ti-O covalent
bond.” By pulling the electrons more towards itself rather than becoming fully ionised and
donating electrons to the O, this affects the ability of the O to form the covalent bond with the
Ti which requires electron sharing.

Hui et al. found that a smaller ionic radii dopant allows the lattice parameter to contract
which increased the level of overlap of the Ti 3d orbitals, responsible for conduction,
therefore increases the electric conductivity.”® Furthermore the addition of small ionic radii
dopants compensate for the creation of the larger Ti** ion which reduces strain in the lattice
and therefore encouraged reduction.”® Comparing dopants Yb, Y, Gd, Sm, Pr, La they found
that all but Y fit this trend, though the change in electrical conductivity was very small and all
were below 10 S/cm except for Y which was ~60 S/cm at 800 °C." The cause of the large
electrical conductivity in Y doped STO is unknown.

Similarly, an important study by Kovalevsky et al. was published which studied the effect of
doping strontium titanate with: La%*, Nd®*, Sm®*, Gd®*, Dy®*" and Y3* at a level of 10%.%* All
but the La dopant created tetragonal perovskites. These samples where sintered in a heavily
reducing atmosphere to intentionally create oxygen vacancies and boost the electrical
conductivity. Through using thermo-gravimetric analysis they found that the final material
had a stoichiometric or excess level of oxygen. They proposed that vacancies were being
created and Ti species reduced in the reducing atmosphere, evidenced by the high level of
electrical conductivity, but that the compensation mechanism was not the creation of a site
vacancies as proposed in previous studies. Rare earth ** ions were being compensated for by a
mix of titanium reduction and the creation of layered perovskite structure.®*

They also stated that in order to understand the effects of dopants it is more effective to
consider the pseudo cubic lattice parameter containing the dopant ion because this accounts
for the specific defect creation present, the level of overlap in the Ti 3d orbitals and the
symmetry distortions. Smaller dopants can distort the TiOs octahedra, thereby reducing the
symmetry. All but the La dopant reduced the symmetry to tetragonal in this study, shown by
peak splitting in the XRD.% A high level of symmetry is important to the Seebeck coefficient
and therefore this would be reduced by the addition of small dopants. Furthermore, a smaller
lattice parameter increases the level of Ti 3d overlap and so increases the electrical
conductivity.

Kovalevsky et al. showed a less clear trend between the ionic radii of the dopants and the
power factor than with the pseudocubic lattice parameter and the power factor, which sloped
down with increasing pseudo cubic lattice parameter, Figure 1.4.3.%* Their highest power
factor was recorded in Nd doped STO which was 1.54 W/mK?at 673 K.* An exception was
seen for Y, which was also seen by Hui et al., though this time the power factor was much
lower for Y.” This was put down to the presence of a secondary pyrochlore phase present in
the XRD.%
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At 950 °C the lattice contribution to thermal conductivity was lowest for the smaller dopants
Gd and Dy, followed by Nd. This was attributed to the distortion of the crystal lattice with
smaller ionic radii dopants.*

The largest ZT of 0.41 at 800 °C was shown in Sro9Dyo.1TiO3-s as this had the most effective
balance of high power factor, from small pseudo lattice parameter, and low thermal
conductivity as it has a large atomic mass.*
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Figure 1.4.3 Power factor versus ionic radii of rare earth dopant and pseudocubic
lattice volume for A-site doped strontium titanate by Kovalevsky et al.%*

To summarise these findings, it is not clear that the specific identity of the A-site ion does not
directly control the electronic properties of doped strontium titanate, despite some claims to
the contrary. The A-site ion in some cases has been shown to dictate the power factor through
manipulation of the symmetry, Ti-O-Ti bond length and Ti 3d band overlap and have little to
no effect in other cases.

What is clear is that the A-site species in all cases has an effect on the thermal conductivity
due to its ability to scatter phonons. This is controlled by the mass of the atom and the
distortion of the unit cell.

1.4.3 Co-doping on the A-site

Co-doping on the A-site has been employed to reduce the thermal conductivity further by
creating varying levels of strain in the lattice, which scatter phonons.

lyasara et al. reported the thermoelectric properties of co-doped LaxSmxSr1-2xTiOs.5.%” They
did not report their own values for single doped (La,Sr)TiO3z for direct comparison of single
and double doped STO. Though comparing the thermal conductivity of 3.8 W/mK at 700 °C
they reported for Lao.osSmo.o5Sro.9Ti03-5, with that of Sroglao1TiO3z reported by Muta et al. in
2003 (3.3 W/mK at 680 °C), the conductivity is in the same realm as the single doped species.
However, it is difficult to compare samples between studies as properties vary greatly with
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synthesis and processing conditions as has been shown above. Despite this the ZT was a
modest value of 0.21 at 700 °C.

Table 1.4.4 ionic radii and atomic mass of A-site species in STO by lyasara et al.®’

A-site species lonic radii in CN 12/ A | Atomic mass
/g/mol

Sr# 1.44 87.62

La®* 1.36 138.905

Sm* 1.24 150.36

Lin et al. showed a study systematically varying the composition between SrogNdo 2 TiO3-5
and Sro.9Dyo.1TiOs-s Which were reduce sintered.® It is important to note that the level of
donor doping in each composition was different which makes the elucidation of the electrical
conductivity patterns more difficult. What was interesting is that the single doped Nd-STO
(3.9096 A) had a larger lattice parameter than that of pure STO (3.9050 A), despite Nd
having a smaller ionic radius than Sr. This is demonstrative of the effect previously
mentioned where not only does the ionic radii influence the pseudo cubic lattice parameter
but also the compensation mechanism. One would expect the lattice parameter to decrease if
only considering the ionic radii though in this case the increase of the lattice parameter was
suggested to be because of the creation of Ti®*.% Though this could also be an A-site vacancy
with a none zero radius due to electrostatic repulsion between oxygen ions.

Table 1.4.5 lonic radii and atomic mass of A-site species used by Lin et al.%

A-site species lonic radii in CN 12/ A | Atomic mass
/g/mol

Sr2t 1.44 87.62

Nd3* 1.27 144,242

Dy%* 1.083 (CN 9) 162.5

Then when Dy content was increased in steps of 3, 5, 7, 10 mol.% the lattice parameter
decreased, as shown by the shift in the (110) peak to higher angles in Figure 1.4.4. In this
case the Nd decreasing at twice the rate of the Dy increasing. Therefore, the overall level of
doping is decreasing bringing the lattice parameter closer to the ideal cubic perovskite but the
lattice parameter drops below that of pure STO when Dy doping level reaches 7 mol.%
(3.9033 A) and is even further reduced at 10 mol.% doping level (3.9027 A) as Dy has a
smaller ionic radius than Sr.
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Figure 1.4.4 XRD of the (110) peak in the cubic perovskite with increasing Dy content.%®

These lattice parameters have a direct correlation to the thermal conductivities seen in each
sample. The thermal conductivity first increased with increasing Dy doping level up to to 5
mol.%, these lattice parameters are above the ideal cubic perovskite lattice parameter.
However, for 7 and 10 mol.%, where the lattice parameter is below that of the ideal cubic
perovskite lattice parameter, the thermal conductivity decreases. This is due to strain in the
lattice causing phonon scattering.

The other factor that would affect thermal conductivity is the grain size. There is a clear
increase in grain size from 0 mol.% Dy (5-8 um) to the other samples with larger Dy
concentrations (8-30um).%® This could also be the cause of the sudden increase in the thermal
conductivity between 0 and 3 mol.% samples which then steadily decrease with increasing
Dy.

A-site dopants have been shown to have an effect on diffusion of atoms in other work. Yang
et al. showed that low levels of sodium doping in bismuth titanate led to an electrically two
phase composite.*® This was because the dopant was in homogenously mixed throughout the
material due to the solid state synthesis method, leading to areas with effectively no dopant
and areas of rich dopant levels. The presence of the dopant increased the diffusion coefficient
in those areas and lead to larger grains. Sintering and grain growth are diffusion controlled
processes so an uneven diffusion coefficient led to a distribution of small (low electrical
conductivity, due to grain boundaries) and large grains (higher electrical conductivity due to
pristine matrix).%

Returning to the work by Lin, the electrical conductivity reduced with increasing Dy content,
which was also corroborated by XPS data which showed a steady reduction in Ti*/Ti*" ratio.
This is likely due to the fact that the overall dopant level (Nd + Dy) was also decreasing,
leading to less requirement of the compensation mechanism which produces Ti%*. This
seemed to outweigh the effect that larger grains would be expected to have on the electrical
conductivity, as electrical conductivity of the 3 mol% Dy was less than the 0 mol.% sample
which had much small grains. Grain boundaries usually cause electron scattering, leading to
lower electrical conductivity.

The highest ZT they achieved was 0.19 at 400 °C for Sro.87DYy0.07Ndo.0s TiO3-5 as this had a low

thermal conductivity that was balanced by a higher power factor than the 10 mol% Dy
sample.
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Zhang et al. took co-doping to the nth degree by studying high entropy perovskites. High
entropy alloys typically contain more than five elements. They showed (Ca
0.2Sro.2Bao.2Lao 2Pbo 2) TiO3, which had an extremely low thermal conductivity of 2.2 W/mK at
800 °C, which was attributed to the short range chemical disorder from the variation of A site
species.® Table 1.4.6 shows the ionic radii and atomic mass of these ions. It can be seen that
the high entropy perovskite had a greater variation in the atomic mass of A-site dopants,
which likely caused a greater strain on the lattice leading to low thermal conductivity. Using
high resolution TEM Zhang showed the large density of dislocations and strain fields in their
material, confirming this theory.2%’ The presence of Pb in particular, being a large and heavy
atom, would make thermal transport more difficult as it is a large scattering centre.

Table 1.4.6 ionic radii and atomic mass of A-site species in STO by Zhang et al.1%

A-site species lonic radii in CN 12/ A | Atomic mass
g/mol

Sr2t 1.44 87.62

La" 1.36 138.905

Ca?* 1.34 40.078

Ba®* 1.61 137.327

Pb?* 1.49 207.2

Table 1.4.7 shows a summary of the thermoelectric properties of the co-doped STO discussed
so far. These show generally higher electrical conductivity than the only oxygen deficient or
a single doped STO shown so far. Therefore, are closer to achieving a high ZT thermoelectric
material.

Table 1.4.7 Thermoelectric properties of co-doped strontium titanates.

Composition ZT | Temp./ | Electrical Thermal Seebeck Source

°C conductivity | Conductivity/ | coefficient /

/ Slcm WmK? uvK?

Lao.o7sSmo.o7sSross | 0.21 | 700 250 3.6 -176 lyasara,
TiOs-s 2017%
Lao.osSmo.osSrooTi | 0.21 | 700 207 3.8 -200 lyasara,
O3 2017
Sro.87DY0.07Ndo.0sTi | 0.19 | 400 514 4.1 -156 Li,
O3-5 2020%
(Ca Zhang,
0.2Sro0.2Bao2Lac2Pbo | 0.10 | 700 65.6 2.4 -172 2022100
2)TiO3
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1.4.4 A-site Vacancies and Oxygen Loss

As well as dopants, an A-site vacancy can also affect diffusion of atoms in the material.
There are contradicting claims in the literature about the effect that an A-site vacancy has on
oxygen migration. According to Walsh et al. interaction with a strontium vacancy reduced
the oxygen diffusion but an oxygen vacancy enhances the diffusion of strontium.'% For
thermoelectricity it is the oxygen diffusion which is most important as this leads to oxygen
vacancy creation which is an important strategy for increasing electrical conductivity, and
will be discussed further in the next section.

They show that oxygen follows a curved path around the neighbouring titanium cation, rather
than a direct path between two oxygen lattice sites in order to follow a path of energy
minima. Through first principle studies they calculate the activation energy for an oxygen to
move past a strontium atom is 0.53 eV and the activation energy to move past an A-site
vacancy is 0.89eV.1%* Though the reason for this is not claimed by this group.

Ubic et al. show that oxygen’s surrounding an A-site vacancy do not relax inwards when
vacancy concentration is above 1.5 mol %.1% The vacancies in fact have a non-zero positive
size, possibly due to the repulsion of surrounding oxygen anions. 1% This may explain why it
is difficult for oxygen to migrate around an A-site vacancy due to the high level of repulsion
between oxygen anions in that area.

Contradictory to the work by Walsh et al., Akin et al. claim that A-site vacancies in fact
encourage oxygen loss. % They found that compared to non-doped STO, La doped STO
showed a dramatic increase in electric conductivity regardless of being sintered in Oz or an
inert gas at 1450 °C.% They deduce that this is because of the A-site vacancies generated by
the doping compensation, encourage oxygen loss and titanium reduction leading to high
electric conductivity.®® Specific conductivities of the highly conductive samples are not given
as they used impedance spectroscopy of the samples, so when a large electrical conductivity
was seen the sample could not be measured.

Despite this contradictory school of thought when A-site deficient La doped and reduced
STO is combined high ZTs are observed. The composition Sro775La0.15TiO3.5 by Lu et al.
shows one of the largest ZTs for n-type strontium titanate to date, combining a record high
power factor with moderately low thermal conductivity.

Table 1.4.8 Thermoelectric properties of A-site deficient, donor doped and reduced strontium

titanate.
Composition ZT | Temp./ Electrical Thermal Seebeck Source
°C conductivity/ | Conductivity | coefficient
S/cm /Wm?K? | /pvK?
Sro.775La0.15TiOs- Lu,
5 0.41 700 416 2.7 -163 2016
SrosLaossTiOss | 0.27 | 797 200 3.5 -180 ?gf;%?’

1.4.5 Summary
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In summary the some of the most common individual strategies to increase the thermoelectric
figure of merit are doping onto the A-site donor dopants, oxygen deficiency and A-site
deficiency. These strategies each have benefits of their own which can be compounded when
applied simultaneously. The great advantage of the perovskite structure is that it is flexible
enough to be able to accommodate multiple dopants and vacancies to some degree whilst
maintaining its structure. The best n-type thermoelectric performances reported to date have
been dysprosium dopes and oxygen deficient strontium titanate by Kovalevsky et al., which
had a ZT of 0.41 at 800 °C, and an A-site deficient, La doped and oxygen deficient strontium
titanate made by Lu et al. which had a ZT of 0.41 at 700 °C.%%% These values are still below
the desired ZT of 1 which will be able to compete with existing materials such as bismuth
telluride and so more work is needed to improve the thermoelectric figure of merit. There is
opportunity for this in the reduction of the thermal conductivity which could become lower —
the thermal conductivity of the high ZT material bismuth telluride has a thermal conductivity
~1 W/mK whereas the strontium titanate based materials have only got as low as ~2 W/mK.>’

1.5 Reducing Thermal Conductivity Via Alternate Synthesis
and Processing Routes

1.5.1 Grain Boundary Properties

Increasing the density of grain boundaries can be used to reduce the thermal conductivity of
materials as phonons are scattered by grain interfaces.?® The specific grain boundary
properties vary from sample to sample.® Herein the grain boundary properties of strontium
titanate based materials are the focus. In strontium titanate the grain boundaries highly affect
the electrical conductivity as well as the thermal conductivity. This is because of the build-up
of electrostatic potential at the barriers which act as a barrier for the charge carriers.%

Dylla et al. showed that in oxygen deficient STO grain boundaries have an electronegative
potential 1% This is attributed to the lower concentration of positivity charged oxygen
vacancies at grain boundary regions, compared to the bulk.®* A schematic to demonstrate
this is shown in Figure 1.5.1. With this in mind a polycrystalline material can be considered
a two phase material: bulk and grain boundary. The electrical conductivity is largely affected
by the grain boundary region because the resistivity can be so high in this region.%

GB
G G

Depletion regions

Figure 1.5.1 Grain boundary potential demonstrated by Cao et al.®®
Comparatively, the Seebeck coefficient is less affected by the grain boundary density as the
values within the boundary and in the bulk are not so widely dispersed. Polycrystalline and
single crystal Seebeck coefficients, where the carrier concentration is equal, are largely
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comparable.’®* An energy filtering effect occurs when low energy electrons are not able to
overcome energy barriers at grain boundaries, thus improving the Seebeck coefficient as
fewer charge carriers are taking part in conduction. Though this only prominent for grain
sizes around 50nm or less.% Whether this has an overall improvement on the power factor is
uncertain as this can result in a significant reduction in the electrical conductivity.1%>1%

Cao et al. modelled the effect of varying grain boundary potentials heights and how this
would affect the electrical conductivity, Figure 1.5.2. At low temperatures in particular, the
electronic thermoelectric properties are subdued by a large density of grain boundaries. In
higher temperature regions, > 500 °C, electronic properties are less dominated by grain
boundary resistivity. 1%
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Figure 1.5.2 Modelled temperature dependency of electrical conductivity for SrTiOz using a

two phase model (grain and grain boundary) with different band offset values (AE0) and a

fixed BD thickness.®®

Due to the ability of grain boundaries to affect the thermoelectric properties, nanoscalling has
reignited the research for high ZT thermoelectric materials. Simply by changing the
processing or grain boundary conditions, new ZTs emerged.

1.5.2 Applying Grain Boundary Engineering

Buscaglia et al. investigated the effect grain sizes ranging from 6um to 24nm had on the
thermoelectric properties of SrogLao.1 TiO3 between 0 and 300 K. 7 Due to the lower
temperature using high-pressure field assisted sintering (HP-FAST) most of the La was
compensated for by A-site vacancies so conductivity was very low compared to other studies
whose dopants and processing conditions induced the reduction of Ti.®® They saw that the
specimen with 24nm had a thermal conductivity of 1.2 W/mK at RT which was one order of
magnitude less than the largest grain size sample.%” The thermal conductivity generally
decreased with decreasing grain size, becoming predominantly lower below 35nm. The group
also saw a marked reduction in the electrical conduction of the smaller grained samples;
interfaces between randomly orientated grains scatter electrons as well as phonons, reducing
electrical conductivity.
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A reduction in Hall mobility was measured by Ohta et al. in 200 nm grained Nb doped STO
compared to 20um or single crystal samples. 1% In this case all three grain sizes reached the
same ZT value of 0.35 at 1000 K at which temperature ZTs converged suggesting that grain
boundary effects are less prominent above 1000 K. They attribute this to the narrowing of the
double Schottky barrier formed at the interface between grains as temperature is increased,
due to the rapid increase of the relative static dielectric constant of the material at high
temperatures.:%®

A massive increase in the Seebeck coefficient can be achieved by inducing electron
confinement by reducing dimensions, which increases the density of states at the edge of the
conduction band.'® Ohta et al.** created a 2D electron gas in SrTiosNbo203 confined
between insulating layers of SrTiOs which showed approximately five times the Seebeck
coefficient to bulk SrTiggNbo203 (108 uV/K at 300 K). The Seebeck coefficient of a one-unit
cell layer sample had a |S| of 480 pV/K at 300 K. 10

Wang et al.!! intentionally manipulated the grain boundary (GB) composition by coating
reduced La-STO powders in NbOx compounds before densification, creating Nb doped grain
boundaries. Nb doping for Ti can lower the bottom of the conduction band which forms a
band offset, forming quantum wells at the GB. Trapped electrons lead to negatively charged
GB which enhance the potential barrier height; creating greater energy filtering effect. This
technique enhanced the power factor from ~5 to 5.75 x10-4 W/mK? at 600 K due to increased
|S], -190 to -220 wV/K and only slightly decreased electrical conductivity.

1.5.3 Solid State Synthesis

The conventional route to synthesise oxides is solid state synthesis. This concerns the
combining of constituent elements in their carbonate or oxides forms. For example, for La
doped STO, La203, SrCOz and TiO; are used as raw materials which typically have starting
grain sizes on the scale of microns. Stoichiometric masses of raw materials are dried,
combined and typically go through several milling, grinding, sieving and calcining steps to
achieve a homogenous product. This technique relies on solid state diffusion limited by
interfacial contact between grains, therefore, high temperatures and long hold times are
required to achieve homogenisation. Typical calcination regimes for doped strontium titanate
are 1050 -1300°C for 3 -6 h. 24,25,70,88,90,93,100,102,103

Densification is then encouraged by pressing the powers and sintering at high temperature.
Typical sintering conditions for doped strontium titanate vary between 1250 — 1600 °C for 2 -
20 h, in either air or low oxygen partial pressure atmospheres, depending if the oxygen
deficient material is desired. 242570.8890.93,100.102.103 The densification process is driven by the
reduction of surface energy and so grain growth is key to this process. Typical grain sizes in
the sintered products are between 2-20 pm,2490.93,99.100,103

This method is highly energy intensive resulting in a large embodied energy of ceramics
which create a significant CO2 burden associated with solid state sintered ceramics. Not only
this but this technique makes manipulation of grain sizes or textures very difficult. In order to
access the possible ZT improvements described from reducing grain size then alternative
calcination and sintering routes must be explored.
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1.5.4 Low Temperature Calcination Routes

Wet chemical synthesis methods are advantageous for creating nano sized functional oxides
because the precursors become atomically dispersed in a liquid or gel. This allows much
faster rates of diffusion than solid state diffusion, and so products can form much faster and
at much lower temperatures, resulting in smaller grained products and energy savings
compared to solid state synthesis.

Furthermore, particularly in the production of titanates such as SrTiOz a common impurity
seen in final products is TiO2!!2 TiO2 is used as the source of Ti species in solid state
synthesis, it is a highly stable compound which requires very high temperatures to break
down and encourage transformation into other structures. These conditions also promote
significant grain growth. Titania impurities in the final product inevitably alter the
stoichiometry of the product from that which was set out to produce, and possibly cause
additional effects to the materials properties so they must be avoided. A solution to this is to
avoid TiO> as a precursor, instead using a low viscosity medium capable of chelating
titanium ions.

In the following sections some of the most common low temperature calcination routes for
oxides are described. These techniques demonstrate the use of alternative precursors to solid
oxide and carbonates, which lead to energy savings and grain size reductions compared to
solid state synthesis.

1.5.5 Sol- gel

The sol-gel method generally describes a method in which set of precursors, typically metal
alkyoxides, are dissolved in water or alcohol which undergoes hydrolysis/alcoholysis and
condensation reactions to form a gel.**® This gel is then dried, where nano powders, fibres or
layers can be formed, then calcined. 112 Figure 1.5.3 shows an overview of the types of
processing that can be done with the sol-gel method and the resulting morphologies.
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Figure 1.5.3 Overview of the sol-gel process and morphologies that can be synthesised.?
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Yue et al. synthesised ZnO nanotubes using the sol-gel method in which zinc acetate and
diethanolamine were dissovled in ethanol.'** They then dipped an ultra-thin aluminium oxide
honeycomb structured membrane into the solution, whose surface became coated in the sol.
Once removed this was allowed to dry then calcined at 500 °C for 2 hr which crystallised
ZnO.™* The membrane was then dissolved with sodium hydroxide, leaving individual ZnO
nanotubes as shown in Figure 1.5.4.

Figure 1.5.4 TEM micrograph of ZnO nanotube.*4

The sol-gel method has also been widely used to synthesise nanoparticles of TiO2.1*5117 Lj et
al. synthesised titania nanoparticles by dropping tetra-n-butyl titanate into deionized water
whilst stirring.!” Then the gel was allowed to dry at 105 °C for several hours, before milling
the into a powder. This was then calcined for 2 h between 350 °C and 1000 °C. Their XRD
indicated that partial crystallisation occurred after the drying step. This was in the form of
anatase. At ~550 °C rutile was also visible in the XRD which increased in relative intensity
until finally only rutile titania was present after calcining above 800 °C.**” The grain sizes of
the calcined powders are shown in Figure 1.5.5 which varied between 6nm for the lowest
temperature and 120 nm for the highest calcination temperature.
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Figure 1.5.5 Grain sizes of titania synthesised by Li et al. using the sol-gel method, vs the
calcination temperature.

The main advantages of the sol-gel process are that it is a simple process, with high
production efficiency and the flexibility to make products with special shapes.'®
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1.5.6 Pechini’s Method

Pechini’s method is a modified sol-gel process. In Pechini's method a-hydroxycarboxylic
organic acids (e.g. citric acid) chelate cations in an agueous-organic medium. The addition of
a polyhydroxylic alcohol to this mixture polymerises the chelate creating a homogeneous
distribution of cations. The organic portion is burnt off at temperatures leaving the pure final
product.*®

Liu et al. synthesised CasCo0409 using this method from calcium nitrate, cobalt nitrate
hexahydrate and citric acid which forms a gel that was calcined at 800 °C to produce fine
grained pure phase product.*® This group did not state the grain size produced from this
calcination, though after sintering at 900 °C for 8 h the grains were less than 2pum in
dimension.!'® Dhiman et al. demonstrated the pechini method for LaRexFe1xO3 (Re = Eu,
Gd, Dy, Nd) using lanthanum, iron and RE hydrates, citric acid and ammonia.*?® Their final
product showed high purity under the scrutiny of TEM and EDS, with crystallite sizes of 28-
38 nm after annealing at 400 °C.

1.5.7 Hydrothermal Synthesis

Hydrothermal synthesis uses the assistance of pressure above 1 bar and temperatures above
100 °C to encourage reactions.*?! It allows uniform, nanosized particles to be made at low
temperature using high pressure.*?? Cirkovic et al. used a hydrothermal treatment on a
solution of barium strontium titanate (BST) synthesised using the Pechini method (complex
polymerisation method). Highly pure and a homogeneous microstructure are important for
the application of BST as dielectric materials.*?> A BST precursor solution was placed in an
autoclave for 5h at 225 °C and 67.1 atmospheres.*?? This created an amorphous powder
which was then calcined at 700 °C to crystallize the final product. They stated that
stoichiometry is hard to control using the hydrothermal treatment, so the complex
polymerisation technique was used to ensure the correct stoichiometry and the hydrothermal
treatment improved the purity (removing carbonate phases, though there was another off-
stoichiometry phase present) and created uniformly nano-sized powders < 50 nm which were
less agglomerated compared to the complex polymerisation route.?? This procedure required
a Teflon lined high pressure autoclave — this method is expensive and harder to upscale.'??

1.5.8 Co-precipitation

Co-Precipitation is the mixing of two or more different solids or liquids which are mixed and
stirred continuously to form a precipitate.*?® Hikmah et al. performed this for SrTiOs by
combining strontium nitrate (Sr(NOz)2), oxalic acid dihydrate (C2H204.2H20) and titanium
tetrabutoxide (Ti(OCH2CH2CH2CHs)4). All were individually dissolved in isopropanol before
combining. This solution is continuously stirred, titrated in distilled water, washed with
ethanol, then hydrolysed for 10h.123 This produced a precipitate which they then sintered
between 800-900 °C for 2-4 h.*?® The low cost of these precursors comparative to ionic
liquids make this a cost effective synthesis method.
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Hikmah et al. reported impurities of SrCOz based carbonates due to reactions between the
metal ions and the organics.'?® They show from FTIR analysis the presence of additional O-H
bonds at 3406 cm, 2458 cm™ and 857 cm™, C=0 stretching vibration at 1747 cm™, C-H at
1439 cm™ as well as the characteristic bending and stretching of Ti-O bonds within TiOs
octahedra in SrTiO3 ~540 cm™.123124 The FTIR absorptions corresponding to Ti-O and the
C=0 at 1746 cm™* were confirmed by Xian et al. though they also stated that the C=0
overlaid with a O-H from H,0O absorption.!?* Xie et al. confirmed O-H absorptions at similar
values of 3436 cm™ and 1630 cm™ in the spectra of pure BiOCI, pure SrFe1,019 and BiOCI—
SrFe12019 made via hydrolysis. The C-H absorption at 1439 cm™ found by Hikmah et al.

could not be confirmed from other sources, and in fact matches better with an O-H bending
mode.'?®
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Figure 1.5.6 FTIR of SrTiOz made via the co-precipitation method by Hikmah!?

Hasanah et al. also performed co-precipitation to produce Nd-doped STO.®" In their FTIR
additional C=H, C-H and O-H bonds were also found in the final product, Figure 1.5.7. Here
the C-H bond is shown at 854 cm™, the C=H bond at 1490 cm™, O-H bond at 3407 cm™* and
the characteristic large absorption of the TiOs octahedra at 576 cm™. The Nd-doped STO was
sintered at 900 and 1000 °C for 4 h which yielded crystallite sizes of 42 nm and 64 nm

respectively. As well as grain growth the increased sintering temperature increased the level
of crystallinity from 94.8 % to 95.7 %. 8’
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Figure 1.5.7 FTIR of Nd- doped SrTiOs made via co-precipitation method by Hasanah®’

So far none of the methods presented are able to synthesise titanates such as STO or BTO
using a simple technique at atmospheric pressure. The sol-gel process is highly simple but
hydrolysis reactions induce the formation of TiO2 which requires high temperatures to
remove. Other methods use harsh chemicals such as acids or ammonia or use involved
processes like titration or high pressures. There is another low temperature calcination
method not yet covered which uses solvents considered green and can be performed at
atmospheric pressure in a couple of steps. This technique is lonic Liquid Synthesis.

1.5.9 lonic Liquid Synthesis

An lonic Liquid (IL) is a salt with a melting point below 100 °C. They consist of a complex
cation, such as 1-ethyl-3-methlyimidazolium (emim), and a hard anion, e.g. acetate (OAC)
which are shown in Figure 1.5.8.1% They are an attractive solvent in many synthesis
applications because of their fast ion transport, low viscosity, wide liquid temperature ranges
and structure forming properties on the nanoscale.'?” Low viscosity is a particularly important
property because this facilitates fast mass transfer and avoids the formation of impurity
phases in the final product.}?® Other successful applications of ionic liquids include: solvents
for the ligation of peptides, electrolytes in batteries. 22130
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Figure 1.5.8 Structure of IL cation emim and anion OAc. 2

They are a highly flexible class of materials, their properties can be tuned by selecting
combinations of anions and cations. For example, their water solubility can be decreased by
using the hydrophobic anion, [NTf;], increased by using the hydrophilic anion [BF4].**! ILs
have also been described as “green solvents” due to their low environmental toxicity,
although are typically a high cost solvent.*3!
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ILs are particularly useful in the synthesis of complex titanates, as titanium ions, from for
example titanium alkoxide precursors, readily and exothermically form poorly crystalline
TiO2 in contact with water, and so water is not a suitable solvent for the wet chemical
synthesis of titanates. Whereas, ionic liquids such as 1-ethly-3-methlyimidazolium acetate,
can chelate Ti ions, holding them in suspension where they are able to take part in reactions
to form titanates.

An IL synthesis method was demonstrated by Green et al. and Mottram et al. for the
synthesis of complex functional oxides: (La,Sr)TiOs, YBa>CuzO7x (YBCO) and
Bi>Sr.CaCu,0s (BSCCO). 128132 This process involved first mixing aqueous solutions of
soluble metal ions with the ionic liquid ( e.g. 1-ethyl- 3-methylimidazolium acetate or
nitrate), dehydrating this mixture to remove water, and then adding insoluble species as
alkoxide precursors (if required) before calcining the entire mixture for 2 h to form the
crystallised product.'?3132 Calcination temperatures varied between 600 °C and 920 °C
depending on the material 1?2132 Green showed highly crystalline and pure YBCO and
BSCCO confirmed by SEM, TEM and EDX calcined at 920 °C and 850 °C respectively.
Using the solid state synthesis method YBCO requires calcining in the range of 850 °C for 16
h and BSCCO at 775 °C for 12 h.13313* The calcination times, therefore the energy inputs, are
much reduced when using the ionic liquid method owing to the greater rate of mass diffusion
using this method.

Mottram et al. showed the formation of (La,Sr)TiO3z from an ionic liquid solution though
combined TG and DSC alongside XRD analysis taken at set temperature intervals during the
calcination which revealed the reaction process.**? Initially small particles of anatase, mixed
La and Sr carbonate species were formed, which they suggested act as reaction sites for the
formation of the final product: the perovskite. Due to the large surface area of the
intermediate species, this occurred rapidly.3? Phase pure cubic perovskite LST was achieved
at 600 °C using this ionic liquid synthesis method. The size of the particles was 36 + 12 nm.
The lattice parameter found by Mottram et al. was 3.9076 + 0.0009 A, which is larger than
that recorded by Lu et al. (3.8467 A) who synthesised the same composition using solid state
synthesis.?>'3 As these are supposed to be the exact same composition, this difference in
lattice parameter is significant and must be explained by some change in stoichiometry or
templating effect which was not explained by Mottram et al.

Alternatively, several studies have shown that highly crystalline titania can be synthesised
using ILs at ambient pressure and temperatures.3-1% The water-immiscible IL 1-butyl-3
methyl imidazoloium hexafluorophosphate ([Bmim][PFe]) acts as a capping agent to prevent
direct contact of water and titanium source (titanium tetraisopropoxide). This prevents fast
hydrolysis that would result in amorphous TiO2, and instead encourages crystalline TiO2.1%
In this method titanium isopropoxide and propanol are added to the IL which is then added
drop wise to water, where precipitations of titania are formed. The crystalline titania can then
be extracted via through filtration, washing and drying at 100 °C. Using this method Yoo et
al. found that titania crystallised in the anatase structure, which showed the same level of
crystallinity as a sol-gel synthesised anatase calcined at 400 °C.**" In the same conditions
with no IL the titania came out amorphous.*” Using this same method Choi et al. recorded a
crystallinity of 37% with 5nm crystallite size, the crystallinity could be improved by a
further heat treatment of 900 C for 1 hr which grew the crystallite size to 40nm and remained
anatase.'*
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The imidazolium units form n-m bonds between one another which form an ordered structure
around which the titania is hydrolysed and condensed.**'The anions in IL form hydrogen
bonds with water. By changing the anions, the strength of the hydrogen bonds is changed.
This has an important effect on the structure forming properties. Strong hydrogen bonds
between the water and anion can mask the - bonds which prevents stacking. Yoo et al.
showed that with an increase in the hydrogen bond strength from [PFs], [BF4] to [CF3SO3]
the degree of crystallinity in the product decreased because of this effect.’*” Yu et al. also
showed that by changing the anion from [PFe] to [CI] a rutile phase was formed instead of
anatase.'®

1.5.10 Surface properties of Solution Processed Thermoelectric Materials

There is a caveat of using wet chemical methods to synthesise thermoelectric materials at low
temperature. This was recently highlighted by a research group led by Maria Ibanez who in
2021 published a paper Entitled ‘The Importance of Surface Adsorbates in Solution
Processed Thermoelectric Materials: The Case of SnSe’.*° Though this paper used SnSe as
an example the findings are relevant to all solution processed thermoelectric materials.
Scientists must at least be aware of this and perhaps take methods to remove them before
further processing. Using wet chemical synthesis methods allows the production of much
smaller grained powders compared to solid state synthesis, however the use of additional
solvents can lead to the presence of impurities on the surface of final product which if not
sintered at high temperatures likely remain in the final product.

In the paper ‘The Importance of Surface Adsorbates in Solution Processed Thermoelectric
Materials: The Case of SnSe’ the products of a typical solution processed SnSe, using Na
salts, is assessed and revealed to contain significant surface adsorbates which cannot be
removed from the surface of particles through purification.**® This is because of the presence
of a surface charge on the particles originating from an Se rich surface (-22 £5 mV). This
creates an immobile layer of Na*ions adsorbed, held by electrostatic forces, to the surface
when synthesised using NaBHa, Se powder, NaOH and SnCl2.H,0. 14

The consequence of this impurity is doping of the SnSe (Na* is a p-type dopant in SnSe and
leads to three times the concentration of holes in the material), Na complexes formed at grain
boundaries (this leads to an increased energy barrier at the grain boundary causing an energy
filtering effect which enhanced the Seebeck coefficient) and Na precipitates within the grains
nucleated by the high defect concentration.4°

The group compared this to SnSe solution processed using MesNBH4 and MesNOH instead
of Na containing species. This replaced the Na* surface adsorbates with MesN* which could
be removed in the annealing step at 500 °C leaving minimal C and N impurities. In this case
much smaller grains were found in the sintered pellets. The group attributed this to the larger
MesN* which covered the dissolved particles with fewer molecules than Na* increasing the
electrostatic repulsion between particles. Furthermore, they state that the Se rich surface
reacts with Na to form Na>Sx which has two consequences: this phase melts during annealing
pulling grains together through capillary action whilst also providing a liquid phase which
enhances mass transport. Hence the present of the Na promotes grain growth.4
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Although the impurity level of Na was found to be as low as 1.6 at. % it had a marked effect
on the ZT by increasing the electrical conductivity and Seebeck coefficient, doubling the
figure of merit. They found no effect on the thermal conductivity.'4°

This study draws important attention to the impurities which may unwittingly be adsorbed to
the surface of solution processed thermoelectric materials such as in the ionic liquid, sol-gel
and precipitation processes. Though the effect was overall positive in this case as Na* is an
effective dopant for p-type SnSe, for other materials and impurities this many not have the
same effect. This is clearly shown in the work by Hikmah (Figure 1.5.6) and Hasanah (Figure
1.5.7) who show unexpected elements in their FTIR. With this context in mind it may be
likely these are surface adsorbed though further work would be needed to confirm this in
light of the work published by Liu and Ibanez et al.*4

This goes to say that solution processed materials are by no means unusable because of
potential surface adsorbates, however, the likelihood of the material containing surface
impurities should be acknowledged. Lui et al. have done important work to bring this topic of
discussion to light and have provided techniques, such as Zeta potential measurements, to
assess the surface properties. 14° The effect of surface impurities within the sintered product
should be considered in order to determine if they have any negative or positive impact on the
properties of the material. This new information could explain previously un explainable
effects in properties of solution processed materials.

1.5.11 Low Temperature Sintering Methods

In order to preserve small grain sizes produced from low temperature calcination methods
and continue the trend of reducing energy input, low temperature sintering methods are
required. Typical solid state synthesis requires high temperatures > 1000 °C which coarsens
grain structures and required large amount of energy input.®%141142 Ceramics currently have a
large embodied energy, meaning it takes a lot of energy to produce them, potentially making
them an unattractive material in a new sustainable culture. For this reason, low temperature
sintering methods have gained much interest within research.

The investigation into Ultra Low Energy Sintering began in the 1960’s and now several
techniques are known that can achieve densification between room temperature and 300
0C.143-149 Grasso et al. published a comprehensive review of Ultra Low Energy Sintering
techniques and mapped the emergence of techniques between 1970 and 2020.1%! The first of
these techniques was Hydrothermal Reaction Sintering developed by Hirano and Somiya in
1976.1%0

1.5.12 Hydrothermal Reaction Sintering (HRS)

Hirano and Somiya first demonstrated the use of HRS to create >95 % dense Cr.03.**° This
technique involved combining water and ~50 um sized metallic chromium powder ina 3 x 5
mm platinum vessel. A pressure of 98 MPa and temperature of 1000 °C were applied to the
vessel for 3 h which caused a reaction between supercritical water and the metal which
resulted in Cr2O3 formation and a by-product of hydrogen which diffused out through the
platinum vessel.1*® At the time of publishing they state that the densification mechanism was
not fully understood.
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The requirement of platinum to diffuse the hydrogen made this a very expensive technique,
as well as the ability to make only small amounts of the chromium oxide at one time.
Therefore, this technique had very little application, though it is the start of an important
journey to low temperature sintering.

1.5.13 Cold Sintering

The next significant milestone was Cold Sintering which was proposed by Gutman et al. in
1979. This technique applied pressures of up to 1 GPa to metallic powders at room
temperature to achieve a dense final product. Densification was achieved by the plastic flow
of the material and thus could not be applied to brittle materials.*>! Cold welding is now a
term understood in which primary bonds form between two clean interfaces of metals when
pressure is applied.’™? Some metals such as silver and gold can form primary bonds without
the application of pressure, this is called spontaneous cold welding. 41152

Where HRS achieved sintering through diffusion this technique achieves sintering through
plastic flow. Cold Sintering in this form can only be used for materials which are ductile and
so oxides will not sinter in this way.

1.5.14 Hydrothermal Hot Pressing (HHP)

Continuing with the application of pressure to achieve densification at low temperatures,
Yamasaki developed HHP in 1984.%%3 Originally designed for encapsulation of radioactive
waste, Yamasaki took inspiration from the lithification process which transforms loose
particles into sedimentary rocks through compaction and cementation.*>*%* Taking silica
powder, 28 wt. % radioactive waste and a mineraliser solution (in this case sodium hydroxide
solution, 1 cm?® of solution to 4 g of powder) they compressed the mixture in a hot press cell.
This hot press cell was placed inside an autoclave filled with more of the NaOH solution. See
Figure 9 for a diagram of this apparatus.
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Figure 9 Yamasaki et al. apparatus for hydrothermal hot pressing

The autoclave was sealed and heated to up to 350 °C at a pressure of 16 MPa for 30 minutes.
The elevated temperature increased the solubility of silica in the NaOH solution, resulting in
a silica paste flowing from the hot press cell into the autoclave. By varying the concentration
of the NaOH they could reduce the amount of silica dissolved and improve the final
compressive strength of the final body. Yamasaki et al. concluded that in this case the
densification was achieved by dissolution and deposition of the silica in NaOH, with the
applied pressure keeping grain surfaces in contact.'>® The use of a hydrothermally sealed
autoclave was useful in this application because this prevent the loss of potentially harmful
volatiles, however for more general applications the use of a hot press cell and an autoclave
adds unnecessary cost and complexity.

1.5.15 Reactive Hydrothermal Liquid-Phase Sintering (RHLPS)

Following on from HHP Riman et al. proposed RHLPS which they patented in 2012.1% In
this method a pre-compacted ceramic is pressed in a sealed hydrothermal environment. A
schematic of this apparatus is shown in Figure 10. The pre-compaction makes a porous
matrix into which a reactive medium infiltrates voids.*® The hydrothermal conditions
encourage the partial dissolution of the matrix and the formation of a reactant product which
fills the voids.}*” This mechanism using the example of BaTiOs is shown in Figure 11 where
the starting matrix is TiO2 infiltrated with Ba(OH),.14
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Figure 11 Reaction mechanism of the RHLPS process.#’

Vakifahmetoglu et al. performed the RHLPS process to prepare BaTiOz and varied the
sintering temperature between 90 and 240°C and holding time between 6 to 72 h.}*” The TiO;
remained present in the XRD analysis of the final product in all but the samples made at 240
°C held for 72 h; the final porosity of this sample was 10 vol %. The extensive reaction times
and requirements of an autoclave are significant draw backs in this method.

1.5.16 Summary of Ultra Low Temperature Sintering Mechanisms

Mechanisms shown to induce primary bond formation so far have included:
Plastic deformation
Cold sintering (exclusive to metals)
Dissolution- precipitation
Chemical reactions
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The majority of these methods have used complex apparatus (a Pt vessel or an
autoclave/hydrothermally sealed cell) or are only applicable to a small set of materials, which
is costly and limits the upscaling of these techniques. In order to compete with the practicality
of solid state sintering, which can be done in any furnace, a simpler experimental set up is
required. A new technique emerged into the state of the art which posed a much simpler
apparatus to sinter at low temperatures. This was first proposed by Kéhari et al. which was
then further developed and patented as Cold Sintering Process (CSP) in 2016 which became
patented in 2021 by Clive Randall and colleagues at The Penn State Research
Foundation.>>1%¢ |ts foundation was the moistening of ceramic powder which were then
compressed and heated to form a dense ceramic.

1.5.17 Cold Sintering Process

In 2014 Kéhari et al. achieved between 87 - 93% density LizM0QO4 by spraying starting
powder with deionised water before applying uniaxial pressure (130 MPa) to a steel mould
which was heated to 120 °C for 4 h.}** They compared the dielectric properties of their low
temperature sintered ceramic to one sintered using the conventional solid state sintering route
which required a temperature of 540 °C for 2 h. Similar permittivity values were achieved
with only a small decrease in the Q x f (a figure of merit in dielectric materials) believed to
be caused by residual water in the samples.*

In 2016 Clive Randall’s group published several papers based on the same principle which
they called the Cold Sintering Process (CSP). "% This method begins from ceramic
powders whose surfaces are moisturized with a small amount of aqueous solution (1-25 wt.
%) and compacted in a die between heated platens. **” The liquid phase encouraged
dissolution and precipitation, aided by local hydrothermal conditions created by the applied
pressure (~350 MPa) and temperature (120 — 200 °C).1%"1%® The compaction is performed in
an un-sealed environment so that the water is able to evaporate. Using this method Randall’s
group achieved densities between 85 — 98 % of the theoretical density in materials such as
PbTe, CasC040g, ZrO; and Lil sAlosGe1s(PO4)s in under 30 minutes.*’

An additional benefit of CSP is the possibility of ceramic- polymer composites. When relying
on solid state sintering to sinter ceramics the combination of a polymer and a percolated
ceramic (randomly dispersed ceramic powder creates an interconnected pathway through a
composite) in a dense body is a complex process. The high temperatures required to sinter
ceramics (>900 °C) would degrade the polymer, therefore a ceramic body would be sintered
first before sections are machined away and the polymer infiltrated.*® With the event of CSP,
polymers and ceramics could be sintered at the same time to form a composite in one step
below 200 °C.1*® Guo et al. demonstrated this by the combination of lithium molybdate with
PTFE (for use as a microwave dielectric) and vanadium oxide with PEDOT:PSS (for use as a
semiconductor).148

1.5.18 The Theory of Cold Sintering Process

In 2019 Biesuz et al. published a theoretical analysis of cold sintering.'®° This separates the
cold sintering process into two stages. Stage 1 occurs before the particles are in direct contact
with each other; in this stage they are considered to be in a suspension in the solution. The
particles experience isostatic pressure due to the presence of the liquid which increases their
solubility.*® Ostwald ripening occurs in which smaller particles dissolve and become
deposited onto larger particles which causes grain coursening.'! During stage 1 the solution
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is being slowly evaporated from the unsealed die. Cold sintering processes often include an
initial hold at room temperature when pressure is first applied, for anywhere between 1 and
30 minutes, to allow for rearrangement and so that the solvent does not evaporate too
quickly.145,162—165

In stage 2 particles are in direct contact and pressure gradients exist where the pressure is
intensified at contact points, leading to larger rates of mass diffusion, and lowest where voids
are present. Material is deposited in low pressure areas, filling voids until the grains form flat
interfaces and the pressure gradients are levelled.!°

When a complex material is dissolved and redeposited it can form an amorphous structure
which remains present within the grain boundaries.'®® The transformation of this amorphous
structure into a crystalline one is key to achieving highly dense and crystalline materials. Guo
et al. observed that the boundary between the crystal and the amorphous region is typically
arranged in a terrace-ledge manner, Figure 12.%° The Terrace Ledge Kink model describes
the growth of a crystal by incorporating deposited ions with the aid of thermodynamically
favourable conditions provided by the ledges and kinks.1®® Impurities can block the surface of
the crystal and significantly reduce the rate of crystallisation and so clean interfaces are
required for efficient crystal growth,1%

c Solute ion

amorphous ]edg{' S &M

Solute ion

Figure 12 Terrace Ledge Kink at the interface between crystalline and amorphous regions.

Secondly, these mechanisms rely on the congruent dissolution of the particles into solution.
This is the case for materials like lithium molybdate and zinc oxide but is not the case for
barium titanate (BaTiO3).1%” During the cold sintering of BaTiOs, preferential dissolution of
barium ions lead to an amorphous TiO: layer at the surface of the particles. This layer
passivates the surface and separates the solution from the crystallised grain so that the TLK
mechanism is blocked. Preferential dissolution is also seen in other titanates such as SrTiOs
and CaTiOsz and niobates such as KNbOs, NaNbOs. 1%81%° Ozmen et al. showed that the rate
of dissolution of ions from potassium and sodium niobates is inversely proportional to their
cation field strength. The larger the cation fields strength the more strongly it is held within
the lattice. The cation field strength of ions is as follows: K < Na < Nb, which matched an
inverse trend in dissolution rate of these element from potassium, sodium niobate when in
solution. ¢

1.5.19 Using The Cold Sintering Process to Sinter Functional Oxides

Ying et al. cold sintered MnZn ferrite with the aim of grain refinement in the final product.
Using the conventional solid state sintering route ZnMn ferrites are typically sintered ~1380
°C for up to 9 h.}"® By using the cold sintering process they reduced the sintering temperature
to 330 °C for 2 h. Beginning from powders calcined using the solid state route they added a
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transient solvent: ethanol solution acetic acid and pressed using a pressure between 600 and
1400 MPa.t"™ Cold sintering was followed by annealing process at 950 °C for 6 h to improve
the density. By increasing the pressure used in cold sintering the pre annealed densities
increased from 75 % to 85% of the theoretical density. A much larger improvement in the

density was shown after annealing; this increased the densities to between 95 — 97 %, as
shown in Figure 13.

The use of such high pressures (> 1000 MPa) becomes impractical when scaling up the cold
sintering process due to the large forces required to exert this pressure over a large surface
area. In this case most of the density improvement came from the annealing treatment and so
the use of a pressure up to 1400 MPa is debatably not worth the gain. Ying et al. also found
that the final grain size of the MnZn ferrite increased with increasing pressures used during

the cold sintering (Table 1). This shows that the pressure applied drives the coarsening and
densifying reactions.

110
[ Before annealing
[ After annealing
100 ’ 97. 23
95.05 96. 04 96. 63 97. 03 97. 23
<
N 90 1
b 84. 16 85. 35
80. 59|

7 80 77. 43
= 74.85
L
2 704
]
2
= 60
D
&~

50

40

600 800 1000 1200 1400

Pressure (MPa)

Figure 13 Densities of cold sintered MnZn ferrite before and after annealing at 950 °C for 6
h versus the pressure used during cold sintering.*™*

Table 1 Average grain size (Dave) of cold sintered MnZN ferrite at different cold sintering
pressures from Ying et al.1"

Pressure (MPa) 600 800 1000 1200 1400
Dige (1tm) 2.67 2.72 2.80 2.87 2.90

Lan et al. employed cold sintering to densify Ko.sNaosNbOgz, a functional oxide which
struggles with Na and K volitisation at the temperatures requires for solid state sintering
(>1000 °C) which deteriorates the piezoelectric, dielectric and ferroelectric properties.t’
They cold sintered at 180 °C for 1 h using different amounts of their transient solvent (acetic
acid) from 0 to 20 wt. % and pressures varying from 400 to 800 MPa. This was following by
annealing at 1050 °C for 2 h. The bulk densities of pellet before the annealing step are shown
in Figure 14, and after annealing in Figure 15. The density was increased by the presence of
the acetic acid solvent but not apparently affected by the amount used over 10 wt.%. The
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density was once again increased by increasing the pressure used during cold sintering. They
found that the optimum cold sintering condition was 15 wt. % of solvent and a pressure of
800 MP. Overall the bulk densities after cold sintering are low (< 80 %) so required the
additional annealing step to increase the density. After annealing at 1050 °C they achieved a
density of 96 %. The fracture surface of a pellet cold sintered under the optimised conditions
is shown in Figure 16, which show grains much smaller than 1um."? Grain growth did occur
during annealing, Figure 17, though grains remained under ~2 pm.
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Figure 17 SEM image of fracture surface post annealing at 1050 °C for 2 h.17?

1.5.20 Cold Sintering Ceramics with Incongruent Dissolution Rates

To tackle the density issues of incongruent dissolution Guo et al. developed an adaptive
process to achieve high density in the incongruently soluble BaTiOs (Figure 18).2%® Instead of
dissolving and re-precipitating BaTiOs starting powder, a suspension of Ba(OH),TiO2 and
water was used to wet the starting powder and deposit BaTiO3z on the surface of the power.
The super-saturation of Ba in the suspensions largely inhibited the dissolution of Ba from the
surface of BaTiOs powder preventing the formation of the TiO; rich passivating layer.!®
Their cold sintering conditions were: 430 MPa at 180 °C for 30 min. After cold sintering
some of the Ba(OH)2 had reacted with TiO2 and deposited crystalline material onto the
starting powder’s surfaces, some of the Ba(OH)2 had reacted with CO. from the air and
formed and impurity of BaCOs, and the rest had formed a carbonate rich glass phase within
the voids. This resulted in a density of ~ 93 %. By annealing this material at 900 °C for 3 h,
the purity of the BaTiOsz was improved, as demonstrated by TG in which a mass loss of 1.8 %
occurs. Weight loss events are attributed to water evaporation (~100 °C), decomposition of
remaining hydroxide species leading to loss of OH (~300 °C) and decomposition of
carbonate species leading to loss of CO2 (~520 °C and ~780 °C).® This accompanied the
transformation of the as cold sintered grains from rounded surrounded by glass phase (Figure
19 a-c) to angular grain with well crystallised grain boundaries ( Figure 19 g-i).*8

Ba(OH)2, TiO2,Hz0 suspension [l glass phase [l BaTiOs precipitate ~  glass phase
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Figure 18 Cold sintering technique for BaTiOs by Guo et al.*%®

As cold sintered at 180 °C

Annealed at 900 °C

Figure 19 (a-c) TEM Micrographs of grains as cold sintered and, (g-i) and after annealing at
900 °C for 3 h,1%8

A highly dense cold sintered BaTiOs was achieved in a single step at 300 °C, without the

need of an annealing step, by Tsuji et al. who used a molten hydroxide flux to encourage

densification.}”®* NaOH and KOH when combined have a eutectic point at 170 °C so when
added to the cold sintering powder, they form a liquid a high temperatures that acts as the
transient solvent for cold sintering. The phase diagram is shown in Figure 20, the eutectic
point is at 50 mol % and 170 °C when B+’ transform directly into a liquid.

LY

0

25 50 75
NaOH Mol. % KOH

Figure 20 Phase diagram of KOH and NaOH.1"*

Tsuji et al. began from BaTiOs nanopowder (average size 20 nm) and combined this with 4
and 6 wt.% of the NaOH KOH flux. Nanopowder has a much larger surface area than larger —
grained powders and so are more reactive. This was pressed at 520 MPa and heated to 300 °C
for 12 h. This is a relatively long hold time to the other cold sintering methods, though Tsuji
et al. state that these conditions are not optimised and the long hold time was used to reduce
the porosity, though a dense material could be formed in 3 h. Using this method, they
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achieved clean crystalline grain boundaries with no glassy phase which resulted in a density
of between 92 — 96 % of the theoretical density pure BaTiOs. Increasing the volume of the
flux from 4 to 6 wt.% resulted in the higher density (96 % compared to 92 %) and smaller
grain size (75 nm compared to 150 nm). In their report they do not discuss the reasons for this
trend though it is clear that the flux improves the cold sintering. Ostwald ripening occurs in
the early stages of cold sintering in which the particles coarsen, though the flux in this case is
not a liquid at room temperature, so this may be inhibited by the presence of NaOH and KOH
between the particles. The increase in density is more obvious as was shown in the work by
Lan et al in Figures 13 and 14, more solvent increases density.1"2

Alkali elements from the flux (Na and K) where not detected in TEM EDS, though they
suggest that these could have been preferentially removed during TEM sample prep. NaOH
and KOH were also not detected in the XRD which showed only the BaTiOz phase in the
cold sintered material. As the temperature remained so low (300 °C) it is unlikely that the Na
and K volatised so may be present in small amounts at the grain boundaries which are below
the detection limit of the XRD and /or have low crystallinity after forming the solution then
re-solidifying upon cooling. This did not seem to cause a negative effect on the final
properties of the BaTiOs which Tsuji compare to other BaTiO3 of the same grain size. 1"

In some cases, incongruent dissolution is not necessarily a drawback for a material and can be
used to alter the composition of the material to enhance properties. Chi et al. used the
incongruent dissolution of KosNaosNbOs (K dissolution rate > Na dissolution rate > Nb
dissolution rate) to create a Na rich surface which improved the electrical properties of the
final material.*®? They used an aqueous solution of NaCl as the solvent during cold sintering
to saturate the solution in Na* ions and allowed the preferential dissolution of K to deplete the
surface of potassium. They cold sintered at 120 °C for 1 h using a pressure of 420 MPa. The
pellet was dried at 120 °C for 8 h to remove remaining water and annealed between 900 —
1100 °C 3 h. They do not provide the density immediately after cold sintering though their
lowest annealing temperature, 900 °C, gave a density of 87 % of the theoretical. Directly after
cold sintering the NaCl was visible in the XRD analysis, though after annealing at 900 °C this
peak disappeared and the KCI peak appeared. They attributed this to the loss of K* from
grains which combined with CI" ions to become KCI whilst the excess Na* was absorbed into
the grains. Above 1050 °C KCI was no longer visible in the XRD, this was accompanied by
an increase in the cell volume, indicating that potassium was being reabsorbed into the grains.
The role of the CI" ions beyond this point was not determined, perhaps it remained in the
grain boundaries or was volatilised. Grain size after annealing at 1050 °C was between 1.2 —
1.5 um and a density of 92 % of the theoretical density (4.18 g/cm?, theoretical 4.506
g/cm3).162'175

The cold sintering methods so far have aimed to achieve a fully dense ceramic using solvents
which partially dissolve and precipitate material such as acetic acid, or solvents which are
saturated in one or more of the elements to make up for incongruent dissolution such as an
aqueous Ba(OH)2 suspension. These techniques all relied on the Terrace Ledge Kink grain
growth model which as previously stated can be negatively impacted by impurities which
interfere with the growth mechanisms.*% In order to avoid this issue Boston et al. proposed a
variation of the Cold Sintering Process which introduced reactants into the cold sintering
mixture which upon annealing crystallise into the final product, filling the voids in this way
rather than dissolution precipitation methods.*® They called this Reactive Intermediate Phase
Cold Sintering or Reactive Cold Sintering (RCS).*
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Previous to this work a synthesis route had recently been shown to successfully synthesise
BaTiO3 at 950 °C using choline chloride/ malonic acid deep eutectic solvent. This reaction
progressed through the formation of barium chloride, which reacted with anatase to give
BaTi0s.17® By taking the intermediates of this reaction which are known to react at 950 °C to
form a perovskite (anatase and a metal chloride i.e. BaCly) Boston et al. incorporated this
knowledge into a Cold Sintering technique. To synthesise SrTiOz Boston et al. combined
powdered SrTiOs, and aqueous solution of SrCl, and TiO, nano particles.}*® To show the
flexibility of the technique they cold sintered using solid state synthesised power and nano
powder SrTiOs as their starting material.

750 MPa 350-550 MPa
N ﬂ HQO

B TiO, nanoparticles
M Hydrated SrCl,

"¥~.

[ SrCl, Q,?“
[ SrTio, Do

Figure 21 Schematic of Reactive Intermediate Phase Cold Sintering by Boston et al.4°

This then followed a typical cold sintering procedure at a temperature of 180 °C, 750 MPa for
1 hr. Figure 21 shows the schematic of this process. Like the work by Guo et al. who cold
sintered BaTiOs using a suspension of Ba(OH)2 and TiO2 nano powder, Figure 18, the
saturation of Sr*ions in the solution surrounding the powders should prevent the dissolution
of Sr from SrTiOs and prevent the formation of a TiOz rich passivating layer.*>® However,
unlike the method by Guo et al. the intermediate reactants in the method proposed by Boston
et al. remain unreacted after the cold sintering process. Transformation of the intermediate
reactants occurred only after the pellet was heated to 950 °C for 4 h which induced the
reaction of SrCl, and TiO- into SrTiOz which resulted in a highly dense ceramic; 97.2 + 0.8
% starting from solid state synthesised SrTiO3z and 96.2 + 2.2 % starting from SrTiO3
nanopowder.'*° These are both small improvements in density from the Guo et al. technique
which had a density of 95 % after annealing at 900 °C for 3 h.

1.5.21 Summary of Cold Sintering Process

The Cold Sintering Process was developed from the knowledge of many other Ultra Low
Sintering techniques and still shares many of the same mechanisms with its predecessor
Hydrothermal Hot Pressing. The great advantage of the Cold Sintering Process though is the
simple equipment used to produce highly dense ceramics. In most cases only a hot press
consisting of a steel die and heated platens is required. The first prototypes of this technique
emerged in 2014 from Kahari et al. and already since then the works of Randal, Guo, Lan,
Chi and Boston et al. have developed variations on the technique to densify a wide range of
ceramic materials, 149:156158.162,172
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The optimizable parameters in cold sintering are: surface area of starting materials,
temperature, pressure, hold time and the transient solvent. As a new technique each
modification on the original process forms an important part in the collection of knowledge
used to understand the underlying mechanisms. There is a wide space in this field of research
to develop novel adaptions to the Cold Sintering Process to improve energy efficiency and
density of the final materials.
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2.0 Methodology

2.1 Processing

2.1.1 lonic Liquid Synthesis

The raw materials listed in Table 2.1 were used during lonic liquid synthesis. The acetates
were used without further purification. The acetates were all assayed to determine the water
content using a TA Instruments SDT 650. This was then used in the batch calculations to
ensure the correct stoichiometry. Two sources of 1-Ethyl-3-methylimidazolium acetate
(emimOAc) were used which differed in purity and price, the Sigma Aldrich emimOAc was
used in all the experiments unless specifically specified. These were used without further

purification.
Table 2.1 Raw materials used for ionic liquid synthesis.

Name Chemical Formula | CAS Number | Supplier Purity

Strontium acetate CaHgO4SI 543-94-2 Sigma Aldrich | Quality level
200 (~3%
water)

Lanthanum acetate | CeHolLaOs.xH>,O | 100587-90-4 | Sigma Aldrich | 99.9%

Europium acetate CeHoEUO6.XH,O | 62667-64-5 Alfa Aesar 99.9%

1-Ethyl-3- CsH14N202 143314-17-4 | Sigma Aldrich | >95.0%

methylimidazolium

acetate (default IL)

1-Ethyl-3- CsH14N202 143314-17-4 | Alfa Aesar 97%

methylimidazolium

acetate (high purity

IL)

The ionic liquid method was used to synthesis EuxLao.15-xSr0.775 TiO3, a schematic of this is
shown in Figure 2.1. In this method stoichiometric amounts of europium acetate, lanthanum
acetate and strontium acetate were combined in accordance with the composition being made.
A fixed mass of 1.9912g of strontium acetate was used, then the required masses of Eu and
La acetates were calculated based on the desired stoichiometry of the final product. The
acetates were combined and dissolved in deionized water under a continuous stirring action.
The level of water used to dissolve the acetates was not measured as this would be fully
evaporated later, though just enough was used to dissolve the acetates.

16 ml of the ionic liquid, 1-ethyl-3-methylimidazolium acetate (emimOAc) was then added.
This was left stirring at 90 °C for approximately 3 hours, until all the water had evaporated.

3552 ul of titanium isopropoxide was added drop wise to the mixture, maintaining the stirring
action. Once allowed to fully combine for 5 minutes the solution was transferred into a square
flat-bottomed crucible and calcined for 2hr at 800 °C in a muffle furnace.
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Figure 2.1 Schematic of ionic liquid synthesis technique

2.1.2 Cold Sintering

The cold sintering process involved combining 30 wt. % of the 420 °C fired powder (the
infill) with the 800 °C calcined powder (matrix) in a batch size of ~ 5g. The large batch size
was required to achieve sufficient milling in the ball milling step. Pellets made both with and
without this milling step are shown in the results chapter. Once combined the powders were
placed in a ball mill with sufficient isopropanol and milled overnight to break up
agglomerates and allow for thorough mixing. After removing from the ball mill the
isopropanol was evaporated using a Kenwood Induction Heater and the powder then stored in
a desiccator.

To make one cold sintered pellet a mass of 0.7g was taken from this batch and combined with
700ul of distilled water. A schematic of the process that followed is shown in Figure 2.2. The
combined powder and water were hand ground in a pestle and mortar for approximately 15
minutes until the powder was no longer wet and was free flowing. This was then loaded into
a 12.7mm cylindrical die and tapped to encourage the close packing of the powder. Disks of
parchment paper cut to the exact size of the die were applied to the top and bottom plungers,
separating the powder from direct contact with the metal. This prevented the powder from
fusing with the plungers, enabling easier removal from the die.

Uniaxial pressure was applied and the powder allowed to settle for 10 minutes before adding
additional pressure to account for any lost in that resettling time. A set temperature was then
applied via heated platens on the top and bottom of the die. After 1 hour the temperature was
removed and allowed to cool with the assistance of a fan for half an hour. The pressure was
slowly released and the pellet removed from the die. An annealing procedure of 800 °C for 2
hr in a muffle furnace allowed the infill phase to complete the reaction into the cubic
perovskite phase.
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Figure 2.2 Schematic of Cold Sintering Process

2.1.3 Reducing Under Atmosphere

In order to promote oxygen vacancies samples were sintered in a continuously flowing
reducing atmosphere of 5% H2/ 95% N2 gas. This was done by placing the sample in the
centre of a tube furnace which was sealed at both ends. The gas would enter at one end of the
tube and flow out through the other side through a bubbler. This allowed rough control of the
flow rate for consistency, though the exact flow rate was not measured.

During this procedure the furnace would heat the sample up to the maximum set temperature
at a rate of 5 °C/min then hold for the set dwell time, followed by a ramp back down to room
temperature also at 5 °C/min. The default procedure was 1325 °C held for 8 h. The reducing
gas would only be turned off once the sample had reached ~60 °C or less. At which point the
sample was removed from the furnace and stored in a desiccator.

2.1.4 Solid State Sintering

Table 2.2 Raw materials of Solid State Synthesis.

Name Formula CAS Supplier Purity
Titanium TiO2 13463-67-7 Sigma Aldrich 99.9 %
dioxide

Strontium SrCOs 1633-05-2 Sigma Aldrich 99.9 %
carbonate

Lanthanum La203 1312-81-8 Sigma Aldrich 99.9 %
Oxide

Lao.15Sro0.775 T1O3 was solid state sintered following the protocol of Lu et al. in order to
produce comparable results.> The raw materials used for this are detained in Table 2.2. Raw
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materials were dried overnight: La;Oz at 180 ° C, SrCOs at 180 °C and TiO2 at 900 °C, then
stored in a desiccator to cool to room temperature. Stoichiometric quantities were weighed
and milled together using isopropanol as a lubricant. After milling overnight, the powder was
dried, sieved and calcining in a muffle furnace, ramp rate 5 °C / min up to and from, 1100 °C
for 3 hr in an alumina crucible in air. The resulting powder was hand ground in a pestle and
mortar before being pressed into pellets using a uniaxial force of 75 MPa applied foe 1 min.

These pellets were sintered in a tube furnace under flowing 5% Hz / 95 % N for 6 h at 1500
°C for 6 h or 1325 °C for 8 h, ramp rates 5 °C/min. The different temperatures were due to
furnace limitations at the time. Lattice parameter of LSTO solid state sintered and reduced at
1500 °C was 3.9099 A.

2.2 Materials Characterisation

2.2.1 X-Ray Diffraction (XRD)
Principles of XRD

In a diffractometer monochromatic x-rays are generated by firing electrons accelerated
through a potential difference at a metal target, e.g. Copper. The subsequent ionization of the
inner shell electrons and the refilling of those orbitals by higher energy electrons which
reduce energy to occupy lower shells, generates characteristic x-rays. This process is
illustrated in Figure 2.4. The use of a nickel filter can remove all but the Ka radiation, a
narrow and intense range of wavelengths which can be used for XRD. Ka radiation is
generated by an electron in the 2p orbital dropping to occupy the now empty 1s orbital. There
are two possible spin states of the 2p electron so this produces a doublet; two x-rays which
are very close in wavelength. Ka1 (2p1 — 1s1) Wavelength is 1.54051 A, and Kaz ( 2ps -

2 2 2
1s1) wavelength is 1.54433 A. Koy is approximately 2/3 of the intensity of the Kas and can
2
be identified and removed in post data analysis.

Figure 2.4 Schematic of Cu Characteristic X-ray production
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When X-rays are directed at a crystalline material they interact with electronic orbitals of
atoms. XRD relies on the elastic scattering of the primary x-rays by pseudo planes formed by
the regular arrangement of atoms.

The Bragg Law dictates that when a monochromatic x ray source is directed onto a set of
planes, positive interference will occur only when the diffracted beams are in phase with one
another, Figure 2.5 shows a schematic of this process. The Bragg equation in shown in
Equation 2.1 where A is the wavelength of the radiation, 0 is the angle of incidence, d is the
spacing between the planes and n must be an integer.

2dsinf = ni Eqgn. 2.1

wave 1

incident angle ef

atom|c
plane
d

/\
A °
atomic / cs
plane é L]
/s
dsin© /

Figure 2.5 Schematic of constructive interference of x-rays diffracted from a set of planes.

Only when this equation is satisfied will diffracted radiation be able to reach the detector and
cause an intensity peak. When the Bragg equation is not satisfied, the diffracted beams are
out of phase, and destructively interfere with one another. The XRD spectra is typically
plotted as the level of intensity from the detector against the angle of incidence multiplied by
2. This can be used against a database of crystal structures to identify the phases present.
Each crystal system has a unique symmetry and distancing between planes and so a unique
XRD spectra, much like a fingerprint. Furthermore, as the wavelength of the radiation and the
angle of incidence are known we can calculate the d spacing for each set of planes, which
allows the determination of lattice parameters.

Instrumentation for XRD

A Panalytical Aeris Diffractometer with a copper tube (30kV 40mA) was used in a Bragg-
Brentano reflection powder diffraction set-up, ¥2° divergence slit, a 0.15mm Ni filter, 0.02
Rad soller slits. All scans covered 10 to 100 °26. Phases matching was performed using the
PDF4+ software database.

Samples were either measured as powders in which case the powders were hand ground to a
fine consistency similar to talcum powder, then mounted in a pack filled XRD holder to
ensure a flat surface with no preferred orientation. To perform refinements on bulk samples
the samples were smashed and ground to a powder to homogenise the material and allow for
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the reference powder to be combined. Bulk samples were on occasion measured to gather an
XRD pattern, these were mounted using putty onto a zero background XRD sample holder
and pressed flush to the rim of the holder using a glass slide.

2.2.2 Rietveld Refinement
Principles of Rietveld Refinements

Rietveld refinement allows the modelling of a crystal structure whose XRD profile matches
most closely that of a measured spectra. From the refinement of this modelled structure key
crystal features such as the lattice parameter and relative phase abundance can be inferred
about a sample.? A Rietveld refinement does this by using a least squares method in which
the intensity differences between that of the model profile and the measured profile are
minimised to create the most accurate model. The summed square of the differences at each
data point is referred to as the residual, Sy, and this is the parameter which the model tries to
minimise. Sy is calculated using Equation 2.2 where w; is 1/y;, yiis the observed intensity at
the ‘i’th step (from the measured XRD) and Vi is the calculated intensity at the ‘i 'th step (of
the model).® The closer the residual is to zero the better the model fits the measured data.

Sy = Ziwi(¥i — Ye)? Eqgn. 2.2

The intensities of the model, yi, are calculated using Equation 2.3 where s is the scale factor,
K represents the miller indices (hkl) of the Bragg reflection, Lk contains the Lorentz,
polarisation and multiplicity factors, ¢ is the reflection profile function, P is the preferred
orientation function, A is an absorbance factor, F is the structural factor and yu;i is the
intensity of the background.®

Vei = S 2 L|F1?$ (26; — 2605)PcA + vy, Eqn. 2.3

Equation 2.3 is a back end calculation performed by refinement software using the much
more physical parameters of the structure inputted by the user such as site occupancy, site
species, crystal structure ect. The least square method uses small adjustments in the
parameters being refined which should result in an improved model with an overall lower
residual.® This process is repeated until a good fit is found. A ‘good’ refinement is judged by
the values of the Goodness of Fit (GOF) or the Rwp value which reduce as the residual, Sy,
reduces. The GOF is determined by Equation 2.4 where N is the number of data points in the
XRD and P is the number of varied parameters.

GOF = (5—y)1/2 Eqn. 2.4

N-P

Arguably most important is that the model must contain values which are physically possible,
and reasonable as the refinement may move towards false minima in GOF which is not an
accurate description of the measured data. This is down to the user who must use logic and
published literature to keep the values in the realm of possibility.

Process of a Rietveld Refinement
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XRD analysis was run on powdered samples with the addition of a 640f or 660c silicon
standard at a level of ~ 10 wt.%, which allows corrections to be made for instrumental
features and sample height displacement in the XRD pattern. This powder pattern is loaded
into GSAS 2, which was used to perform Rietveld Refinement. Parameters of the
measurement are selected in the software such as the XRD arrangement: Bragg-Brentano and
the X-ray source: Cu Ka. The software asks for an instrument parameter file and in most
cases refinements were begun by selecting the generic template for copper source X-ray data
or loaded from a previous refinement of a sample analysed on the same instrument.

If using the template, the instrument parameters and background were refined first based only
on the silicon standard peaks. These parameters included the sample height displacement, and
parameters U, V, W, X, Y, Z and SH/L which control the profile of the peaks. A combination
of Gaussian and Lorentzian distributions are used to simulate the measured profiles; U,V and
W are parameters in the Gaussian distribution and X,Y,Z are parameters in the Lorentzian
distribution. A Gaussian distribution is a classic bell shaped distribution and Lorentzian
distribution has a broader base with narrow top.* in parameters are used to create the closest
match for the peak shapes. The background was fit using a Chebyschev-1 function, typically
with 3 coefficients.

These parameters were then carried forward into the fitting of the sample data, at which point
no change was made to the sample height displacement and only small adjustments to the
instrument parameters were made. The following crystal structure information for the
perovskite phase was input into the model: Crystal structure pm-3m, initial lattice parameter
of ~3.91 A. The atoms Eu, La, Sr, Ti, and O were input into atomic positions with the
relevant fractional occupancy, Figure 2.6 shows an example of how this was done for a
refinement for Lao.15Sro775 TiOs. From this point the parameters refined were: unit cell
parameter, crystallite size, small changes to the profile parameters and occasionally the
fractional occupancies. The order of this was dictated by the difference plot, shown in Figure
2.7. This is visible throughout the refinement and allows the user to see the difference
between the modelled pattern and the measured pattern which indicates which parameters
need to be adjusted in the model structure.

4| General | Data | Atoms | Draw Options = Draw Atoms | RB Models = Map peaks = MC/SA  RMC | ISODIS

Name | Type refine x y z frac sitesym mult I/A  Uiso
0 Srl Sr+2 0.00000, 0.00000, 0.00000, 0.7750 m3m 1 | 0.01000
1 La2 La+3 0.00000, 0.00000, 0.00000, 0.1500/ m3m 1 I 0.01000
2 Ti3 Ti+4 0.50000, 0.50000, 0.50000,  1.0000 m3m 1 I 0.01000
3 04 0-2 0.50000, 0.50000, 0.00000  1.0000 4/mmm(z) 3 | 0.01000

Figure 2.6 Atoms modelled in the refinement of Lag.15Sro.775TiOs.
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Figure 2.7 The top half of this figure shows the powder XRD pattern overlaid with the
calculated profile based on the model structure and the background in a reitveld refinement.
The lower half shows the difference plots which shows the difference in intensity between the

model and the measured data.

2.2.3 Simultaneous Thermal Analysis (SDT)
Principles of SDT

SDT combines two techniques: Thermogravimetric analysis (TGA) and Differential Scanning
Calorimetry (DSC). Firstly, TGA allows the weight of a sample to be measured during a
heating cycle and is usually used to monitor weight loss during a reaction. DSC monitors the
heat energy required to maintain a specific temperature which is compared to a reference to
see how much energy a particular sample is absorbing or emitting. This is particularly useful
if an endothermic or exothermic reaction takes place in the material as the temperature the
reaction occurs can be found. An example of an endothermic reaction is one in which energy
is required for the transition such as the breaking of bonds to form a new phase. An
exothermic reaction is one in which heat energy is released such as the burning of a wax in a
candle.

Combining these two techniques allows a larger picture to be gathered about the behavior of

a sample under specific conditions. You can also control the atmosphere these reactions occur
in: under an inert atmosphere such as nitrogen or in a reactive gas such as air. It is important
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to know if weight loss occurs at the same time as a change in heat input required as this can
indicate that a reaction is taking place and a product is being lost.

These instruments typically work by placing an empty reference pan on one thermobalance,
which simultaneously heat and weighs the reference. A small amount of sample is then
placed in an identical pan onto the sample thermobalance and the heat energy required to
maintain a specific temperature and the weight is compared to the reference.

Instrumentation

A TA Instruments SDT 650 was used for this work with alumina pans. This instrument can
be operated in a nitrogen or compressed air flowing atmosphere (100 ml/min as standard).
Heating rate of 10 °C/ min from room temperature up to a maximum of 1500 °C could be
used to heat samples and TRIOS software was used to display and analyse the data.

For oxygen uptake experiments sintered samples were ground using a pestle and mortar to
increase surface area and encourage oxygen loss. This also increased surface contact with the
pan to ensure that heat was applied evenly to the sample. Using a small depth of powdered
sample mitigates the possibility of cold spots. These were then heated from room temperature
to 1200 °C at 10 °C / min in flowing air. The loss of absorbed water caused an initial weight
loss and so the ‘start weight” was actually taken as the weight at 400 °C to observe only
oxygen uptake effects. Oxygen uptake is a thermally activated process and according to Moos
et al. is ‘frozen-in’ below 400 °C. °® The weight was then converted into a percentage of this
value, giving a value for wt % oxygen uptake.

2.2.4 Seebeck Analysis
Principles of Seebeck Analysis

Figure 2.8 shows a schematic of the Seebeck Analyser. To determine the Seebeck coefficient
and electrical conductivity of a thermoelectric material as a function of temperature, a sample
in the shape of a prism is placed vertically between two blocks inside a furnace. An
additional heater on one end of the sample creates a temperature gradient whilst the furnace is
held at a specific temperature. The Seebeck coefficient is then measured by taking readings
of the upper and lower temperatures (T1 and T2) using thermocouples that are pressed against
the sample's side. A constant current is simultaneously applied to the two end of the sample.
The two thermocouple act as a multimeter determine the voltage drop across the sample (dV)
and current (I). Resistance is voltage divided by the current, therefore, resistance can be
calculated. This is equivalent to the dc four-probe method.®

Therefore, the Seebeck coefficient, dV/dT, and electrical conductivity, which is the inverse of
electrical resistance, can be determined simultaneously.
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Figure 2.8 Schematic of Seebeck Analyser

Instrumentation

A ZEM-3 Seebeck analyser was used which measures samples in low pressure helium gas up
to 600 °C. This instrument belonged to Dr Robert Freer at The University of Manchester and
measurements were performed by PhD student Yibing Zhu.

Due to the way in which the Seebeck analyser operates, requiring a temperature differential,
the output data is not at round temperature values. For example, input a request to measure
between 50 and 100 °C with two steps, the output data might be at 52.4 °C and 100.6 °C.
Therefore, to align these values to the same temperatures of the thermal conductivity a spline
fit was used to interpolate values in order to calculate the ZT. This was undertaken on Origin
using a cubic spline method only between acquired points — no extrapolation of values was
performed.

2.2.5 Zeta Potential

Principles of Zeta Potential

A colloidal system is where one state of matter is finely dispersed in another state of matter
e.g. a powder finely dispersed in a liquid, an aerosol or an emulsion. The Zeta potential gives
an indication of whether this colloidal system is stable — remains a dispersion and does not
coagulate.’

DVLO theory — Derjaguin, Verwey, Landau and Overbeek developed the theory on the
stability of colloidal systems. They found that the stability is determined by Van der Waals
attractive force and the electrical double layer repulsive forces between particles. These two
opposing forces sum to give a net energy which varies as a function of the particle separation.
By increasing the temperature, the repulsive force can be overcome and particles come into
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contact. If repulsion is dominant, then the colloidal system is stable but if repulsion can be
overcome by attractive force the colloid is unstable and will coagulate.’

Surface charge of a particle can be caused by dissociation of acidic groups on the surface,
preferential dissolution of ions from the lattice, adsorption of charged species on the surface.
When a surface charge is present, in order to form an equilibrium surrounding ions arrange
themselves close to the surface creating an ‘electrical double layer’. The electrical double
layer consists of two parts: the stern layer which is an inner layer of strongly bound ions and
a secondary layer where ions are more loosely associated called the diffuse layer. When this
particle moves though the liquid the ions within double layer boundary move with the particle
but unassociated ions stay with the bulk and hydrodynamically shear past each other. The
potential at that boundary is the Zeta potential. A Zetasizer is used to measure the speed of
particles moving due to an electric field, the velocity of the particle in a unit electrical field is
called the electrophoretic mobility. The Smoluchowski approximation is used to convert the
electrophoretic mobility into the zeta potential.

A large negative or a large positive zeta potential means that particles will electrostatically
repel each other and the dispersion will be stable. However, a zeta potential between -30 and
30 mV forms an unstable dispersion and will coagulate. A Zeta potential of anything other
than O indicates that there is surface charge present.

PH has a strong influence on the zeta potential of a solution, when the pH changes the
concentration of hydrogen ions changes which may protonate or deprotonate groups on the
surface. This in turn changes the surface charge. By increasing the basicity (reducing the
concentration of H*) you can drive the zeta potential to more negative values through
deprotonation. Alternatively, in an acidic solution you can make the zeta potential more
positive through protonation. The pH at which the zeta potential is zero is called the
isoelectric point.” Figure 2.9 shows the zeta potential of three polymers varying with pH with
an isoelectric point at pH 4.8
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Figure 2.9 A typical Zeta potential dependence on pH for three plastic thin films.®

Instrumentation
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Malvern Zetasizer Nano ZS instrument equipped with a 4 mW He-Ne laser (lambda= 633
nm) operating at a fixed scattering angle of 173 °. The potentials were calculated from the
Henry equation using the Smoluchowski approximation. Samples were diluted in 1mM KCI
at 0.1 % w/w.

2.2.6 Grain Size Determination

Grain size measurements were undertaken from SEM SE images using the software ImageJ.
By measuring the longest distance across at least 500 grains the average grain size was
determined.

2.2.7 Density Measurements

2.2.7.1 Archimedes Method

The density of the ionic liquid synthesised then regular sintered pellets and the solid state
synthesised pellets was determined using the Archimedes method in water. Archimedes
principle relies on the difference in weight recorded for the pellet in air, the actual weight,
and when submerged, submerged weight. This weight difference is generated by the
buoyancy force Fu, created by the displacement of water equal to the volume of the pellet.
Using the density of the submerging liquid, ps, in this case water, and acceleration due to
gravity, g, the volume of the pellet, V, can be determined. The weight of the dry pellet in air
divided by this volume is equal to its density.

Submerged weight = Actual weight — F), Egn. 5
F, = —prgV Eqn.6
V= Lt Eqn. 7
-Pfg
Density = M Eqn.8

2.2.7.2 Geometric Method

Cold sintered pellet densities were determined using the geometric density method as these
were expected to be high in porosity. The Archimedes method is not recommended for highly
porous materials. Geometric density is determined by measuring the thickness, t, and
diameter, d, of the pellets (each measured three times then averaged). This is then used to
calculate the volume which is divided by the mass, m, measured by a balance.

n(2e

Density = Egn.9

2.2.8 Scanning Electron Microscopy (SEM)
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SEM is a technique in which electrons emitted from an electron gun are focussed and
accelerated towards a sample, where they scan across the surface interacting with the atoms
within that sample. The penetration depth and interaction volume of the incident electrons
can be controlled by altering the accelerating voltage, typically between 5-50 keV, and the
spot size. The result of this interaction can be one of three mechanisms, whose products can
be focused back into a detector to form an image.®

First, elastic scattering (or diffraction) can occur where electrons interact with the atoms
without losing a significant amount of energy, these are Back Scattered Electrons (BSE).
Contrast is caused by variation in the atomic mass of atoms and density of the sample.®

Secondly, inelastic scattering is when electrons lose some of their energy during the
interaction. Electrons impart their energy to the atoms and are re-emitted as Secondary
Electrons (SE). This type of scattering provides information from much closer to the surface
compared to BSE as these lower energy electrons cannot escape from as large a depth within
the sample as BSE. In this case contrast is caused by variations in sample height.® Charging
can also occur if the sample is not a conductive material, insulating materials accumulate
charge at the surface which can interfere with the image acquisition. To avoid this, resistive
materials are coated with carbon or gold atoms using low pressure deposition.

Finally, when atoms are excited by the incoming electrons they may re- emit energy in the
form of characteristic X-rays. These are unique to the shell spacings within a particular
element and so can be used to identify chemical composition, which is the basis of Energy-
dispersive X-ray Spectroscopy (EDS).® This technique can be used to observe featured within
the range of 0.1 to 10 um.°

Instrumentation

SEM was conducted using two instruments: Inspect F and Inspect F 50 Field Emission SEM.
For SE imaging accelerating voltage of 5 eV and spot size 2.5-3.5 was used. For EDS an
accelerating voltage of 20 keV was used with spot size 3.5 was used.

Samples were mounted on aluminium stubs with carbon stickers in the form of pellets or
powers. And coated with carbon or gold. In the case of solid pellets, silver paint was used to
provide greater electrical connection between the sample and the stub to avoid charging.

2.2.9 Transmission Electron Microscopy (TEM)

Similar to SEM, in which a beam of electrons is generated from an electron gun and
accelerated towards the sample, in the case of TEM the electron beam penetrates through the
sample rather than reflecting or diffracting from the near surface. For this reason, the
specimen thickness must be much less than in SEM, usually thinner than 2000 A and much
higher accelerated voltage can be used. The much smaller resolutions can be seen using
TEM, in the range of 1 — 100nm. °

There are three transmission signals generated by TEM, these are: inelastic scattering (used
for Electron Energy Loss Spectroscopy), coherent elastic scattering (used for Selected Area
Diffraction) and the undiffracted beam (used for imaging). °
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In TEM imaging the detector below the sample collects the undiffrated beam and in simple
imaging the contrast originates from sample thickness and/or atomic mass.

2.2.10 Electrospray lonisation Mass Spectroscopy

Electrospray lonisation is used to generate ions from a solution in order to pass into a mass
spectrometer. The sample solution is passed through a capillary tube which is maintained at a
voltage, when they exit the electrospray tip they generate highly charged droplets which
forms a mist. Using a pressure and potential gradient the droplets are guided towards the
mass spectrometer and are reduced in size by the evaporation of the solvent (aided by an
application of temperature or a drying gas e.g. nitrogen) until ions from the surface of the
droplets can be ejected into the gaseous phase.!* This process is illustrated in Figure 2.10.!
lons are protonated or de-protonated forms of the molecules within the sample or fragments
of them. The resulting ions are accelerated into a mass analyser.
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Figure 2.10 Schematic of the electrospray ionisation.!

A mass spectrometer is able to separate ions by their mass to charge ratio (m/z). This is done
using a magnetic or electrical field. The Waters LCT Classic uses a Time of Flight mass
analyser which separates ions based on the time it takes to travel through a flight tube. The
ions response to a pulsed accelerating voltage is determined by their m/z ratio.*? lons with
lower m/z travel fastest and arrive at the detector before ions with larger m/z.*> A mass
spectrum is outputted which plots the intensity vs. m/z with the largest intensity set as 100 %,
to which the other intensity peaks are scaled.

Instrumentation

MS instrument — Waters LCT Classic. The sample was diluted 1:1 in HPLC grade
Acetonitrile and infused into the mass spectrometer (Flow rate 20uL min')

Instrument parameters, +ve mode

Mode: ESI +ve ion
Range: 60-1700 m/z
Source temperature 120°C
Desolvation temperature: 150°C
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Cone gas flow: 10L hrt

Desolvation gas flow: 524L hrt
Capillary voltage 3300v
Sample cone voltage 25v

RF Lens 150v

Instrument parameters, -ve mode

Mode: ESI -ve ion
Range: 60-1700 m/z
Source temperature 120°C
Desolvation temperature: 150°C

Cone gas flow: 18L hrt
Desolvation gas flow: 522L hr't
Capillary voltage 2896v
Sample cone voltage 25v

RF Lens 150v

2.2.11 Laser Flash Analysis

Laser Flash Analysis (LFA) can be used to determine the diffusivity and heat capacity of a
material to determine its thermal conductivity according ASTM standard E1461-13.2 The
lower surface of a sample is heated by a short energy pulse whilst the top side of the sample
is monitored by an infrared detector which records the temperature change versus time curve,
Figure 2.11.1 Figure 2.12 shows an example of this curve which can be used to determine the
diffusivity of the sample from the diffusivity ,a, the sample thickness, d, and the time value
at half the maximum temperature change, ty> (Equation 2.10). The diffusivity can be
measured at different temperatures to determine the diffusivity as a function of temperature.
The furnace heats the sample to a set temperature before applying the pulse, which is
repeated three times, allowing the sample to return to the set temperature between pulses. The
diffusivity is averaged from the result of the three pulses.

d2
a=0.1388 — Eqgn. 2.10

1/2

By using a standard sample alongside the sample with a known specific heat capacity the heat
capacity of the sample can be determined. This is because the maximum temperature change
experienced by the sample is proportional to the heat capacity of the material, thereby the
heat change experienced by the standard material can be compared to the sample to determine
its specific heat capacity when taking into account the mass of the material. Finally, the
thermal conductivity, A, can be calculated from the specific heat capacity, cp, density, p, and
diffusivity, a (Equation 2.11).

A= cp.p.a Egn. 2.11
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Figure 2.11 Schematic of laser flash analyser.'®

Figure 2.12 Graphical determination of the thermal diffusivity from laser flash analysis
Instrumentation

In this work a Netzsch LFA 467 HT HyperFlash was used to determine diffusivity between
50 and 700 °C where three measurements were taken at 50 °C intervals and averaged to find
the diffusivity value. Samples were 12.7 diameter disks typically between 0.9 and 1.5 mm
thick and coated in a thin graphite layer applied via an aerosol. Samples were measures using
nitrogen as purge and protective gas, set at a flow rate of 50 ml/min. The detector was a InSb
high temperature infrared detector with a spot size of 2.8.

2.2.12 X-Ray Photo Electron Spectroscopy (XPS)

XPS is a technique in which the energy of electrons ejected from a sample stimulated by X-
rays is analysed and used to determine the element and oxidation state of atoms within a
sample.® This technique has been used in previous works to differentiate and quantify the
relative content of Ti®*and Ti** ions in titanates, such as in the work by Jana et al. shown in
Figure 2.13.17%
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Figure 2.13 XPS spectra generated from a composite of Lag.07Sro.e3Tio.93Nbg 0703 and
graphite by Jana et al. ¥’

In this technique, a focused beam of X-rays is directed at a samples surface and electrons
who absorb energy above their binding energy are ejected from the sample and detected by
an Electron Energy Analyser. 1® The kinetic energy of the electrons is measured by the
detector and equal to the photon energy of the incoming X-rays, Ephoton minus the binding
energy of the electron, Ebinding, and the work function, ¢ (a correction factor equal to the
minimum energy to eject an electron from an atom), according to Equation 2.12.

Einetic = photon — Ebinding —¢ Eqgn. 2.12

The kinetic energy, the work function and the photon energies are known variables and so the
binging energy of the electron can be calculated. The resulting binding energies are plotted
vs. intensity in the XPS spectra, as shown by an example in Figure 2.14. Each electron in the
orbital shells of an atom has a unique binding energy and so the intensity peaks can be
assigned to a specific shell from a specific element and the oxidation state of that element.
The higher the intensity peak the more electrons with this binding energy there are, and so the
relative abundance of elements and oxidation states can be quantified using this technique.

An important note about this technique is that the photons only have a penetration depth of
between 1-10nm in a solid material and so this technique can only provide information about
the composition at the surface of a material.?!

Counts

PeakID Atomic % BE (eV)
rF1s 0.5% 687.19
9000010 18 38.9% 63372 3
N1is 1.7% 402.74
rC1s 25.6% 285.43
700001-Si 2p 33.3% 99.71
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Figure 2.14 Example of an XPS spectra from good et al.®

Instrumentation

In this work the XPS data was collected and analysed by Dr Debbie Hammond, Experimental
Officer at Sheffield Surface Analysis Centre at Sheffield University. The Fitting and
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quantification of elements was performed by Dr Hammond who provided reports on the
analysis. The reports are provided in full in section 7.Appendix.

The analyses were carried out using a Kratos Supra instrument with a monochromated
aluminium source, and two analysis points per sample, of area 700 um by 300 pm. Survey
scans were collected between 1200 to 0 eV binding energy, at 160 eV pass energy, 1 eV
intervals, and 300 seconds/sweep with one sweep being collected. High-resolution O 1s, C 1s,
La 3d, La 4p, Sr 3d, and Ti 2p spectra were also collected at 20 eV pass energy and 0.1 eV
intervals for each analysis point over an appropriate energy range, with one 300 second sweep
for all spectra except the La 3d which two sweeps were collected due to the extended eV range
necessary.

The data collected was calibrated in intensity using a transmission function characteristic of
the instrument to make the values instrument independent. The data can then be quantified
using theoretical Schofield relative sensitivity factors modified to account for instrument
geometry, variation in penetration depth with energy and the angular distribution of the
photoelectrons. The high resolution spectra were all calibrated in eV by fixing the main C 1s
peak to be 285.0 eV.

The Kratos Supra Instrument is equipped with a Minibeam 4, Ar*ion gun, which is used to
clean the sample surface before the measurements are conducted.

2.2.13 Fourier Transform Infrared (FTIR) Spectroscopy

In FTIR, infrared is the type of spectroscopy and the Fourier Transform is a mathematical
function applied to the detector data to generate an interpretable spectrum. First the
spectroscopy technique is covered.

When infrared radiation is directed at a sample the molecules within the material can absorb
this radiation at specific frequencies determined by the mass of the atoms, the strength of the
bonds between atoms and the environment around the atoms. This energy when at the right
frequency can make the bonds vibrate or stretch. The frequency of this energy absorbed by
the sample is recorded by the detector.

In order to be able to absorb infrared radiation, and be infrared active, the bond must undergo
a change in the dipole moment as it bends or stretches. This means that if the bond is
symmetrical at both ends there is no change in dipole moment as the bond stretches or bends
and so it is not infrared active. This is the case for N2 and so it is used as the purge gas during
the spectroscopy and KBr which is used to collect the background spectrum before the
sample is measured as it is infrared inactive. 22

The Fourier Transform converts the data from a function of time to a function of frequency
which makes a spectrum of the intensity versus the frequency, this can then be converted into
% transmittance (%T) by comparing the background measurement with the sample
measurement using Equation 2.13 where 1 is the intensity measured by the detector when
infrared is shone onto the sample and Io is the intensity measured by the detector when
infrared radiation is shone through a KBr reference material (the background).
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%T =Ii x 100 Eqn. 2.13

0

This gives the classic FTIR spectrum which is often plotted as % transmittance vs.
wavenumber or wavelength which is 1 over the frequency in cm. An example of a spectrum
gathered from fluorapatite nanoparticles made using deep eutectic solvents by Karimi et al. is
shown in Figure 2.15 where they have identified the bonds causing each absorption.?
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Figure 2.15 FTIR spectrum of fluorapatite nanoparticles made using deep eutectic solvents
by Karimi et al.?

Instrumentation

In this work a Perkin Elmer Frontier FTIR Spectrometer was used to collect data, operated by
Dr Oday Hussein of Sheffield university. Spectra were gathered between 400 and 4000 cm
using a data interval of 0.125 cm™ and 16 accumulation scans. The background was collected
using a tablet made from potassium bromide (Thermo Scientific, 99+ %).
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2.3 Determining the Specific Heat Capacity

The specific heat capacity, cp, is required to calculate the thermal conductivity, «, of a sample
according to Equation 2.3.1 where D is the diffusivity and p is the density. The thermal
conductivity is then used to calculate the ZT of this material.

k=p.D.c, Eqgn 231

Specific heat capacity describes the energy required to raise 1 mol of a substance by 1 °C (or
K) and as such is given in the unit Jmol"*K™t. The aim of this section of work was to
determine the specific heat capacity of the LST and LEST samples in-house. The
determination of ¢, is a none trivial task and it typically done using Differential Scanning
Calorimetry (DSC). This technique compares the heat energy applied to a sample to raise the
temperature in a linear fashion, compared to the heat energy required to raise the temperature
of sapphire, which has a known specific heat capacity. This requires three measurements
taken in identical conditions: 1) two empty crucibles, 2) a sapphire reference and an empty
crucible, and 3) the sample material and an empty crucible. This data is then used to calculate
Cp Using Equation 2.3.2 where Qo, Qsap and Qs are the heat flows from the three runs
respectively, msap and ms are the sapphire weight and mass weight, cpsap is the specific heat
capacity of the sapphire. Figure 2.3.1 shows the specific heat vs. temperature for SrTiO3z and
EuTiO3z measured using DSC by Muta et al. corroborated with data from The SGTE Pure
Substance and Solution Databases.'+2

- m
¢, = Qs— Qo « Dsap
Qsap—Qo mg

X Cpsap Eqgn. 2.3.2

This technique is time consuming and requires skilled data handling to generate c, values
though does give reliable results as shown in Figure 2.3.1. Other research groups have sent
samples away to be analysed at significant cost. Attempts to replicate the c, of STO using
DSC in house were unsuccessful due to the difficulty of gathering the required heat flows and
applying this to the cp equation; the result gave illogical values a factor of ten from the
expected values. Other methods were explored which could provide a most cost effective and
user friendly method to determine the cp.
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Figure 2.3.1 Specific heat capacity vs temperature data from Muta et al.!
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2.3.1 Modulated DSC

A second use of DSC is to measure cp through a technique called Modulated DSC. This is a
more recent adaption of the conventional DSC method and differs in the heating profile
applied to the sample. Not all DSC machines have this feature but the Discovery SDT 650 is
able to perform this technique. In Modulated DSC, rather than a linear heating profile, e.g. 50
°C / min, a sinusoidal heating profile is superimposed on top of the linear profile so that the
sample experiences a modulated heating profile. An example of this is shown in Figure 2.3.2,
where the sinusoidal dotted line is the modulated heating profile which is superimposed on to
the dotted linear heating profile to give the solid line. The modulation period, amplitude and
the underlying linear heating rate must be optimised to create a non-distorted sinusoidal
profile. Depending on whether the machine has active cooling, the period must be great
enough to allow the system to achieve the temperature modulation. In this work the
Discovery SDT 650 had no active cooling and so the parameters recommended by TA
Instruments technicians were: period = 200s, amplitude £+ 3°C, ramp rate 5 °C/min.
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Figure 2.3.2 modulated DSC heating profile from TA Instruments.®

The machine is calibrated using a sapphire sample and an empty pan from which the heat
flow difference between that and the reference can be used to calculate the heat capacity
directly by the SDT 650. Importantly this required one measurement from the user (excluding
the calibration) and the machine calculates the heat capacity (J/gK) directly which can be
converted into the specific heat capacity (J/molK) by multiplying by the molar mass. Figure
2.3.3 shows the results of Modulated DSC on a sample of SrTiOz which shows the heating
profile and the specific heat capacity.
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Figure 2.3.3 Modulated Heat Capacity Results.

The value of the ¢, does not compare to that in Figure 2.3.1 and was also unrepeatable. Figure
2.3.4 shows the repeats of the same material. This data is not intentionally stacked; the data is
shown at the correct y value. The data profile appears to the be same in all four result but at
very different values, none of which match the result shown in Figure 2.3.1 of standard DSC
of STO. It is unclear why these values are so different but it may because of the difference in
the ambient conditions. The similar profile indicated that the sample is reacting in the same
way but the consistent offset may be to do with a difference in the ambient conditions when
taking the measurement. In summary this technique is quick and relies very little on the user
for data processing though it did not produce accurate or reliable results.
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Figure 2.3.4 Modulated DSC repeats of STO.
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2.3.2 Laser Flash Analysis

The laser flash method in combination with a reference material of known specific heat
capacity can be used to determine specific heat capacity at the same time as diffusivity. This
method involves firing a pulse of energy to one side of the sample and measuring the energy
detected through to the other side as a function of time. Measurements are taken whilst held
in atmosphere of certain temperature to determine how the specific heat capacity varies with
temperature. As the same conditions are applied to a reference material with known cp, the
energy applied can be calculated from the references temperature change and assuming the
same energy is applied to the unknown sample, the temperature change is measured and the
cp calculated by the machine. Lu et al. use this technique in their paper on Lao.15Sr0.775TiO3-5.%

Figure 2.3.5 shows the specific heat capacity determined from a set of samples using the laser
flash. The results were close to the SrTiOs literature but with some major deviations.
Excluding the obvious outlying results there is still a large variation in the results as shown in
Figure 2.3.6 which masks any trend between samples. For the three samples of x = 0.10 the
error between values at different temperatures was as large as 15% in some cases. There is a
large error associated with this heat capacity data, which when used in the calculation for the
thermal conductivity increases the error associated with this value in turn.

This method is by far the quickest of the experimental techniques as it is performed at the
same time as the diffusivity measurement, therefore, the thermal conductivity can be
determined in one measurement. However, the apparent low accuracy of the cp is a
disadvantage of this technique.
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Figure 2.3.5 Specific heat capacity produced by Laser Flash Analyser calculated based on a
reference comparison method.
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Figure 2.3.6 Enlarged y-axis from Figure 2.3.5, Specific heat capacity produced by Laser
Flash Analyser.

2.3.3 Neumann-Kopp Model

Finally, the specific heat capacity can be determined using theoretical models based on the
experimental data of other known compounds which make up the samples composition. One
of these models is The Neumann Kopp method, which was used by Leitner et al. for the
determination of specific heat capacity of mixed oxides: SrZrOs, BaZrOs.> This uses the
known specific heat capacity of the comprising oxides to predict the properties of related
compounds. This is done using simple addition, such that the specific heat capacity, cp, of a
solid compound with the formula AaBsXx formed from solid elements A, B and X is summed
using Equation 2.3.3 to determine the heat capacity of the compound.®

cp(AgBpXy) = a.c,(A) + bcy(B) + xcp(X) Eqgn. 2.3.3

For example, Leitner et al. used ZrO and SrO to determine the ¢, of SrZrOs.> Oxygen is not
classed as a solid reactant, and oxygen content is considered as a small influence compared to
the other constituents, so the oxygen stoichiometry need not be maintained in the equation.
For this work data for SrO, La20s, Eu203, TiO3 were combined in accordance with the
stoichiometry of the heavy elements. The source of this data was O. Knacke’s
Thermochemical Properties of Inorganic Substances and is shown in Figure 2.3.6.% The
resulting ¢, calculated for each composition is shown in Figure 2.3.7. This prediction lies in
the same region as the data shown in Figure 2.3.1 for SrTiOz and EuTiOs, between 100 and
120 J/molK.
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Figure 2.3.7 Specific heat capacity calculated from the Neumann Kopp method.

2.3.4 Summary

The laser flash, standard DSC and modulated DSC use the comparison of heat flow between
a sample and a reference material to determine the heat capacity. The modulated DSC and
standard DSC both use a sapphire reference material. The modulated route relies on a
calibration with the sapphire that can be run at any time before the sample, days or even
weeks. This relies on the condition of the ambient and machine conditions to remain
consistent over time. This saves time over the standard DSC method where three runs are
performed by the user one after another, but does not promote accuracy or reliability in the

result.
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The laser flash runs a reference sample alongside the sample. The user can choose from a
variety of reference materials which most closely match the sample species. Running both
samples at the same time saves time for the use and ensures the ambient and machine
conditions remain the same. However, this technique showed large errors associated with the
result. This is likely because, unlike in DSC the heat flow from the furnace is not directly
measured, instead the maximum temperature changes between the reference and the sample
is compared once the laser pulse travels through the material. This could be more affected by
the morphology of the sample and possible pore networks that exist in the sample which has
an influence on how the heat is absorbed by the material as well as the materials intrinsic heat
capacity.

Finally, the Neumann Kopp method is a theoretical prediction of a compositions specific heat
capacity based on the properties of other oxide materials. This technique removes
experimental error and allows a reliable prediction to be made which limits the errors taken
forward into the thermal conductivity and the ZT value. What’s more, this value is readily
calculated so can be removed from the thermal conductivity value in place of more accurate
experimental data if this is required. This method would be less appropriate if samples were
made with very different compositions where the heat capacity can vary largely between the
samples. However, in this work, small increments were made in the composition so values
should be very similar.

2.3.5 Conclusion

The following chapters in this thesis require reliable heat capacity values to calculate the
thermal conductivity of the europium doped strontium titanate. DSC gives a highly accurate
and reliable result which may be necessary for some works but may not be necessary in this
work. Looking at the data in Figure 2.3.1 the heat capacity values of EuTiOsz and SrTiOzare
not vastly different. The addition of Eu to a Lanthanum doped SrTiOs would not be expected
to change the heat capacity dramatically, especially when added in such low quantities as this
work (up to 15%). Determining the heat capacity using DSC is a none trivial technique that
could not be performed in house so would come at a high cost and possible delay. The heat
capacity could be confirmed later in further work and used to recalculate the thermal
conductivity if required as the values used from Neumann Kopp are consistent.

The laser flash produced some unexplained deviation from the expected results and the
modulated DSC produced some clearly illogical results. The advantage of the Neumann
Kopp method was that this technique produced a reliable result which demonstrated the small
increment of heat capacity associated with the addition of Eu. The lack of variation in this
result would allow the fine details from other affects such as the diffusivity to and density to
be observed in the thermal conductivity and importantly result the error carried into the
thermal conductivity value which ultimately affects the ZT value. The Neumann Kopp
method has been verified in the literature and provides reliable and logical results.>’ For
these reasons the Neumann Kopp method was used to calculate the specific heat capacity in
this work.
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3.0 lonic Liquid Synthesis of Lanthanum-Doped Strontium
Titanate

3.1 Aims and objectives

The aim of this chapter was to interrogate the physical properties of ionic liquid synthesised
Lao.15Sro.775TiO3 (LST). Though the feasibility of this method has been proven by Mottram et
al., the characterisation of the product was limited. This study shows a larger scale
characterisation of the purity, structural properties and size of the synthesised powder.! This
is important as this synthesises method was used to create the starting powders for the other
experimental chapters and so anything found in this study gives a history of the powders and
could be used to explain abnormalities in the measured properties.

lonic liquid synthesis clearly has the advantage of energy saving over the conventional solid
state technique, as the temperature of calcination can be reduced from 1100 °C for 3 h to 600
°C or 800°C for 2 h, therefore also allowing the synthesis of much smaller grain sizes.*?
However, the vast difference in the synthesis protocol compared to solid state synthesis are
likely to create variations in the product which may affect the handling and purity of the
product, and need to be understood in order to get the best out of the material. There is
precedent for this in thermoelectric materials, as shown by Liu et al. in the characterisation of
solution processed SnSe, impurities can have a large effect on the measured properties.®

3.2 Introduction

Ceramics are conventionally made using the solid state process, which usually begins from
metal carbonates or oxides which are milled and heated together to promote solid state
diffusion. In many cases, several milling and heating steps at high temperatures are required
to encourage solid state diffusion and achieve a homogenous product. The calcination
protocol used by Lu et al. in the solid state synthesis of Lao.1sSro.775TiO3 is typical of such a
process: strontium carbonate, lanthanum oxide and titania were milled for 60 minutes before
drying and firing at 1100 °C for 3 hr.2 A single phases homogenous product was not achieved
at this stage and required sintering at 1500 °C for 6hr to produce the final product.

Whereas, ionic liquid synthesis is a liquid phase method, so mass diffusion occurs on much
shorter time scales. Therefore, the demand for external energy input to encourage
homogenisation is much decreased. Mottram et al studied this process for the synthesis of
Lag.15Sro775TiO3 and found that the metal ions (Sr?*, La*, Ti*") begin in solution which are
chelated by the ionic liquid. The ionic liquid begins to decompose at 250 °C, small amounts
of nano-scale titanium dioxide (anatase) form first, followed by mixed strontium and
lanthanum carbonates. The final conversion to the cubic perovskite phase occurs at 600 °C.!
They report a lattice parameter of 3.9076 + 0.0009 A for Lao.15Sr0.775TiO3 - larger than that
reported by Lu et al. with a cell volume of 59.3 A% which equates to a lattice parameter of
3.8995 A.12 The larger lattice parameter found by Mottram et al. was attributed to
combustion techniques, which have previously been shown to inducing larger lattice
parameters than the equivalent composition made via solid state synthesis; the reason for this
is not fully understood.>4-5
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In this work LST was calcined using the ionic liquid method fired up to 800 °C. This
increased temperature was an arbitrary value greater than 600 °C, chosen to ensure that the
product was fully calcined and accounted for the increased temperature additional dopants
might require. The ionic liquid (IL) used in this work was 1-ethyl-3-methylimidaziolium
acetate, in line with the ionic liquid shown by Mottram et al, in their synthesis of LST.! A
key reason why ILs are used a solvent for the synthesis of titanates is that they can chelate
titanium ions. 8 Not many liquids can do this, for example in water titanium ions readily
form titanium dioxide. Titanium dioxide is difficult to break down once formed (as
demonstrated by the high temperatures required by solid state synthesis where titania is
present) and often remains present as a secondary phase in the final product so its creation
should be avoided as much as possible for the benefit of a single phase product.>®
Furthermore, this particular ionic liquid being an acetate is key because the anion of the ionic
liquid and the metal salt precursors must match for good mixing and there are readily
available acetate forms of the metal ions required for LST: lanthanum acetate and strontium
acetate.

Due to their synthesis route, halide impurities are common in ionic liquids.'®*2 Specifically
in the synthesis of imidazolium based ILs, a reaction between N,N’-dialkylimidazolium salt
and alkyl halide occurs, followed by an ion exchange of the halide with the desired anion.!! If
this reaction is incomplete halide anions, such as Cl or Br-, and alkali cations such as Li*, Na*
or K* remain.!! The low melting point and non-volatility make them difficult to purify,'° and
so they often persist into the final IL. Already a relatively expensive solvent, their price is
heavily dependent on the purity level: water and halide content.

Work by Lui et al. stressed the importance of surface adsorbents in solution synthesised
materials due to the presence of other molecules and ions present in the precursors.® Their
solution synthesised SnSe had a zeta potential of -22 + 5 mV which induced Na* ions to
adsorb to the surface. It is yet to be seen whether the same properties will be seen in ionic
liquid-synthesised materials which are known to contain alkali cations such as Na".

Therefore, with these previous works in mind the lattice parameter, purity and morphology of
the ionic liquid synthesised product are observed closely to determine if these effects repeat
themselves in this work, and postulate their consequence during later processing and use as
thermoelectric materials. The ionic liquid synthesise technique was used as the synthesis
method for all the powders in this work and so this chapter provides the thermal and chemical
history of this material which can provide a better understanding and provide context for the
following experimental chapters.

3.3 Results and Discussion

Using the ionic liquid synthesis method with 1-ethly-3-methyl imidazolium acetate (emim
OAC), Sr acetate, La acetate and titanium isopropoxide, a cubic perovskite phase was
calcined at 800 °C, as shown by XRD analysis in Figure 3.1. The peak widths are consistent
with broadening caused by small crystallites, which is in agreement with the findings from
SEM images of the ionic liquid synthesised powder in Figure 3.2. The average particle size
determined by measurements from SEM micrographs was 97 = 33 nm.
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Figure 3.3 XRD of ionic liquid synthesised Lag.15Sro.775TiO3 using
Sigma Aldrich >95% emim OAc.
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Figure 3.2 SEM of ionic liquid synthesised Lao.15Sro.775TiO3 using Sigma Aldrich >95%
emimOAc (left) and size distribution generated from grain size measurements from SEM
images (right).

As could be predicted, in Figure 3.2, the grains of the ionic liquid synthesised powder are
slightly larger than those which were shown by Mottram et al. (36 £ 12 nm), as a higher
calcination temperature of 800 °C was used vs 600 °C in their original work. In previous work
by Yang et al. a large grain size distribution of 2-10 um, was shown in sodium doped
bismuth titanate due to non-homogenous mixing in solid state synthesis.'® Not only did this
make generally large grains but dopant rich areas caused much greater degrees of grain
growth due to the increased mobility in some areas. ** In contrast the particles in this work
and that of Mottram et al. showed not only a smaller average size but also a small distribution
in size (50-200 nm) indicating that the dopants were evenly distributed when using the ionic
liquid synthesis method.
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The lattice parameter of the LST perovskite, determined by Rietveld refinement, was 3.9079
+0.0002 A, the fitting data is shown in Figure 3.3 and Table 3.1. This was consistent with
findings from Mottram et al. who found a lattice parameter of 3.9076 + 0.0009 A. This too

was larger than that reported for the same composition by Lu et al. (3.8995 A) who

synthesised the composition using solid state synthesis in air.? The possible explanations for
this will be explored in later in this section.
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Figure 3.3 Reitveld refinement of ionic liquid synthesised Lag.15Sro.775TiOs3.
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Table 3.1 Reitveld refinement parameters of ionic liquid synthesised Lao.15Sro0.775 TiO3 which
accompany Figure 3.3.

Space group: | Pm-3m | GOF 1.63
a(A) b (A) c (A) alpha | beta gamma

3.907892 | 3.907892 | 3.907892 90° 90° 90°
label element | multiplicity | x y z fraction | Uiso
Srl Sr+2 1 0 0 0 0.775 | 0.0247
Lal La+3 1 0 0 0 0.15| 0.0247
Til Ti+4 1 0.5 0.5 0.5 1] 0.0122
01 0-2 3 0.5 0.5 0 1| 0.0227

Solid state sintered samples were fabricated, following the procedure given by Lu et al., for
the purpose of direct comparisons of the two techniques. Figure 3.4 shows the XRD of
calcined and sintered powders. When using the solid state synthesis method, a single phase
product was not achieved after the calcination step, despite attempts to induce a single phase
with further heating at the same temperature, 1100 °C. The additional peaks in the calcined

101



LST XRD indicate the presence of rutile and lanthanum rich titanate. A single phase cubic
perovskite was only achieved after sintering at 1500 °C, indicating that higher temperature
was what was needed to encourage the transformation into a single phase cubic perovskite,
rather than extended time. Unlike in the ionic liquid synthesis method where full calcination
was achieved at a much lower temperature of 800 °C.

Furthermore, the peaks in Figures 3.4 appear much less broad than those in the IL synthesised
LST (Figure 3.1), indicative of significantly larger grain sizes in the solid state synthesised
powder. This is due to the fact that in the ionic liquid process, the cubic perovskite forms
from an atomically mixed precursor. Grain growth is limited by the use of low temperatures
and so grains remain very small. On the other hand, solid state synthesis relies on solid state
diffusion from raw materials with grain sizes on the scale of microns, limited by interfacial
contact between grains. The demand for high temperatures to encourage solid state diffusion
also causes significant grain growth.

I Solid state calcined LST
: Solid state sintered LST
« La,Ti,0,
1 » TiO, (rutile)
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© ©
B >
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Figure 3.4 XRD analysis of solid state calcined LST at 1100 °C and sintered at 1500 °C.

3.3.1 Potential Causes of the Larger Lattice Parameter

There are three potential causes for the larger lattice parameter observed in the ionic liquid
synthesised LST. Firstly, the ionic liquid is acting as a template which expands the lattice.
Long chain organic molecules have been used as templates during synthesis previously, such
as sodium alginate used to grow nanowires of BaTiOs and dextran used to make a YBCO
foam. 1415 These organic molecules were shown to direct the morphology of the material as it
grew. It is unclear if the template effect could extend to changes in the lattice parameter. The
dimensions of a unit cell are usually dictated by the size of the ions which occupy it, and their
respective attractive and repulsive forces.

The second possibility is a degree of oxygen loss resulting in the reduction of Ti** to Ti%*,
which expands the lattice. The combustion of the ionic liquid could reduce the oxygen levels
in the furnace, flooding the surrounding air with CO>, leaving less oxygen available to form
the fully stoichiometric LST. The resulting powder appeared white, so the Ti®* content must
be low enough as to not to exhibit the classic colour change in the powder from white to
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black (as Ti®* is black).1®" This will be further investigated along with the third possibility
through Reitveld refinement.

The third possibility is that an additional dopant has entered the cubic perovskite and caused
lattice expansion. The source of this unintentional dopant could be the known impurities of
the ionic liquid: K, Na and CI. Sodium and potassium doped titanates have been
demonstrated in prior work, these atoms sit on the A site of cubic perovskites due to their
ionic radii most closely matching the A-site ion (Sr?*).1318

There is limited body of evidence which suggests that chlorine can be “incorporated” into
LST and other perovskites by replacing oxygen.'®2° Dogu et al. demonstrated chlorine
incorporation into LST (specifically not referring to this as doping and did not provide the
compensation mechanisms), which gave the composition LaxSr1.xTiO3+5Cls. This was made
via a modified-Pechini method where LaCls.7H,0 was the source of CI.2® They suggested
that chloride distorted the perovskite lattice due to the larger size of Cl compared to O. This
could explain the slight increase in the lattice parameter seen in ionic liquid synthesised LST.

To interrogate the possibility of oxygen loss and unintentional dopants, a new Rietveld
refinement was conducted on the calcined ionic liquid synthesised powder in which the site
occupancies were refined. During an XRD analysis X-rays are scattered by the electrons
within atom and the detected peaks are an average result of multiple atoms within that bulk
hit by the x-ray source at that lattice position. By applying a single element i.e. Sr** with a
defined number of electrons to the A-site and allowing the occupancy to vary, what a
refinement can show is whether more or less than the anticipated number of electrons from
Sr?* are in fact scattering the X-rays in that site. Therefore, to simplify the refinement only Sr
was placed on the A-site rather than Na, K and Cl as this would form a complex simultaneous
equation. In reality what is causing the scattering may be multiple different species: Sr, La,
K, Na or a vacancy, but these subtleties cannot be quantified using XRD alone. Figure 3.5
and Table 3.2 show the results of this refinement.
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values of ionic liquid synthesised LST.

Table 3.2 Rietveld refinement parameters of ionic liquid synthesised LST where site
occupancies were refined, this data accompanies Figure 3.5.

Space Pm-3

group: | m GOF 1.43

a(A) b(AY |cA) alpha | beta gamma

3.90841 | 3.90841 3.90841 90° 90° 90°

label element | multiplicity | x y z fraction | Uiso
Srl Sr+2 1 0 0 0 1.026 | 0.0336
Ti3 Ti+4 1 0.5 0.5 0.5 1.007 0.012
04 0-2 3 0.5 0.5 0 0.982 | 0.0208

This refinement has a reasonable GOF value of 1.43 (the lower the better and below 2 is
generally accepted as a good refinement), and the lattice parameter is similar to the previous
refinement performed on an ionic liquid synthesised LST, 3.9084 A compared to 3.9079 A,
so this is believed to be a good representation of the measured data.

On the A-site of this structure, the average number of electrons surrounding a nucleus can be
calculated using the electrons in Sr¥* multiplied by the fractional occupancy predicted by the
refinement. There are 36 electrons in Sr?*, multiplied by the occupancy predicted by the
model, 1.026 gives 36.9. La* has 54 electrons so from the batched stoichiometry of pure
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Lao.15Sro0.775 TiO3 the electrons present at the A-site on average should also be 36 ((0.775 x 36)
+ (0.15 x 54). The value predicted by the model is very close the value predicted by the
stoichiometry, and so if any other elements are acting to increase the electron density on the
A-site then this is in very small quantities.

To assess if K" or Na* are doping into the structure on the A-site, the method of
compensation and effect this would have on the crystal structure was considered. Being
singly charged species Na* or K* would require charge compensation to replace Sr?* on the
A-site. They could be self-compensated by the La®*; rather than La being compensated by
half an A site vacancy. This could look like (K, Na)o.1125L.20.1125Sr0.775 TiO3. K has 18
electrons and Na* has 10, so the electron occupation on the A site would average between ((y
x 0.1125) + (54 x 0.1125) + (36 x 0.775) where y is 18 or 10) 36 and 35.1. This shows that if
K is occupying the A-site then this would be indistinguishable through reitveld refinement,
though Na would reduce the fractional occupancy seen below 1, which was not seen.
Therefore, from the refinement the most that can be determined is that Na is not doping onto
the A-site though it is unclear if K is.

The refinement does predict an O% occupancy of < 1, which could indicate that a small
amount of oxygen loss has occurred. Coupled with a Ti** occupancy >1, indicating that more
electrons than Ti*" are causing scattering on the B-site, this could indicate the presence of
Ti** which is known to accompany oxygen loss in strontium titanates. CI-has much more
electrons than O% and so if CI-occupied this site then there would be a predicted fractional
occupancy above 1.

Reitveld refinements is a modelling technique based on experimental data and the output can
in some cases be influenced by the user giving false predictions. Though the GOF gave a
good value there is the possibility that this is a false minimum in the refinement. For this
reason, the information gathered from the refinements must be considered against logic and
other techniques before declaring a definitive result. There is currently no conclusive answer
to which of the effects is causing the lattice expansion. What can be said is that from
modelling of the site occupancy it is unclear if K occupies the A-site of the cubic perovskite,
there may be oxygen deficiency and Cl in the lattice appears unlikely.

3.3.2 Purity Analysis

Though the most abundant phase in the ionic liquid synthesised powder was the cubic
perovskite, small amounts of impurities were shown in some of the XRD analysis of ionic
liquid synthesised powders. The presence of impurities was small and inconsistent between
samples. Impurities identified were KCI, SrCOs, TiO: (anatase), NaCl and LaOCI. Figure 3.6
shows an example of an XRD analysis where all these impurities could be identified.
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Figure 3.6 XRD of lonic Liquid synthesised LSTO with impurities of KCI, NaCl, SrCOs and
LaOCI

It is believed that K, Cl and Na impurities originate from the ionic liquid, as halide
contaminants are a common impurity associated with their synthesis route.* The remaining
impurities, (anatase and/or strontium carbonate) likely occurred due to incomplete calcination
reactions. From the work by Mottram et al. it was shown that the ionic liquid synthesis
occurred as thus: initially small particles of intermediate compounds are formed, anatase and
mixed lanthanum, strontium carbonate species, which act as reaction sites for the formation
of the cubic perovksite.? Therefore, it is not unsurprising that strontium carbonate and anatase
could occasionally be found in the calcined product as these are known intermediates.

STEM EDS in Figure 3.7 confirms the presence and even distribution of the potassium and
chlorine impurities in the ionic liquid synthesised powder. Spot spectra were also gathered
and can be found in the section 3.6 Appendix. The intensity of each element correlates to the
grey scale intensity of optical the TEM (top left) caused by the thickness of sample, therefore,
it appears that all elements are evenly distributed, including the impurities K, Na and CI. The
small amount of elements detected apparently in empty space around the powder itself can be
disregarded as background noise.
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100 nm

Figure 3.7 STEM EDS of lonic Liquid synthesised powder elemental maps as calcined

The colour maps show a much larger intensity of strontium, lanthanum, titanium and oxygen
compared to the potassium, chlorine and sodium, agreeing with their relative intensities from
XRD. It is interesting to note that Cl appears to be less abundant than either the K or the Na
in these maps, this may suggest that not all the Na and K are present in stoichiometric KCI
and NaCl and could be forming other compounds. However, the spot spectra do not show the
same trend and so this could be the effect of noise. It was not possible to quantify the relative
abundance of elements from these TEM images without calibration standards, which were
not available at the time of this work.

Further experiments were conducted to observe the effect of variations within the synthesis
on the final product. In the usual synthesis route the solution of ionic liquid and metal
acetates was fully dehydrated before the titanium isopropoxide is added. This is because if
water remained, large amounts of anatase would be expected to be present in the final
product, due to the reaction of titanium isopropoxide with water.?* Figure 3.8 shows the XRD
of the final powder in the case where water was intentionally left present at the point titanium
isopropoxide was added, and also where isopropanol was used, rather than water, to dissolve
the metal acetates. These experiments were designed to observe the effect that any accidental
presence of water may have in the standard ionic liquid synthesis method.

Interestingly these two conditions produced the same five phases: a cubic perovskite, titania,
potassium chloride, sodium chloride and strontium chloride hexahydrate. Titania is formed as
predicted on contact with water but also unexpectedly formed when isopropanol was used
rather than water. The water source in this case was likely either from a small amount of
water in the isopropanol or from the hydrated acetates which were not evaporated before the
titanium isopropoxide was added.

As a large number of the titanium ions are being used to form the titania impurity, this
disrupts the stoichiometry of the mixture resulting in an excess of strontium. This excess
strontium combined with chlorine and water to form a chloride hydrate. The impurities in
these two examples are different from those seen in Figure 3.6 of a powder synthesised using
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the standard ionic liquid synthesis route, when water is the used to dissolve acetates then
evaporated. There is less anatase and none of the strontium chloride in the normal synthesis
route. The presence of the strontium chloride appears to be a symptom of a water saturated
solution.

e (La,Sr)TiO, cubic perovskite
TiO, (anatase)

+ KCI

+ NaCl

a SrCl,.6H,0

Intensity / a.u.

N 1
10 20 30 40 50 60
Degrees / 20

Figure 3.8 XRD of lonic Liquid synthesised LSTO a) acetated dissolved in isopropanol rather
than water, not dried on hot plate b) acetates dissolved in water but not evaporated before
adding titanium isopropoxide.

3.3.3 Purification

As potassium and sodium chlorides are soluble in water and (La,Sr)TiOs is not, it was
hypothesised that water filtration could be used to remove these impurities. XRD and SEM
EDS of the calcined powders before and after water filtering are shown in Figure 3.9a-c.

108



] meﬂd\mﬁwﬂwmﬂmeWWﬁwj/ ikwm

. 20 22 24 26 28 30 32 34

Intensity / a.u.

‘ ‘ —— As calcined

‘ ‘ l After water filtration
Lo

\ )

|
oot b ‘ ST,
et \W,l‘ \:;:ﬁ g m wm&mﬂ Nt
T T T !
20 40 60 80 100

M Spectrum 1
Wt% o
T 351 01
St 272 01
Au 206 02
La 84 02
ca 06 00
K 05 00
03 01

M Spectrum 1
Wt% o
Sr 258 01
T 190 01
Au 162 02
la 83 02
a 03 00
03 00
01 00

Figure 3.9 a) XRD analysis of ionic liquid synthesised LST before and after water filtration
and c-c) SEM, EDS

The XRD in Figure 3.9a shows that the KCI present in the as calcined product was no longer
detected in the post water filtration, meaning that KCI had at least reduced to below the
detection limit of XRD after water filtration. However, a new peak from anatase was now
visible in the filtered sample. This was unexpected as no additional reaction was expected to
occur during filtration. This could be due to the preferential dissolution of some of the
strontium from the cubic perovskite leaving an Ti rich layer at the surface of the material.
This has been known to occur in perovskites such as BaTiOs.2? This layer may have in turn
react with the water to form titania.
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EDS has a lower detection limit than XRD and looks for elements rather than crystalline
materials, and so can be used to detect trace amounts of elements within a sample even if they
are none crystalline. This technique was conducted on pre and post water filtered samples of
the powders to probe further into the effect of the water filtration. These results are shown in
Figures 3.9b and 3.9c. The wt.% values still cannot be taken as quantification because the
EDS is not calibrated with standards, however, the elemental content relative to Au is a

useful observation, as Au was sputter coated onto the samples as a charge diffusive coating,
so likely present in approximately even distribution over the surface. In the unwashed powder
the relative content of Sr and Ti are approximately equal and Na, K and CI are present in
trace amounts, which agree with the previous TEM EDS observations (Figure 3.7).

After water filtration the relative contents of K and Cl are reduced, Na appears unaffected.
However, K, Cl and Na are all are still detectable, so not fully removed through water
filtration. Since NaCl and KCI are not shown in the post washing XRD but they are visible in
EDS, this presents two options: either the K, Na and ClI are present but no longer crystalline
or are crystalline and present in amounts below the detection limit of XRD. This will be
explored in further detail later in this section.

TEM EDS mapping offers a higher resolution measurement of the distribution of the
elements within the sample. This is useful in this case as the particle size is much less than
100 nm and so resolution of individual grains is improved compared to SEM. Figure 3.10
shows a full scope of the elemental distribution which can be directly compared with Figure
3.7, which shows the same technique on a sample before water purification. Once again Na,
K and Cl are still present.

v
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——— 100 nm

———— 100 nm OK

Figure 3.10 STEM EDS of ionic liquid synthesised powder after water filtering.

The density maps of K, Na and CI look to match the variation in density of the other

elements, rather than being present in distinct areas which would suggest that they are not
present in distinct particles of a second phase. It appears as though K, Na and ClI are either
within the cubic perovskite lattice or coated all over the surface of the perovskite particles.
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This is explored in the next section which looks at the surface charge of the powders made
via ionic liquid synthesis.

3.3.4 Surface Charge

This section explores the idea that charged ions such as Na, K and Cl may be bonded to the
surface of the LST particles due to an inherent surface charge. The Zeta potential can be used
to assess the surface charge of a particle. A non-zero zeta potential can be caused by:
dissociation of acidic groups on the surface, preferential dissolution of ions from the lattice or
adsorption of charged species on to the surface. Lui et al. stressed the possibility of surface
adsorbates when using liquid synthesis techniques, due to the additional molecules and ions
used in the synthesis which can undergo side reactions and adsorb to the surface.? In their
case SnSe developed a negative surface potential due to partial oxidation of the surfaces,
forming polyselanides (Sex*), according to their speculation.® This resulted in the bonding of
Na* ions from the precursors to the surface.® Zimmermann et al. also state that a negative zeta
potential is a commonly observed phenomenon in otherwise designated inert surfaces. In
their case for several polymer films tested this was due to OH" group adsorption at surfaces.?

Figure 3.11 shows the results of zeta potential measurements of a number of the ionic liquid
synthesised powders (red circles and black squares). A zeta potential of around -20 mV at pH
8 was detected when dissolved in 1 mM of KCI. KCl is a standard solute used in Zeta
potential measurements, this solution put the pH at around 8. By adding HCI to the solution
the pH was decreased, resulting in a positive zeta potential. Roughly interpolating the zeta
potential measurements give an isoelectric point of around 6. At this point surface charge is
neutralised.
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Figure 3.11 Zeta potential measurements of synthesised cubic perovskites.
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The cause of the negative surface charge in LST could be preferential dissolution of Sr?* or
La3* at the surface, as these are held less strongly in the perovskite structure with ionic bonds,
compared to Ti which is covalently bonded.?>?* Alternatively, this could be due to adsorption
of OH" groups or CI" at the surface. Interestingly, solid state sintered LST showed a much
smaller zeta potential between -10 and -5 mV at pH 8, therefore whatever is causing this
surface charge is not present in solid state synthesised LST. This is a key finding and
confirms the theory presented by Lui et al. that surface charges become particularly
significant in liquid synthesised thermoelectric materials. The surface properties of the
calcined powders become particularly important for low temperature sintering processes such
as Cold Sintering.

Fourier Transform Infrared (FTIR) spectroscopy confirmed the presence of OH™ groups in the
ionic liquid synthesised LST after water filtration, Figure 3.12.2>%6 Additional absorptions
corresponding to C=H bonds were found in FTIR, which were also shown in other sol-gel
and co-precipitation synthesised samples.?®?” This is indicative of organic impurities from
side reactions with the ionic liquid which is a long chain organic material.
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Figure 3.12 FTIR of ionic liquid synthesised Lao.15Sro.775 TiO3 post water filtration.

No peaks could be specifically linked to Cl bonds in the FTIR. Cl would likely form bonds
with Sr, Ti, Na or K so the FTIR spectra of compounds containing this bond were studied for
comparison. The absorbance peaks of compounds TiCls (dissolved in HCI), NaCl and KClI
overlapped with those of O-H and Ti-O so would not be distinguishable in the data from
Figure 3.12.282° This was largely the case for SrCl..6H,0, the FTIR is shown in Figure 3.13,
which has the same peaks at ~3440 cm™ and 1640 cm™ which correspond to O-H bonds. It
could be argued that there is a common absorbance just below 1500 cm™ in both Figure 3.12
and 13 though the equal intensity absorbance just above 2000 cm™ is not seen in Figure 3.12,
this could be masked by the slope of the transmittance curve between 3500-2000 cm™.
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Figure 3.13 FTIR spectra of SrCl,.6H20 by Xie et al.*
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3.3.5 Summary

The negative surface charge determined by Zeta potential measurements, indicates that, as
with the work by Liu et al., there are likely to be electrostatically bonded positively charged
ions attracted to the negatively charged surface.® The origin of this charge is difficult to
determine from the current data. OH and CI appear to be present at the surface which may be
adsorbed, though the dissolution of Sr?*/La®* from the surface cannot be ruled out. Whatever
is causing the negative surface charge is not as abundant in solid state synthesised LST,
evidenced by a smaller surface charge. Therefore, this is not a global characteristic of LST
and is likely due to the wet chemical processing route. The presence of the negative surface
charge explains the results from EDS showing the presence of K*and Na* ions, and also
explains why these remain even after water filtration — they are electrostatically bonded to the
surface so they are harder to remove.

3.3.6 Effect of Impurities on Sintering

The surface charge resulting from the ionic liquid process appears to be resulting in different
surface termination. Washing the samples with water had little effect because of the
electrostatic attractive forces. The questions that then present themselves are: does the
adsorbed material remain in the final sintered product or are they removed by heating, and
secondly what effect are they having on the sintering process and final properties.

To address the first question, a simultaneous differential scanning calorimetry and
thermogravimetric analysis (DSC/TGA) was conducted to look at the weight loss from the
powders when heated. La, Sr and Ti are not known to be volatile elements and so are not
likely to leave the structure under heating, though oxygen loss does occur at high
temperatures. Conventional solid state sintering would involve firing the powders at a
temperature somewhere between 1200 and 1500 °C, so the ionic liquid synthesised samples
were heated up to 1400 °C (maximum temperature of the instrument used) to observe what
material might be lost in this process.

Figure 3.14 shows a significant mass loss between room temperature and 1400 °C for both
samples of LST as calcined and post washed samples which were 4.8 % and 3.4 %
respectively. The heat flow results below 200 °C can be ignored because this machine is
meant for high temperature measurements, so results at low temperatures are less reliable.
With this in mind, beyond 200 °C there were no significant peaks or troughs in the heat flow
curves. A peak or trough accompanied by weight loss would indicate a degradation of the
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LST into other species had taken place, this was not seen. The LST was expected to be stable
up to high temperatures.
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Figure 3.14 SDT of the ionic liquid synthesised LST before and after water filtration.

Concentrating on the weight loss curves (red lines in Figure 3.14) only assumptions about
material loss can be made - a mass spectrometer attached to the TG furnace would be able to
identify the evolved elements, though this equipment was not available. For the LST ‘as
calcined’ there are two visible features in the weight loss curve: one at ~ 400 °C and a larger
one at ~ 800 °C. In the LST ‘washed’ there was a more continuous decrease in weight
percentage over the whole temperature range, and an overall 1.4 % lower weight loss.

The gradual weight loss of the ‘washed’ sample was likely due to evaporation of surface
water at low temperatures, and perhaps some oxygen loss at high temperatures though this is
likely background. It was covered in the section ‘Strategies to Improve the Figure of Merit in
Strontium Titanate: Oxygen Vacancies’ that high temperatures lead to oxygen loss in
strontium titanates. This is accentuated by low oxygen partial pressures; these samples were
run in nitrogen which would not have been actively reducing (scavenging oxygen) but the
oxygen partial pressure would have been low.

The two steps in the ‘as calcined’ sample are harder to define. These accrue to a 1.4 % higher
weight loss than in the washed sample. This weight loss occurs mostly below the temperature
which the material had been calcined, 800 °C. This suggests that weight is likely materials
absorbed from the atmosphere, such as water of CO3, between the time it was synthesised and
when the test was run.

It was shown in the previous section ‘Purification’ that the K and CI contents are reduced
through washing, though not totally removed. The evaporation of KCI would be the natural
assumption to account for this weight loss, though the boiling points of KCI or in fact NaCl
are much too high to account for the steps seen - KCI boils at 1420 °C and NaCl boils at 1465
°C. However, KCI and NaCl are known to be hygroscopic — meaning they absorb moisture
from the air.3%% If more KCI and NaCl are present in the as calcined material then this
material may absorb more moisture from the air meaning that a greater degree of weight loss
will occur when heating as this is removed. Though this would suggest a very high salt
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content to account for this degree of weight loss, which was not found from XRD or EDS, so
this is unlikely to be the sole cause of the weight loss.

The key point of this data is that for the ‘as calcined’ sample there are clearly additional
elements being potentially melted and evolved within the sintering window which could
affect the sintering process. Washing the sample makes a more weight stable material whose
sintering characteristics should be easier to predict. Furthermore, if using a cold sintering
technique, where sintering temperatures are in the range of 120 — 300 °C, then these
impurities will remain present in the final product if not pre-treated before sintering.

Tsuji et al. showed a cold sintering technique where they intentionally added KOH and
NaOH to barium titanate nanoparticles which acted as flux to aid the sintering.>®* KOH and
NaOH form a eutectic which melts at 170 °C so when they were sintering at 300 °C this
molten hydroxide phase acted as a high temperature solvent and induced pressure-solution
creep. Just 4 wt.% flux was an effective addition leading to 98 % dense sample.

Is it possible that the K and Na impurities could perform in a similar way in this case? There
is OH present as surface adsorbates as shown in Figure 3.12. It is somewhat possible that the
OH could combine with the Na and K to form the NaOH-KOH eutectic, though it is difficult
to quantify the level of OH on the surface and say whether this would be enough to form the
hydroxide. Furthermore, the presence of the ClI" could interfere with the formation of the
hydroxide, though there was not a large quantity of the Cl compared to Na and K in Figures
3.7 and 3.10. NaOH and KOH have a boiling point of 1388 °C and 1320 °C respectively and
no features are visible that can be attributed to them in any significant quantities. This theory
will be explored in greater detail in a later experimental chapter on Cold Sintering.

To explore the effects of the water filtration on the samples changes in lattice parameter
during sintering, Reitveld refinements were conducted on pre and post washed ionic liquid
synthesised LST and solid state synthesised LST which underwent a reducing process in 5%
H2/95% N>. A good indication for the level of reduction (oxygen loss) undergone in the
sintering process is the lattice parameter increase, which accounts for Ti®* creation which
expands the lattice.* Figure 3.15 shows the lattice parameters determined from Reitveld
refinements before and after sintering. The details of the individual refinements can be found
in section 3.6 Appendix. The lattice parameters determined in the solid state synthesised LST
were in agreement to work by Lu et al.?
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Figure 3.15 Lattice parameters of the LST from reitveld refinements after calcining (black
crosses) and after sintering (red crosses) at 1325 °C for 8 h in 5 % Ha/ 95 % N». Some values
have error bars denoted by two horizontal lines.

As already highlighted, the calcined lattice parameter of the air sintered ionic liquid-derived
LST is much higher than air sintered solid state LST. A degree of oxygen loss in the calcined
ionic liquid product has already been proposed to explain the larger lattice parameter in ionic
liquid synthesised powders, though considering the lattice parameter of the reduced solid
state sintered LST which appears black in colour (3.90992 A) and IL synthesised LST after
calcination (3.90786 A) which was pure white this seems unlikely. As the parameter for the
calcined IL powder is closer to the parameter for the sintered solid state sample the powder
would be expected to be at least grey in colour, not pure white. This was not observed.

Assuming that the change in lattice parameter represents the degree of reduction, after
washing the calcined powder the observed level of reduction was almost zero. This was
supported by XPS which showed the atomic percentage of each Ti oxidation state in the
samples, Table 3.3. These results where average from two measurements, the raw data can be
found in section 3.6 Appendix. This shows the net gain in at. % of Ti*" was much smaller in
the washed ionic liquid synthesised sample than in the solid state sample. Unfortunately, XPS
was not conducted on a sample with has not been washed before reduce sintering. The
presence of Ti® was an unexpected feature in the reduced LST, as this represents titanium in
its metallic form which is highly unlikely to be the case. Very strong reducing conditions are
required to produce Ti metal from Ti¥** jons. This is likely a consequence of the fitting
parameters used.

Table 3.3 XPS determined atomic % of Ti species in LST samples.

Ti** Ti** TiC
Sample (at.%) (at.%) (at. %)
Solid state calcined 93.2 6.9 0
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Solid state reduce sintered 84.8 145 0.7

Net change -8.4 +7.6 +0.7

lonic Liquid synthesised 92.7 7.3 0

lonic Liquid synthesised, washed then
reduce sintered. 91.95 8.0 0.05

Net change -0.75 +0.7 +0.05

3.3.7 Alternative lonic Liquid

A more expensive version of the same ionic liquid species would be expected to have less
impurities. Additional purification steps are costly and so raise the price of the product.
Therefore, the ionic liquid synthesis was also repeated with a more expensive emimOAc
products from Alpha Aesar with purity 97%. From FTIR the two ionic liquids appear very
similar and in line with previously published emimOAc FTIR, Figure 3.16.%
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Figure 3.16 FTIR of two the sources of the ionic liquid emimOAc.

Using this IL, a cubic perovskite with lattice parameter 3.9075 A was also achieved, which
also contained small amounts of the impurities seen with the Sigma Aldrich IL in XRD:
anatase and KCI, Figure 3.17. Figure 3.18 shows the elemental spectrum of the Alpha Aesar
emimOAc synthesised LST from SEM EDS. There was a significant peak of C which was
due to the carbon coating. There was also a lack of potassium detected, unlike in the Sigma
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Aldrich emimOAc synthesised powder in Figures 3.7, 3.9 and 3.10. There were small Cl and
Na peaks, however, indicating the present of some impurities. A similar zeta potential of -
21.4 mV at pH 8.15 was recorded which also lined up with the powder synthesised from

Sigma Aldrich IL.
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Figure 3.17 XRD of the Alpha Aesar synthesised LST powder with impurities: anatase and
KCI.

Figure 3.18 SEM secondary electron image of Alpha Aesar emimOAc synthesised LST (left)
and the SEM EDS elemental spectrum of the same area.

When observing the weight loss properties in SDT (Figure 3.19) the Alpha Aesar synthesised
powder seemed to show the same behaviour as the ‘washed’ Sigma Aldrich synthesised
powder. Once again the results below 200 °C can be attributed to water loss and low
instrument sensitivity in this region, as stated previously. The steady rate of decrease in the
mass loss was also likely caused by the loss of oxygen caused by heating at elevated
temperatures. The overall mass loss was 2.1 wt.%, this was lower than both the ‘as calcined’
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(4.8 wt.%) and ‘washed’ (3.4 wt.%) Sigma Aldrich samples. Figure 3.20 shows a direct
comparison of all three samples percentage weight loss by TGA. This either indicates that the
powder is purer and has less to burn off at elevated temperatures or the rate of oxygen loss is
lower.
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Figure 3.19 SDT of the Alpha Aesar emimOAc synthesised powder as calcined.
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Figure 3.20 Percentage weight loss of LST synthesised with Sigma Aldrich >95%
emimOAc, before and after washing, and LST synthesised with Alpha Aesar emimOAc as
calcined.

To confirm the level of oxygen loss, a Reitveld analysis was conducted from the XRD of
samples made from each ionic liquid. The Sigma Aldrich sample was water filtered before
sintering. The results of which can be seen in Tables 3.4 and 3.5, the fitting data can be found
in section 3.6 Appendix. The lattice parameter is expected to increase with oxygen loss as
this effect is compensated for by reduction of the T** to the larger Ti%*. In both cases after
sintering in a reducing atmosphere the modelled oxygen content reduces and the lattice
parameter increases. For the Alpha Aesar LST, when sintered, there is a much larger decrease
in oxygen content and degree of lattice expansion. This indicates that in fact the Alpha Aesar
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synthesised material loses oxygen more readily than the Sigma Aldrich synthesised and
washed LST under the same conditions. This was also confirmed by XPS results in Table 3.6.

What is shown by the reitveld refinement rules out the possibility that the lower weight loss
in SDT is caused by less oxygen loss, and is likely due to the high purity of the powder. To
go along with this data, the EDS under SEM can give an indication of the elements present,
though yet again this cannot be quantified as calibration standards were not available.

Table 3.4 The reitveld refinement results from LST synthesised with Sigma Aldrich >95%
emimOAc after calcination and sintering at 1325 °C for 8h in 5% H2 / 95% N2

Sigma Aldrich Calcined 800°C
Element Occupancy Electrons
Sr 1.026

Ti% 1.007

0% 0.982

| Lattice parameter (A) 3.908410 |

Sigma Aldrich Sintered 1325 °C, 5% H>

Element Occupancy
Sr2* 1.018
Ti%* 0.978
0% 0.978

| Lattice parameter (A) 3.908426 |

Table 3.5 The reitveld refinement results from LST synthesised with Alpha Aesar 97%
emimOAc after calcination and sintering at 1325 °C for 8h in 5% Hz/ 95% N>

Alpha Aesar Calcined 800°C

Element Occupancy
Sr* 1.033
Ti* 1.021
(o 0.962

| Lattice parameter (A) 3.907471 |

Alpha Aesar Sintered 1325 °C, 5% H>

Element Occupancy
Sr2 1.045
Ti%* 1.000
0> 0.926

| Lattice parameter (A) 3.910427 |

Table 3.6 XPS data on calcined and sintered LST synthesises using Alpha Aesar IL.

Sample

Ti%*
(at.%)

Ti*
(at.%)

Ti°
(at.%)




Alpha Aesar IL powder a 93.2 6.8

Alpha Aesar IL reduce sintered 84.3 12.9 2.8

Net change -8.9 +6.1 +2.8

3.4 Conclusions

The ionic liquid synthesis of Lao.15Sro.775T103 produced a cubic perovskite phase with particle
size 97 + 33 nm after calcining at 800 °C. This was much smaller than that could be achieved
through solid state sintering.? Using the ionic liquid emimOAc from Sigma Aldrich with a
purity >95% resulted in impurities of NaCl and KCl visible in XRD analysis and K, Na and
Cl detected in EDS. These impurities likely originate from the synthesis process of the ionic
liquid itself.!! The study to determine if the impurities enter the perovskite lattice was
inconclusive.

Due to the presence of a negative surface charge of ~ 20 mV at pH 8, positively charged
impurity ions (Na* and K*) may also be strongly attracted to the surface by electrostatic
potential and thus not easily removed. The level of impurities could be reduced, but not
entirely removed using water filtration, and this also caused the emergence of small amounts
of TiO». Filtering with ethanol may have a greater effect as titanium ions are known to form
titanium dioxide on contact with water. Ethanol was not available for this work and so this
theory was not tested.

LST made using a higher purity emimOAc ionic liquid was compared to an LSt made using
lower purity emimOAc. These were EmimOAc 97% from Alpha Aesar and emimOAc >95%
from Sigma Aldrich > 95%. Although the two sources of emimOAc appeared identical under
FTIR, the pure IL yielded powders with lower impurity levels. This was confirmed by lower
mass loss under SDT for the powder synthesis with purer emimOAc. This is of course
accompanied by a large increase in cost, as additional purification process for the ionic liquid
are required by the manufacturer.

The upgrade to more expensive ionic liquid, however, somewhat hinders the benefits of
strontium titanates which are being proposed as a cheaper alternative to other n-type
thermoelectric materials i.e. bismuth telluride. The issue of cost and purity should to be
considered to reach a trade-off.

For this particular composition and application, the need to induce oxygen vacancies is vital
to achieve the electrical conductivity desired in LST. The preparation of the material seemed
to play a vital role in the materials propensity to lose oxygen, which can be quantified by an
increase in the lattice parameter. Larger increases in the lattice parameter were shown in solid
state sintered LST, compared to ionic liquid synthesised LST using the same reduction
process. Particularly after water filtration the level of lattice parameter increase was almost
zero which was supported by a low level of Ti®* conversion from XPS data. The reason for
this is unknown.
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3.5 Future Work

Future work should look at alternative ways the purify the ionic liquid synthesised powders.
High temperatures could volatise impurities which would somewhat nullify the purity issues
for solid state sintering, though the intention of this low temperature synthesis route was to
prepare powder for low temperature sintering methods i.e. The Cold Sintering Process, and
reduce temperatures/energy required in the synthesis in general. Impurities may be more
effectively removed by using stronger solvents rather than distilled water, such as ethanol.
Alternatively altering the pH of the solution used to wash the powder could be explored as
water is shown to preferentially leach A-site ions, though Pourbaix diagrams show that this
effect can be reduced in the case of BaTiOs by using a solution close to pH 10. ¢

As for ions which may be electrostatically attracted to the surface by the surface charge,
previous work has looked at replacing the adsorbed ions with matter that can be combusted
with an additional heating step.® Liu et al. showed that by using tetramethylammonium
([CsH12N]™) based salts as precursors in the fabrication of SeSn rather than sodium (Na*)
based salts, they were able to purify the final product by combusting the
tetramethylammonium adsorbed to the surface. In the case of the ionic liquid synthesis the K*
and Na* are unintentionally present in the IL and so cannot so easily be replaced, however
perhaps an additional species could be added to compete with the Na* and K* to
preferentially bond to the surface which can then be combusted.

The potential of K* and Na* doping into the perovskite should be further investigated, this
could be done by intentionally adding potassium and sodium acetates as precursors and
examining the XRD for secondary phases and changes to the lattice parameter.

Of course other, purer, sources of the ionic liquid emimOAc could be considered for use in
the synthesis, though this would come with a significant cost consideration which must be
weighed against the benefits of a purer ceramic powder that can be made in one step,
compared to the purity gains that could be achieved through additional purification steps,
such as washing of the final powders.

Performing a Hall Effect measurement on theses samples could also quantify the electron
concentration within the samples, to confirm that the 3+ charged dopants (La and Eu) are
compensated for by A-site vacancies and not electronic compensation. These values would
also be useful in forming a baseline with which to compare the electron concentration of
samples in later chapters where the electrical conductivity is increased by reducing the
material.
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3.7 Appendix

STEM of unwashed ionic liquid synthesised LST, numbered dots correspond to areas were
EDS spot spectra were taken.
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Retiveld refinement data of the Sigma Aldrich LST sintered at 1325 °C
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Raw XPS data produced by Deborah Hammond before and after reduce sintering.

Ti(1V) | Ti2p (1) | Ti2p (metal)

Sample (at.%) | (at.%) (at.%)
Solid state powder a 93.6 6.5

Solid state powder b 92.8 7.3

Sigma Aldrich IL powder a 92.7 7.3

Sigma Aldrich IL powder b 92.7 7.3

Alpha Aesar IL powder a 93.2 6.8

Alpha Aesar IL powder b 93.2 6.8

Solid state reduce sintered a 84.7 14.6 0.7
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Solid state reduce sintered b 84.9 14.4 0.7
Sigma Aldrich IL reduce sintereda | 91.1 8.8 0.1
Sigma Aldrich IL reduce sintered b | 92.8 7.2 0.0
Alpha Aesar IL reduce sintered a 83.9 135 2.5
Alpha Aesar IL reduce sintered b 84.7 12.3 3.1
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4.0 Europium Doping of Lag15Sr0.775T103

4.1 Aims and Objectives

Lu et al. optimised the La content in series LaxSr1-3/2xTiO3-5 and found that Lao.15Sro.775Ti03
had the highest ZT of 0.41 at 700°C. * The aim of this study was to further improve the
thermoelectric properties of this composition by reducing its thermal conductivity whilst
maintaining the electrical conductivity and absolute Seebeck coefficients to overall give a
higher figure of merit ZT.

The proposed method to achieve this was to introduce further atomic mass fluctuation onto
the A-site by doping with Europium. Europium is a heavy rare earth element with a suitable
ionic radius to occupy the A-site. The aim of this was to increase the degree of phonon
scattering and thus reduce the thermal conductivity of the material.? Rare earths have
previously been shown to reduce the thermal conductivity when doped into strontium
titanate, though this specific composition had not yet been reported.® In order to report this
combination of dopants for the first time and optimise the europium content, a whole
compositional series with the formula Lao.15-xEuxSro.77sTiO3 was synthesised. The lattice
parameters, electrical, thermal and Seebeck coefficient values of the series were studied in
order to assess the suitability of the material as a high performance thermoelectric material.

4.2 Introduction

Efficient p- and n-type materials are required in cooperation for a successful TEG. To date,
high efficiency p-type oxides such as Nao.ssCoO- have been identified,* whereas successful n-
type materials are holding back the performance of newly developing devices.

Much work concerning the doping of SrTiOs perovskites exists, and some promising n-type
materials have been found.>® The drawback of most metal oxides is that the strong covalent
bonds between oxygen and metal atoms lead to high thermal conductivity, and so there is a
focus to drive down the thermal conductivity to help improve ZT.

One of highest ZT n-type oxide performances published to date is that of Sro.775La0.15TiO3-5
by Lu et al. with a value of 0.41 at 973 K. This is an outstanding value for an n-type oxide
however, this still lags behind the p-type counterparts. The high tolerance factor of
perovskites allows a high degree of doping which can be used to refine properties, and
therefore make it an attractive structural starting point.

Several doping strategies have been implemented using rare earths do to their large masses
affording a large degree phonon scattering due to lattice distortion. Y, La Sm, Gd, Dy have
all been shown to reduce the thermal conductivity of SrTiOs.3 A study which has not yet been
shown is the doping of LST with europium. Eu®* is a smaller, heavier ion which will replace
the Sr?* jon and create mass fluctuation to induce phonon scattering and reduce the thermal
conductivity. The europium should also act as a donor dopant, like the La®* ion, which is
compensated by A-site vacancies which make oxygen loss easier during the reduction stage,
according to Akin et al..’
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4.3 Results and Discussion

4.3.1 Calcination

Seven compositions of the series Lao.1s-xEuxSro77sTiO3 (LEST) were synthesised using the

ionic liquid method. The composition x = 0.0 was identical to that made by Lu et al., save for
the synthesis method, which allowed for the direct comparison between this work and their
published works. Increasing amounts of europium were added until the lanthanum was fully
replaced by europium. The compensation mechanism for La®" is given in Equation 4.1, and it

was predicted that Eu* would also occupy the A-site and undergo the same compensation
mechanism as shown by Muta et al.X° The compositions synthesised are listed in the Table

4.1 and hereafter referred to by their identifying x value.

Srg - Lag, + e’ Eqn. 4.1

Table 4.1 List of LEST compositions synthesised

Identifier

Composition

x=0.0

Lao.15Sro.775 T103

X =0.025

Lao.125EU0.0255r0.775 TIO3

X =0.05

Lao.10EU0.05Sr0.775 TiO3

X =0.075

Lao.075EU0.075Sr0.775 TIO3

x=0.10

Lao.osEU0.1Sr0.775 TIO3

X =0.125

Lao.025EU0.125Sr0.775 TiO3

x=0.15

EUo0.15Sr0.775 TiO3

Figure 4.1 shows the XRD analysis of the calcined powders. All of the synthesised
compositions, except for x = 0.125 and 0.15, readily formed a pure cubic perovskite phase

after calcining at 800 °C for 2 hr.
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Figure 4.1 XRD of calcined powders from ionic liquid synthesis.

Figure 4.2 shows the lattice parameter of the calcined powders determined using Rietveld
refinements from XRD analysis. For the sake of experimental efficiency, refinements of the
composition x = 0.075 were not undertaken, as the trends were already becoming clear from
the other compositions. Figure 4.2 shows a decrease in lattice parameter with increasing
europium content for the first four compositions. Eu®* is a smaller ion (ionic radii 1.12 A
CN9, CN in this structure is 12 but not available in the Shannon tables) than La%* (ionic radii
1.216 A CN9, 1.36 A CN12) so this is in line with Vegard’s Law.1!?
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Figure 4.2 Lattice parameters of the calcined LEST samples determined by reitveld
refinement of XRD analysis. Solid red line is the trend determined for the first four values
and the dotted extension is the extrapolation to x = 0.15.

A trend line was inserted in Figure 4.2 which was calculated from the average lattice
parameters of compositions x =0 - 0.1, excluding x = 0.125 and 0.15 as these appeared to
deviate from the trend set by the other four samples and contained a second pyrochlore phase.
The R? value of the line was 0.99 - this gives an indication of the trend lines fit to the data,
and in this case shows that the line fits the data reasonably well though does not fully express
the variability of the data, in which case the R? would be 1.

4.3.1.1 Impurities in Eu Rich Compositions

The perovskite phases in compositions x = 0.125 and 0.15 showed larger lattice parameters
than predicted by the trend shown for the rest of the samples and contained an additional
pyrochlore phase (Eu2Ti207), which is a common impurity found when synthesising titanates
where large amounts of 3+ ions (such as La®*") replace the Sr?*.212 The cause of this will be
discussed in this section.

The tolerance factor is a representation of the stability of the cubic perovskite. SrTiOz is an
ideal cubic perovskite and the tolerance factor is 1, indicating that there is not distortion in
the octahedra because atoms fit well into their designated positions on the A and B site.

ra+ro

L= Fepiro)

Eqgn. 4.2

The equation for the tolerance factor, t, is given in Equation 4.2 for a perovskite with formula
ABOj3 where r is the ionic radii of the constituent elements.!* The relevant ionic radii are
given in Table 4.2 which were used to calculate the tolerance factors in Table 4.3 which are
shown graphically in Figure 4.3. Adding La SrTiOsto form the x = 0.0 compositions reduced
the tolerance factor to 0.9593. This composition still forms the cubic perovskite phase as
shown in by XRD in Figure 4.1 so this amount of strain can be accommodated in the cubic
perovskite.

Table 4.2 lonic radii of elements in Dy doped BaTiOs and Eu doped SrTiOs.1!

Element lonic Radii / A
Ti* 0.605
Sre* 1.44
Eus* 1.12
Lad* 1.36
0% 1.40
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Table 4.3 Tolerance factors for each composition calculated using Equation 4.2
and ionic radii from Table 4.2.

Identifier Tolerance
Factor

x=0.0 0.9593

X =0.025 0.9572

x =0.05 0.9550

X =0.075 0.9529

x=0.10 0.9508

x =0.125 0.9487

x =0.15 0.9466

SrTiO3 1.0016

As more Eu is added the tolerance factor decreases further away from 1 until x = 0.15 which
has a tolerance factor of 0.9466. This could be the reason why the Eu rich compositions x =
0.125 and 0.15 do not form a single phase cubic perovskite and instead a pyrochlore appears
as a second phase to accommodate the large strain.
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Figure 4.3 Tolerance factors from Table 4.2 calculated from equation 4.2 using
the ionic radii in Table 4.2.

According to the trend line in Figure 4.2, the lattice parameter of the calcined x = 0.15
matches that of something closer to x = 0.1251 (calculated using the slope and intercept given
on the graph) leaving 0.0249 Eu to occupy the pyrochlore. This could be the solubility limit
at that temperature, though is contradicted by the increased lattice parameter also seen in
composition 6. If this was a solubility limit then then the lattice parameter would level off at
the maximum saturation of Eu and increasing quantities of the perovskite would be seen in
compositions x = 0.125 and 0.15. The data in Figure 4.2 could be seen in two ways.

First, the error bars of x = 0.10, 0.125 and 0.15 do overlap and so this could be a levelling off
of the lattice parameter indicating of a solution limit of Eu in the LST somewhere in the
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vicinity of x = 0.11. Alternatively, the compositions x = 0.125 and 0.15 could be viewed as
showing a systematic upshift in the lattice parameters compared to the trend line calculated
from the other samples. This could be due to the formation of a consistent level of
pyrochlore, confirmed by the intensities in the XRD and Rietveld which calculate this to be
between 0.08 and 0.26 %. Once again the the lattice parameter of x = 0.125 was used to
calculate the Eu content (apparent x value) of the perovskite using the equation from the
trend line. This gave a value of 0.0951 meaning that 0.0299 of Eu remained to occupy some
other space, possibly pyrochlore. This is a very similar value to the Eu remaining to form the
pyrochlore in x = 0.15 (0.0249) which seems to confirm the consistent upshift idea. The
reason for this consistent level of pyrochlore formation is unknown, perhaps the solubility
limit is around x = 0.11 and it is more thermodynamically stable to form more of the
pyrochlore and create a lower strain perovskite (one were the tolerance factor is closer to 1).

4.3.1.2 Eu Occupancy Debate

Freeman et al. published work on rare earth doped BaTiOs.s for MLCCs in which they
showed that mid-size rare earths such as Dy dope onto both the A-site and the B-site in
BaTiOs.® Eu is close to Dy in the periodic table, so their ionic radii are similar and
comparisons can be made between that of Freeman et al. and this work. It is possible that Eu
could be occupying the A and B sites in SrTiOz like in BaTiOz. This comes down to the
relative size of the dopant ion and the ions in the parent structure.

Table 4.4 shows the ionic radii of the elements in both these structures. In BaTiOs the ionic
radii of Dy is much more evenly situated between the ionic radii of Ba and Ti and so is likely
to be able to occupy both, though does not fit well into either site. Whereas, in SrTiOz the
ionic radius of Eu is similar in size to the size of Sr, and so most likely to occupy the A-site.
If the Eu did occupy both sites, then this would lead to self-compensation rather than A-site
defect formation. Eu on the B-site would also expand the lattice parameter as it is much
larger than Ti**. The lattice parameter in fact decreased as the Eu content increases for x =
0.0, 0.025, 0.05 and 0.1. The lattice parameter, however, does increase for x = 0.125 and 0.15
but the Eu is atleast in part accounted for by the presence of pyrcholore.

Table 4.4 lonic Radii of atoms present in Dy doped BaTiOz and Eu doped SrTiOa.

Element lonic Radii
Ba?* 1.61
Dy3* 1.083
Ti* 0.605
Sr¥t 1.44
Eu®* 1.12
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4.3.2 Sintering

Before sintering all powders were water filtered as described in the chapter ‘Characterisation
of LSTO’ before sintering. This decision was taken to remove what impurities could be
removed in order to reduce any influence this impurity may have on the sintering and focus
on the composition itself. The pyrochlore and perovskites are not water soluble so would not
be dissolved. The effect of the water filtration is shown and discussed in section
‘Characterisation of Ionic Liquid Synthesised LST’.

After ionic liquid synthesis, powders were pressed into pellets and sintered in a reducing
atmosphere to increase electrical conductivity, generated by oxygen loss, demonstrated for
simplicity in SrTiO in Equation 4.3. The electrons from Equation 4.3 reduce the Ti*" to Ti*
according to Equation 4.4.

SrC0; + Ti0, — Sr& + Ti¥ + (3 — 8)0% +§ 0,(g) + 8Vg* +28¢’ + CO,(g) Eqn. 4.3 1617

Ti** + e’ - Ti3* Eqn. 4.4

In other works, studying the reduction of rare earth doped strontium titantates several
different reduction conditions have been used; Lu et al. sintered at 1500 °C for 6 h in 5% H,-
N2, Kovalevsky et al. sintered at 1500 °C for 10 h in 10% H2 /N2, Liu et al. sintered 1450 °C
for 6 h in 5% Ha /Ar and Azough et al. used 1460 °C for 4 h in 5% Hy /Ar, 15818

In this study, 1325 °C for 8 h in 5%H2/N2 was used as this was the highest temperature
available to sinter the required dimension of sample and the available hydrogen nitrogen
mixed gas. Higher temperatures would likely result in a larger degree of reduction as oxygen
loss is a thermally activated process however, for the purpose of observing the behaviour of
this compositional series, importance was put on consistency in the sintering conditions
used.>*® Figure 4.4 shows the XRD spectra of the reduce sintered compositional series.
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Figure 4.4 XRD of pellets after sintering at 1325 °C for 8h in 5%H2/95%N..

The x = 0.15 composition was converted to a single phase cubic perovskite after sintering at
1325 °C but x = 0.125 was not. This indicates that composition x = 0.125 may be above the
solute limit up to 1325 °C. In order to form a single phase x = 0.15 may convert Eu®* to Eu?*,
in which case A-site vacancies do not form. A large amount of energy would be required to
reduce the Eu species which could be provided during the 1325 °C sintering stage. Future
work could prove or disprove this with XPS.

After sintering in a reducing atmosphere all XRD peaks were noticeably narrower, indicating
an increase in grain size (Figure 4.4). This is also confirmed by SEM images in Figure 4.5.
The lattice parameters of each composition are shown in Figure 4.6 and generally increased
after sintering, coinciding with the reduction of Ti** (0.745 A CNB®) to the larger Ti* species
(0.81 A CNG6).1 This increase did not appear to be systematic like the effect of increasing Eu
content, indicating that there was inconsistency in the conversion of Ti** to Ti®".

138



Figure 4.5 SEM of compositions x = 0.0, 0.025, 0.05, 0.1 and 0.15 after reduce sintering at
1325 °c for 8 h compared to an SEM of x = 0.0 calcined powder.
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Figure 4.6 Lattice parameters determined using reitveld refinement on the calcined powders
and reduce sintered pellets.

A widening in the gap between calcined and reduced lattice parameters emerged for the Eu
rich samples, indicating that the compositions may have different propensity to become
reduced. In work published by Akin et al. they proposed that oxygen loss was aided by A-site
vacancies which allowed space for the oxygen to move and escape from the lattice.® In the
case of this work the A-site vacancy level should remain consistent therefore, it is unlikely
that more A-site vacancies are causing this increase in oxygen loss. The exception for this
would be the case of x = 0.15 where it was postulated that the Eu species may be in the 2+
oxidation state and therefore not induce any A-site vacancies. This would go against the
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theory proposed by Akin et al. and wouldn’t explain the same effect seen in the x =0.125
composition.

It was also shown by Yang et al. that inhomogeneity in the sodium content of bismuth
titanate led to areas of large grain size where sodium was rich and much smaller grains of
sodium low sodium content, indicating that the acceptor dopant, sodium, affected the rate of
diffusion.?® Looking at SEM images of the compositions in Figure 4.4, there does not seem to
be an obvious increase in grain size with Eu content, which would be seen if the Eu content
was having a large effect on the diffusion rate within the material. So the idea of increased
diffusion caused by Eu can be ruled out.

To understand how oxygen loss can be encouraged, consider the crystal structure shown in
Figure 4.7. Within the cubic perovskite there is mixed bonding, the titanium and oxygen form
a covalently bonded octahedral with Ti in the centre coordinated to A-site ions with ionic
bonds. The oxygen atoms are coordinated by four ionic bonds to the A-site atoms (Sr?*, Eu®*
or La®*") and two covalent bonds with B site atoms (Ti*"). Changing the A-site ion changes
the local bonding environment of the oxygen atoms.

Sr, La or Eu

Figure 4.7 Schematic of (Sr,Eu,La)TiOz cubic perovskite.

Strong ionic bonds are formed between species which have a large difference in
electronegativity. If a comparatively more electronegative ion, such as Eu®* compared to
La%*, occupies the A-site, this would reduce the strength of the ionic bond with oxygen.
Assuming this has no effect on the Ti-O bond strength, then this could mean that the oxygen
can more easily break its bonds to A-site ions and slip out of the structure. Therefore,
increasing Eu content could make reduction easier.

There are certainly complex mechanisms occurring in this compositional series which
intensify as Eu content increases. Speculations have been made about the compensation and
site occupancy of the materials though none can be confirmed without other techniques. The
thermal and electrical properties may give weight to some the postulated theories.

4.3.3 Thermoelectric Properties

4.3.3.1 Thermal Conductivity

Thermal conductivity measurements were made using the Laser Flash technique to determine
the diffusivity, D, combined with the density, p, using the Archimedes method and specific
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heat capacity, c,, derived suing the Neumann-Kopp method. These were combine according
to Equation 4.5.

k=D.c,.p Eqn. 45

Demonstrated in Figure 4.8 the thermal conductivity of the parent phase, Lag.15Sr0.775TiOs3,
showed the same general trend of decreasing thermal conductivity with increasing
temperature as was shown by Lu et al., though the gradient was less severe.! The thermal
conductivity decreases as the level of lattice vibrations increase which cause scattering of
phonons. The less severe gradient could be due to the method in which the specific heat
capacity was determined: because Lu et al. used the laser flash reference comparison method
rather than the Neumann-Kopp model used in this work.!
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Figure 4.8 Thermal conductivity vs. temperature of reduced sintered pellets from this work
and that of Lag.15Sro.775TiOs.s from Lu et al. (Lu x =0.00).

Over all of the compositions made, x = 0.0 showed the largest thermal conductivity between
25— 700 °C. Small additions of Eu, up to x=0.05, did little to affect the thermal conductivity,
as can be seen by the clustering of the x = 0.0 to 0.05 samples. When the Eu content reached
0.10, the thermal conductivity reduced. Figure 4.9 shows the thermal conductivity of each
composition at 700 °C which makes this trend clearer - 700°C was chosen as it is the

141



temperature Lu et al. quoted their values and found the highest ZT and within the expected
operating temperature range for this material.
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Figure 4.9 Thermal conductivity of x = 0.0, 0.025, 0.05, 0.1 and 0.15 at 700 °C.

It is clear from Figure 4.9 that there is little statistical difference between the thermal
conductivity of compositions x = 0.0, 0.025 and 0.05 as their error bars largely overlap. Large
error bars are not an unexpected feature of this data as Boston et al. showed that thermal
conductivity contains a significant amount of error compounded from diffusivity and density
measurements. In their study the diffusivity alone showed a 17 % scatter between
laboratories.?!

Despite the large errors, it can be seen that the addition of Eu did reduced the thermal
conductivity when present at > 10 at. %. The thermal conductivity was lowest when the Eu
had fully replaced the La. Importantly, the thermal conductivity was not minimised when all
three elements La, Sr and Eu were present, which was what was postulated to induce a low
thermal conductivity in the first instance. To understand this, consider the relative ionic sizes
and atomic weights given in Table 4.5.

Table 4.5 lonic mass and radii of A-site atoms in (La,Eu,Sr)TiOs.1

Element lonic Radii | Atomic Mass
Sr 1.31 87.62
La 1.216 138.91
Eu 1.12 151.96

From this information it can be seen that Eu has the greatest size and mass difference
between itself and the Sr, so any effect that the lanthanum creates in terms of atomic mass/
size fluctuations will be accentuated for Eu, therefore having a greater effect at reducing the
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thermal conductivity than the La - so in fact is more effective at reducing the thermal
conductivity than La.

The thermal conductivity is an important contributor to the ZT but the material must also be
an excellent conductor of electricity and possess a high Seebeck coefficient. This can be
quantified by the Power Factor. Adding Eu reduced the thermal conductivity but what are the
effects on the Power Factor of the material. These properties are explored in the next section.

4.3.3.2 Electronic Properties

Figure 4.10 shows the electrical conductivity (c) and the Seebeck coefficient (S) which
combine to make the power factor according to Equation 4.6.

Power factor = S’c  Eqn. 4.6

800 - " —u—x=0.10 0
» N x=0.10

700 / .\_ x=0.05 i
- P x=005 50
E s .-
© 600 x=00 ot
2 —m—x =0.025 -100 "
> - —m—x=0.00 | & Ry
5 500 1 _ "~ \. Cmx-00 | S g i—= - —
& / ~ . S-1501 & B ] i-—.b%"\-
3 400 / W I Ny e % 5\_\- —
= 8 P B N ] r—
Q ] L, -200 A =
8 » 5 \.\. 2 I
3007 w / S ~~u 5] ~m_ T
g g (] L O
o = ~ ~= L _o—n
£ 200 / B -250 ~ !
o ™ ./._.“-l-\_. -\l I
- T i 300 T

100 &-= P—p—n :

0 _—_—e -_— ™ = T B T T -350 T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

1400

1200 +

-

(=]

(=]

o
1

800

600

400

Power Factor (WW/mK?)

200 4

2l
0 -

. g —a——"
T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Figure 4.10 Electric conductivity, Seebeck coefficient and power factor of individual samples
of x =0 - 0.15. Individual sample data is shown to demonstrate the large variations between
samples. Error bars shown are those of the instrument.
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In these graphs the data from individual samples is shown as there was a large variation in
some of the measured electrical conductivity of samples with the same composition, and so
an average would not be an accurate representation of this data. This effect was particularly
prominent for samples of x = 0.0 and x = 0.05. Ideally a third measurement would be taken to
determine an outlier but this was not possible due to time limitations. Because of this, for
these two compositions only, one of the samples whose lattice parameter most closely
matched the average lattice parameter of the reduced composition, shown in Figure 4.6, was
used as a representative measurement. The other compositions electrical conductivities were
averaged. This data is shown in Figure 4.11. Figure 4.12 shows which data for x = 0.0 and
0.05 was not selected (blue stars) and which sample was selected (red triangle).
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Figure 4.11 Electrical conductivity, Seebeck coefficient and power factor of representative
sample or averaged values.
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Figure 4.12 Lattice parameters measured for all sintered compositions. For x = 0.0 and
0.025 the blue stars are the lattice parameters for the electrical data disregarded and the red
triangles are the carried forward data in Figure 4.11.

4.3.3.2.1 General Trend in Electrical Conductivity as a Function of Temperature

In general, the electrical conductivities across the series showed an initial increasing from
room temperature to a point around 200 °C, before reducing with temperature up to 600 °C.
The largest electrical conductivity was shown in x = 0.0, which peaked at 800 S/cm at 200
°C. This was much lower than the maximum value observed by Lu et al. who reported an
electrical conductivity of ~ 2500 S/cm at 200 °C for Lao.15Sro775TiOs-s.1 Muta et al. also
reported a much larger maximum value of 1420 S/cm at 200 °C for a similar composition,
Sroglao.1TiOs.5.1°

In the case of Lu et al., data below 200 °C was not reported so it is not possible to see the
trend below 200 °C. In the work of Muta et al. the electrical conductivity below 200 °C was
reported and, unlike in this work, the electrical conductivity decreased from a maximum at 25
°C as the temperature increased up to 700 °C. 1° This data did not show the same rise and fall
in the electrical conductivity as is shown in the ionic liquid synthesised compositions in this
work. At higher temperatures (> 400 °C) the electrical conductivity of ionic liquid
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synthesised LST became more in line with the work of Muta et al., as shown in Figure 4.13,
though still remains lower than that reported by Lu et al. 1°
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Figure 4.13 Comparing the electrical conductivity of x = 0.0 in this work with that published
by Muta et al. for Sroglao.1TiOs.s and Lu et al. for Lao.155r0.775TiO3-5.

This data looks very similar to that modelled by Cao et al. of oxygen deficient strontium
titanate grains with resistive grain boundaries, Figure 4.14.? Cao et al. modelled five cases of
STO with different levels of band offset (AEo) between grain and grain boundaries, which
correspond to a potential barrier at grain boundaries caused by a lesser concentration of
oxygen vacancies at grain boundaries. In this work the electrical conductivity of the ionic
liquid synthesised LST matches most closely the trend of the largest band offset of 80 meV.
This suggests that the ionic liquid synthesised material has highly resistive grain boundaries
which is reducing the electrical conductivity at low temperatures.
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Figure 4.14 Modelled electrical conductivity temperature dependence of SrTiOz using a two
phase model (grain and grain boundary) with different band offset values (AEo).?
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Figure 4.15 Electrical conductivity behaviour with temperature for single crystal and
polycrystalline Lao.o03Sro.097TiO3.5 normalised for charge carrier density, n, and elementary
charge, .1

This behaviour in the electrical conductivity as a function of temperature was also confirmed
by Moos et al. who found for a polycrystalline Sro.g97 Lao.0o3TiO3 the electrical conductivity
below 127 °C increased in temperature, peaked, then began to reduce with temperature up to
727 °C. On the other hand, the electrical conductivity of a single crystal of the same
composition with a constant number of charge carrier was much higher at low temperatures
and consistently decreased with temperature. They stated that this was due to acceptor states
at grain boundaries which ‘trap’ conduction electrons and reduce the electrical conductivity
of polycrystalline material at low temperatures.*®

This effect likely explains the electrical conductivity of the ionic liquid synthesised LST,
indicating that grain boundaries are highly resistive and reduce the electrical conductivity.
Two distinctly resistive regions, bulk and grain boundary, would likely be detectable using
impedance measurements, this was not performed in this work but would be an interesting
study for future work. This effect was not observed in the data by Muta et al. and Lu et al.
likely because the grain boundaries were not significantly resistive in these materials and so
show more similar trends to the single crystals.

The presence of resistive grain boundaries in ionic liquid synthesised LST was likely due to
impurities shown in the section ‘Characterising ionic Liquid Synthesised LST’- K, CI, Na,
OH which likely reside in grain boundaries. It is difficult to identify how these elements
come together within the grain boundaries but what is clear is that they are having an effect
on the electrical conductivity. The structure of the grain boundary could be further
investigated in future work using high resolution TEM which would show the level of
crystallinity and dispersion of elements at and near to grain boundaries.

In some cases, grain boundaries can cause an energy filtering effect which prevent low
energy electrons from taking part in conduction, enhancing the Seebeck coefficient.?>2* This
does not seem to be the case in this work as the Seebeck co-efficient remains comparable to
that reported by Lu et al. over the entire temperature range.! This is likely because the grain
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size is too large, filtering effects are said to become most apparent in grain sizes below 50
nm.z

4.3.3.2.2 Electrical Conductivity and Europium Content

With the addition of europium to the bulk composition, the electrical conductivities decreased
further. The lowest electrical conductivity was observed in the sample with most europium, x
= 0.15. Several other samples of the x = 0.15 composition where in fact too resistive to

measure on the Seebeck Analyser and so are not plotted in Figure 4.10. According to the

lattice parameter shown in Figure 4.6, the x = 0.15 composition should have the largest
degree of Ti*" to Ti* conversion which produces the conduction electrons. This would
suggest that the electrical conductivity would be higher than the other compositions, though
in fact the opposite effect is observed. This could be explained by a large degree of electron
scattering by Eu®* as this is a heavier ion than La®*" and Sr?* (see Table 4.5 for exact values),
which also lead to the low thermal conductivity observed in Figures 4.8 and 4.9 for x = 0.15.

Between the x values of 0.0 and 0.15 the electrical conductivity maximum gradually
decreases, with the exception of 0.05 where a higher electrical conductivity was observed
than the x = 0.025 composition - though x = 0.05 and 0.025 become almost indistinguishable
at 600 °C (Figure 4.10). Figure 4.16 shows the trend of electrical conductivity and Seebeck
coefficient with Eu content at 600 °C for all samples measured on the left and the selected

data presented in Figure 4.10 on the right. There is a systematic decrease in the value of

Seebeck coefficient (becoming more negative) with increasing Eu content coupled with a
decrease in electrical conductivity, with the exception of x = 0.05 in the right hand side
graph. As already stated this sample was chosen as a representative sample because the lattice
parameter was closest to the average value but was not repeated. In this sample there was a
relatively large electrical conductivity, which broke the trend of the series and was not
coupled with a reduction in absolute Seebeck coefficient. This could be an outlying result, or
a decoupling of the electrical conductivity and the Seebeck coefficient. This effect was not
observed in the other sample of the same composition, so was most likely a small anomaly.
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Figure 4.16 Seebeck coefficient and electrical conductivity versus Eu content at 600°C for all
the measured samples (left) and the data used in Figure 4.10 (right).

The highest power factor found was 1138 uW/mK? for x = 0.0 at 300 °C closely followed by
1103 pW/mK?2 for x = 0.05 at 300 °C though the x = 0.05 result may be an anomaly. These
values were still not competitive with other rare earth doped STO such as SrooNdo.1TiO3:s5
whose power factor was 1.55 W/mK?2- three orders of magnitude higher than found in this
work.® This was due to the highly resistive grain boundaries already discussed.

The overall figure of merit takes the power factor and divides this by the thermal conductivity
and so these results need to be combined with the previously shown thermal conductivity data
to assess their overall efficiency as thermoelectric materials.

4.3.3 Thermoelectric Figure of Merit

Figure 4.17 shows the figure of merit, ZT, for each composition calculated using the
electronic data, combined with the average thermal conductivity of each composition using
Equation 4.8. In this equation S is the Seebeck coefficient (V/K), o is the electrical
conductivity (S/m), T is the absolute temperature (K) and « is the thermal conductivity
(W/mK).
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Figure 4.17 Figure of merit, ZT, for compositions x = 0.0, 0.025, 0.05, 0.1, 0.15
from 50-600 °C.

The ZT increased with temperature due to the T component of Equation 4.8. Figure 4.18
shows the ZT values at the maximum determined temperature: 600 °C. The Seebeck
coefficient in the ZT equation is squared and so this can have a great effect on the overall ZT.
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Due to the increase in the absolute value of the Seebeck coefficient in x = 0.05, combined
with an equally low thermal conductivity compared to x = 0.0, the composition x = 0.05
showed the largest ZT despite having a slightly lower electrical conductivity than x = 0.0.
This is a perfect illustration of the trade-off required to achieve a high ZT. This result comes
with a large caveat that the electronic data from x = 0.05 was based on one measured value
that did not correspond to the other measured x = 0.05 sample. For comparison the ZT
calculated with the other electronic data measurement is shown in Figure 4.18 by a red star.
This data point falls more in line with the general trend which would suggest it is the most
accurate though this should be confirmed with further measurements.
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Figure 4.18 ZT of each composition at 600 °C.

In all the samples the ZT does not reach the maximum value reported by Lu et al., 0.41 at 700
°C. Despite the data only being measured up to 600 °C it appeared to be forming a plateau,
indicating that the highest value would not reach 0.41 at 700 °C. These results were on the
other hand, comparable to that found by Muta et al. and Kovalevsky et al. for La doped STO,
shown in Table 4.6.

Table 4.6 Published data of La doped STO and this projects data.

Composition ZT | Temp. | Electrical Thermal Seebeck | Source
/°C | conductivity | Conductivity | coefficient
/ Slcm / WmK? / uVK?

- Lu!
Sro.775La0.15T103-5 0.41 | 700 416 2.7 -163 2016
SrosLaoasTiOz 027 | 797 200 3.5 -180 Azzgf%h

. Muta,
SroglaoaTiOs:s 0.20 | 570 350 4.7 -180 900510
Kovale

Sroglao1TiOs:s 0.19 | 800 102 3.5 -246 vsky,

20148
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. This
Sro775La0.15T103-5 0.17 600 287 34 -157 work
Sro.775La0.1EuUposTiO3.5 | 0.20 600 228 3.4 -190 \-:-vr(])lfk
Sro775EU015TiOs5 002 | 600 6 28 201 \TVr(])IrSk

4.4 Conclusion

lonic liquid synthesised LST showed lower electrical conductivity, particularly at low
temperatures, than previously published solid state synthesised LST. This is thought to be due
to impurities detected in the chapter ‘Charactering IL synthesised LST” which remain at the
grain boundaries increasing the resistivity.

Overall the issues caused by the resistive grain boundaries in ionic liquid synthesised LST
and LEST should not cause a significant issue for this material, as thermoelectric oxides are
designed to operate at higher temperatures (~500- 700 °C). One of their key advantages is
thermal stability and the ZT is maximised at high temperatures due to the thermal
conductivity which decreased as temperature is increased. At these temperatures the effect of
the resistive grain boundaries is no longer apparent in the electrical conductivity
measurements and therefore, does not impact maximum ZT. The electrical data collected
showed comparable values to previously reported STO based materials without the resistive
grain boundaries by ~ 400 °C by Muta et al. but not so high as that reported by Lu et
al.(whose data is yet to be shown to be repeatable). 1-1°

In ‘Characterising IL synthesised LST’ impurities were shown to be less abundant in samples
made with a more expensive ionic liquid, where further purification steps are undertaken by
manufacturers, so the grain boundary resistivity could be reduced by making the samples
with the more expensive ionic liquid. However, if the thermoelectric material is to be used
near to 600 °C, then the resistivity of these grain boundaries is overcome by that point,
making the increased investment in a purer IL redundant.

The addition of europium reduced the lattice parameter in calcined and reduced materials.
Adding Eu appeared to reduce the thermal conductivity only when x exceeded a value of
0.05. This also led to reduction of electrical conductivity and an increase in the absolute value
of the Seebeck coefficient. These effects are believed to be caused by increased scattering
due to the large mass of Eu compared to Sr and La.

An improvement in the ZT was shown for x = 0.05 due to an enhanced Seebeck coefficient.
Conclusions are made with the caveat that this is based on one sample which was not
repeated in this work and therefore requires confirmation.

4.5 Future Work

Future work should look to confirm the properties of samples in the range of x =0 and 0.075;
this region seems to show the most potential in terms of improving the ZT of the n-type
thermoelectric material. At least three electronic property measurements should be performed
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to confirm the inherent properties of the composition, which was not possible in this work
due to time and equipment limitations. A greater study could be conducted with smaller
increments of Eu additions in this smaller window to look for a potential ZT maximum.

The specific heat capacity needs to be confirmed using differential scanning calorimetry for
each composition as the values here have been calculated using the Neumann-Kopp model.
This would be expected to make little difference to the overall ZT but the data must be
gathered to confirm this.
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5.0 Cold Sintering
5.1 Aims and Objective

This work shows the foundations of the novel method development which aims to provide a
low temperature sintering solution to incongruently dissolving complex stoichiometry
materials such as La doped, A site deficient SrTiOs. The objective of this work was to
develop a technique in which the small grain size, created by the ionic liquid synthesis
method, could be retained in a dense ceramic after sintering. The advantage of small grain
size being that a large density of grain boundaries should reduce the thermal conductivity and
improve the ZT of the thermoelectric material.»? A high density is required to retain high
electrical conductivity as pores filled with air are poor electrical conductors. As this is a
completely novel method the microstructure of the bulk would be examined to determine the
exact mechanisms of densification, if this could be achieved.

5.2 Introduction

The microstructure of dense ceramics has been shown in section 1.5.2 ‘Applying Grain
Boundary Engineering’, to have a substantial effect on the measured bulk properties, such as
thermal conductivity. The control of microstructure in sintered ceramics is therefore a critical
step in fabricating materials, and which until recently has been limited by the use of high
(>1000 °C) temperatures for solid state sintering.® Sintering in this way relies on
minimisation of the number of grain boundaries, necessarily resulting in grain growth; this is
however at odds with the goal of creating nanostructured but dense ceramics. In 2016,
sintering technologies took a significant step forward with the development of the cold
sintering process.*

Cold sintering is an emergent technique which uses transient solvent phases to supply ions
which can fill voids between grains. These ions are either dissolved from the bulk phase
powder, or can be introduced in the solvent itself. The process requires a small amount of
applied heat and pressure which aids grain compaction and deposition of ions through terrace
ledge kink deposition. In some cases, the reduction in overall sintering temperature can be as
much as 1000 °C, which means that cold sintering is providing a transformative route to
sinter ceramic materials.®

While highly effective for soluble materials, the technique is incompatible for either
sparingly or incongruently soluble materials such as SrTiOs. Adapted routes using more
complex physicochemical routes are therefore now highly sought-after, and are being
investigated on a material-by-material basis. One notable example was reported by Tsuji et
al. who sintered BaTiOz at 300 °C from a nanoparticles of the ceramic and a molten
hydroxide flux consisting of NaOH and KOH. A second example is the Reactive Cold
Sintering process where reactive intermediate phases (strontium chloride and titania
nanopowder) filled the voids between SrTiO3z powders which were then reacted to form the
target phase in a secondary heating step.® A schematic of this process is shown in Figure 5.1.°
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Figure 5.1 Reactive Cold Sintering Process by Boston et al.®

Reactive cold sintering of SrTiOs used an existing low temperature synthesis route to inspire
the choice of infill phase, however the use of highly specific precursor materials e.g.
chlorides is not always possible; as such a more general route was sought to create reactive
in-fill phases which can be used in the reactive cold sintering process.” This inspired the
novel cold sintering technique in which an intermediate of the ionic liquid synthesis method
(demonstrated in Chapter 3) was used to fill voids between the final product of the ionic
liquid synthesis method.

The reaction mechanism of the ionic liquid synthesis of Lao.15Sro.775 TiO3 was shown by
Mottram et al. in which the perovskite forms from a largely amorphous intermediate mixture
of precursor ions.® This provides an opportunity to create an amorphous infill which
surrounds the crystalline matrix which can be transformed into a dense ceramics body upon
annealing at ~600 °C. Unlike the crystalline matrix, which is a brittle ceramic, an amorphous
infill should be able to deform to fit around the matrix powder to create a dense body when
pressure and temperature are applied. A schematic of how this process should work is shown
in Figure 5.2. This chapter focusses on the development of this method to create a dense
ceramic body at low temperatures (<1000 °C). Though the larger goal would be to increase
the electrical conductivity by reducing the materials oxygen content, this aspect was excluded
from the beginning of the method development to simplify the process and focus on
achieving a dense ceramic using this novel cold sintering technique.

b) ¢

La, 581 775TiO; grains

Cold Sintered Pellet StTiO; Ceramic
Annealed at 800 °C 2h
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Figure 5.2 a) SEM micrograph of the fully calcined LSTO from the ionic liquid process, b)
cold sintered LSTO powder (matrix) with amorphous powder from ionic liquid process
(infill) c) infill transformed into crystalline LSTO by annealing at 800 °C.

5.3 Results and Discussion

5.3.1 Creating the Infill

To create a dense ceramic body at low temperatures the infill needs to fill the gaps between
grains and aid mass transport as much as possible. This is because the high temperatures
which promote mass transport and grain growth used in the conventional solid state sintering
process, are not available in the cold sintering process.

In this work the infill used was a partially calcined product of the ionic liquid synthesis. This
was formed by firing the ionic liquid and precursor mix in air at a temperature below the
point at which the cubic perovskite phase fully forms. The point at which the cubic perovskite
forms in the ionic liquid synthesis route was previously identified from Simultaneous
Differential Scanning Calorimetry and Thermal Gravimetric Analysis (SDT) and XRD
undertaken by Mottram et al. The temperature difference vs. temperature graph produced by
Mottram et al. was replicated in this study, Figure 5.3.8 The peaks indicated by the black box
in Figure 5.3 shows the transformation from intermediate phases into the cubic perovskite,
which begins ~ 500 °C and is complete by ~ 600 °C, agreeing with the work by Mottram et
al®

The aim was to create an amorphous infill powder which would crystallise into LST upon
annealing, like in the case of the Reactive Cold Sintering, therefore the infill had to be fired
to below the onset of the LST transformation. To select the infill firing temperature, several
points were chosen just below onset of the cubic perovskite formation peak (~500 °C). A
secondary reason for choosing firing temperatures just below the onset of the LST peak, was
that the SDT showed a large degree of mass loss (~ 80%) occurred between room
temperature and 300 °C. If the infill was fired below 300 °C, a large amount of mass loss
would occur in the annealing stage, likely resulting in a low density pellet as most of the
volume contraction was expected to occur during the cold sintering stage, therefore mass loss
would decrease the density. To avoid this a lower limit of 300 °C was considered to fire the
infill. The yellow band in Figure 5.3 shows the selected firing window, and six infill samples
were prepared by firing between these temperatures: 300, 350, 375, 400, 420 and 450 °C.
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Figure 5.3 SDT of the ionic liquid with metallic precursors strontium acetate, lanthanum
acetate and titanium isopropoxide.

Figure 5.4 shows the XRD analysis of these infills, in which all the XRD patterns have been
normalised to the same value. The XRD describes powders whose crystallinity are all
relatively low, evidenced by the ratio of background variation to peak heights. XRD is only
able to diffract from crystalline substances, so if a sample of powder is of low crystallinity
the peak intensities will be low, the background noise is a consistent and unavoidable
characteristic from the machine which is normally very small compared to the peaks in a
crystalline substance.
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Figure 5.4 XRD analysis of infills fired between 300 and 450 °C for 2 hr.

At the lowest temperature, 300 °C, La202(COs3), La and Sr hydroxides are present. Small
quantities of La and Sr form chlorides, carbonates and hydroxides and a small amount of
anatase is detectable at 375 °C. At an increased temperature of 375 °C, these phases reduce in
intensity, giving way to a majority of SrCl,.6H.0 which is formed from Sr ions of Sr acetate
and the Cl impurity from the ionic liquid. By 400 °C the chloride hydrate phase is no longer
detectable and is replaced by SrCOs as well as the emergence of a broad hump at ~ 30 ©,
which is a feature in amorphous materials such as glass.® At 450 °C the (110) peak of the LST
phase begins to emerge. The background noise in the XRD patterns seems to increase
steadily as the firing temperature increases with the exception of the 375 °C sample, this
indicated a decrease in the crystallinity of the samples, except for the 375 °C sample. This
could be an outlying result and would need to be repeated to confirm this. Alternatively, this
temperature could provide the ideal conditions to crystallise a large amount of SrCl,.6H>O
which is not seen in the other samples.

XRD analysis of the powder at different stages of the ionic liquid synthesis was also
performed by Mottram et al., and is shown in Figure 5.5 (black lines). These were taken at
much larger temperature steps than in this work, though where equivalent temperatures were
used this works XRD patterns have been overlaid in Figure 5.5 (red lines). The spectra
generally agree at 400 °C, both are dominated by SrCOs, though Mottram et al. also detected
anatase. The lower temperature, 300°C, tells a different story; Mottram et al. observe a
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significant amount of anatase which is not visible in the XRD of this work, instead there is a
La203(CO3) phase.

O Anatase
0 SrCO;
e [ ST
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Figure 5.5 XRD analysis of powders at different stages of the ionic liquid synthesis of LST by
Mottram et al.® The red lines are XRD patterns taken from Figure 5.4 which are overlaid in
cases where the firing temperatures in both studies where examined: 300 °C and 400 °C.

From the information provided by the XRD, the 420 °C sample appeared to be the leading
choice of infill firing temperature as this fulfilled the previously set out criteria: remaining
below the point of the LST phase formation and had been taken to a high enough temperature
to lose the majority of mass associated with the calcination. To confirm this SEM was
undertaken on the infills fired at and around this temperature, which are shown in Figure 5.6.
Figures 5.6a and 5.6b present a very similar appearance under SEM with particle sizes of
~1um, though their XRD analysis (Figure 5.4) show that significant reduction in the intensity
of SrCl2.6H20 peaks between these two temperatures. Whatever is occurring in the chemical
reaction does not appear to be affecting the microstructure.

The difference between samples fired at 400 and 420 °C in SEM is much more apparent. The
1um diameter particles in the sample fired at 400 °C give way to clusters of much smaller
diameter particles. The only change in the XRD patterns was the reduction in intensity of
SrCOs and SrCl,.6H20 peaks — there is no emergence of new peaks which could be attributed
to these smaller particles. This would suggest that these new particles are something
amorphous which does not appear under XRD analysis. Increasing the firing temperature to
450 °C shows minimal microstructural changes, though some coagulation between the
particle clusters appears which makes their outlines less apparent. The XRD patterns (Figure
5.4) showed the emergence of LST peaks at this temperature.

Through the combination of XRD and SEM analysis the firing temperature 420 °C was
chosen. At this temperature very small particles of an amorphous phase are present; the large
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surface area increases the reactivity of the particles. Furthermore, the amorphous nature
should decrease the mechanical strength of the infill and allow it to be broken down and fit
between the gaps of the matrix particles.

Figure 5.6 SE SEM micrographs of infills fired at a)375 °C, b) 400 °C, c) 420 °C and
d) 450 °C for 2 h in air.

5.3.2 Combining Matrix and Infill

Figures 5.7a and 5.7b show the SE SEM micrographs of the matrix and the infill powders
respectively which had both been hand ground using a pestle and mortar. The matrix forms
large agglomerates ~70 um made up of small grains in the region of 200 nm diameter (Figure
5.8a and c). The infill did not appear to form agglomerates but clumped together in one body,
Figure 5.7b, though the particle size was very similar to the matrix, Figure 5.8b and d.
Without seeing their macrostructure, the infill and the matrix appear very similar. The only
real difference between them would be their level of crystallinity, which is not
distinguishable in SEM.

160



a) Matrix

Figure 5.8 SEM micrographs of the matrix and the infill at greater magnifications.
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Figure 5.9a and 5.9b show the combination of 30% infill with 70% matrix phase which had
been hand ground together with water. The larger particles of the matrix are surrounded by
the infill phase; this is particularly prominent in Figure 5.9b where the infill appears to be
gluing the large matrix particles together.

Figure 5.9 30 wt.% infill combined with 70 wt.% matrix which has been hand ground with
water.

5.3.3 Pressed and Annealed Control Pellet

In order to decouple effects occurring during Cold Sintering Process (which is defined by the
local hydrothermal conditions introduced by the transient solvent) dry matrix and infill
powders were combined and subjected to pressing and annealing. This was done to observe
the density of the pellet without any of the Cold Sintering Process densifications mechanisms,
which come with adding a solvent and applying temperatures between RT and 300°C and to
see if adding the solvent was in fact needed. The mixture was hand ground and pressed at 355
MPa, without the use of a solvent or applied temperature. This pellet was annealed at 800 °C
for 2 h to complete the transformation of the infill into the cubic perovskite LST. The SEM
micrographs of a ground and polished surface are shown in Figure 5.10 and the measured
density was 46 % of the theoretical density, though was mechanically stable.
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Figure 5.10 SE SEM micrographs of pellet pressed at 355 MPa, using no solvent or
temperature, then removed from the die and annealed at 800 °C for 2 h.

The high degree of porosity shown in the samples surface agrees with the low density (46%)
measured. Figure 5.10b shows the pores which ranged between 1 and 10 um. Figure 5.10c
shows small (~200 nm) rounded particles and longer rod-like particles, the rounded particles
are LST and the rod-like particles are an impurity phase believed to be caused by the
polishing process, as these do not feature in un touched fracture surface samples (Figure
5.11). The rod-like features will be discussed in further detail within the section ‘Surface
Impurities’. This experiment shows that by using only the infill and pressure, a high density
pellet is not achieved. The next step is to add temperature and a solvent to induce local
hydrothermal conditions and observe their effect on densification.
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Figure 5.11 fracture surface SE SEM of cold sintered annealed pellet which does not contain
rod-like particles in contrast to Figure 5.10.

5.3.4 Cold Sintering

As this was a novel method, the parameters with which to cold sinter had to be determined.
The initial cold sintering parameters were based on those used by Boston et al. (750 MPa,
held for ten minutes at RT then 180 °C for 1 h) who performed reactive cold sintering of
SrTiOs and Guo et al. (430 MPa held for 10 minutes at RT then 180 °C for 1-3 h) who
performed hydrothermally assisted cold sintering technique for BaTiO3.51° These parameters
achieved high densities in SrTiOz and BaTiOs, which are chemically and structurally similar
to the composition Lao.1sSro.775 TiO3 used in this work, though it was unclear how similar the
underlying mechanisms of this novel approach were to these other methods initially. 51°
Furthermore, an overarching goal of this work is to keep the temperature and applied pressure
as low as possible, to reduce the embodied energy of the ceramic, this meant that the initial
parameters aired on the lower side of Boston and Guo et al.

The initial protocol was as follows: 30 wt.% infill was combined with 70 wt.% matrix to form
a total of 0.7g of powder. The total mass of powder was roughly the amount which would fit
in the cylindrical die used for cold sintering. 30 wt.% was chosen because the green body
density of a well pressed ceramic pellet is around 60 % and so the aim was to sparingly fill
these gaps with the infill.}! 700 pl of water was added to this mixture and hand ground for
~15 minutes until the powder was free flowing. This was placed into a cylindrical die (12.7
mm diameter), using pre-cut parchment disk to line the bottom and top plungers, which
reduced adhesion to the die itself, aiding removal from the die. This was pressed at 355 MPa
(4.5 T) for ten minutes at room temperature to allow for particle rearrangement which caused
the pressure to drop. Additional load was then applied to increase the pressure back to 355
MPa before the temperature was increased to 160 °C. This temperature was held for 1 h, then
cooled with the assistance of a fan for half an hour before the pressure was released. The
typical temperature of the die when the pellet was removed from the die was < 50 °C. The
pellet was then annealed in air at 800 °C for 2 h, as per the calcination protocol of matrix
powder. The parchment was left on for the annealing process as it became fused to the pellet
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after cold sintering and was impossible to remove. The parchment combusted in the
annealing step and could be brushed off the surface afterwards.

Figure 5.12 shows the XRD of the mixed powders before annealing, and of the pellet after
cold sintering and annealing. When combined with the matrix, the 30 % infill is virtually
undetectable in the XRD analysis due to the lack of crystallinity, leading to low intensity
peaks. The only way to confirm the reaction to form LST had taken place was the change in
colour of the pellet from a grey/brown colour to a pure white after annealing.

Cold S‘invtered Annealed
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Figure 5.12 XRD analysis of cold sintered pellet (30% infill) before annealing and the cold
sintered pellet post annealing at 800 °C for 2h.

The Full Width Half Maxima (FWHM) of seven peaks from the pre annealed and annealed
XRD patterns were calculated to observe any evidence of crystallite growth, these are shown
in Table 5.1 and plotted in Figure 5.13. The graphical determination of these values can be
found in Chapter 5 Appendix Figures 5.A1 and 5.A2. Peak broadening in XRD is an effect
caused by increasing degree of scattering from a decrease in crystallite size. Table 5.1 shows
the results of the Scherer analysis, there is no statistical difference between the two crystallite
sizes as both averages are within the standard deviations of each other. This indicates no
significant level of crystallite growth.

Table 5.1 Results from Scherer analysis

Bragg angle | Bragg Angle FWHM FWHM Crystallite size

Sample (29) (Radians) (degrees) (radians) /nm
32.5 0.284 0.267 0.00466 31.0
Annealed 40.1 0.350 0.280 0.00489 30.2
Pellet 46.5 0.406 0.323 0.00563 26.8
57.8 0.504 0.376 0.00657 24.1
67.9 0.593 0.443 0.00774 21.6
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77.2 0.674 0.490 0.00855 20.8
95.1 0.830 0.650 0.01134 18.1
Average 29.3
Standard
dev. 1.8
32.3 0.282 0.251 0.00438 33.0
39.7 0.346 0.283 0.00494 29.9
46.2 0.403 0.318 0.00555 27.2
57.7 0.504 0.360 0.00628 25.2
Pre annealed 67.7 0.591 0.445 0.00777 215
pellet 77.0 0.672 0.494 0.00863 20.6
95.1 0.830 0.657 0.01147 17.9
Average 30.0
Standard
dev. 2.4
35+
g
5301 [ *
825
5
20

Pre- annealed Annealed

Figure 5.13 Full Width Half Maximum results from Scherer analysis of from XRD patterns of
cold sintered pre annealed pellets and cold sintered annealed pellets.

Back scattered electron (BSE) micrographs of the polished surface are shown in Figure 5.14.
The contrast in BSE micrographs, Z contrast, is caused by the variation in atomic mass of a
particular region (large atomic mass appears brighter than low atomic mass) and so are useful
to observe the density of the material. Low density areas have a lower concentration of the
atomic mass and so appear as dark regions. In Figure 5.14 dark boundaries surround large (50
-70 um) irregular shaped regions, the size and shape of which match those observed in Figure
5.9a of the matrix powder. In the bottom right corner of Figure 5.14a, an intersection of one
of these particles can be seen which shows an inconsistent Z contrast, indicating low density.
A higher magnification of this particle is shown in Figure 5.15a, alongside a secondary
electron micrograph of a similar region. Secondary electron images show variations in
topology and charging often occurs at edges which cause them to show up brighter. These
micrographs both show clusters of small particles surrounded by dark boundary areas which
indicate low density or empty space. This shows that there is poor adhesion between the
matrix particles and the infill.
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Figure 5.15 a) BSE micrograph b) SE micrograph of cold sintered and annealed pellet.

In order to improve the homogeneity of the cold sintered pellet, a milling step was introduced
in which a batch of matrix and infill (still with 30 wt.% infill) was milled overnight on a ball
mill in isopropanol, which was then dried before being cold sintered using the same
conditions. Figure 5.16 shows BSE micrographs comparing the polished surfaces of pellets
with (16a) and without (16b) the milling step. The large particles are no longer present in 16a
and so the milling step has successfully broken down the matrix which improves the
homogeneity of the pellet. Figure 5.17 shows SE SEM micrographs of the milled pellet under
greater magnifications which still showed a large degree of porosity. The next step to attempt
to improve the density of the pellet was to optimise the cold sintering parameters.

167



Figure 5.16 BSE micrographs of a) milled b) non-milled cold sintered pellet polished
surfaces.

Figure 5.17 SE SEM micrographs of milled pellet surface.

5.3.5 Optimising Cold Sintering Process Parameters

Despite the improvement in homogeneity from introducing a milling step, issues with
porosity and low density remained, remaining between 40 -50 % of the theoretical density.
With the aim of improving the density the process parameters of the cold sintering where
optimised. There are many variable parameters within cold sintering, such as: amount of the
solvent, pressure, temperature and hold time, annealing temperature and time. For the
purpose of a compact study, two parameters were selected which were: pressure and
temperature. The pressure applied to the die was varied above and below the initial pressure
of 355 MPa by 118 MPa, which corresponded to a change in the force applied of 1.5 Tonnes.
This gave three pressure variations: 237, 355 and 474 MPa. The temperature was also varied
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above and below the initially selected temperature of 160 °C by 50 °C giving three
temperatures variations: 110, 160 and 210 °C. The water added during grinding was fixed at
700 pl for 0.7g of powder. The infill level was fixed at 30 wt.% and the hold time remained 1
h with a 10-minute settling time. The resulting geometrically measured densities after
annealing at 800 °C for 2 hr are shown in Figures 5.18 and 5.19. Each experiment was
repeated three times and are all represented on the graphs. Values were the density is zero,
equate to pellets which were mechanically unstable and broke after minor handling

X
No H,0

0.0 1 T T T X T T T T X
0 50 100 150 200

Temperature (°C)

Figure 5.18 Density of cold sintered and annealed pellets versus cold sintering temperature
when pressed at 355 MPa.
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Figure 5.19 Density of cold sintered and annealed pellets versus cold sintering pressure
using 160 °C.

Firstly, in Figure 5.18 the density value of the pellet which was just pressed, without the use
of solvent or added temperature, is indicated by the red cross at 20 °C (RT), to compare to the
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cold sintered pellet densities. Despite two of the samples breaking, there is a clear trend is in
the density which increased as the cold sintering temperature increased. The increase in
density is small with each increment of temperature and reaches a maximum of 2.83 g/cm?®
which equates to 55% of the theoretical density. The positive correlation between the density
temperature was expected, as higher temperatures allow the increased rate of mass diffusion
which is key to densification. The maximum density in this study is still very low and so
further optimisation of the pressure is needed.

Figure 5.19 shows the pressure versus density study in which the density is increased by
moving from a pressure of 237 MPa to 355 MPa, reaching a maximum of 2.77 g/cm® (54 %
density). However, all the samples cold sintered using a pressure of 474 MPa were
mechanically unstable. The nature of the pellet fractures was most often through-thickness
fractures, shown in Figure 5.20. Increasing the pressure was expected to increase the density
by compacting the powders and squeezing out pores. The largest pressure seems to have
reached a point where the brittle material could no longer accommodate the compression and
formed fractures which made the pellet mechanically unstable. The maximum density
achieved in this study was still very low at ~54 %. To explain this apparent density maxima,
SDT measurements were conducted which showed the behaviour of the material at high
temperatures.

Figure 5.20 Cold sintered and annealed pellet through-thickness split.

5.3.6 SDT Analysis

Figure 5.21a shows the SDT of the 420 °C infill between room temperature and 800 °C,
which simulates the weight loss the infill would undergo during the annealing process.
Though most of the mass loss in the ionic liquid synthesis process was shown to occur below
~300 °C (Figure 5.3), still the material loses 18% of its starting weight between room
temperature and 800 °C. The use of the partly calcined infill introduces a new theoretical
density maximum, because there is an unavoidable mass loss when the infill is converted to
LST when it is annealed. The majority of the mass loss (~ 14 %) in Figure 5.21a appears to
be below 420 °C, the infill firing temperature, which indicates that the infill has adsorbed
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mass from the atmosphere in the time between firing and SDT analysis. This is likely in the

form of water and/or carbon dioxide and is represented by the blue are in Figure 5.21a.

Beyond 450 °C there is a sharp drop in mass, this is just above the firing temperature of the
infill, marked by the orange square in Figure 5.21a. Considering the SrCOs found in the XRD
of the 420 and 450 °C infills (Figure 5.22) which reduces in intensity, this mass loss is likely
associated with the breakdown of SrCOs, evolving CO..

Figure 5.21b shows the mass loss from the matrix powder in SDT. There is a 3.6 % mass lass
from between room temperature and 800 °C. When heating up to 1500 °C, further mass loss
occurs giving a total of 5%. The heat-cool-heat process applied to the sample shows that this
is a mostly irreversible mass loss, though the small change in mass is likely oxygen loss and
reabsorption. This mass loss is associated with removal of material adsorbed from the air in
the form of water and COx.
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Figure 5.22 XRD of infills fired at 400, 420 and 450 °C.
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For a cold sintered pellet containing 30 wt.% infill this would equate to a mass loss of 8.2 %
(0.3 *18 % + 0.7 * 4 %) during the annealing process. As no external dimension change was
observed in the annealing process, the external dimensions are fixed. Therefore, if the
dimensions do not change but there is an inevitable mass loss, then the maximum theoretical
density of a cold sintered pellet with 30 % infill would be 91.8%. This mass loss still by no
means accounts for the low densities ~54 % observed- there must be also a reduction in
volume of the infill (without a reduction in the pellet external surface) which leads to such
low densities. To investigate this the cold sintered and annealed pellets interior was observed
under SEM.

5.3.7 SEM Observation of Porosity

The SEM micrographs of the internal fracture surface of the cold sintered and annealed
pellets are shown in Figure 5.23. In these micrographs the red boxes highlight clusters of the
LST grains, surrounded by empty space. This is believed to be caused by particle clusters
originating from the matrix phase, which during cold sintering, are surrounded by infill
phase. When the infill converts from an amorphous structure to crystalline LST during
annealing, a significant volume reduction occurs do to the ordering of atoms and mass loss.
The volume reduction of the amorphous infill to the crystalline LST causes empty space to
form in the space where the infill previously occupied. In this case the new LST appears to
shrink back from the particles unlike in the work of Guo et al. where precipitation led to
BaTiOs forming on the surface of BaTiO3 grains.? A perquisite to the formation of new
material directly on to the particle surface is pristine surfaces. In this work, Cl has been
shown to be electrostatically bonded to the surface of particles leading to a surface charge
(see section ‘Processing of (La,Sr)TiO3). The impurities attached to the particle surfaces
could be causing a barrier to the formation of LST on the surface of pre-existing particles.

Figure 5.23 SE SEM micrographs of a fracture surface cold sintered at 160 °C using 355
MPa and annealed at 800 °C for 2 h.
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In summary SDT measurements and SEM have shown that the mass loss and volume
reduction associated with the transformation of the amorphous infill into crystalline LST
could be the cause of the low density. Though without the infill the cold sintered pellet was
completely mechanically unstable. Figure 5.24 which shows the result of a pellet following
the same cold sintering and annealing process except with no infill phase. Impurities
potentially cause a barrier to the deposition of new LST onto pre-existing LST particles. The
presence of impurities in the cold sintered pellets became highly apparent when preparing the
specimens for SEM analysis. By grinding and polishing the surfaces, additional phases
appeared on the surface of the pellets as they dried. The next section looks into these phases
in more detail.

Figure 5.24 Image of cold sintered and annealed pellet with no filler which was mechanically
unstable.

5.3.8 Surface Impurities

When the cold sintered pellets were ground and polished for SEM, their surfaces were
exposed to water and isopropanol, then cleaned with isopropanol to remove debris. When left
to dry a new phase developed on the surface which was observable under SEM. This was
most prevalent on the polished surfaces in pre-annealed pellets, as shown in Figure 5.25. The
contrast of the BSE micrographs, originating from atomic number, shows brighter material on
top of a darker background. The lighter areas were revealed by SEM EDX (Figure 5.26) to be
rich in K, Cl and Na which is likely crystalline KCI and NaCl. There appears to be much
more KCI than NaCl. The darker areas are LST, which forms the bulk of the pellet. In Figure
5.26 the EDS maps show that Sr, La and Ti are visible through the chlorides which indicates
that they are thinly dispersed on the surface. Figure 5.27 compares point spectra from the
darker area (solid yellow) and one of the lighter crystals (red line) which confirms a much
higher Cl and K content- it would be reasonable to assume that this is KCI. This is of interest
as it confirms the presence of impurities retained in the sintered pellets, KCI is present despite
this not being visible in the XRD - likely because this is below the detection limit of the XRD
analysis threshold.
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Figure 5.25 BSE SEM micrograph of showing the polished surface of a pre anneal cold
sintered pellet.
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Figure 5.26 SEM EDS maps of the BSE micrographs from Figure 5.24.
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Figure 5.27 SEM EDS point spectrum of the bulk (solid yellow) overlaid with a point
spectrum from the lighter crystals (red line).

After different samples had been subject to an annealing step at 800 °C for 2 hr and polished,
a wire like phase emerged from the surface as shown in Figure 5.28a-d. The composition of
this phase was once again confirmed to be KCI and NaCl by SEM EDS spectra (Figure 5.29)
and EDS mapping (Figure 5.30). Figure 5.28a is an SE SEM micrograph and the chloride
wires appear bright for two likely reasons: firstly, they are at a greater elevation to the surface
and so appear much brighter in accordance with the SE SEM method, and secondly because
they are in poor contact with the surface due to their 3D spiral shape and so charge gathers
within them which cannot be adequately dispersed across the surface.

The cause of the different morphology of chlorides between Figures 5.25 and 5.28 is unclear
though it appears as though in the annealed pellets the KCI wires have been extruded through
small pores in the surface, whereas, in pre-annealed pellets the KCI lies flatter on the surface.
This could because as the pellets anneal the infill becomes mechanically stronger due to the
conversation from amorphous material to a crystallised LST material. In order for the KCI to
crystallise from the water and isopropanol, it is squeezed out from the near surface by rigid
pores rather than a softer infill. The base of the wires all seem to originate from darker areas
in the BSE micrographs which are pores, confirming this theory. Figure 5.28d shows an
abnormally shaped chloride on the surface of the pellet which appears comb shaped. This
does not appear to be extruded like the rest of the particles and lies on a pore free surface.
This particle likely broke off from one of the wires early in the drying process and continued
to grow. To the right of the comb is a NaCl particle (confirmed by Figure 5.30) which does
appear to be extruded out from a crack in the surface.

175



Figure 5.28 SEM micrographs of annealed cold sintered pellet.
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Figure 5.29 SEM EDS spectra from the bulk and wires formed on the surface of annealed
cold sintered pellets.

Figure 5.30 SEM EDS of particle on the surface of the pellet from Figure 5.28d.

5.3.9 The Role of Potassium and Sodium Impurities

The emergence of KCI and NaCl particles in the pre and post annealed pellets makes clear
that K, Na and Cl impurities are present throughout the cold sintering and annealing
processes in significant quantities. Previously in this chapter it was hypothesised that the CI
impurities were interfering with the pristine surfaces required for LST to deposit onto the pre-
existing grains in the cold sintering process. Tsuji et al. intentionally added Na and K
hydroxides which acted as a fluxing agent and aided the sintering of BaTiO3 at 300 °C which
reached a density of 96 % of the theoretical density after 12 h under a pressure of 520 MPa.*?
If Tsuji et al. achieved high density by adding additional potassium and sodium hydroxides
then why isn’t K and Na performing the same role in this work?

XPS analysis in Table 5.2 confirms and quantifies the presence of Na, K and Cl impurities
within the surface of an annealed pellet, which had not been previously exposed to water or
isopropanol. Unlike EDS which examines the bulk composition and has a penetration depth
of up to 5 um, XPS can only provide information from the first 10nm of the surface, so this
must be considered when using XPS to determine composition. However, this technique was
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calibrated and can provide a quantification of the composition unlike the EDS. According to

XPS Cl is present at 2.6 at. %, Na at 1.7 at. % and K at 0.9 at. %. The Na and K contents add
up to the same quantity as the Cl and so it is reasonable to assume that there is 1.7 at. % NaCl
and 0.9 at. % KCI present.

Table 5.2 XPS of Pellet Cold Sintered and Annealed at 800 °C for 2 h.

Na K Cl Sr La Ti (@) C

At. % 1.7 0.9 2.6 12.7 3.6 144 | 48.0 16.2

Firstly, Tsuji et al. added the hydroxides in a much greater quantity, in a 50:50 ratio, at 4-6
wt.% when combined (equivalent to 10-14 at. % NaOH and 7-10 at . % KOH). They added
no water so that the NaOH and KOH were not dissolved but formed a melt at 170 °C which
acted as the solvent (Figure 5.30). In this work, much less of the Na and K are present and
water was added during cold sintering so the ions are likely to have been dissolved. As the
water was evaporated at temperatures above 100 °C the Na and K could have formed NaOH
and KOH via reactions with water, though EDS shows that they are forming KCI and NaCl
preferentially.

Unlike NaOH and KOH which have a eutectic at 170 °C (Figure 5.31) which allows them to
form a liquid which acts as a solvent which aids densification, NaCl and KCI can form melt
but at much higher temperature, which makes this a less desirable flux for cold sintering.
Figure 5.32 shows that depending on the ratio of Na to K the chlorides could melt between
657 °C and 801 °C. This melt could occur during the annealing stage, though without the
addition of pressure the hydrothermal conditions are not created and so significant
densification was not seen. In any case the NaCl-KCI quantities would likely need to be
increased to see a significant impact. In summary the present of potassium and sodium
chlorides does not have the same impact as potassium and sodium hydroxides during cold
sintering. Their presence in this case is interfering with the deposition of LST onto existing
grains which inhibits a dense microstructure in the cold sintered pellets.
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Figure 5.31 Phase diagram of NaOH and KOH.™
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Figure 5.32 Phase diagram of NaCl and KCI.1*

5.3.10 Surface Composition from XPS

Table 5.3 Ratio of elements to Ti from Table 5.2 XPS data in cold sintered pellet annealed in

air at 800 °C.
Na K Cl Sr La Ti (@) C
Ratio to Ti 0.12 0.06 0.18 0.88 0.25 1.00 3.33 1.13
Excess from
. 0.12 0.06 0.18 | 0.105 0.1 0 0.33 1.13
Lao.15Sr0.775 T103
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Table 5.3 shows the ratio of each element in comparison to Ti content which were calculated
by dividing the atomic percentages from Table 5.2 by the at. % of Ti. The expected
composition of the LST phase was Lao.1sSro.77sTiOs. The values of Sr, and La are above the
expected values, this could be due to local fluctuations at the surface of the pellet or the
presence of other compounds. A finding of particular interest is the large amount of carbon
detected as this should not be present in pure LST- this could just be surface reacting with
the air to form carbonates ect. though this excess carbon is not accompanied by an equal
excess of oxygen which would be expected if the carbon originated from adsorbed CO> or
carbonates.

In the ionic liquid synthesised powders carbon is also detected, but this is accompanied by an
equal excess of oxygen, Table 5.4. This agrees with the findings from SDT in Figure 5.21b
showing some degree of mass loss from the LST powder which was attributed to surface
adsorbents such as CO, and H>O. There is a much higher carbon content in the cold sintered
pellet than the powder which indicated that the addition of the infill phase brings more carbon
which is not expelled in the annealing process.

A high carbon content is also found on the surface of solid state synthesised powders, which
is accompanied by an equal oxygen excess, Table 5.5. This carbon and oxygen excess is
retained in the sintered pellet. This body of evidence suggests that, unlike in solid state
pellets, the carbon found in the cold sintered pellet plays a more complicated role than
forming carbonates, likely existing in the form of Sr and La carbides (as Sr and La were
shown to be in excess), pure carbon or carbides. This is introduced from the carbon rich infill
phase and not completely removed in the annealing process. XPS was also used to look at the
Ti®*/Ti ratio of the cold sintered pellets and how this changed when subjected to reducing
conditions. It was hypothesised that the carbon in the infill could aid the reduction of the Ti
species and reduce the temperature required to induce high electrical conductivity in LST.

Table 5.4 Atomic percentages of elements on the surface of ionic liquid synthesised LST
powder determined from XPS.

Samples Sr La Ti @) C
15.9 5.3 16.6 55.8 6.3

IL synthesised powder (at. %)
15.7 5.3 16.3 55.5 7.3

Average (at. %) 15.8 53 16.5 55.7 6.8

Ratio to Ti 0.96 0.32 1.00 3.38 0.41
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Table 5.5 Atomic percentages of elements on the surface of solid state synthesised LST
powder determined from XPS.
Samples Sr La Ti @) C

12.4 7.2 13.8 54.4 12.2

Solid state synthesised powder
11.9 7.4 13.6 54.1 12.9

Average (at.%) 12.15 7.3 13.7 | 54.25 | 12,55

Ratio to Ti 0.89 0.53 1.00 3.96 0.92

Solid State Sintered Pellet 143 2.6 128 53.5 16.8

1350°C 153 3 138 | 566 | 11.4
Average (at.%) 14.8 2.8 13.3 | 55.05 | 141
Ratio to Ti 111 | 021 | 100 | 414 | 1.06

5.3.11 Ti®* Content in Cold Sintered Reduced LST

The electrical conductivity of LST is increased for thermoelectric applications by creating
oxygen deficiency, which is compensated for by the reduction Ti*" into Ti**.2>17 Cao et al.
showed that by sintering LST in direct contact with a sacrificial bed of carbon, rather than
adjacent to the carbon the level of electrical conductivity was increased from 492 S/cm to
1288 S/cm at 57 °C after both had been sintered at 1427 °C for 24 h in 5% Ha/Ar .1® Their
XPS showed that by sintering the LST on the sacrificial carbon bed the Ti**/Ti percentage
was 4.4 % compared to a Ti®*/ Ti percentage of 3.2 % in the sample sintered without a carbon
bed. This led to the hypothesis that the carbon retained within the cold sintered sample could
aid the reduction process and produce the same Ti%*/Ti percentage at a lower temperate than a
solid state sintered counterpart.

When assessing XPS data some caveats must be made; XPS data can be sensitive to the
fitting parameters used and so it is most reliable when comparing trends within a dataset
rather than comparing values with other studies. XPS also only shows the Ti oxidation states
at the surface of the pellets and does not represent the bulk’s oxidation states. With this in
mind Table 5.6 shows the percentage content of Ti®*and Ti*" in samples of LST which had
been cold sintered then annealed in air at 800 °C for 2h, before a 6 h reducing step (ex situ
reduced) or simultaneously annealed and reduced for 6 h (in situ reduced). These percentages
are an average of at least two measurements, the raw data can be found in the Appendix
(Table 5.A1).

The sample cold sintered and annealed in air, without a reducing step, forms a baseline to
compare the rest of the samples with. This treatment resulted in pellets which appeared
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completely white after annealing and so can be assumed to contain negligible level of Ti%*
and very low electrical conductivity, Figure 5.33. Whereas a high proportion of Ti** results in
a black colouration of the material, such as in Figure 5.34. The solid state sintered pellet was
produced to act as an “ideal” Ti** content reference point as this sintering procedure was
modelled on that by Lu et al. who used a similar procedure to reduce LST and achieved a
high electrical conductivity which gave the outstanding ZT of 0.41 at 700 °C. Lu et al.
sintered at 1500 °C for 6 h, though due to the dimension of the pellets the only available
furnace went to 1350 and do the sintering time was extended to somewhat compensate for
this. The aim of this study was to try to achieve the same level of Ti* by reducing the
material in as low a temperature as possible in order to preserve the fine grained structure. It
was anticipated that the retained carbon may help in reducing the required temperature to
reduce the Ti species.

Table 5.6 XPS determined oxidation states of Ti in LST samples which have been cold
sintered annealed then reduced (Ex-situ) or cold sintered and annealed whilst simultaneously
reduced (In-situ)

Sl Ti Oxidation State (%)

4+ 3+

Cold Sintered, Annealed in air at 800 °C 96.2 3.8

Cold Sintered, Annealed in Air at 800 °C, 94.8 5.9
Reduced at 800 °C (Ex-Situ) ' '

Cold Sintered, Annealed in Air at 800 °C, 938 6.3
reduced at 1000 °C (Ex-Situ) ' '

Cold Sintered, Annealed in reducing 94.6 54
atmosphere 800 °C (In-Situ) ' '

Cold Sintered, Annealed in reducing 943 58
atmosphere 1000 °C (In-Situ) ' '

Matrix and infill just pressed and reduced at 93.0 71
800 °C (In-Situ) ' '

Solid State Sintered, Calcined 1100 °C 3h, 923 77
Reduced 1350 °C 8h ' '
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Figure 5.33 Image of Cold sintered LST pellet annealed in air at 800 °C for 2h.

Figure 5.34 Oxygen deficient LST after reducing in 5% H2/N> gas.

Observing the Ex-situ reduced samples the Ti* content is increased in both cases from the
non-reduced sample and shows an increase in Ti®* content with increasing temperature which
is expected as oxygen loss is a thermally driven process. Moving to the in situ samples were
the infill is converting to LST within a reducing atmosphere so oxygen content is low and
likely further scavenged by the carbon present in the infill. A small increase in the 3+ content
is seen in the sample reduced in situ at 800 °C compared to the sample reduced ex-situ at 800
°C, which would suggest the infill is having a positive effect on the strength of reducing
conditions. However, there is a decrease in the 3+ content of the sample in-situ reduced at
1000 °C compared with the sample ex-situ reduced at 1000 °C, which contradicts the previous
statement.

There is a much greater improvement in 3+ content in the sample which contained the infill
and matrix but had not undergone cold sintering, and was just pressed then in-situ sintered.
This has the closest Ti** content to that of the solid state sintered LST despite being reduced
at a much lower temperature. All of the cold sintered samples and the just pressed sample
were relatively low density (50-60 %) compared to the solid state sintered sample which rules
out the idea that the just pressed sample may have had greater surface areas exposed by pores
for oxygen to escape from compared to the cold sintered samples. The addition of water
during cold sintering, in which the powders are ground together before pressing, may
dissolve impurities such as chlorides which coat the powders’ surfaces and provide a barrier
though which it is more difficult for oxygen to escape from. The powder which formed the
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just pressed sample had been milled in isopropanol then dried, so this likely would have had
some coating effect also unless the impurities were less solvent or insoluble in isopropanol.

Due to the low density of the cold sintered pellets at this stage the electrical conductivity and
the thermal conductivity measurements would not represent the bulk material and be
dominated by the pores which reduce thermal conductivity and electrical conductivity.
Therefore, further work is required to improve the density if reliable data of this kind is to be
collected. Figure 5.35 shows the low thermal conductivity of the cold sintered pellets (IL-
RCS) compared to ionic liquid synthesised powder sintered at 1325 °C (IL-HT) and solid
state sintered pellets sintered at 1350 °C (S-HT).

Thermal Conductivity / W/mK

100 200 300 400 500 600 700
Temperature / °C
Figure 5.35 Thermal conductivity of pellets ionic liquid derived and cold sintered (IL-RCS),

ionic liquid derived then 1325 ° C sintered (IL-HT) and conventional solid state sintered (S-
HT)

5.4 Conclusions

The initial development of a novel cold sintering technique, inspired by the reactive
intermediate cold sintering method of Boston et al., has been explored in this work.® Like
reactive cold sintering an infill was used in the cold sintering which would transform into the
desired phase upon annealing. In this novel method the reactive infill phase was a part
calcined product the ionic liquid synthesis of LST.

An infill was chosen which had been fired past the point of the majority of mass loss in the
ionic liquid process associated with the ionic liquid decomposition and combustion though
just before the formation of the LST crystallisation in order to create an amorphous in fill
phase that could fit between the gaps in the matrix phase and glue the material together
without the need to sinter at high temperature. This led to the selection of a firing temperature
of 420 °C for the infill.

This was combined with the fully calcined LST matrix and water, which acted as a transient
solvent in a cold sintering process. This was annealed at 800 °C for 2 h in air to react the infill
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into LST. This reaction was confirmed mostly through a visual colour change from grey to
white as the infill was indistinguishable in XRD, being so amorphous.

An optimisation study of the pressure and temperature used in cold sintering found that a
pressure of 355 MPa and a temperature of 210 °C gave the best results. Further increasing the
pressure caused through thickness cracks in the cold sintered pellets leading to mechanical
failure. Despite optimisation the final densities after annealing only reached ~55 % of the
theoretical density of LST when calculated using the geometric method. This is far too low to
be suitable for application in thermoelectric materials and low density reduced the electrical
conductivity. It was determined that the Archimedes method, though gave much larger
density values, was not suitable for this type of specimen due to the mix of open and closed
porosity expected within this type of sample and so could not provide accurate results. This
cold sintering method clearly requires further development to achieve higher densities.
Without the addition of solvent or temperature applied whilst pressing a density of 46 % was
achieved which showed that the cold sintering did improve the density somewhat compared
to just pressing.

It was hypothesised that the low density was likely due to the mass and volume reduction of
the infill upon annealing, which left pores in the cold sintered pellet. The mass loss from the
infill was 18 wt.%. The volume change was not quantified but observed from SEM pores in
the annealed pellet and the rational that an amorphous material is much less dense than a
crystalline material. There was no contraction in the external dimensions of the pellet during
annealing to account a reduction in material volume which meant that no matter the density
achieved in the cold sintering stage this was reduced significantly after annealing.

The exact mechanisms of this cold sintering technique are not yet fully understood though it
is thought that impurities on the surface of the powders (originating from the ionic liquid
synthesis) played a role in preventing the growth of new LST grains from the infill onto
existing LST grains. This came from observation of empty space surrounding agglomerates
of particles which were likely matrix agglomerates which were surrounded by the infill after
cold sintering and became empty space when the LST formed and was not able to stick to the
surface of the existing LST.

NaCl and KCI were not observed in the matrix or powder XRD but appeared as a secondary
phase on the surface of the pellets when exposed to water and isopropanol. Na, Cl and K are
known to originate from the ionic liquid synthesis and so are likely present even when
undetected in the XRD, which only shows crystalline phases present above a threshold of ~4
wit. %.

In other studies, NaOH and KOH have been shown to act as a flux which aids densification in
BaTiOs during cold sintering.'? This is because NaOH and KOH have a eutectic at 170 °C so
molten hydroxides act as the transient solvent in cold sintering. Though Na an K are present
which could react with water to form the hydroxides, the presence of chlorine prevents this
and KCI and NaCl are formed. NaCl and KCI do form a liquid eutectic but at much higher
temperature, between 567 and 776 °C depending on their ratio. This could act as a flux in the
annealing step which is at 800 °C but the application of pressure is required and the current
equipment used would not allow for such a high temperature to be applied while pressing.
This could be explored in future work.
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The carbon content detected in the ionic liquid powder, which is likely even more abundant
in the infill, shows a promising opportunity to lower the reducing temperature required to
increase the electrical conductivity in the LST for thermoelectric applications. Lowering this
temperature further reduces the embodied energy of the material and preserves the small
grains. However, the cold sintering process appeared to interfere with the Ti species
reduction, possibly due to the present of the impurities which when ground together with
water, evenly coat the particles which provides a barrier for oxygen to escape.

5.5 Future Work

The immediate next steps of this project should be as follows:

Firstly, remove impurities (K, Na, Cl) from the starting material. This could be done by
washing the matrix with ethanol (the infill cannot be washed as it is likely this contains
soluble mobile ions which would be removed also) or synthesising the material with a purer
starting lonic Liquid. By removing impurities from the matrix powder the mechanisms of this
sintering technique can be more easily observed. There is a possibility that the impurities are
helping the densification, perhaps by acting as a flux, in which case this would reveal more
about the mechanisms and provide a path for improvement.

Currently the main issue with this method is the low density which appears to be caused by
loss of mass and volume during the annealing process where no external shrinkage occurs to
fill these voids. The mass loss is already quantified though the volume is not, therefore, a
study should be conducted to quantify this by making a pellet purely from the infill and
observing the volume change when taken to high temperatures e.g. 1500 °C and perhaps
additionally a mercury impregnation study when sintered to 800 °C.

If this does indeed reveal that the infill loses significant volume during crystallisation to the
LST phase, then three things should be considered: either using an infill which does not lose
volume, encouraging compaction during the annealing process by additional heat (the aim of
cold sintering is to keep the temperature as low as possible and so if this becomes >1000 °C
then this largely negates the benefit of the method), or using less infill to reduce the volume
loss.

The final suggestion for future work would be to encourage the recrystallization to occur
during the cold sintering step rather than in the anneal. This would mean that pressure is
applied as the volume is reducing, hopefully helping the densification. Mottram et al. showed
that the crystallisation of LST in the ionic liquid method begins ~400 °C and is complete by
600 °C. If at least some of this occurred during the cold sintering stage, then this would
reduce the volume loss in the annealing step which creates pores. This may require more
specialised equipment to reach such temperatures in the hot press set-up, which was certainly
not available in this work.

Finally, water is known to preferentially leach A-site ions from the surface of strontium oxide
leaving an amorphous titania layer on the surface. In order to avoid this, other solvents should
be considered which congruently dissolve the surface. This could be achieved by altering the
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pH. It is known that a pH 10 passivates the dissolution of Ba in BaTiOz and so a similar tactic
could be employed to control the dissolution rates of A-site ions in the doped SrTiO3.18
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5.7 Appendix

Table 5.A1 XPS Data

Ti Oxidation State
(%)
Sample Treatment 4+ 3+
Baseline i 96.4 3.6
Cold Sintered, Annealed in air at 800 °C
Baseline ii 96.0 4.0
CSES800a i 95.5 45
CSES800a ii 95.3 4.8
Cold Sintered, Annealed in Air, Reduced at 800 °C
CSES800b i 94.1 5.9
CSES800b ii 94 .4 5.6
CSES1000a i 93.9 6.1
CSES1000a ii 94.3 5.7
Cold Sintered, Annealed in Air, reduced at 1000 °C
CSES1000b i 93.1 6.9
CSES1000b ii 93.7 6.3
CSIS800a i 94.3 5.7
CSIS800 a ii 95.7 4.3
CSIS 800a ii Cold Sintered, Annealed in reducing atmosphere 94.4 5.6
CSIS 800a iv 800 °C 95.2 48
CSIS800 b i 93.6 6.4
CSIS800 b ii 94.6 54
CS1S1000a i Cold Sintered, Annealed in reducing atmosphere 94.1 5.9
CSI1S1000a i 1000°C 945 56
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NCSIS800a i Matrix and infill just pressed and annealed at 800 94.0 6.0
NCSIS800a ii °C 92.7 7.4
SSI350 i Solid State Sintered, Calcined 1100 °C 3h, Reduced 92.1 7.9
SSI350 i 1350 °C 8h 925 75
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Annealed Cold Sintered Pellet
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6.0 Overall Conclusions

The ionic liquid synthesis of Lao.15Sro.775T103 (LST) produced a cubic perovskite phase with
particle size 97 + 33 nm after calcining at 800 °C. This was much smaller than that could be
achieved through solid state sintering.* Using the ionic liquid emimOAc from Sigma Aldrich
with a purity >95% resulted in impurities of NaCl and KCI visible in XRD analysis and K,
Na and Cl detected in EDS. These impurities likely originate from the synthesis process of
the ionic liquid itself.2 lonic liquid synthesis of ceramic material was applied to two branches
of research: complex doping and a novel cold sintering method.

First, this method was successfully used to synthesise the complex stoichiometry of Lao.1s-
xEUxSro.775 TiO3.5 at 800 °C which also produced nanoscale particles. The addition of
europium reduced the lattice parameter in calcined and reduced materials. Adding Eu
appeared to reduce the thermal conductivity only when x exceeded a value of 0.05. This also
led to reduction of electrical conductivity and an increase in the absolute value of the Seebeck
coefficient. These effects are believed to be caused by increased scattering due to the large
mass of Eu compared to Sr and La. There may be a promising increase in ZT of the
composition x = 0.05, though this needs to be confirmed by a repeat of the electronic
measurement.

The electrical conductivities observed as a function of temperature revealed the symptoms of
a material with restive grain boundaries in all of the samples with and without europium. This
is thought to be due to impurities originating from the ionic liquid. This lead to a reduction of
the electrical conductivity at low temperatures. At higher temperatures ~ 400 °C the effect of
resistive grain boundaries was overcome and electrical conductivity of the LST returned to
comparable values with Muta et al. but not so high as that reported by Lu et al. **

Secondly, a novel cold sintering technique has been proposed in this work, inspired by the
reactive intermediate cold sintering method of Boston et al.* This was aimed to provide a new
solution for the cold sintering of complex stoichiometry materials with incongruent
dissolution rates. Like Reactive Cold Sintering, an infill was used in the cold sintering which
would transform into the desired phase upon annealing. In this novel method the reactive
infill phase was a part calcined product the ionic liquid synthesis of LST.

Despite optimisation the final densities after annealing only reached ~55 % of the theoretical
density of LST. It was hypothesised that the low density was likely due to the mass and
volume reduction of the infill upon annealing, which left pores in the cold sintered pellet. The
mass loss from the infill was 18 wt.%. The volume change was not quantified but observed
from SEM pores in the annealed pellet and the rational that an amorphous material is much
less dense than a crystalline material. There was no contraction in the external dimensions of
the pellet during annealing to account a reduction in material volume which meant that no
matter the density achieved in the cold sintering stage this was reduced significantly after
annealing.

The exact mechanisms of this cold sintering technique are not yet fully understood and must
be further explored in future work. In this work it is thought that impurities on the surface of
the powders (originating from the ionic liquid synthesis) played a role in preventing the
growth of new LST grains from the infill onto existing LST grains, leading to large pores.
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This came from observation of empty space surrounding agglomerates of particles which
were likely matrix agglomerates which were surrounded by the infill after cold sintering and
became empty space when the LST formed and was not able to stick to the surface of the
existing LST. Methods to reduce the porosity thereby increasing the density in this method
have been proposed in the Future work.
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7.0 Supplementary Information

7.1 XPS Reports

Below are the verbatim reports provided by Deborah Hammond which detail the collection of
XPS data

Sheffield Surface Analysis Centre

surfaceanalysis.group.shef.ac.uk

Customer: Stephanie Mudd
Date: 5th June 2023
Analysis: XPS

XPS Analyis of Lao_15$r0,775Ti03 Pellets (SSAC950n1)

Introduction

Pellets of Lag.15Sro.775TiOs have been prepared using an
ionic liquid synthesis method before being calcined at
800 °C and sintered at 800-1325 °C under a reducing
5%H2/95%N2 atmosphere. The pellets have been
submitted for XPS analysis with the oxidation states of
titanium being or particular interest.
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Experimental

The submitted samples were as described in the table below.

Samples
Baseline
CSES800a
CSES800b
CSES1000a
CSES1000b
CSIS800 a
CSIS800 b
CSIS1000a
NCSIS800a
SSI350

All analyses have been collected from the surface of the pellets as submitted and without any
additional preparation. Consequently, the data will include effects by which the surface is different
from the pellet bulk.

To avoid differential charging, the samples were electrically isolated from the sample holder by using
a paper label insert between the samples and the sample holder. The pellets were then stuck to the
paper label using double sided tape. The analyses were carried out using a Kratos Supra instrument
with a monochromated aluminium source, and two analysis points per sample, of area 700 um by 300
pm. For one area of each pair only Ti 2p and O 1s high resolution scans were collected. For the second
area survey scans were collected between 1200 to 0 eV binding energy, at 160 eV pass energy, 1 eV
intervals, and 300 seconds/sweep with one sweep being collected, and high-resolution Na 1s, La 3d,
O 1s, Ti 2p, C 1s, Cl 2p and Sr 3d spectra collected at 20 eV pass energy and 0.1 eV intervals over an
appropriate energy range, with one 300 second sweep for all spectra except the Ti 2p for which four
sweeps were collected to improve the signal to noise for curve fitting and because the energy range
was extended to include the Ti 2p satellites at higher binding energy. The C 1s spectrum energy range
was extended to include K 2p peaks if present. Charge neutralisation of 0.4 A was used throughout.

A second pair of analyses were collected from CSIS800a as the initial Sr 3d data were significantly
different to the other samples, but the second set of data was consistent with the first and so assumed
to be okay.

The data collected was calibrated in intensity using a transmission function characteristic of the
instrument to make the values instrument independent. The data can then be quantified using
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theoretical Schofield relative sensitivity factors modified to account for instrument geometry,
variation in penetration depth with energy and the angular distribution of the photoelectrons. The
high-resolution spectra were all calibrated in eV by fixing the main C 1s peak to be 285.0 eV.

Results and Discussion

Although the titanium oxidation states were of most interest an overview of the samples as a whole
has also been included. Table 1 shows the surface composition of each sample determined from the
high-resolution scans collected. The survey scans were used to determine which elements were
present and high-resolution spectra were collected based on recommendations from the
Thermoscientific web site (xpssimplified.com). The elements detected were those expected - being
lanthanum, strontium, titanium, oxygen, potassium, chlorine and carbon. The expected elements
contribute a great many peaks to the XPS survey scans, consequently it is quite possible that small
concentrations of other elements have been missed due to overlap with transitions from the bigger
contributors.

These surface compositions have been determined by considering the signal intensity above a fitted
background, with an adjustment for chlorine as described below. Note for the titanium spectra, the
background has not been extended to include the satellite peaks seen at higher binding energy, an
example of which is shown in Figure 1. Satellite peaks such as these have been reported in the
literature, e.g. refs 1 and 2, but are not typically alluded to, and are not included in the recommended
fitting for Ti 2p which has been used to determine the concentrations of Ti oxidation states present
(ref 4). These satellite peaks may be of interest in the current context but further literature searching
needs to be carried out.

Table 2 shows the La:Sr:Ti ratios determined from the XPS data, which show some variation between
samples.

The results of curve fitting the La 3d, Sr 3d, C1s, O 1s and Cl 2p high resolution spectra are all given in
Appendix A.

The lanthanum 3d*? peak positions and the extent of multiplet splitting (ref 3) suggests the lanthanum
is present only as La;0s.

The chlorine high resolution spectra appeared to show four peaks. The pair of peaks at the higher
binding is consistent with where metal chloride peaks would be expected and is thought to be the Cl
2p doublet. The lower binding energy pair is thought to actually be too low in binding energy to be
chlorine but is instead the La 4p transition. Consequently, the chlorine contribution would be
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exaggerated if only the intensity above the background was used. Instead, the Cl 2p curve fit (Table
A6) has been used to determine how much of this intensity is chlorine and how much is lanthanum
and the concentrations in Table 1 have been adjusted appropriately. This suggests that whilst all

samples showed some chloride, the CSIS 800 samples, both a and b, showed a lot of chloride.

For most samples the binding energy for the Sr 3d*? peak is consistent with SrO. For samples CSIS800
there appeared to be a second Sr environment. This was still seen when the analysis for this sample
was repeated. However, given the very high surface chloride concentration seen for sample CSIS800a
this second Sr environment could be SrCl; and this would be approximately consistent with the binding
energies seen. The CSIS800 samples, both a and b, appear to have an increased surface strontium

concentration compared to the baseline.

Table 1. Surface composition (at%) determined from high resolution XPS scans

Sample Na La 0] Ti C K cl Sr

Baseline i 1.7 3.6 48.0 14.4 16.2 0.9 2.6 12.7
CSES800a i 2.7 2.5 47.1 154 18.6 1.0 1.3 11.4
CSES800Db i 2.3 2.5 47.4 15.5 17.8 0.9 1.3 12.2
CSES1000a i 1.7 2.4 49.4 14.5 18.1 0.3 1.2 12.3
CSES1000b i 1.6 2.5 48.9 15.1 17.8 0.4 1.2 12.5
CSIS800 ai 0.8 1.7 39.7 10.4 21.0 0.3 9.9 16.2
CSIS 800a iii 1.6 2.1 44.8 11.8 11.7 0.3 10.4 17.3
CSIS 800a iv 1.6 21 42.9 11.8 11.6 0.3 11.8 17.8
CSIS800 b i 0.8 2.0 43.0 12.2 20.8 0.2 6.0 15.0
CSIS1000a i 1.2 2.0 48.0 12.6 22.6 <0.1 1.2 12.5
NCSIS800a i 2.0 1.8 46.0 15.8 18.4 0.7 1.2 14.1
SSI350 i 0.6 2.3 45.3 11.8 25.6 <0.1 1.1 13.2
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Table 2. La:Sr:Ti ratios suggested by the surface composition data shown in Table 1

Sample La Sr Ti
Baseline i 0.25 0.88 1
CSES800a i 0.17 0.74 1
CSES800Db i 0.16 0.79 1
CSES1000a i 0.17 0.85 1
CSES1000b i 0.17 0.82 1
CSIS800 ai 0.17 1.55 1
CSIS 800a iii 0.18 1.47 1

and background used to
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CSIS 800a iv 0.17 1.51 1
CSIS800 b i 0.17 1.24 1
CSIS1000a i 0.16 0.99 1
NCSIS800a i 0.12 0.89 1
SSI3501i 0.19 1.12 1

The surface carbon concentration is small, and shows a small carbonate component which amounts
to between 3% and 10% of the total surface. SrO reacts readily with CO; in the atmosphere to make
SrCOs, so there may also be a small concentration of strontium carbonate as well as strontium oxide.

It was of most interest to know the concentrations of different titanium oxidation states and the
method published by Mark Biesinger has been used to determine this (reference 4). The major peak
in the Ti 2p spectra falls at 458.6 + 0.1 eV eV binding energy, consistent with Ti(IV) as would be
expected. Any titanium metal, or Ti(0) would be expected at 454.1 eV, and Ti(lll) and Ti(ll) are expected
between these two extremes at approximately 457.2 eV and 455.4 eV respectively. As can be seen
from Figure 1 and the example Ti 2p curve fit shown in Figure 2 there is only a small intensity to the
lower binding energy side of the main Ti(IV)peak. The very low intensity at binding energies consistent
with Ti(0) or Ti(ll) suggest neither is present at a detectable level. The spectra have been curve-fitted
on the assumption there is Ti(lll). However, there is insufficient Ti(lll) to account for the high intensity
between the two main peaks of the TiO2 doublet (Ti 2p*2 and Ti 2p*?). An additional doublet has been
added to account for this. It is expected this is Ti(IV) related. The specific curve fits are given in
Appendix A. The concentrations of Ti(IV) and Ti(lll) they suggest are given in Table 3. There is some
variation with experimental treatment.
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Table 3. Ti(lll) and Ti(IV) concentrations determined by curve fitting the Ti 2p spectra

Sample Ti(IV) Ti(I)
Baseline i 96.4 3.6
Baseline ii 96.0 4.0
CSES800a i 95.5 4.5
CSES800a ii 95.3 4.8
CSES800b i 94.1 5.9
CSES800b ii 94.4 5.6
CSES1000a i 93.9 6.1
CSES1000a ii 94.3 5.7
CSES1000b i 93.1 6.9
CSES1000b ii 93.7 6.3
CSIS800 ai 94.3 5.7
CSIS800 a ii 95.7 4.3
CSIS 800a iii 94.4 5.6
CSIS 800a iv 95.2 4.8
CSIS800 b i 93.6 6.4
CSIS800 b ii 94.6 5.4
CSIS1000a i 94.1 5.9
CSIS1000a ii 94,5 5.6
NCSIS800a i 94.0 6.0
NCSIS800a ii 92.7 7.4
SSI350 i 92.1 7.9
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SSI350 ii ‘ 92.5 ‘ 7.5 ‘

Conclusions

e The titanium oxide on the surface of the pellet was found to be predominantly Ti(IV) with a
small concentration of Ti(lll). However, Ti(0) and Ti(ll) were not detected.

e Strontium was predominantly SrO, although there may also have been a small strontium
carbonate component.

e On sample CSIS800a there was probably also strontium chloride, SrCl..
Lanthanum was present predominantly as La2Os.

e Some variation in La:Sr:Ti ratio was seen as a function of treatment
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Appendix A

Table Al. Results of curve-fitting the C 1s high resolution spectra

B.E. B.E. B.E. B.E.
Sample (eV) %Area (eV) %Area (eV) %Area (eV) %Area
Baseline i 285.0 73.3 286.6 16.5 288.7 4.4 289.6 5.8
CSES800a i 285.0 73.6 286.6 16.6 288.6 4.5 289.6 53
CSES800b i 285.0 75.7 286.6 15.8 288.7 3.9 289.5 4.6
CSES1000a i 285.0 73.8 286.6 16.5 288.6 4.0 289.6 5.7
CSES1000b i 285.0 73.3 286.5 16.8 288.4 4.5 289.5 54
CSIS800 ai 285.0 73.0 286.8 13.0 288.6 3.2 289.7 10.7
CSIS800 b i 285.0 74.4 286.9 13.4 0.0 289.5 121
CSIS1000a i 285.0 77.6 286.9 10.6 288.9 3.0 289.8 8.7
NCSIS800a i 285.0 80.2 286.7 14.0 0.0 289.1 5.7
SSI350i 285.0 78.1 286.5 9.3 288.5 3.5 289.6 9.1
CSIS 800a iii 285.0 66.0 286.8 13.2 0.0 290.0 20.8
CSIS 800a iv 285.0 61.6 286.9 17.6 0.0 289.9 20.8
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Figure Al. Example fitted C 1s spectrum from baseline sample, area i

206



Table A2. Results of curve fitting the Sr 3d high resolution spectra

B.E. %At B.E. %At B.E. %At B.E. %At
Sample (eV) Conc (eV) Conc (eV) Conc (eV) Conc
Baseline i 133.0 60.0 134.8 40.0
CSES800a i 133.0 60.0 134.7 40.0
CSES800b i 133.0 60.0 134.8 40.0
CSES1000a i 133.0 60.0 134.8 40.0
CSES1000b i 133.1 60.0 134.8 40.0
CSIS800 ai 133.0 39.1 134.7 26.1 134.0 20.9 135.7 139
CSIS 800a iii 133.3 37.3 135.0 24.8 134.2 22.8 136.0 15.2
CSIS 800a iv 133.3 37.1 135.0 24.7 134.3 22.9 136.1 15.2
CSIS800 b i 133.2 60.0 134.9 40.0
CSIS1000a i 133.1 60.0 134.9 40.0
NCSIS800a i 132.9 60.0 134.7 40.0
SSI350 i 132.9 60.0 134.6 40.0
Srad
x 10°
25 | g?r;de 122.563 Fyng LA(l.I:;SS,;..44,69) 25?%27 l)/505/;.;913
134.78 0.87 LA(1.33,2.44,69) 17740\09 40.79
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Figure A2. Example fitted Sr 3d spectrum from baseline sample, area i
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Table A3. Results of curve fitting the La 3d high-resolution spectra, including the multiplet splitting —
fitting of limited physical value

CPS

Figure A3. Example fitted La 3d spectrum from baseline sample, area i

B.E. %At B.E. %At B.E. %At
Sample (eV) Conc (eV) Conc (eV) Conc
Baseline i 834.5 29.6 837.1 50.7 839.1 19.7
CSES800a i 834.5 28.3 837.0 52.8 839.1 18.9
CSES800b i 834.5 335 837.1 44.2 839.0 22.3
CSES1000ai 834.5 32.6 837.0 45.7 839.0 21.7
CSES1000b i 834.4 33.9 837.0 43.6 839.0 22.6
CSIS800 ai 834.6 34.4 837.2 42.7 839.2 22.9
CSIS 800a iii 834.6 35.9 836.5 25.7 839.0 38.5
CSIS 800a iv 834.6 36.8 836.6 25.3 839.0 38.0
CSIS800 b i 834.5 35.9 837.1 40.2 839.1 23.9
CSIS1000a i 834.5 32.3 837.1 46.3 839.1 21.5
NCSIS800a i 834.7 33.1 837.5 44.9 839.4 22.0
SSI350i 834.3 31.5 836.8 47.5 838.9 21.0
La 3d
X 103
22 |
Name Pos. L.Sh. Area %Area

La3d 83449 175 GL(30) 12642.78 29.57 =
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Table A4. Results of curve fitting the Ti 2p high resolution spectra

Ti 2p*? (more
Ti2p*2 Ti(IV) Ti(IV)) Ti2p*2 Ti(IlN)
%At B.E. %At %At
Sample B.E. (eV) Conc (eV) Conc B.E. (eV) Conc
Baseline i 460.4 5.3 458.7 91.1 457.3 3.6
Baseline ii 460.3 51 458.6 90.9 457.2 4.0
CSES800a i 460.0 5.9 458.6 89.6 457.2 4.5
CSES800a ii 459.9 5.5 458.5 89.7 457.1 4.8
CSES800b i 459.9 6.0 458.6 88.1 457.2 5.9
CSES800Db ii 459.9 5.8 458.6 88.6 457.2 5.6
CSES1000a i 459.6 8.7 458.7 85.2 457.3 6.1
CSES1000a ii 459.8 7.7 458.7 86.6 457.3 5.7
CSES1000b i 459.6 8.4 458.7 84.7 457.3 6.9
CSES1000b ii 459.6 7.7 458.6 86.0 457.2 6.3
CSIS800 ai 460.0 3.8 458.5 90.4 457.1 5.7
CSIS800 a ii 459.5 6.9 458.6 88.8 457.2 4.3
CSIS 800a iii 460.1 5.1 458.6 89.3 457.2 5.6
CSIS 800a iv 460.0 5.4 458.5 89.8 457.1 4.8
CSIS800 b i 460.1 4.1 458.7 89.5 457.3 6.4
CSIS800 b ii 459.9 6.4 458.9 88.1 457.5 5.4
CSIS1000a i 459.7 7.8 458.6 86.3 457.2 5.9
CSIS1000a i 459.6 8.6 458.6 85.8 457.2 5.6
NCSIS800a i 460.3 6.6 458.9 87.4 457.5 6.0
NCSIS800a ii 459.6 7.0 458.5 85.7 457.1 7.4
SSI350 i 459.4 8.5 458.5 83.6 457.1 7.9
SSI350 ii 459.6 5.0 458.4 87.5 457.0 7.5
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Table A5. Results of curve fitting the O 1s high resolution spectra

B.E. %At B.E. %At B.E. %At B.E. %At
Sample (eV) Conc (eV) Conc (eV) Conc (eV) Conc
Baseline i 530.0 75.2 531.2 11.2 532.1 9.8 533.2 3.9
Baseline ii 529.9 74.4 530.9 10.4 531.8 10.8 532.9 4.4
CSES800a i 529.9 73.2 530.9 11.7 531.9 10.8 533.0 4.3
CSES800a ii 529.7 72.9 530.7 12.0 531.7 10.8 532.7 4.4
CSES800b i 529.9 72.3 530.8 12.7 531.8 10.7 533.0 4.3
CSES800b ii 529.9 74.2 530.8 11.8 531.7 9.8 532.8 4.3
CSES1000ai 530.0 65.7 531.1 15.9 532.1 12.6 533.2 5.8
CSES1000a ii 529.9 65.1 531.0 15.5 532.0 131 533.0 6.3
CSES1000b i 530.0 68.9 531.0 14.6 532.0 111 533.1 5.5
CSES1000b ii 529.8 70.2 530.7 14.4 531.7 10.4 532.8 5.0
CSIS800 ai 529.9 60.2 531.2 18.0 532.1 15.0 533.3 6.8
CSIS800 a ii 530.0 61.4 531.3 16.3 532.1 14.7 533.3 7.6
CSIS 800a iii 530.0 62.7 531.2 16.1 532.2 15.2 533.3 6.0
CSIS 800a iv 529.9 63.7 531.1 15.1 532.1 15.2 533.2 5.9
CSIS800 b i 530.1 65.0 531.3 16.4 532.2 13.1 533.4 5.5
CSIS800 b ii 530.2 65.0 531.3 15.9 532.2 13.2 533.5 5.9
CSIS1000a i 529.9 60.6 531.1 17.2 532.0 15.8 533.1 6.5
CSIS1000a ii 529.9 61.8 531.0 16.7 532.0 15.3 533.0 6.2
NCSIS800a i 530.5 85.8 532.2 10.0 533.4 4.2
NCSIS800a ii 530.3 86.5 532.1 9.6 533.3 3.9
SSI350i 529.8 59.3 531.1 17.3 531.9 17.7 533.1 5.6
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SSI350 ii ‘ 529.7 ‘ 54.9 ‘ 531.0 ‘ 17.6 ‘ 531.8 ‘ 21.9 ‘ 533.0 ‘ 5.6 ‘

O 1s
xlO3
Name Pos. FWHM L.Sh. Area %Area ]
60 1 O1s 530.01 114 GL(30) 60576.08 75.23 o
N 531.20 1.14 GL(30) 8983.88 11.16 2
O1s 53317 114 GL(30) 3108.21 3.86
O1s 53211 1.14 GL(30) 7846.19 9.75
50|
o 40_|
o
()
30 |
20| /
X

536 532 528 524
Binding Energy (eV)

Figure A4. Example fitted O 1s spectrum from baseline sample, area i

Table A6. Results of curve fitting the Cl 2p high resolution spectra

Metal Chloride
Cl 2p*? Cl 2p*2 La 4p>? La 4p*/?

B.E. %At B.E. %At B.E. %At B.E. %At
Sample (eV) Conc (eV) Conc (eV) Conc (eV) Conc
Baseline i 198.4 42.1 200.0 21.1 195.6 24.6 196.6 12.3
CSES800a i 198.3 35.1 199.9 17.5 195.5 31.6 196.5 15.8
CSES800b i 198.3 34,5 199.9 17.3 195.5 32.1 196.5 16.1
CSES1000ai 198.3 32.6 199.9 16.3 195.5 34.0 196.5 17.0
CSES1000b i 198.3 32.8 199.9 16.4 195.6 33.9 196.6 16.9
CSIS800 ai 198.6 59.6 200.2 29.8 195.8 7.1 196.8 3.6
CSIS 800a iii 198.8 60.3 200.4 30.1 195.8 6.4 197.4 3.2

211




CSIS 800a iv 198.8 61.2 200.4 30.6 195.9 5.5 197.5 2.7
CSIS800 b i 198.5 56.0 200.1 28.0 195.7 10.7 196.7 53
CSIS1000a i 198.4 37.2 200.0 18.6 195.6 29.5 196.6 14.8
NCSIS800a i 198.3 41.0 199.9 20.5 195.5 25.7 196.5 12.8
SSI350i 198.3 33.2 199.9 16.6 195.4 33.5 196.4 16.7
cl2p
7x 10
56_| o
Name Pos. FWHM L.Sh. Area %Area N
. Cl2p 198.36 1.46 GL(30) 2651.61 42.13 (e
54 | 199.96 1.46 GL(30) 1325.81 21.05 //\
i Cl2p 19557 1.49 GL(30) 1543.68 24.55 /// \\|
52 | Cl2p 19657 1.49 GL(30) 771.84 12.27 /

Figure A5. Example fitted Cl 2p spectrum from baseline sample, area i

\
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Dr Debbie Hammond
Experimental Officer
Sheffield Surface Analysis Centre
Sheffield University
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Binding Energy (eV)

Interpretations of the data are given in good faith, but no liability is assumed for actions taken as a
consequence of these interpretations.
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Sheffield Surface Analysis Centre

surfaceanalysis.group.shef.ac.uk

Customer: Stephanie Mudd
Date: 17" August 2023
Analysis: XPS

XPS Analysis of (La,Sr)TiO; Powders and Pellets (SSAC719n2)

Introduction

A request was made to look again at the curve fitting of the Ti 2p high resolution spectra for the
powder samples. Experimental detail as to how the data was collected has already been described in
a previous memo (SSAC719n1)

Experimental

The submitted samples were as described in the table below.

Samples
Solid state powder
Cheap IL powder
Expensive IL powder
Solid state pellet
Cheap IL pellet
Expensive IL pellet
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It was reported previously that the powder samples showed little intensity below the main Ti(IV)
contribution, whilst the pellets showed some suggesting some contribution from lower oxidation
states. Consequently, the Ti 2p high-resolution spectra from only the pellets were curve fitted and the
results given in the previous memo. In summary, for the pellets whilst the majority of the titanium
was present as Ti(IV) a small Ti(lll) component was suggested, and also a very small Ti(0) component.

It has been attempted to curve fit the high-resolution Ti 2p spectra for the powder samples.

In order to do this, the fitting constraints used previously were revisited and small changes have been
made, in particular to the fixed energy separation between the Ti 2p3/2 and Ti 2p1/2 peaks, to 5.7 eV
for Ti (IV) and 5.2 eV for Ti(lll). This is in line with the Biesinger paper and it was an error that for the
previous memo 5.6 eV was used for Ti(lll) and 5.2 eV was used for the proposed second pair of Ti(lV)
peaks at higher energy in order to fit the spectral envelope. Unfortunately, these relatively small
changes have made a more substantial change to the suggested %contribution of Ti(lll) to the pellet
samples, particularly the solid state and expensive IL pellets. The new values are given in Table 1 and
the previous values given in Table 2.

What this does demonstrate is how sensitive the absolute values given are to the curve fitting
parameters used. The trends in the data for the pellets have not changed. The data also suggests that
whilst the Ti(lll) contribution for the cheap IL are very similar for both powder and pellets, the
contribution for the solid state and expensive IL powders are about half that of their respective pellets.
Indeed, the %Ti(lll) contribution from all the powders are very similar, as demonstrated in memo
SSAC719n1 by the similarity of the spectra shown in Figure 4.

Table 1. % of titanium components determined by curve fitting

Ti2p
Sample Ti(IV) | Ti2p (1) | (metal)
Solid state powder a 93.6 6.5
Solid state powder b 92.8 7.3
Cheap IL powder a 92.7 7.3
Cheap IL powder b 92.7 7.3
Expensive IL powder a 93.2 6.8
Expensive IL powder b 93.2 6.8
Solid state pellet a 84.7 14.6 0.7
Solid state pellet b 84.9 14.4 0.7
Cheap IL pellet a 91.1 8.8 0.1
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Cheap IL pellet b 92.8 7.2 0.0

Expensive IL pellet a 83.9 13.5 2.5

Expensive IL pellet b 84.7 12.3 3.1

Table 2. Previously reported results (SSAC791n1) % of titanium components

Sample Ti(IV) Ti(l) Ti(0)
Solid state pellet a 89.5 9.1 1.4
Solid state pellet b 89.4 9.5 1.1
Cheap IL pellet a 929 7.1 0.0
Cheap IL pellet b 94.9 5.1 0.0
Expensive IL pellet a 88.1 8.0 3.9
Expensive IL pellet b 88.6 7.5 3.9
Ti 2p
30‘: Name Pos. FWHM LSh.  Area  %Area

Tiop (V) 45850 0.97 GL(30) 23969.25 80.29
46420 175 GL(30) 11984.63 0.00

] Tiop (V)  460.25 2.50 GL(30) 3961.29 13.27
5] Tiop(lV)  465.95 2.31 GL(30) 1980.64  0.00
Tiop () 457.44 2,59 GL(30) 1925.23  6.45
462.64 104 GL(30) 962.61  0.00

cPS x 103

T T T T r T T T T
468 464

T
460 456 452
Binding Energy (eV)

Figure 1. Curve fitted high resolution Ti 2p XPS spectrum for solid state powder.
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Ti 2p

cPs x 103

Name
Ti 2p (IV)

Tizp (IV)

Tizp(IV)
Tizp (Il

Ti2p (metal)

Pos.
458.53
464.23
460.27
465.97
457.44
462.64
456.82
462.87

FWHM

1.03
1.77
2.50
2.22
3.00
1.10
0.20
1.00

L.Sh.
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)

LA(1.1,5,7)

LA(1.1,5,7)

Area
30147.42
15073.71

4459.73
2229.86
2711.17
1355.58
0.00
0.00

%Area
80.79
0.00
11.95
0.00
7.27
0.00
0.00
0.00

468 464 460 456 452
Binding Energy (eV)

Figure 2. Curve fitted high resolution Ti 2p XPS spectrum for cheap IL powder.

Ti 2p

25
1 Name Pos. FWHM L.Sh. Area %Area
1 Ti 2p (IV) 458.44 1.05 GL(30) 23840.52 80.95
1 464.14 1.81 GL(30) 11920.26 0.00
20 Ti2p (IV) 460.20 2.50 GL(30) 3615.94 12.27
) E Ti2p(IV) 465.90 2.39 GL(30) 1807.97 0.00
ST Ti2p (1) 457.32  3.00 GL(30) 1994.74  6.77
X 462.52 1.20 GL(30) 997.37  0.00
o] 45561 0.20 LA(1.1,5,7) 0.00 0.00
O 154 Ti2p (metal) 461.66 1.00 LA(1.1,5,7) 0.00 0.00

T T T I
460
Binding Energy (eV)

T
464

Figure 3. Curve fitted high resolution Ti 2p XPS spectrum for expensive IL powder.
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Ti 2p

cPs x 103
-

Name
Ti 2p (IV)

Tizp (IV)
Ti2p(v)
Tizp (1)

Ti2p (metal)

Pos.
458.51
464.21
459.82
465.52
457.28
462.48
454.28
460.33

FWHM

1.21
1.86
2.50
2.30
3.00
1.61
0.39
1.00

L.Sh.
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)

LA(1.1,5,7)
LA(1.1,5,7)

Area
19622.27
9811.13
4969.35
2484.67
4235.06
2117.53
194.20
97.10

%Area
67.61
0.00
17.12
0.00
14.60
0.00
0.67
0.00

464
Binding Energy (eV)

460

Figure 4. Curve fitted high resolution Ti 2p XPS spectrum for solid state pellet.

Ti 2p
144
Name Pos. FWHM L.Sh. Area %Area
Ti 2p (IV) 458.35 1.17 GL(30) 10891.99 77.37
) 464.05 1.98 GL(30) 5445.99 0.00
Ti2p (IV) 459.81 2.50 GL(30) 1937.32 13.76
12 Ti2p(IV) 46551 2.37 GL(30) 968.66  0.00
Ti2p (1) 457.14 2.83 GL(30) 123218 8.75
462.34 1.45 GL(30) 616.09 0.00
1 45419 0.20 LA(1.1,5,7) 16.46  0.12
™ Ti2p (metal) 460.24 1.00 LA(1.1,5,7) 8.23  0.00
S 104
x
0
o |
o
8
64
4

464
Binding Energy (eV)

460

Figure 5. Curve fitted high resolution Ti 2p XPS spectrum for cheap IL pellet.
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Ti 2p

Name Pos. FWHM
184 Ti2p (V) 45859 1.23
46429 1.92
1 Tizp (IV) 460.02 250
16 Ti2p(IV) 465.72 230
Tizp (1) 45731 2.95
| 462.51 1.65
454.42 0.77
o 14 Ti2p (metal) 460.47 1.00
S
x
P 12]
(@]

=
P

L.Sh.
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)
GL(30)

LA(1.1,5,7)

LA(1.1,5,7)

Area
16681.78
8340.89
3519.34
1759.67
3254.71
1627.36
607.87
303.93

%Area
69.32
0.00
14.62
0.00
13.53
0.00
2.53
0.00

Figure 6. Curve fitted high resolution Ti 2p XPS spectrum for expensive IL pellet.

I
464
Binding Energy (eV)
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Conclusions

e The absolute values of %contribution of Ti(lll) and Ti(0) to the high resolution spectra have
been shown to be very sensitive to the fitting constraints used.

e The trends within the data are less sensitive, and consequently likely to be more reliable.

e The %Ti(lll) within the powder samples appear to be similar for all powders , and
approximately half that of the pellet samples for the solid state IL and expensive IL.

e The cheaper IL has a similar %Ti(lll) contribution in both powder and pellet form.

Dr Debbie Hammond
Experimental Officer
Sheffield Surface Analysis Centre

Sheffield University

Interpretations of the data are given in good faith, but no liability is assumed for actions taken as a
consequence of these interpretations.
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