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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 materigffpenelectron dominated
conductor) andype (hok dominated conductor) to increase the efficiency of electricity
generation from a given temperature gradient. High electrical and low thermal conductivities
are requiredo enhance the figure of merit, ZT. These characteristics are often mutually
exclusiwe in naturally occurring materials. Som#ype materials have been found with

greater than unity ZT however, currertype materials are seriously underperforming their
p-type counterparts. This work shows a study of two methods designed to enhan@nZT in
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 rscade grainsa be retained in a
sintered ceramic, increasing the density of grain boundaries which scatter phonons.
Nanoscalgarticlesare produced using by ionic liquid synthesie t hod, what 6s mor
compositional series was made using this methogiskBwSrTiOs. Theresults demonstrate

the cooperative fine tuning tiermoelectric properties to improve Zlhe initial densities

of ceramics made using the novel cold sintering method are relatively low, ~55%, but this
technique has the potential to be grgatiproved. These results show novel compositions

and methods which make incremental steps towards impriwengfficiency of TEGsin

order to begin recuperating some of the 72% of primary energgl@dstlly 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 thih&ork.
experimental work is separated into thdegtinctchapters: lonic Liquid Synthesis of
LanthanumDoped Strontium Titanate, Europium Doping of Lanthanum Strontium Titanate
and Novel Cold Sintering Method. These chapters areceathined with their owaims,
objectives, introduction, results, discussions, conclusions and references.

Chapterthreecovers the initial synthesis of Lanthanum dopeditd deficient strontium
titanate(LST) using the ionic ligid method and comparing the prodtecthat d the same
composition made using the conventional solid state synth&bkish usually requires a
temperature upwards of 1000. 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 & could be retained in a sintered product) but would also reduce
the environmental impact of ceramic synthesis.

Chapterfour coversa compositional series introduciegropium dopig intoLST. This
present a novel combination of dopants in strontiuaméite which would aim to reduce the
thermal conductivity through scattering caused by mass fluctuation onghe. A low
thermal conductivity must be coupled wahigh powder factor and so the electronic
properties were also investigated to calcullagethermoelectric figure of merit for each
composition in the series.

Chapterfive introducesa novel take on the Cold Sintering Process, in which ceramics are
sintered at temperatures < 3@ This novel method was inspired by the ionic liquid
synthess method and Reactive Cold Sinteritgthis chaptethe initial development of the
novel processs detailed invhichthe density/ porosity was examined. Key findings from the
previous two chapters on the nature of the ionic liquid synthesised LSTaithérent
impurities were integrated into the examination of the bulk ceramics to determine
densification mechanisms and potential improvements.



1.0Literature Review

1.1 Thermoelectric Principles

The depletion of fossil fuels and rising €l@vels are a welknown 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 fronour primary sources (petroleum, coal, natural gas etc.) is lost asNatat.

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 emissiangrecessk-urthermore, 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(RT@#$ere decaying radioactive materials are

the heat source and the TEG converts this into electfi@ibe current state of the art
thermoelectric materials (chalcogenides) are expensive and toxic materials, which is
acceptable for RTG applitans, 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 Thermoelectrigit

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

ef fect-madghet memé, though it i s ectd*Whislefleccwn as
is observed when a potentdifference 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 majcngyge 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 mmypes of thermoelectric materials. Fetype materials

electrons are the majority carrier and fetypes holes are the majority carrfer.

A thermoelectric generator (TEG) utilizes bottype ando-t ype 061 egs é t her mal |
electrically in series between a hot and cold contact (Figure 1.1.1) to create a current from

which heat energy can be converteelectricity then stored or immediately utilised. For

example, the cold contact could be attached to a watding system and the hot contact

could be attached the external face of a tail pipe in a combustion éngine.



HOT CONTACT

COLD CONTACT

Current Electron©O Hole ®

Figure 1.1.1 Schematic of thermoelectric device showing cur
flow in thermoelectric 061°ce

The maximum conversion efficiency of a thermoelectric device is given in Equatiorf 1.1.1.
This is ultimately limited by the temperature differential between the hot and cold contacts
and the thermoelectric of merit, ZT, of thandp components.

- Egn. 1.1.1

ZT is a dimensionless figure of merit which is determined by the materials electrical and
thermal properties, shown in Equation 1.MfhereSis the Seebeck coefficient (V/Ki,is

the electrical conductivity (S/m7J,is the absolute temperature (K) ais the thermal
conductivity (W/mK).

QY — Eqn. 1.1.2

In order for a material to generate the largest potential across the thermal gradient, the charge
carriers musimove unimpeded through the material whilst heat transfer is minimal to

maintain the temperature gradient. In 1995, Glen Slack termpkdreonglass 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 higi 2 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 technologi&s:?

Part of the numerator in Equation 1.1.2)S i s known as the power f a
the electronic characteristics of the mateiab e t o t he i nterdependenci
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.



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 thegrto 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 elettieing in a particular spaée.

In an atom an electromsides 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
higherenergy level?

In semiconductors, at 0 K, there is # fialence 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 band¥’

The fermi energy is the highest filled energy level at O [€ctons 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 dopifyy.

This is a highly simplified way to look at the electronic structfrhe 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, mappitige density of states for a specific material in order

to predict its electronic properti¢%18

1.1.2Seebeck Coefficient

The Seebeck coefficient is a measure of the
temperature, T, shown by Equation 1.1.3. The larger the potential generated by a material the
larger the Seebeck coefficient; the square of treediectly 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 possessgge materials have a majority of

electron charge carriers and so the Seebeck coefficient is negative, wheasnaterials

have a majority of hole charge carriers so the Seebeck coefficient is positive. Current flows in
opposing directions in thesed materials and so the potential sign reverses fraype ton-

type.

Yo Egn. 1.1.3

Y a® — Eqn. 1.1.4



Equation 1.1.4 can be used to further understand the factors affecting the Seebeck coefficient.
Wherekgis the Boltzmann constant, T is temperature in Kelviris the effective mass of

charge carrierd)i s P | a n k dis theccarnmescbrnaamttation, ands the electron

charge®?°

Therefore, three important values can be extractedhwdtrongly 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 theutermost 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 car
mobility, which also reduces the electrical conductitity.

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, whintbe 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 |Elnipulating the band structure in this

way is called band convergence, Beal.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?22

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 & V/ K cariers®Irnisdatotshwéhtdear ge nu
lowest amount of charge carriers (usually only from small levels of impurities) typically have

a Seebeck coefficient greater than 200 ¢V/ K.
somewhere between the two. Figure 1.1.2 shows how the Seebeck coefficient decreases with

an increase in charge carrfér.

Typically, in a semiconductor due to thermal excitation the number of charge carriers
increasesvith 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 ElectricalConductivity

The electrical conductivity is determined by
carriers, n and the charge of the charge carrier, q according to Equation 1.1.5.

£ TN Eqn. 1.1.5

The Mott transition is the transition betwaasulator and metallic conduction behaviour,
which occurs when the carrier concentration exceeds a vglaeaording to Equation 1.1.6.
Where nis the electron carrier concentration apdhe Bohr radius of the carrier and
dopant. For oxygen defigie STO the Mott criterion is ~1x1®cnr3.24

¢ T ghx T v Eqn. 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 ¢trecale
conductivity.

A semiconductor or smal/l band gap insul ators
temperature as thermal energy provides enough energy for electrons to overcome an
activation energy and take part in conduction. Whereas,dndeta el ect r i c al conc

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 interactionsvieen electrons and phonons cause a decrease in electrical
conductivity.
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Muta et al.found that for single crystals of EuTiGrTiOs: and CaTi@, doped with
lanthanum, the electrical conductivities all decreased with temperature between 300 and 900

so o Wat
t his

K
in

Tdh i

S

S

because the

conductivity

P éYg i Avlowergemperatures (3€BD0K) the T exponent of the

electrical conductivities reduction w7, indicating optical phoneelectron scattering. At
higher temperatures (50900K) the T exponent wa4.6 which is caused by dominant
acoustic phonotlectron scattering accordingtteeir findings?® See the sectioméitled

6Ther mal

Conductivityo

f electran scdtering modgs.tTheo n

electrical conductivittemperature behaviour of single crystal and polycrystalline
Lao.003S10.907T103.5 normalised for charge carrier densityand elememtry chargee are

given in Figure 1.1.3° Mooset 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?®
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Figure 1.1.3 Electron mobility as a function of temperature for single crystal and
polycrystalline La.0osSf.997TiOs.5 normalised for charge carrier density, n, and elementary

1.1.4 The Power Factor

charge, e.

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

coef fici

ent ,

S,

and the

Seebeck coefficients and the electrical conductivity during band engineering to determine
what level of dopingetc will ultimately lead to the highest ZT.

~

0

0

Y,

Eqgn. 1.1.7

Consider a semiconductor at room temperature ichwve 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 comtivity 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 bandas is the case with metals. Metals have a large electrical condubtivit
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. Hefedtineahass 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 teperature 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. Typicallypitype systems the fermi level
moves further to the conduction band, ang-igype 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 effaéove mass and mobility change) though the ideal concentration is between
10%and 16 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
thermodectric materialg’

Wei et al.showed an example of fermi level optimization fietype GeTe2 For pristine

GeTe the fermi level lies deeply into the valence band where the carrier concentration is ~ 8.7
x10°cm3. This results in a very |l ow Seebeck coe
with Bi the fermi level can be moved to a higheeryy, towards the edge of the valence

band to improve the power factor. {36Bio.12Te has a reduced carrier concentration of 7
x10®cm3®and a much | arger Seebeck coefficient of
maximized by a tradeff between carrier comntration and Seebeck leading to the highest

value for GeesBioosTe which was ~ 4.5 mW/mi&8

1.1.5 Thermal Conductivity

% Y Y Egn. 1.1.8

The equation for the total thermal conductivity is given in Equdtiar8, where Kis the
contribution of thermal energy carried by the electrons aadsKhe 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 ne@ysto prevent phonons from making efficient

progress through the lattice. This can be done by scattering and reducing their mean free path
via means ointroducing scattering centres and/or reducing the strength of bonds between
atoms. Strong rigid bondsnit the amplitude of vibrations so allow greater mobility of

carriers and phonorf& Nonharmonic vibrations in filled skutterudites, for example Ba, La,
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Yb doped CoSbhave, for example, been used to destructively interfere with heat carrying
phonons to reduce thermal conductivity down to 2.7 W/mK at reonpératuré®

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 wave$:*2Whereas in optical mode adjacent atoms move against each other
and their frequency is close to that of infrared IR}

Acoustical Mode

Optical Mode

Figure 1.1.3 Schematic of optical and acoustic phonon mtdes.

Optical phonons are dominant at lower temperatures%80&). Their thermal conductivity
is relaively low due to low velocity and small heat capacity. Acoustic phonons are dominant
at higher temperatures (5800K) and responsible for the majority of thermal conductity.

A portion the total thermal conductivity is carried by the conduction electrons, shown in
Equation 1.1.9 where L is the Lorentz number
temperaturé®

Yy 0,"Y Eqn. 1.1.9

This equates to a small portion of the total, for example at room temperature an electrical
conductivity 5081000 S/cm only corresponds to adf 0.4-0.8 Wm/K34*When cosidering

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 reduedahbrmal 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 transportTherefore, a hierarghof scattering centres are required to effectively
reduce the thermal conductivityScattering 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 phofidtewever, these additions can

also scatter electrons, decreasing their mobility, therefore decreasingdtneal
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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. i il@ou,

et al. showed that in the semiconductorsSmS; 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 disordet®

1.1.6 Summary

Therefore, it has been shown that a large degree of interconnection exists between the
paranet er s S, (-Glass HlectkorCrystah (B®EEC nmaterials 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 thermductvity 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 maxiziT. 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
=
in

0

1018 10%® 1020 1021
Carrier concentration (cm)

Figure 1.1.4 The interdependencigsthermoelectric properties in maximizing 27.
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1.2 pTypeThermoelectridviaterials

1.2.1 BismuthTelluridei Antimony Telluride Alloys

The most mature and widely used of the thermoelectric materials are bismuth telluride
(Bi-Tes3) based compounds. The small band gap of the intrinsic material, 0.13 eV, leads
to degradatiorof ZT at high temperaturedueto flooding of minority chargecarriers,
therefore these materials function best close to room temperature.

Quintuple Layer

van der Waals Gap

BiTeg Octahedron

Figure 1.2.1Tetradymitecrystalstructureof bismuth
telluride taken from work published by Witting et
al.®

Bismuth telluride ha 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 (slighnegative charge on the tellurium due to higher electronegativity
and positive on the Biyith weakVan derWaalsforcesbetweerthe closepacked

layers® This layeredstructure leads to anisotropy in the electrical conductivity
conduction within basal planes is much larger than a¢thesglanes in the c¢ direction.

Importantly,theanisotropyis lower in p-type materials(3:1) thanin then-typetellurides
(6:1)3%This factwillbed i scussed further in the-section
typed. Though the Seebeck values r®%ain isof

These compounds have high band degeneracy, high carrier mobility and relatively low
thermalconductivityleadingto outstandindiguresof merit. ThelargeTe atomswith
weakbonds between them lead to Ithvermal conductivity single crystals of Bir'es

have araverage thermal conductivity of 1.37 W/mK at 308K.

The conplexity of the fermi surface, originating from spin orbit coupling, leads to high
Seebeclcoefficients Without thespinorbit interactionsthe bandgapin Bi>Tes would
bepositioned at a high symmetry point in the
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, ffverts.
This results in a complebermi surface asmallbandgapanda highlevel of degeneracy,
which leadsto a large Seebeck coefignt.

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

EF

Ir

" AL\ 7T

Parabolic bands Band inversion Gap opening z f & L vem e r
avevector
Figure 1.22 Diagramshowinghowbandinversioncreatesa complexermi surfacein

BiTe(left) and a DFT band model of BiTe (righf).

p-type conduction can be induced by alloyingT® with SkTesz which also increases
theband gap, increasirthe maximum serviceemperaturé.in 2017 Kimet al.tuned the
carrierconcentration of Bifes-ShyTes by adding excess Te. Reducing the carrier

concentrationmproved the Seebeck coefficient but reduced the electrical conductivity,
however, tuningf the carrier concentratiazan overall improve the power factor.
StoichiometridBio.2sShy 752 Tes hada carrierconcentratiorof 6.7x 10° cm® which
gaveaZT of 0.6at27°

C. WhenaddingexcessTe the carrierconcentratiorwastunedto 2.6 x 10 which gavea

ZT of 1.05 at 2PC*

Additional doping e.g. with Indium, can help to expand the band gapBéBwhich

upshiftsthe servicetemperatureOperatingat highertemperaturesllowsfor largerZTs

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. 12016 Xuet al. showed this byloping (Sb,Bi}Tes with indium, resulting in

a peak ZT of 1.4 at 227 °C, rather than the usual peak around room temperature seen in
BirTes.*?

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 Bloefb, sTe; to 1.4 at

100 °C* In 2015 Kimet al.introduced a high dislocation density at grain boundaries of
BiosShusTes (through a liquid phase compaction synthesis technique) wéidtticed the
thermal conductivitgomparedo aingot solidification,increasinghe ZTfrom 1.00to
1.86at47°C*
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Tablel1.21 Thermoelectripropertiesof Bi:Tes and SkhTe; basedalloys.

Composition ZT | Temp. | Electrical Thermall | Seebeck | Source
°C conductivity| WmK?® | coefficient
/ Scmt le VK
(Bio.2sShy.75)2Tes 1.05 | 27 1900 1.75 180 Kim,
20174
Bio.3Shy 629No.075T €3 1.4 | 227 700 1.1 220 Xu, 201642
BiosShusTes 1.4 | 100 850 1.0 210 Poudel,
20084
Bio.sShysTes(melt 1.00 | 47 830 1.3 225 Kim,
solidification) 20154
BiosShysTes(liquid 1.86 | 47 650 0.65 242 Kim,
phase compacted) 20154

Althoughbismuthtellurideis a high performingp-type materialits low servicetemperature
severely limits its applications in anything above a room temperature environment. Large
temperaturdifferencesdbetweerhotandcold contactdeadto thelargestenergyconversion

so other materials are required to aim for this.

1.2.2 TinSelenide

Tin Selenide (SnSe) on the other hand does not suffer from the same issue as bismuth
telluride, itsoptimum temperature range is 5800 °C. SnSe is a 2D anisotropic material
with low symmetry, and an intrinsicalixery low thermal conductivity, <0.4 W/mK (at 923
K) dueto stronganharmonidonding® Thisis alreadybeneficialin reachinghigh ZTsif the
eledronic properties can be engineered to match this.

f’w"' |

& ‘& &
“é “ﬁ “& ‘n;
; y;& g =9
€. \

1|
= & = a p a

"‘n WX \\‘“ \ Td \ ;H,

i® @ [ ; c

Figure 1.2.3 Schematic of the atomic
arrangement oSnSeaakenfromwork published
by Zhaoetal. 46

Understandinghe structureof SnSeis keyto engineerindnigh ZTs asits layeredstructure
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leads to a large degree of anisotropy. In single crystals of SnSe, Se and Sn form two atom
thick layers, by corrugation in thedoplane of a single atom think sheet in an accordian
pattern. ZT is highesh the b and c axis for hole doped specimens, though much smaller
along the aaxis due to reduced mobility between layers. This material operates at moderate
temperaturegjltimatelylimited by a phasedransitionfrom Pnmato Cmcmat~ 527°C. Much
beyondthis temperature (~ 700 °C) the ZT drops, due to bipolar conduction mechanisms
(holes and electrons) being activated in@mecmstructure Cmcmhas half the band gap of
Pnmaso electrons can overcome this gap at elevated temperatures leading to electron
conduction which interferes with the hole conduction mecharfim).

ZT is maximized in thedaxis, followed by the thena axis, due to the differences in the
powerfactors.Theelectricalconductivityis greatemalongthe Sn-Seplaneswhich havestrong
SeSn bonds, and much lower along thaxis which has weaker bontfsThe thermal
conductivity is also much lower along taexis, 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 68 °C).46

Anharmonicitymeangha mechanicahndthermalexchangenergyandcausea dampening
effect?” Thescaleof the effectcanbe quantifiedby the GriineiserparameterAlong thea, b

and c axes the average Grineisen parameters are: 4.1, 2.1 and 2.3, which follow the same
trend as the thermal conductivitiés.

In n-type selenides such as bromine doped SnSe, charge dmmsigp between the layers
facilitatesconductionn theout of planedirection(a-axis) wherethethermalconductivityis
at its lowest, therefore reaching a higher ZT ~2.8 at 7?3K.

Table1.22 Thermoelectrigropertiesof tin selenides.

Composition T Temp./ | Electrical Thermal/ | Seebeck | Source
°C conductivity | Wm1K?® | coefficient
/ Scm? le VK
SnSegaaxis) 0.2 680 14 0.23 390 Zhao,
201446
SnSe(c-axis) 2.3 680 71 0.31 320 Zhao,
201446
SnSe(b-axis) 2.6 680 89 0.35 340 Zhao,
201446
SnSe(b-axis) 15 500 33 0.33 440 Zhao,
201446
Sy .9gNav.0155e(b- 2.0 500 150 0.55 300 Zhao,
axis) 20164
PolycrystallineSnSe | 0.5 550 33 0.62 350 Sassi,
201448

In 2016 Zhacet al.showed a huge increase in the PF of single crystal SeSrDiodn

g Wc'nK' 2500 °C) toD1 4 ¢ W' rfwhen acceptor doped with NaDoping with
sodiumpushedhefermilevel deepeiinto thevalencebandwheretherearemultiple valence
bands in a small energginge. This changed the electrical conductigitgracter to metallic

19



rather than semiconductinty. This vastly increased the number of charge carriers and
enhancedheelectricalconductivity.A hugelossin Seebeclkoefficientwould beexpected

to accompanthis, however,Zhaoetal. only founda smalldegreaséueto the effective

masses of holes ihese bands being greater than in the first valence band, which enhanced
the Seebeck coefficient.

Sassketal. showeahe propertieof polycrystallineSnSe.The maximumZT wasmuchlower

as the anisotropy of the electrical properties becomes averadgedl@sains are no longer
perfectlyorientated”® Though theirsampledid show somereferred 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
conductivityoverall 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 diffuand specific heat
capacities measured. This resulted in an overall ZT of 0.5 at 5%0 °C.

Furthermoreat highertemperatureabovethe phasdransitionto Cmcm(~ 527°C) Sassiet
al. recorded significant mass loss from the samples indicating that the polycrystalline
material was not stable at highemperature&®

Thisis adisadvantagéor SnSethermoelectriaspolycrystallinematerialsare generallynore
mechanically stable than layered single crystals and much easier to mandfacture.

Anotherintriguing family of layeredoxidesarethe calciumandsodiumcobaltites Though
their thermal conductivities are not as low as SnSe, they have been shown to possess
electroncrystal phonorglass characteristics which is highly attractive for thermoelectric
materials*®->0

1.2.3 SodiunandCalciumCobaltite

Unlike most other high performandeermoelectric materials, layered cobaltite materials

such as N&CoO, and CaCoQ, consist of light elements and show metallic conduction at
roomtemperature&:>?>Thisis in starkcontrasto bismuthtelluridewhichis asemiconductor
consisting of heavy elements.

Oxides usualljrave high thermal conductivities &to strondonds and light elements
which make phonon transport easier. However, in this material the alternating layers of
ordered Co®@and highly disordered QaoQ, or sodium ion nanoblock layers play an
importantrole in reducingthethermalconductivitybelow1 W/mK atroomtemperature
whilst maintaining high electrical conductivifi/->2

CoQ layersareresponsibleo the electrical conductivitywhist theintermediatdayersarea
source of holes and act as a glass in terms of phonon trafispletefore, electrical
propertiesshowalargeanisotropywith largervaluesin plane.For singlecrystalsthelarger
in-plane values are quotes from now®8n
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Figure 1.24 Crystalstructureof a) Na«CoO, whichconsistof
CoO layers and sodium nanoblock layers bkCaiOgs which
consists of layers of CoO and £n0;.>2

Thesematerialshavebeenfoundto haveverylow chargecarriermobility thougharehighly
abundant in charge carriers leading to a high electrical conductivity. Unlike in most
semiconductors where the number of charge carriers has an optimal level abov8 8hich
too low, so the thermopower is maximised by the mobility of charge carriers.

TheSeebeclcoefficientis usuallyhighly negativelycorrelatedo the numberof charge
carriersthoughthe oppositeeffectis observedvith layeredcobaltites Funahashetal.
showedhatfor i w h i Is ik leiegtecrystalsof CaxC0,0s theelectricalconductivityandthe
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 okGz0; shows metallic behaviour,
electrical conductivity, reducing with an increase in temperature, between 50 and 800
K.49:50.5254< gumotoet al.compared the thermoelectpeoperties of N&CoO; and CaCaOg
between 25 and 300 K. They found that, of the twa(CG#D9 had lower thermal
conductivityandhighestSeebeclcoefficient,but alsolower electricalconductivitydueto the
increased disorder of the interlayer betwee®£Lplanes>?

Fujitaet al. showed the effect of moving from single crystal to polycrystallingCd@).i,
which reduced the thermal conductivity but also the electrical conductivity and Seebeck
coefficient> This drasticallyloweredthe ZT at527 °Cfrom 1.2to 0.31.This effectwasalso
confirmed at 27 °C by Takahataal *°

A similarvalueof ZT wasfoundby Miyazaki et al. for polycrystallineCaCasOs, thoughin
contrasthis wasanimprovemenbnthesinglecrystalthermoelectrigpropertieseportedby
Koumotoet al.due to the marked decrease in thermal conductivity due to grain boundary
scattering’*>?
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Tablel1l.23 Thermoeletric propertiesof layeredcobaltitematerials.

Composition T Temp. | Electrical Thermall | Seebeck | Source
/°C | conductivity| WmIK?® | coefficient
/ Scmt /e VK
CaCauOg 0.01 |27 41 2.9 160 Koumoto,
singlecrystal 200652
NaxCoO2 0.06 |27 1000 5.0 100 Koumoto,
singlecrystal 20062
NaxCoO2g 1.2 527 1900 51 200 Fujita,
singlecrystal 2004
NaxCoOp- 0.31 527 280 2.1 170 Fuijita,
polycrystalline 2004
NaCaOq 0.03 |27 330 2.0 80 Takahata,
polycrystalline 2000%°
CaCasOg 0.035 | 27 67 0.98 133 Miyazaki,
polycrystalline 2000°!

1.2.4 ClosingRemarkson 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 indutypg conduction the

performance is as greaand in most cases it is not, with the exception of bismuth telluride.

Currently in the literature-type thermoelectric materials are fallisgort of theirmp-type

counterparts, though high figure of meriandp types are essential for a high efficiency
thermoelectric device. Some of the highest performitygpe materials in the literature are

described and discussed in the following section’3t yYope Ther moel ectri c M
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1.3 n-type Thermoelectric Materials

This section discusses the state of the anttgpe thermoelectric materials. It lists the most
common classes of materials in this field, providing the details of their crystal structures
which lead to desirable characteristicsrielype thermoelectric materials.

1.3.1 Bismuth Telluridé n-type

Bismuth telluride is able to perform ap-dype orn-type thermoelectric material, depending
on the doping strategy and so this material features in both the state of the-dypks and
this section which will cover its performance asatype. The crystal structure of bismuth
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a complex tetradymite structure with hexagonal close packed Te atoms with Bi occupying the

octahedral sites. In order tadimcen-type conduction bismuth telluride can be doped with
bismuth selenide (BS&) which induces Se vacancies.

n-type tellurides have a larger power factor thany p e s
compar ed ptypes) ceddthe svélghtidchigherf nelbility of

ntypes,

i n

t he
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electrons than holeé€ However, the ZT ofi-types is lower thap-types due tohe increased
anisotropy inthe-t y pe 0 s
matches that of the thermal conductivity anisotropy so that the ZT is virtually isotrgpic in
type materials whether in a single crystal or poly@atise materiaf® In contrast, the
anisotropy im-type conductivity is much larger (~6) so it remains anisotropic unless all the
grains are oriented in the same direcfidfihis means that strategies to increase ZT by
reducing the grain size are less applicable-tgpe bismuth telluride, as random grain
orientations reduce the power factor.

electrical

Cc 0 n d utyped generally .

Table 1.3.1 Thermoelectric properties efyppe Bismuth Tellurides

Composition T Temper | Electrical | Therma| Seebeck | Source
ature / | conductivit | I/ Wm" | coefficien
°C y/ Scmt K1 t [ lg
Bi2Te2.7S@ .3l0.0075 1.13 | 150 1400 1.1 -150 Lee,
2015°
BizTez7sS@ 21 1.2 102 800 1.1 -200 Hu,
2015°
Biz2Tes 1.16 | 147 1000 0.75 -150 Wu,
2013’

By alloying BbTes with Bi>Se; Leeet al.induced am-type material which had a ZT of 0.55
at 150°C, a relatively low value for this material compared tgitgpe counterparts. When
further doped with iodine thisnproved the electrical conductivity by increasing the carrier
concentration and reduced tladtice thermal conductivity, achieving a ZT of 1.13 at 150

oC _55
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Also achieving a similarly low thermal conductivity was etual.who performed ot zone

melting ofBi-Tex 76S@.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. Thigesulted in a ZT of 1.2 at 102.

Wu et al.also investigated microstructure control, looking at three different morphologies of
n-type BiTes: nanowires, flowetike nanosheets and nanoparticié$hey found that the

flower like nanosheets gave the highest ZT due to the preservation of the electrical
conductivity that vas 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 perfonagree
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 Sa tesige 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 CoSpBased Skutterudites

Based on MX formula skutterudites are composed of corner sharing dt¥ahedra which
form nanoscale cages which can be filled with a variety of atoype filler atoms donate
electrons to the lattice inducing semi conduction @eate 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 filleygroduce vibrations of multiple magnitudes which interfere
with a broader range of phonons, rather than in the case of one filler species. The parent
structure Co4possesses a thermal conductivity of around 10 W/mK at room temperature
but by adding Ba, & and Yb Shet al.found a reduction in thermal conductivity to 2.7
W/mK at 27°C.2°*8This was accompanied by a large increase in the electrical conductivity
whilst maintaining the Seebeck coefficient value which resulted in a ZT of 0.42@t°27

The increase of the electrical conductivity from unfilled tedilskutterudites, 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 ia tumber of conduction electrohs.

For filled skutteruditeshe electrical conductivity reduces with an increase in temperature,
whilst the absolute Seebeck coefficient increases. This mdiahi@viouis typical of

heavily doped semiconductotsAs tempeature is increased the electrons become more
scattered by the lattice vibrations therefore the electrical conductivity drops.

Table 1.3.2 Thermoelectric properties of CoBased Skutterudites.
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Composition ZT Temper | Electrical Therma| Seebeck | Source
ature / | conductivit |1/ Wm | coefficien
°C y/ Scmt K1 t [ 1g
Nolas,
CoSbk 0.017 27 400 10 -120 2000¢
Bao.od-a0.05Ybo.0ACauShi> | 0.42 27 2398 2.7 -126 58'1'130
Bao.od-a0.05Ybo.oACauShi> | 1.71 577 1428 2.6 -192 58'1’130

1.3.3n-type Oxides

Oxides are an attractive group of materials for thermoelectric applications as their
constituents are generally low cost, ftoric and are stable up to high temperattires

features which many other thermoelectric materials suchsdssBielenium and cobalt

containing materials not able to claim. This is a significant consideration when trying to
expand the viable applications dktmoelectric 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 anmenergygf
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). iesipusly stated this is proving a
challenge in the current state of the artrfdype materials, though some of the most well
documented and promisimgtype thermoelectric oxides are described in this section.

1.3.4 Zn0O

ZnO is a direct band gagemiconductor 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 conductRA.

.Zn
Qo

—

e-geo |

A~

B

Figure 1.31 Hexagonal wurtzite crystal structure of ZnO
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The c/a ratio of the crystal structure pays an important role in the electronic properties as
shown by Wiffet al. when adding small amounts of Al in place of Zn. Al decreased the c/a
ratio thereby compressing the distance between hexagonal 4ayéessmaller 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 leveR.

Quet 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 achievedtugshis
was 0.16 at 808C in Zy.97Al 0.040.5?

The largest ZT for ZnO based materials was reported by Qéttakiin 2009 who reported

much higher electrical conductivities than €twal. Their Al doped ZnO showed nearly 6

times the electrical conductivity and gave a ZT of 0.37 at 200Caodoping with Al and Ga
increased the ZT further by increasing the absolute Seebeck value and reducing the thermal
conductivity®® The disparity of these results may be dowrht@rtcontracting synthesis

routes with Quet al.using a ceprecipitation method and Ohtadd al. using a solid state
synthesis route. The @oped sample by Ohta&t al.also contained an unknown peak in

their XRD analysis as well as small amounts oAlEO4 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 propemid¢gpsf ZnO to date.

Table 1.3.3 Thermoelectric propes of zinc oxides.

Composition ZT Temper | Electrical Therma| Seebeck | Source
ature / | conductivit | |/ Wm" | coefficien
°C y/ Scm? k1 t [ g
ZnO 0.007 | 800 33 6.0 -174 Qu,
20112
Zno.99Al 0.010 0.04 |800 130 5.1 -154 Qu,
20112
Zno.97Al0.00 0.16 | 800 170 3.6 -117 Qu,
20112
Zno.98Al 0.020 0.37 | 1000 816 ~7.7 -152 Ohtaki,
2009
Zno.96Al 0.02G&n.020 0.65 | 1000 458 ~4.8 -255 Ohtaki,
20093
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1.3.5 Perovskites

A

é Os octahedra \ \
Titanium
Strontium

Figure 1.32 Cubic perovskite crystal structure of SrgiO

Perovskites in general are a highlyractive structure for a wide range of applications such

as solar cells, MLCCs, super conductors and thermoelectric matéfiawith the general
structure ABX 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 SrT¥§X(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 perovekitarabe
used to predict and explain crystal structure distortions. In Equation :,3glrg are the
ionic radii of the Asite, Bsite and oxygen atoms respectively, arglthe tolerance factor.

o — Eqn.1.3.1

The tolerage factor for SrTi@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 iR.CaTiO
Cais a smaller ion than Sr and so th®Aond is reduced in length ahdrops below 1.

This is compensated for by octahedral tilting giving rise to an orthdsiwodistortion of the
cubic perovskite. Larger ions like Ba can cause tetragonal and rhombohedral distdrtions.
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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 nedmsémployed.

Electron transport in-type perovskites occurs via the large polaron mechaffi$tvhen

charge carriers interact with the lattice they can be referred to as pdfaftrescoherence

length is the size of the @olsation 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 polarth.

For example, the electron induced by libgs of oxygen in STO is localised to the Ti species,
reducing it from Tt*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 oerlapping 3d orbitals. This is the large polaron conduction mechanism.

1.3.6 CaMnQ@

Stoichiometric CaMn@(CMO) has an orthorhombic perovskite crystal structure. Molgtari

a.f ound that undoped CMO has a ZT O0K2@n3 at 95
and a Seebeck coefficient-® 3 0  ¢?Wypikal donor dopants for CMO are Yb on the A

site and Nb on theBite (ref. Fergust al.and those thereirtf. Through Yb doping

(Ca.9Ybo.1MNOg) to increase the electrical conductivity the ZT can be isect#o 0.2 at

1000°C. The Seebeck coefficient of this samplewla® 0 ¢ V/ KCt 1000

1.3.7 SITiQ

Doped SrTiQ (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
dersity 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 alsaddadks

thermal conductivity. High power factors of-28 mW/K?cm have been reported for La

doped STO which rival that of Bies.”® The ideal charge carrier concentration for stramnti
titanate, to maximise the power factor is ~ 2%t@73.74">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 properies of
type STOs this is a young material compaedismuth 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 resech 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 (SrT#Dis a wide band gap insulator (indirect band gap of 3205
eV a room temperature) with a large thermal conducti(Ait/.A high performance
thermoelectric material requires a high electrical conductivitylaw 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 thermoeleggdformance® Some of the most common
strategies are described in the following section.

1.4.1 Oxygen Vacancies

Inducing oxygen vacancies instrontium titanate is a common strategy to increase the
electrical conductivity. Oxygen vacancies lead to the generation of electrons and the
subsequent reduction of“Taccording to Equations 1.4.1 and 1.4.2 respectively.

i YR O YP YQ o 10 -0 Q 16% gQ 606 Q Eqgn. 1.4.107
YQ Q0O "YQ Eqn. 1.4.2°

The creation of oxygen vacancies is encouraged by high temperature and low oxygen partia
pressure$® The electrons produced in equation 1.4.1 then occupy the Ti 3dnbécid 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
increaseé?8!

As oxygen vacancies are defects which can cause thersggttf 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. Rahetaad. show this as they

increased the Fcontent in their HYAr reducing @s 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@86Though the

Seebeck coefficient alseduced from800t0-4 50 e V/ K, this resulted i
of 0.047 at 400C .24

The charge carrier concentration in this sample was 10.68 ot and was accompanied

by an increase in lattice parameter to 3.9047 A, compared to 3.8991 A when sintering in 1%
H/Ar (carrier concentration in this case was 0.106 R dfr3). Both the lattice parameters

given appear to be smaller than the standard SIb@ ¢attice parameter of 3.905%AThis

could be due to the fact that they are working with highly pure single crystals therefore the
amount of impurities and oxygefacancies in their starting material was much lower

resulting in a smaller lattice parameter.

Yamadaet al.also show a study of single crystal STO heat treatments in increasing
temperatures and reduced oxygen partial pressures which show a dirdatioorte the free
electron density? Their maximum free electron density reacBedl x13° cm2at the highest
sintering temperature (140Q) and the lowest oxygen partial pressure (9.6%4@m). This
sample had a lattice parameter of 3.9053 A, however, in general this study found no trend
between lattice parameter and number @irgh 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 treatméhThis represents loss of oxygen from the lattice.

Caoet al.showed the effé®f reducing LaosSh.oTiO (LSTO) in three different

environments: 1) 5% H Ar, 2) 5% H / Ar with sacrificial carbon powder not in contact

with the sample and, 3) 5% HAr sample in direct contact with sacrificial carbon powter.
These were sintered at 14%7 for 12 h, thouh 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 increasethe T#*/Ti ratio found from XPS data Figure 1.4% This

increased the electrical conductivity from 85 S/cm to 1288 S/cm%,5+igure 1.4.2. The
increase in electrical conductivity is mainly seen at lower temperatures, by ~ 600 K327

the electrical conductivity valuegbome comparable between all three samples of LST at a
value around 183 S/cm. Cabal. 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 vacaries between the bulk and thearygenated grain boundary, the boundary

remains relatively oxygen rich compared to the bulk due to trapped oxygen. This property is
di scussed further in the section O6Reducing
Pr ocessi ng etRldorotprovide the&Zraabconductivity 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
. @ ' } \S— A
\ Ti* 2p 3/2
LM | . ] | S LSTO-H,
20 30 40 50 60 70 80 90 100 110 468 464 460 456 452
2Theta (degree) Binding energy (eV)

Figure 1.4.1 a) XRD of LSTO samples and b) XPS data of LSTO saffiples.
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Figure 1.4.2 Electrical conductivity &fSTO found experimentally are represented by
symbols and Iines show that predi®%ted by

The obvious strategy would be to increase the level of oxygen deficiency until a high ZT is
achieved, but beyond maximum oxygen nonstoichiometric the pabovskite 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 valiu® . 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.IThermoelectric properties of oxygen deficient strontium titanate.

Composition | ZT Temp./ | Electrical Thermal Seebeck | Source

oC conductivity/| Conductivity| coefficient

S/lcm / WK1t | egWVK

SrTiOss 0.047| 400 13 4.0 450 | Ranman
Lao.08Slo.oT103-i Cao
Sintering in 5%/| / 57 85 / -129 202i83
H2
Lao.08SI0.9TiOz-u
Sintering in 5% Cao,
H2 on carbon / S7 1288 / N Py &
bed
Lao.08Slo.oT103-i
Sintering in 5% Cao,
H2 on cabon / 600 183 / 208 | o0
bed
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1.4.2 Asite Doping

A second common strategy to increase the figure of meritypa strontium titanate is the
addition of Asite donor dopants. Perovskites, given their flexible structures in terms of
substitution, have the possibiliby doping with many elements. The relative ionic radii of the
dopant compared to the parentite 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 ts@erather than

the B-site, whereas smaller ionic radii will occupy thesiBe e.g. Ti, Nb, YI3>70.74.8488

Some midsize dopants may occupy both the A and B &iteexample E2f 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 ioff:24 This is undesirable as this leads to a-sethpensation
mechanism which cancels out the donor doping effect. The aim of donor doping osithe A
it to induce defects which cause phonon scattamjreduce the thermal conductivity. This
is commonly done by doping with a 3+ species: a rare earth element.

The replacement of the Bwith a 3+ ion (M*) requires charge compensation to retain
overall charge neutrality. The possible compensation nmésthefor replacing the Srwith
M?3* (representing any donor 3+ ion) are given in the equations below, using the-Kioker
notation.

¢c0 0 oYROo 1% oYQ pé &) Eqn. 1.4.3°
06 oYRO ¢? oYQ & © Egn 148
0 0 YR © ¢cD®  ¢YQ @b -0 ¢Q Eqn. 1.4.8
It is generally accepted that thost energetically favourable of these compensation
mechanisms is equation 1.4.4, which describes the formatiorsiié Aacancies to retain

charge neutrality?®°?%3, Commonly used levels of doping are between 10 and 20 mol.% as

this achieves the optimum clgarcarrier concentration for strontium titanate of around 2
X10210m_3.74’75

Table 1.4.2 Thermoattric properties of Asite doped strontium titanate.

Composition ZT Temp. /| Electrical Thermal Seebeck | Source
°C conductivity/ | Conductivity | coefficient
S/cm [ WK 2 / uvK?

. Muta,
Sr.9Y0.1TIO3 0.15 680 60 2.5 -220 200$8
Sto.dDy0.1TiO3 0.051 | 680 15 2.3 -230 2"0“328’8
Sh.9Gdo.1TiO3 0.051 | 680 19 25 -215 2"0“328’8
Sto.dLao.1TiO3 0.03 680 15 3.2 -215 2"0“328’8
SeSmiTiOs | 0.03 | 680 11 27 215 2"0”(;23’8
EwslaoTiOss | 0.25 | 570 380 42 -180 2"0“5;5
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Muta,
2005°
Kovale
SrholaoiTiOz fu| 0.19 800 102 3.5 -246 vsky,
2014*
Kovale
Sto.oNdo.1TiO3 f|  0.39 800 150 2.2 -231 vsky,
20144
Kovale
Sro.oSm.aTiO3 g 0.36 800 130 2.6 -259 vsky,
20144
Kovale
Srt0.9Gth.1TiO3 nu 0.35 800 116 2.2 -249 vsky,
2014*
Kovale
Sro.dDY0.1TiOs fa| 0.41 800 113 2.1 -266 vsky,
20144
Kovale
Sr0.9Y0.1TiO3 R 0.25 800 112 3.4 -266 vsky,
2014*

Sio.oLap.1TiOzu 0.20 570 350 4.7 -180

In 1981 Charet al.proposed that, in terms of a defect model, strontium titanate could be
considered a two phaseaterial of SrO and Ti© They stated that a dopant reacts only with
one of the binary oxides depending on which site they octiS¥or an Asite 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 thigefion is compensated for within hi

binary system and does not largely affect thesTi@ahedr&>8 Further to this it is

suggested that the SrO binary oxide is responsible for theaheamductivity whilst the

TiO2 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 Mutaet al.showed SrTi@doped wih a selection of 3+ ions: La, Sm, Gd, Dy or Y at

a level of 10 mol.988 They found that the edéronic 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 ionédlii of the dopant specié€&These results support the

school of thought that the-gite dopat 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 stud¥®?Lu et al.also confirmed that this lattice expansion

effect is alsseen in La doped STO sintered in a reducing atmosgh@mthe 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 effdotdattice

parameter seen from La doping.

In the 2003 study Mutat 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 thSncrea¥ingKa caritent1TBi®iDlikely ewdence 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 remairstéhat A
vacancy creatiois 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 Less#éad A
vacancies encourage oxygen vacancy creation and titanium species reductioteadsich
lattice expansion (PTis a much larger atom than*T).

In 2005 Mutaet al. studied the lanthanum doping of europium titanate (LETO) compared to
lanthanum doped strontium titanate (LSTO) and found electrical conductivity much higher
than the R03 work?® It is clear in this workhat the conductivity is due to reduction of the
titanium species from Tito Ti**, providing electrons to the conduction band, as they observe
that the sintered pellets appeared black, which is commonly associated3vithoTi

observation of sample anlr 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.

Mut a 6s c o nlooththese mapersisithat the electrical conductivity is not greatly
affected by the identity of Aite species, but is affected by the level of doping. The thermal
conductivity however is greatly affected by the species of tiséedion. 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 ctosijithe most.

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

A-site Species I’%\nisg radii in CN 12 | Atomic mass (g/mol
(A)

Dy®* 1.038 (CN 9) 162.5

Y3t 1.075 (CN 9) 88.905

Gd* 1.107 (CN 9) 157.25

Sm?* 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, Kilneret al.suggest, and Hut 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*thduced

under reducing conditions is considered. For SgTh® pseudocubic lattice parameter is

3.905 A, LaTiQis 3.956 A due to the creation off 1% 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@he Ti
bond, the AO interactioncan modify the TO interaction’’ This is because of the pi bond
which surrounds the TO-Ti bond is optimised when the bonding angle is 9,&hy
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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 issgatimia

cubic structure, with the tolerance factor close to-sit& 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 Aisitecan weaken the - covalent
bond’/° By pulling the electrons morewards 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 thadatparameter to contract

which increased the level of overlap of the Ti 3d orbitals, responsible for conduction,
therefore increases the electric conductifitifurthermore the addition of small ionic radii
dopants compensate for the creation of the larg&idFi which reduces strain in the lattice

and therefore encourageetuction’® Comparing dopants Yb, Y, Gd, Sm, Pr, La they found
that allbut 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 a800The cause of the large
electrical conductivity in Y doped STO is unknown.

Similarly, an important study by Kovalevsky al.was published which studied the effect of
dopingstrontium titanate with: 13, Nd®*, Sn?*, GP*, Dy** and Y** at a level of 10987 All

butthe 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 therrgravimetric analysis they found that the finzhterial

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 wakenoteation of a site
vacancies as proposed in previous studies. Rare®aotis were being compensated for by a
mix of titanium reduction and the creation of layered perovskite strutture.

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 dopargdause 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 dctahedra, thereby reducing the
symmetry. All but the La dopant reduced the sygtimto tetragonal in this study, shown by
peak splitting in the XR3* A high level of symmetry ismportant 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.

Kovalevskyet al.showel 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 % Ftir highest power

factor was recorded in Nd doped STO which was 1.54 WahK73 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 dopanf¥.

The largest ZT of 0.41 at 80C was shown it80.aDYo.1TiO3.5 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 mss.
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Figure 1.4.3 Power factor versus ionic radii of rare earth dopant and pseudocubic
lattice volumefor A-site doped strontium titanate by Kovalevsky éf al.

To summarise these findings, it is migar that the specific identity of thegkte ion does not
directly control the electronic properties of doped strontium titanate, despite some claims to
the contrary. The Aite ion in some cases has been shown to dictate the power factor through
manipuhtion of the symmetry, TO-Ti bond length and Ti 3d band overlap and have little to

no effect in other cases.

What is clear is that the-8ite species in all cases has an effect on the thermal conductivity
due to its ability to scatter phonons. Thisasirolled by the mass of the atom and the
distortion of the unit cell.

1.4.3 Coedoping on the Asite

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

lyasaraet al.reported the thermoelectric properties ofdmped LaSmSn-2xTiOz.4.%” They

did not report their ownalues for single doped (La,Sr)Ti@r direct comparison of single

and double doped STO. Though comparing the thermal conductivity of 3.8 W/mK & 700
they reported for LeosSn.osSho.9TiO3-5, with that ofSr.odLao.1TiOzreported by Mutaet al.in
2003(3.3 W/mK at 68(®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

36



synthesis and processing conditions as has been shown above. DesjhigeAfisvas a
modest value of 0.21 at 700.

Table 1.4.4 ionic radii and atomic mass eite species in STO by lyasara et al.

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

SrY 1.44 87.62

La* 1.36 138.905

Sm?? 1.24 150.36

Lin et al.showed a study systematically varying the composition betwegN@®rTiOz.;

and Sg.9Dyo 1TiOs.swhich were reduce sinteré@llt 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 dop&I Qd
(3.9096 A) had a larger lateé 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 compensan 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®4Though this could also be anskte vacancy

with a none zero radius due to electrostatic repulsion between oxygen ions.

Table 1.4.5 lonic radii and atomic mass e6ife species used by Lin et%l.

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

SrY 1.44 87.62

Nd®* 1.27 144.242

Dy3* 1.083 (CN 9) 162.5

Then when Dy content was increased in steps of 3, 5, 7, 10 mol.% the lattice parameter
decreased, aviswn 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 cubiskiterbut 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) peaktive cubic perovskite with increasing Dy cont&nt.

These lattice parameters have a direct correlation to the thermal conductivities seen in each
sample. The thermal conductivity first increased with incregBiy 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 congitgtdecreases. 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 0O mol.% Dy e m) t o t he ot hDyr sampl es
concentrations 8 0 ¢ ¥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 haveeen 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 composit¥.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 elécivductivity 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 shovgeaaly reduction in T¥/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 prodtic@isi

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 causeoslasctttering, leading to
lower electrical conductivity.

The highest ZT they achieved was 0.19 at 4D€or S sDyo.0MNdo.06TiO3.5 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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Zhanget al.took cadoping to the nth degree by studying high entropy perovskites. High
entropy alloys typically contain more than five elements. They showed (Ca
0.2S1.2Bao 2Lap 2Py 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 etropy perovskite had a greater variation in the atomic masssittAlopants,

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 strdsifieheir
material, confirming this theorlf° 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 eite species in STO by Zhang etl.

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

SeY 1.44 87.62

La3* 1.36 138.905

Cat? 1.34 40.078

Ba?* 1.61 137.327

P 1.49 207.2

Table 1.4.7 shows a summary of the thermoelectric properties of-thapea STO discussed

so far. These show generally higher electrical conductivity than the only oxygen deficient or
a single doped STO showo far. Therefore, are closer to achieving a high ZT thermoelectric
material.

Table 1.4.7 Thermoelectric properties ofaaped strontium titanates.

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

Lao.07s5M.07sSlh.es | 0.21 | 700 250 3.6 -176 lyasara,
TiOz.u 20177
Lao.0sSmy.osShh.oli | 0.21 | 700 207 3.8 -200 lyasara,
Oz 20177
Sro.87DYo0.0MNdo.0sT1 | 0.19 | 400 514 4.1 -156 Li,

Oz 2028
(Ca Zhang,
0.2Sl.2Bao.2Lao. Py | 0.10 | 700 65.6 2.4 -172 202290
2)TiO3
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1.4.4 Asite Vacancies and Oxygen Loss

As well as dopants, an-gite vacancy can also affect diffusion of atoms in the material.
There are contradicting claims in the literature about the effect thatséte #acancy has on
oxygen migration. According to Walgt al.interaction with a strontim vacancy reduced

the oxygen diffusion but an oxygen vacancy enhances the diffusion of strdftticon.
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 fher 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 thegiculate the activation energy for an oxygen to
move past a strontium atom is 0.53 eV and the activation energy to move pasitan A
vacancy is 0.89eV°! Though the reason for this is not claimed by this group.

Ubicetals how t hat o0Xxyge mifevacancydao notuetaxinwargs waem A
vacancyconcentration is above 1.5 mol¥.The vacancies in fact have a rpgro positive
size, possibly due to the repulsion of surrounding oxygen artBrihis may explain why it

is difficult for oxygen to migrate around angke vacancy due to the high level of repulsion
between oxygen anions in that area.

Contradictory to the work by Walsét al, Akin et al.claim that Asite vacancies in fact
encourage oxygen losS.They found that compared to ndoped STO, La doped STO

showed a dramatic increase in electric conductivity regardless of being sintereaor iarO

inert gas at 1458C %3 They deduce that this is because of thsit& 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 nonhbeasured.

Despite this contradictory school of thought whesi# deficient La doped and reduced
STO is combined high ZTs are observed. The composignd_ao 1sTiOz-4by Lu et al.
shows one of the largest ZTs fotype strontium titanate to datgmbining a record high
power factor with moderately low thermal conductivity.

Table 1.4.8 Thermoelectric properties obike deficient, donor doped and reduced strontium

titanate.
Composition ZT | Temp./ | Electrical Thermal Seebeck | Source
°oC conductivity/| Conductivity| coefficient
S/cm /WmiK?t |/ eWVK
Sro.779-80.15TiO3. Lu,
) 0.41 700 416 2.7 163 20160
ShslaozsliOss | 0.27| 797 200 3.5 -180 %;"7{%’?’

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-gite donor dopants, oxygen deficiency andite

deficiency. These strategies each have benefits of their own which can ppeuroi®d 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 bestype thermoelectric pasfmances reported to date have
been dysprosium dopes and oxygen deficient strontium titanate by Kovaétakyvhich

had a ZT of 0.41 at 80, and an Asite deficient, La doped and oxygen deficient strontium
titanate made by Lat al.which had a ZTof 0.41 at 700C.°%%These values are still below

the desired ZT of 1 which will be able to compete with éxgsiaterials 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 Zmaterial bismuth telluride has a thermal conductivity
~1 W/mK whereas the strontium titanate based materials have only got as low as ~2W/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 useditce the thermal conductivity of
materials as phonons are scattered by grain interfa@é&® specific grain boundary
properties vary from sample to samplélerein the grain boundary properties of strontium
titanate based materials are tbheus. In strontium titanate the grain boundaries highly affect
the electrical conductivity as well as the thermal conductivity. This is because of thebuild
of electrostatic potential at the barriers which act as a barrier for the charge ¢¥rriers.

Dylla et al. showed that in oxygen deficient STO grain boundaries have an electronegative
potentiall®* This is attributed to the lower concentration of positivity charged oxygen
vacancies at grain boundary regions, compared to théfulkschematic to demonstrate

this is shownn 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*fégion

G G

Depletion regions

Figure 1.5.1 Grain boundary potential demonstrated by Cao &t 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 concentraggqoas are largely
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comparablé? An energy filtering effect occurs when low energy electrons are not able to
overcome energy barriers at grain boundaries, thus improving thecBemiefficient as

fewer charge carriers are taking part in conduction. Though this only prominent for grain
sizes around 50nm or le¥8Whether this has an overall improvement on the power factor is
uncertain as this caesult in a significant reduction in the electrical conductitigy%°

Caoet al.modelled the effect of varying grain boundary potentials heights and how this
would affect the elddcal 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, > 5@ electronic properties are less dominated by grain
boundary resistivity-%4
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Figure 1.5.2 Modelled temperature dependency of electrical conductivity fors2dii@ a

two phase model (grain and grain boundary) with different bmidf s et val ues ( E

fixed BD thicknes®

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 ZTsrgete

1.5.2 Applying Grain Boundary Engineering

Buscagliaetal.i nvesti gated the effect grain sizes r
thermoelectric properties of &t ao.1TiO3 between 0 and 300 K%” Due to the lower

temperature using higbressure field assisted sintering GARST) most of the La was
compensated for by-Aite vacancies smonductivity was very low compared to other studies
whose dopants and processing conditions induced the reductiof’dftiBy saw that the
specimen with 24nm had a thermal conductivity of 1.2 W/mK aivRi€h was one order of
magnitude lesthan the largest grain size samfl€The thermal conductivity generally

decreased with decreasing grain size, becoming priedotty 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 reductionin Hall mobility was measured by Ohgaal. in 200 nm grained Nb doped STO
compared to 20&m o r%sthisrcase al thea gyas sizes reashediiel e s .
same ZT value of 0.35 at 1000 K at which temperature ZTs converged suggesting that grain
boundaryeffects 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 tagahat high

temperature$®

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® Ohtaet al!!?created a 2D electron gas in Srdibo 03 confined

between inslating layers of SrTi@which showed approximately five times the Seebeck
coefficient to bulk SrlgeNbo20O3( 108 e€V/ K at 300 K). Thet Seebe
cell layer sample hadg¢o f 480 e V/*K at 300 K.

Wanget al!!intentionally manipulated the grain boundary (GB) compositioodating

reduced LaSTOpowders in Nb@compounds before densification, creating Nb doped grain
boundaries. Nb doping for Ti can lower the bottom of the conduction band which forms a

band ofet, 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 5.754XMmMK? at 600 K due tincreased
$%-190t0-220 eV/ K and only slightly decreased electr

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 carliera oxides forms. For example, for La

doped STO, L#D3, Sr*CQ and TiQ 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 homogenopsoduct. 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 10® -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 g@d strontium titanate vary between 1250600°C for 2-

20 h, in either air or low oxygen partial pressure atmospheres, depending if the oxygen
deficient material is desiredf257%89093.100.102,105 he 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 betweed B % %p3.99,100,103

This method is highly energy intensive resulting in a large embodied energy of ceramics
which create a significant G®urden associated with solid state sintered ceramics. Not only
this but this technique makes manipulatofrgrain 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 sythesis 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 Sal@d@mmon impurity
seen in final products is T2 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 iatber 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 matelsgproperties so they must be avoided. A solution to this is to
avoid TiQ 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 solgel method generally desbes 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 §€lThis gel is then dried, where nano powders, fibres or
layers can be formed, then calcin€d Figure 1.5.3 shows awverview of the types of
processing that can be done with thegallmethod and the resulting morphologies.
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Figure 1.5.3 Overview of the sgel process and morphologies that can be synthesided.
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Yueet al.synthesised ZnO nanotubes using thegebimethod in which zinc acetate and
diethanolamine were dissovled in ethal6lThey then dipped an ultthin aluminium oxide
honeycomb structured membrane into the solution, whose surface be@atkindhe sol.
Once removed this was allowed to dry then calcined aéGd0r 2 hr which crystallised
ZnO1**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 nanotué.

The solgel method has also been widely used to synthesise nanoparticles.6FEHOLI et
al. synthesised titanisamoparticles by dropping tetrabutyl titanate into deionized water
whilst stirring!t’ Then the gel was allowed to dry at 1905for several hours, before milling
the into a powder. This was then calcined for 2 h betweef@G&Ad 100C. Their XRD
indicated that partial cryallisation occurred after the drying step. This was in the form of
anatase. At ~558C rutile was also visible in the XRD which increased in relative intensity
until finally only rutile titania was present after calcining above D8’ The grain sizes of
the calcined powdersashown 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 tkgesatethod, vs the
calcination temperature!’

The main advantages of thal-gel process are that it is a simple process, with high
production efficiency and the flexibility to make products with special shidpes.
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organic acids (e.qg. citric acid) chelate cations in an aque@asic medium. The addition of

a polyhydroxylic alcohol to this mixture polymerises tielate creating a homogeneous
distribution of cations. The organic portion is burnt off at temperatures leaving the pure final
product!*®

Liu et al. synthesised G&0409 using this method from calcium nitrate, cobalt nitrate
hexahydrate and citric acid which forms a gel that was calcined &C8@0produce fine

grained pure phase proddét.This group did not stateetgrain size produced from this
calcination, though after sinteringat9@® f or 8 h t he grains were
dimensiont*® Dhimanet al.demonstrated the pechini method for LaRexOs (Re = Eu,

Gd, Dy, Nd) using lanthanum, iron and Ridrates, citric acid and ammonfd.Their final

product showed high purity under the scrutiny of TEM and EDS, with crystallite sizes of 28

38 nm after annealing at 40G.

1.5.7 Hydrothermal Synthesis

Hydrothermal synthesis uses the assistance of pressure above 1 bar and temperatures above
100°C to encourage reactiof&.It allows uniform, nanosized particles to be made at low
temperature using high presstféCirkovic et al.used a hydrothermal treatment on a

solution of barium strontium titanate (BST) synthesised using the Pechini method (complex
polymeisation method). Highly pure and a homogeneous microstructure are important for
the application of BST as dielectric materig’sA BST precursor solution was placed in an
autoclave for 5h at 22 and 67.1 atmospher&€.This created an amorphous powder

which was then calcined at 700 to crystallize the final product. They stated that
stoichiometry ishard 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
stoichiometryphase present) and created uniformly naized powders < 50 nm which were

less agglomerated compared to the complex polymerisation'féiiteis procedure required

a Teflon lined high pressure autocldvthis method is expensive and harder to upséale

1.5.8 Coprecipitation

Co-Precipitation is the mixing of two or more different solids or liqwidlsch are mixed and
stirred continuously to form a precipitdfé Hikmahetal. performed this for SrTigby
combining strontium nitrate (Sr(N{R), oxalic acid dihydrate (£1204.2H,0) and titanium
tetrabutoxide (Ti(OCKCH2CH2CHg)4). All were individually dissolved in isopropanol before
combining. This solution is continuouslyrséid, titrated in distilled water, washed with
ethanol, then hydrolysed for 18% This produced a precipitate which they then sintered
between 80®00°C for 2-4 h1?2 The low cost of these precursors comparative to ionic
liquids make this a cost effective synthesis method.
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Hikmahet al.reported impurities of SrC{dased carbonates due to reactions between the
metal ions and the organitS.They show from FTIR analysis the presence of additiondl O
bonds at 3406 cth 2458 cmt and 857 crit, C=0 stretching vibration at 1747 &C-H at
1439 cm'* as well as the characteristic bending and stretching-6f Bonds within Ti@
octahedra in SrTi©~540 cm'.123124The FTIR absorptions corresponding tediand the
C=0at 1746 crit were confirmed by Xiaet al though they also stated that the C=0
overlaid with a GH from HO absorptiort?* Xie et al confirmed GH ab®rptions at similar
values of 3436 crhand 1630 cm in the spectra of pure BiOCI, pure StF®19 and BiOCIT
SrFa»010 made via hydrolysis. The-8 absorption at 1439 ctrfound by Hikmakret al.

could not be confirmed from other sources, and in fact matoéter with an ¢4 bending
mode!?®
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Figure 1.5.6 FTIR of SrTi@made via the cprecipitation method by Hikma#

Hasanalet al.also performed cprecipitation to produce Ndoped STG! In their FTIR
additional C=H, GH and OH bonds were also found in the final product, Figure 1.5.7. Here
the GH bond is shown at 854 c¢cinthe C=H bod at 1490 cm, O-H bond at 3407 crhand

the characteristic large absorption of the J@@tahedra at 576 ctn The Nddoped STO was
sintered at 900 and 1000 for 4 h which yielded crystallite sizes of 42 nm and 64 nm

respectively. As well as grain grttwthe increased sintering temperature increased the level
of crystallinity from 94.8 % to 95.7 %’
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Figure 1.5.7 FTIR of Nddoped SrTi@made via ceprecipitation method by Hasanh

So far none of the methodsegented are able to synthesise titanates such as STO or BTO
using a simple technique at atmospheric pressure. Tfgebptocess is highly simple but
hydrolysis reactions induce the formation of Tihich 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 solventsidensd 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 180. They consist of a complex
cation, sgh as 1ethyl3-methlyimidazolium (emim), and a hard anion, e.g. acetate (OAc)
which are shown in Figure 1.5'% They are an attréize solvent in many synthesis

applications because of their fast ion transport, low viscosity, wide liquid temperature ranges
and structure forming properties on the nanostZaleow viscosity isa particularly important
property because this facilitates fast mass transfer and avoids the formation of impurity
phases in the final produt® Other successful applications of ionic liquids include: solvents
for the ligation of peptides, electrolyteshatteries:?®130

O
N
NSNS —
\—/ o}
[emim]" [OACT

Figure 1.5.8 Structure of IL cation emim and anion OAt.

Theyare 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, [NiJfincreased by using the hydrophilic anid@Ff].*3! ILs

have al so been described as fAgr exxiyy, sol ventso
although are typically a high cost solvéit.
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ILs are particularly useful in th&ynthesis 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 titartas. Whereas, ionic liquids such asthly-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 Gezexh. and Mottramet al. for the

synthesis of complex functional oxides: (La,Sr)3i®BaCuwO7x (YBCO) and

Bi>Sr.CaCuOs (BSCCO0).128132This process involved first mixing aqueous solutions of
soluble metal ions with the ionic liquid ( e.gethyl 3-methylimidazolium acetate or

nitrate), dehydrating this mixture to remove water, and then adding insoluble species as
alkoxide preursors (if required) before calcining the entire mixture for 2 h to form the
crystallised product?®3?Calcination temperatures varied between €D@nd 920°C
depending on the materi&f132Green showed hidy crystalline and pure YBCO and

BSCCO confirmed by SEM, TEM and EDX calcined at 92@nd 85CC respectively.

Using the solid state synthesis method YBCO requires calcining in the range°af 8506

h and BSCCO at 77%& for 12 h'*3134Thecalcination 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.

Mottramet al. showed the formation of (La,Sr)T#&@om an ionic liquid solution though
comhined TG and DSC alongside XRD analysis taken at set temperature intervals during the
calcination which revealed the reaction procééhitially 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 producthe perovskite. Due to the large surface area of the

intermediate species, this occurred raptdhPhase 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 Mottranal.was 3.9076 + 0.0008, which is larger than

that recorded by Laet al.(3.8467 A) who synthesised the same composition using solid state
synthesiS®'32As 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 Mottrainal.

Alternatively, several studidgave shown that highly crystalline titania can be synthesised
using ILs at ambient pressure and temperattifeés® The waterimmiscible IL Zbutyl-3

methyl imidazoloium hexafluorophosphate ([Bmim]ppFacts as a capping agent to prevent
direct contact of water and titanium source (titanium tetraisopropoxide). This prevents fast
hydrolysis that would result in amorphous Zj@nd instead encourages crystalline st

In this method titanium isopropoxide and propanol dded 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®@Q@Jsing this method Y oet

al. found that titania crystalied in the anatase structure, which showed the same level of
crystallinity as a setel synthesised anatase calcined at@¥’ In the same conditions

with no IL the titania came out amorphdd$Using this same method Chetial.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 40nreraathed
anatasé3®
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The i midazol Furmowmrdist b eftoreren”™ one anmttdreer whi
around which the titania is hydrolysed and condeh¥@&tie anions in IL formhydrogen

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

bet ween the water -anboadbsowhct &ihg. Ypeetdh e hhe St a
showed that with an increase in the hydrogen bond strength fragin,[[BF4]” to [CRSOs]

the degree of crystallinity in the product decreased because of this'&fféatet al.also

showed that by changing the anion fromdP# [CI] a rutile phase was formed instead of

anatasé?3®

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 Mariawjanez

2021 published a paper Entitled O6The I mporta
Processed Ther moel ect r i Thhmh teisrpaparlused SnSehag Ca s e
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 synth@sethods 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 temperaturesdii remain in the final product.

Il n the paper O0The I mportance of Surface Adso
Materials: The Case of SnSed the products of
salts, is assessed and revealed to contagmifisiant surface adsorbates which cannot be

removed from the surface of particles through purificatf8ithis is because of the presence

of a surface charge on the particles originating from an Se rich sw22ce5 mV). This

creates an immobil@yer of Ndions adsorbed, held by electrostatic forces, to the surface

when synthesised using NaBHse powder, NaOH and SnE,0. 14°

The consequence of this impurity is doping of the SnSé ifNa ptype 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 ti&eebeck coefficient) and Na precipitates within the grains
nucleated by the high defect concentratith.

The group compared this to SnSe solution processed usulgB¥ie and MaNOH instead

of Na containing species. This replaced thé laface adstates with MeN* which could

be removed in the annealing step at 00eaving 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 pales with fewer molecules than Niacreasing the
electrostatic repulsion between particles. Furthermore, they state that the Se rich surface
reacts with Na to form N& which has two consequences: this phase melts during annealing
pulling grains togethrethrough capillary action whilst also providing a liquid phase which
enhances mass transport. Hence the present of the Na promotes grairtjrowth.
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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 theZT by increasing the electrical conductivity and Seebeck coefficient, doubling the
figure of merit. They found no effect on the thermal conductiVty.

This study draws important attention to the impurities which may unwittingly be adsorbed to
the suface of solution processed thermoelectric materials such as in the ionic ligtge) sol

and precipitation processes. Though the effect was overall positive in this casdsaarNa
effective dopant for pype SnSe, for other materials and impurities thany 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 workdndoel needed to confirm this in

light of the work published by Liu and Ibanetzal 14°

This goes to say that solution processed materials are by no means unusable because of
potential surface adsorbates, however, the likelihood of the materiaincogtsurface

impurities should be acknowledged. latial. 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 propertié8The effectof 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 propertiesf 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 2QQ@tich coarsens

grain structures and required large amount of energy #ptit}4“Ceramics currently have a
large embodie@nergy, 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 investigationint® | t ra Low Energy Sintering began in
techniques are known that can achieve densification between room temperature and 300

oC 143149 Grassoet al. published a comprehensive review of Ultra Low Energy Sintering

techniques and mapped the emergence of techniques between 1970 aifdigRarst of

these technigues was Hydrothermal Reaction Sintering developed by Hirano and Somiya in
197610

1.5.12 Hydrothermal Reaction Sintering (HRS)

Hirano and Somiyéirst demonstrated the use of HRS to create >95 % den€s.£? This
technique i1 nvolved combi ni angmivmeponaerinadxs ~50 ¢
mm platinum vessel. A pressure of 98 MPa and temperature oPC006re applied to the

vessel for 3 h which caused a reaction between supercritical water and the metal which

resulted in GiOs formation and a byproduct of hydrgen which diffused out through the

platinum vesset?® 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 clummnoxide 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 bya@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 matépia®old welding is now a

term understood in which primary bonds form between two clean interfaces of metals when
pressure is applied? Some metals such aver and gold can form primary bonds without

the application of pressure, this is called spontaneous cold wefdit?g.

Where HRS achieved sintering through diffusion this technique achieves sintering through
plastic flow. Cold Sintering in this form camly 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 Originally designed for encapsulationraflioactive

waste, Yamasaki took inspiration from the lithification process which transforms loose
particles into sedimentary rocks through compaction and cementZtf6fiTaking silica

powder, 28 wt. % radioactive waste and a mineraliser solution (in this case sodium hydroxide
solution, 1 cm of solution to 4 g of powderhey 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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(a) Hot-press autoclave (b) Hot-press cell

Figure 9 Yamasaki et al. apparatus for hydrothermal hot pressing

Theautoclave was sealed and heated to up tdG% 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. Byngathe concentration

of the NaOH they could reduce the amount of silica dissolved and improve the final
compressive strength of the final body. Yamasgdkil. concluded that in this case the
densification was achieved by dissolution and depositioneosifica in NaOH, with the

applied pressure keeping grain surfaces in cohtéithe 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 cellarndadave

adds unnecessary cost and complexity.

1.5.15 Reactive Hydrothermal Liqulhase Sintering (RHLPS)

Following on from HHP Rimaet al.proposed RHLPS which they patented in 262

this method a preompacted ceramic is pressed in a sealed hydrothermal environment. A
schematic of this apparatus is shown in Figure 10. The@rgaction makes a porous

matrix into which a reactive mediuinfiltrates voids‘*®* The hydrothermal conditions

encourage the partial dissolution of the matrix and the formation of a reactant product which
fills the voidst*’ This mechanism using the example of Badli€shown in Figure 11 where

the starting matriks TiO; infiltrated with Ba(OH).}4
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a liquid
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Figure 10 reactive hydrothermal liquid phase densification appesl**

Dry porous preform  Solution infiltrated preform  Final densified solid

Figure 11 Reaction mechanism of the RHLPS prot¥ss.

Vakifahmetogluet al. performed the RHLPS process to prepare Baai@l varied the

sintering temperature between 90 and 240°C and holding time between 6 TR 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 reactien time
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:
9 Plastic deformation

1 Cold sinteringexclusive to metals)
9 Dissolutiorr precipitation
1 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 ad 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 posedh aimpter

apparatus to sinter at low temperatures. This was first proposed by E&hkBwhich 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 PeenR&ts¢arch

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 Kaharet al.achieved between 8®3% density LiMoOa by spraying starting

powder with deionised water before applying uniaxial pressure (130 MPa) to a steel mould
which was heated to 12Q for 4 h1**They compared the dielectric prapes of their low
temperature sintered ceramic to one sintered using the conventional solid state sintering route
which required a temperature of SADfor 2 h. Similar permittivity values were achieved

with only a small decrease in the Q x f (a figafenerit in dielectric materials) believed to

be caused by residual water in the samptés.

I n 2016 Clive Randall 6s group published seve
they called the Cold Sintering Process (C$P)°*° This method begins from ceramic

powders whose surfaces are moisturized with a small amount of agueous sol@tont(1

%) and compacted in a die between heated plat¥r&he liquid phase encouraged

dissolution and precipitation, aided by local hydrothermal conditions created by the applied
pressure (~350 MPa) and temperature ({1200°C).1>"1*The compaction is performed in
anunseal ed environment so that the water is a
group achieved densities betweeni 8B % of the tkoretical density in materials such as

PbTe, Ce&CuOg, ZrO; and LilsAlo.sGers(POs)3 in under 30 minute¥’

An addtional benefit of CSP is the possibility of cerarpolymer 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 patbugly shr
composite) in a dense body is a complex process. The high temperatures required to sinter
ceramics (>900C) would degrade the polymer, therefore a ceramic body would be sintered
first before sections are machined away and the polymer infiltt4tedth 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*8 Guoet al. demonstrated this by the combination of lithium molybdate with
PTFE (for use as a microwave dielectric) and vanadium oxitheRE£DOT:PSS (for use as a
semiconductor}?®

1.5.18 The Theory of Cold Sintering Process

In 2019 Biesuzt al. published aheoretical analysis of cold sinterif®].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.18° Ostwald ripening occurs in which smaller particles dissolve and become
deposited onto larger particles which causes grain cours&iidgring stage 1 the solution

55



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 mirutes, to allow for rearrangement and so that the solvent does not evaporate too
quickly.145'162165

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 lowesteits

are present. Material is deposited in low pressure areas, filling voids until the grains form flat
interfaces and the pressure gradients are levéfled.

When a complex material is dissolved and redeposited it can form an amorphous structure
which remains present within the grain boundali€3he 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 terradedge manner, Figure 122 The Terrace Ledge Kink model describes

the growth of a crystal by incorporating deposited ions with the aid of thermodynamically
favourable conditins provided by the ledges and kiff&Impurities can block the surface of

the crystal and significantly reduce the rate of crystallisation and sointediaces are

required for efficient crystal growth®

c Solute ion

terrace”

amorphous Iedg{' i :

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 (BaTi€).1%” During the coldsintering of BaTiQ, preferential dissolution of
barium ions lead to an amorphous Ti@yer 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. &ferential dissolution is also seen in other titanates such assSrTiO
and CaTiQand niobates such as KNjaNbQ. 1°81690zmenet al. showed that the rate

of dissolution of ions from potassium and sodium niobates is inversely proportidhalrt

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 fromgsaim, sodium niobate when in
solution16®

1.5.19 Using The Cold Sintering Process to Sinter Functional Oxides

Ying et al cold sintered MnZn ferrite with the aim of grain refinemerthmfinal product.

Using the conventional solid state sintering route ZnMn ferrites are typically sintered ~1380
°C for up to 9 "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 ardged using a pressure between 600 and
1400 MPaL’* Cold sintering was followed by annealing process at°@5fr 6 h to improve
the density. By increasing the pressure used in cold sintering the pre annealed densities
increased from 75 % to 86 of the theoretical density. A much larger improvement in the

density was shown after annealing; this increased the densities to betwe®n 9§ as
shown in Figure 13.

The use of such high pressures (> 1000 MPa) becomes impractical when scalimgalgd th
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 wertfaih. Yinget 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
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Figure 13 Dasities of cold sintered MnZn ferrite before and after annealing aP@36r 6
h versus the pressure used during cold sintetihg.

Table 1 Average grain size 9 of cold sintered MnZN ferrite at different cold sintering
pressures fronYing et at’*

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

Lanet al.employed cold sintering to densifyy ¥NaosNbOs, a functional oxide which

struggles with Na and K volitisation at the temperatures requires for solid state sintering
(>1000°C) which deteriorates the piezoelectd@lectric and ferroelectric properti€s.

They cold sintered at 18C 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 fgjlowi
annealing at 105%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 theiainused 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 celdtering are low (< 80 %) so required the

additional annealing step to increase the density. After annealing atQ @€y achieved a

density of 96 %. The fracture surface of a pellet cold sintered under the optimised conditions

is shown in Figure 16,iwi ch show gr ai ns YGraimgrosvimdid dcoair t h an

during annealing, Figure 17, though grains r
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Figure 14 Bulk densities ofokNao.sNbQGs cold sintered, varying transient solvent corten
and cold sintering pressure by Lan et&.
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Figure 17 SEM image of fracture surface post annealing at $056r 2h.1’?

1.5.20 Cold Sintering Ceramics with Incongruent Dissolution Rates

To tackle the density issues of incongruent dissolution&bab developed an adaptive

process to achieve high density in the incongruently soB&leOs (Figure 18)!°8 Instead of
dissolving and rerecipitating BaTiQ@ starting powder, a spension of Ba(OH)TiO2and

water was used to wet the starting powder and deposit Bahi@e surface of the power.

The supessaturation of Ba in the suspensions largely inhibited the dissolution of Ba from the
surface of BaTi@powder preventing the foation of the Ti@rich passivating layef?

Their cold sintering conditions were: 430 MPd.80°C for 30 min. After cold sintering

some of the Ba(OHhad reacted with Tigand deposited crystalline material onto the
starting powder 6s s uhadreactedswith C&onmbe aodnd t he Ba ( C
formed and impurity of BaC¢and the redtad formed a carbonate rich glass phase within

the voids. This resulted in a density of ~ 93 %. By annealing this material &€ 9603 h,

the purity of the BaTi@was improved, as demonstrated by TG in which a mass loss of 1.8 %
occurs. Weight loss ewés are attributed to water evaporation (~20f) decomposition of
remaining hydroxide species leading to loss of (#300°C) and decomposition of

carbonate species leading to loss 0L G&20°C and ~780C).1° This accompanied the
transformation of the as cold sintered grains from rounded surrounded by glass phase (Figure
19 ac) to angular gain with well crystallised grain boundaries ( Figure 3i9.%°

Ba(OH)2, TiO2,Hz0 suspension [l glass phase [l BaTiOs precipitate ~  glass phase

Room Temperature 180 °C 700-800 °C 800-900 °C

T e
' /

Dissolving of Suspension Water Evaporation,Glass Formation  Epitaxial grain growth & Recrystallization &

& Particles Arrangement & Particles Rearrangement Glass-to-Crystalline Transition Futher Densification
| S ot N e’
e 2 S
Cold Sintering Process Post Annealing Process
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Figure 18 Cold sinteringechnique for BaTi@by Guo et al>®

As cold sintered at 180 °C

Annealed at 900 °C

Figure 19 (ac) TEM Micrographs of grains as cold senéd and, (g) and after annealing at
900°C for 3 h1%8

A highly dense cold sintered BaTi@as achieved in a single step at 3GQwithout the

need of an annealing step, by T<ijal.who used a molten hydroxide flux to encourage
densificationt”* NaOH and KOH when combined have a eutectic point aPCZd when

added to the cold sintering powder, they form a liquid a high temperatures that acts as the

transient solvent fozold sintering. The phase diagram is shown in Figure 20, the eutectic
pointis at 50 mol % and 1PCwhenb + b6 transform directly int

LY

0

25 50 75
NaOH Mol. % KOH

Figure 20 Phase diagram of KOH and Na®#.

Tsuji et al.began from BaTi@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 heaf&l to 300
for 12 h. This is aalatively 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 BaZi@creasing the volume of the

flux from 4 to 6 wt.% resulted in the higher density (96 % compared %0)%hd 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 tlaetigcles 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
Lanet alin Figures 13and 14, more solvent increases densty.

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 vere also not detected in the XRD which showed only the Bgdh@se in the

cold sintered material. As the temperature remained so lowP@300is unlikely that the Na

and K volatised so may be present in small amounts at the grain boundaries whetbvare b
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 BaTi©which Tsuji compare to other BaTi©f the sae grain size!’

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 propertiest &hised the

incongruent dissolution of ¢&Nao.sNbOs (K dissolution rate > Na disadion 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 Nans and allowed thpreferential dissolution of K to deplete the
surface of potassium. They cold sintered at42€r 1 h using a pressure of 420 MPa. The

pellet was dried at 12%C for 8 h to remove remaining water and annealed between 900

1100°C 3 h. They do not provadthe density immediately after cold sintering though their

lowest annealing temperature, @) gave a density of 87 % of the theoretical. Directly after

cold sintering the NaCl was visible in the XRD analysis, though after annealing % @6
peakdisappeared and the KCI peak appeared. They attributed this to the lgssariK

grains which combined with bns to become KCI whilst the excess'Naas absorbed into

the grains. Above 103 KCI was no longer visible in the XRD, this was accomphbig

an increase in the cell volume, indicating that potassium was being reabsorbed into the grains.
The role of the Clions beyond this point was not determined, perhaps it remained in the

grain boundaries or was volatilised. Grain size after annedlib@50°C was between 112

1.5 em and a density of 92 3%ewdtcaltds t heor et i
g/crrf’).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 irone or more of the elements to make up for incongruent dissolution such as an
agueous Ba(OH}¥uspension. 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 mechanisif§.In order to avoid this issue Bostehal. proposed a
variation of the Cold Sintering Process which introduced retsctato the cold sintering

mixture which upon annealing crystallise into the final product, filling the voids in this way
rather than dissolution precipitation methétfsThey called this Reactive Intermediate Phase
Cold Sirtering or Reactive Cold Sintering (RCS§.
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Previous to this work a synthesis route had recently been shown to successfully synthesise
BaTiOs at 950°C using choline chloride/ malonic acid deep eutectic solvent. This neactio
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 &350

form a perovskite (anatase and a mekddride i.e. BaG) Bostonet al.incorporated this
knowledge into a Cold Sintering technique. To synthesise $BHStonet al.combined
powdered SrTi@ and aqueous solution of Ss@hd TiG nano particle$?® To show tfe

flexibility of the technique they cold sintered using solid state synthesised power and nano
powder SrTiQ as their starting material.

750 MPa 350-550 MPa
i J HO

B TiO, nanoparticles
M Hydrated SrCl,
B SrCl,

= SrTio,

Figure 21 Schematic of Reactive Intermediate Phase Cold Sintering by Bostéf? et al.

This then followed a typical cold sintering procedure at a temperature 6€1880 MPa for

1 hr. Figure 21 shows the schematic of this process. Like the work bgt@uevho cold
sintered BaTi@using a suspension of Ba(Gt)hd TiQ nano powder, Figure 18, the
saturation of Srions in the solution surrounding the powders should prevent the dissolution
of Sr from SrTiQand prevent the formation of a Tifich passivating laye®® However,

unlike the method by Guet al.the intermediate reactants in the method proposed by Boston
et al.remain unreacted after the cold sintgrprocess. Transformation of the intermediate
reactants occurred only after the pellet was heated t6®&) 4 h which induced the

reaction of SrGland TiQ into SrTiQ; which resulted in a highly dense ceramic; 97.2 + 0.8
% starting from solid stateysthesised SrTi@and 96.2 + 2.2 % starting from SrEO
nanopowdet*® These are both small improvements in density from theeBabtechnique
which had a density of 95 % after annealing at®Dor 3 h.

1.5.21 Summarpf 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 &otdring 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 &hai et al. andalready since then the works of Randal, Guo, Lan,

Chi and Bostoret al. have developed variations on the technique to densify a wide range of
ceramic materialg:49-156:158,162,172
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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 origingbrocess 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 dé 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 purificatiomhe acetates were all assayed to determine the water
content using a TA Instruments SDT 650. This was then used in thechétalations to

ensure the correct stoichiometiiywo sources oi-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. Theseused without further
purification.

Table 2.1 Raw materials used for ionic liquid synthesis.

Name Chemical Formulg CAS Number| Supplier Purity

Strontium acetate | CaHeOaSr 54394-2 Sigma Aldrich | Quality level
200 (~3%
water)

Lanthanum acetate| CeHolLaOs.xH>O | 10058790-4 | Sigma Aldrich | 99.9%
Europium acetate | CeHoEUG.XH20 | 6266764-5 Alfa Aesar 99.9%
1-Ethyl-3- CsH1aN202 14331417-4 | Sigma Aldrich |09 5. 0 %
methylimidazolium
acetate (default IL)
1-Ethyl-3- CgH14N202 14331417-4 | Alfa Aesar 97%
methylimidazolium
acetate (high purity
IL)

The ionic liquid method was used to synthesig BuisxSr0775TiO3,a schematic of this is

shown in Figure 2.1. In this method stoichiometric amounts of europium acetate, lanthanum
acetate and strontium acetate wasebined 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 combiti@nd 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 ionidiquid, 1-ethyt3-methylimidazolium acetate (emimOAc) was then added.

This was left stirring at 90 °C for approximately 3 hours, until all the water had evaporated.
3552 ¢l of titanium isopropoxide was ngdded
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’@Xired 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 stepleemade 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 removnogn 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
700¢l of di st i iclféehd prauess teat followkd issbdwe imiigure 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 cylindrial 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 preaafd800 °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 psa were sintered in a continuously flowing

reducing atmosphere of 5% H35% N 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 theher 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 8C/min then hdl for the set dwell time, followed by a ramp back down to room
temperature also at°®®/min. The default procedure was 1325bheld for 8 h. The reducing

gas would only be turned off once the sample had reache®C~@0ess. At which point the
sample wasemoved 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 TiO> 1346367-7 Sigma Aldrich | 99.9 %
dioxide

Strontium SrCQ 163305-2 Sigma Aldrich | 99.9 %
carbonate

Lanthanum LaxO3 131281-8 Sigma Aldrich | 99.9 %
Oxide

Lao.15510.775T103 was solid state sintered following the protocol ofdtwal.in order to
produce comparable result¥he raw materials used for this are detained in Table 2.2. Raw
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materials were dried overnight: 1@s at 180° C, SrCQ at 180°C and TiQ at 900°C, then

stored in a desiccator to cool to room temperature. Stoichiometric quantities were weighed
and milledtogether using isopropanol as a lubricant. After milling overnight, the powder was
dried, sieved and calcining in a muffle furnace, ramp r& /Amin up to and from, 110C

for 3 hr in an alumina crucible in air. The resulting powder was hand groungestle 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 8%9531% N for 6 h at 1500

°C for 6 h or 13238C for 8 h, ramp rates®/min. The different temperatures were due to
furnace limitations at the time. Lattice parameter of LSTO solid state sintered and reduced at
1500°C was3.9099 A.

2.2 Materials Characterisation

2.2.1 X-Ray Diffraction (XRD)
Principles of XRD

In adiffractometer monochromaticrays 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 energtyagie which

reduce energy to occupy lower shells, generates charactesialys XThis process is

il lustrated in Figure 2.4. The use of a nick
narrow and intense range of wavelengths which can be use®for X KU r adi ati on i
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 doubletaggavhich

are very cl ose(i®piwwawedlesmmmgthh KL A(¢i5%051

pi) wavelength is apprhrds8BmateKyY 2/:83ndoah t he i r
be identified and removed in post data analysis.

Figure 2.4 Schematic of Cu Characteristigay production
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WhenX-rays are directed at a crystalline material they interact with electronic orbitals of
atoms. XRD relies on the elastic scattering of the primayg by pseudo planes formed by
the regular arrangement of atoms.

The Bragg Law dictates that when a mdmaoenatic 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. Wawkréragadhi oft hde r adi atsithen, d i s
spacing between the planes anaust be an integer.

CQOE+ ¢ _ Eqgn. 2.1

atomic
plane

Q —>»

A
EN
atomic l /

plane

dsin® /

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

Only when his 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 speypealy

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 distphetween 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 jpaneters.

Instrumentation for XRD

A Panalytical Aeris Diffractometer with a copper tube (30kV 40mA) was used in a-Bragg

Brentano reflection powder diffraction sgp, ¥%° divergence slit, a 0.15mm Ni filter, 0.02

Rad soller slits. All scans covered 10 to 220d . Phases matedisingitle was pe
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 preferregeotation. To perform refinements on bulk samples

the samples were smashed and ground to a powder to homogenise the material and allow for

74



the reference powder to be combined. Bulk samples were on occasion measured to gather an
XRD pattern, these were moted 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 structures&/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 sampléA 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 sumguedesof the differences at each
data point is referred to as the residugl,a®d this is the parameter which the model tries to
minimise. §is calculated using Equation 2.2 wher@sal/y, yiis the observed intensity at

theo th étep (from the meased XRD) and y is the calculated intensity at tideth étep (of

the model) The closer the residual is to zero the better the model fits the measured data.

Y B0 w Eqn. 2.2

The intensities of the model, yare calculated using Equation 2.3 where s is the faalar,

K represents the miller indices (hkl) of the Bragg reflectiatdntains the Lorentz,
polarisation and multiplicity gistepretemes, « is
orientation function, A is an absorbance factarisRhe strgtural factor andyis the

intensity of the backgrountl.

®w (B 0OS@%Cc— ¢—006 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 ©caian

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
residuafThi s process is repeated until a good fi
the values bthe Goodness of Fit (GOF) or the Rwp value which reduce as the resigual, S

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.

7
"O0 'O — Eqn. 2.4

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 musicusadlog
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 correcttortse 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 X&igement: Brag@rentano and
the X-ray source: CukKl. The
cases refinements were begun by selecting the generic template for copper s@yrcatd
or loaded from a previous refinement of a sargalysed on the same instrument.

softwar e

as ks

for

an i

nstrur

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 arBH/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. AGaussian distribution is a classic bell shaped distribution and Lorentzian
distribution has a broader base with narrow*adp.parameters are used to create the closest
match for the peak shapes. The background was fit usimglayScheyl 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 parametemwere made. The following crystal structure information for the
perovskite phase was input into the model: Crystal structur@mmnitial lattice parameter
of ~ 3.91 A. The atoms Eu, La, Sr, Ti, and O were input into atomic positions with the
relevant factional occupancy, Figure 2.6 shows an example of how this was done for a
refinement for La15Sr.775T103. 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 indicateataimeters
need to be adjusted in the model structure.

4

General

W N - O

Data Atoms & Draw Options

Name Type refine x

Srl Sr+2 0.00000
La2 La+3 0.00000
Ti3 Ti+4 0.50000
04 0-2 0.50000

Draw Atoms

¥

0.00000
0.00000
0.50000
0.50000

RB Models = Map peaks

z

0.00000
0.00000
0.50000
0.00000

frac site sym

0.7750 m3m
0.1500 m3m
1.0000 m3m
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MC/SA | RMC
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1
1

Figure 2.6 Atoms modelled in the refinement af k8o 775TiOs3.

0.01000
0.01000
0.01000
0.01000

76

ISODIS



obs
10000 - — calc
— bkg
8000 - diff
1 Si
| Perovskite
6000 -
o
2
§ 4000
£
2000 1
0 e e — S—
1 T Vet " il
I I I [ I [ [
—2000 + I [ [ I [ [ 1 T TR T B
10 A
)
< 0 A
20 40 60 80 100

26
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 isitintestween 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 argale 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 samphkesorbing 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 theransition 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 leéhavior

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 chariggatrinput 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 energg tequi
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 atmospt@der(l/min as standard).
Heating rate of 10 °C/ min from room temperature up to a maximum of°C566uld be

used to heat samples and TRIOS software was used to display and analyse the data.

For oxygen uptake experiments sintered samples were groungdaugestle 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 spdthese 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

l oss and so the o6start wei ghCtoobseaveonyct ual |y
oxygen uptake effects. @gen uptake is a thermally activated process and according to Moos
etal.i s 64 mdz &rICO VWhe welght was then converted into a percentage of this

value, giving a value for wt % oxygen uptake.

2.2.4 Seebeck Analysis
Princigdes 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 vertigdletween 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 tegaratures (Tand ) 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)
andcurrent (1). Resistance is voltage divided by the current, therefore, resistance can be
calculated. This is equivalent to the dc fpuobe method.

Therefore, the Seebeck coefficient, dV/dT, and electrical conductivityhvwdibe 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 wich 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 10€C with two steps, the output data might be at 32.4nd 100.6C.

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 pbintsextrapahtion 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 emulsioZet@@otential gives

an indication of whether this colloidal system is stdblemains a dispersion and does not
coagulaté.

DVLO theoryi 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 paffilse 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 colloidateyn 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 groupswiattes s
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
themsel ves close to the lIseurlfaayceer 6c.r eTahtel negl eacnt
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 liquitd 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 moing 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 lge positive zeta potential means that particles will electrostatically
repel each other and the dispersion will be stable. However, a zeta potential b8thae

30 mV forms an unstable dispersion and will coagulate. A Zeta potential of anything other
than 0 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 chges the surface charge. By increasing the basicity (reducing the
concentration of B 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 througtprotonation. The pH at which the zeta potential is zero is called the
isoelectric poinf. Figure 2.9 shows the zeta potential of three polymers varying with pH with
an isoelectric point at pH#%.
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Figure 2.9 A typical Zeta potential dependence on pH for three plastic thirffilms.

Instrumentation
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Malvern Zetasizer Nano ZS instrument equipped with a 4 mWélaser (lambda= 633
nm) operating at a fixed scattering angle of 178he potentials were calculated from the
Henry equation using the Smoluchowski approximation. Samples were diluted irKOhM
at 0.1 % wi/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 Masurements

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 weight recorded for the pellet in air, the actual weight,

and when submerged, submerged weight. This weight difference is generated by the
buoyancy force f created by the displacement of water equal to the volume of the pellet.
Using the density of thaubmerging liquidy t, in this case water, and acceleration due to
gravity, "Q 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.

"YO @& Qiv" OO0 6 0o & @FHQ "0 Eqn. 5
O " "Qw Eqn.6
0 — Eqn. 7
0Qe i Qe0— Eqgn.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 tisickraasl

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.

0Q¢ i Qéer Eqgn.9

2.2.8 Scanning Electron Microscopy (8E
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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 thema@lectrons

can be controlled by altering the accelerating voltage, typically betw86rk&V, 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 infage.

First, elastic scattang (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 sdtering is when electrons lose some of their energy during the
interaction. Electrons impart their energy to the atoms and -&miteed as Secondary

Electrons (SE). This type of scattering provides information from much closer to the surface
compared tBSE 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 sampl2@e#yging

can also occur if the sample is not a conductive material, insulating materials accumulate
charge athe 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 maynieenergy in the

form of characteristic Xays. 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 Xray Spectroscopy (EDS)This technique can be used to observe featured within
the range o&f 0.1 to 10 &m.

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 siz8.3.%as used. For EDS an
accelerating voltage of 20 keV was used with spa 8i5 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 saamgléhe 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
sanple 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 Isengeen u

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 (usedifaaging).®
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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*fhass.

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 whiintgined 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 evapafati@nsolvent (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 pHadss process is illustrated in Figure 240.

lons are protonated or geotonated forms of the molecules within the sample or fragments
of them. The resulting ions are accelerated into a mass analyser.

@ o m*
. O T M .
. Wt M
-
Q O “\\‘MJ’

Figure 2.10 Schematic of the electrospray ioiosa

A mass spectrometer is able to separate ions by their mass to charge mtidl{in/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 detedrbly their m/z ratié? lons with

lower m/z travel fastest and arrive at the detector before ions with largét Anfaass

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 ClassicThe sample was diluted 1:1 in HPLC grade
Acetonitrile and infused into the mass spectrometer (Flow rate 20ut) min

Instrument parameters, +ve mode

Mode: ESI +ve ion
Range: 60-1700 m/z
Sourcetemperature 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 parametersje mode

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

Cone gas flow: 18L hrt
Desolvation gas flow: 522L hrt
Capillary voltage 2896v
Sample cone voltage 25v

RF Lens 150v

2.2.11 Laser Flash Analysis

Laser Flash Analysis (LFA) can be used to deterrttiraliffusivity and heat capacity of a
material to determine its thermal conductivity according ASTM standard EI3BIThe

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 chasge twee curve,
Figure 2.11* 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(Equation 2.10). The diffusivity can be

measured at different temperatures to determine the diffusivity as a functiorpefatune.

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.

W TP O L|J—E|}:_|— Eqn. 2.10

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 tohiat 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

t her mal c o n doa calculated ftomp the specifichemticapacgy, cdensi ty, |,
diffusivity, a (Equation 2.11).

w8 &) Eqn. 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 aNetzsch LFA 467 HT HyperFlash was used to determine diffusivity between

50 and 700C where three measurements were taken &C50tervals 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 gasase 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 XRay Photo Electron Spectroscopy (XPS)

XPS is a technique in which the energy of electrons ejected from a sample stimuldted by
rays is analysed and used to determine the element and oxidation state of atoms within a
samplet® This technique has been used in previoosk& to differentiate and quantify the
relative content of P and T ions in titanates, such as in the work by Jeinal. shown in
Figure 2.13.7120
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Figure 2.13 XPS spectra generated from a composite af&@.93Ti0 93Nk 070z and
graphite by Jana et at’

In this technique, a focused beam ofa¥s 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 Analyséf. The kinetic energy of the electrons is measured by the

detector and equal to the photon energy of the incomirayX, Enoton minus the binding
energy of the electronpkding andthevor k f uncti on « (a correcti

minimum energy to eject an electron from an atom), according to Equation 2.12.

O O O %0 Egn. 2.12

The kinetic energy, the work function and the photon easrajie 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 Figur&eadlelectron in the

orbital shells of an atom has a gue 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 abudance 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 110nm in a solid material and so this technigue can only provide infometimut
the composition at the surface of a matefial.

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

50000

300001

E gi=i; " N 1
1000 800 600 400 200
Binding Energy, eV

Figure 2.14 Example of an XPS spectra fromdjet 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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guantification 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 pum. Survey
scans were colleetl between 1200 to 0 eV binding energy, at 160 eV pass energy, 1 eV
intervals, and 300 seconds/sweep with one sweep being collecteeredgdition O 1s, C 1s,

La 3d, La 4p, Sr 3d, and Ti 2p spectra were also collected e 2ass energy and GV

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 trasgn 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 depthth 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 #@iofAirgun, 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 tdhe 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 tresrofthe 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 thsttatcldes or bends

and so it is not infrared active. This is the case foamdl 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.

The Fourier Transform converts the data from a funadiotime 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 | isrttensity measured by the detector when

infrared is shone onto the sample aqid the intensity measured by the detector when

infrared radiation is shone through a KBr reference material (the background).
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PY — pmm Egn. 2.13

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 byeKatimsi
shown in Figure 2.15 where they have identified the bonds causing each abg8rption.

(O%H) "1s H—O
(O%H) 'pueq H—O

(z*09 "Pueq) 0—0—0
(Y09 "Pusq) 0—9—0

Transmittance (%)

(c"0d "Puaq) 0—d—0

<"0d "1s) 0—d
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...................................

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 2.15 FTIR spectrum of fluorapatite nanoparticles madeguséep eutectic solvents
by Karimi et al?®

Instrumentation

In this work aPerkin Elmer Frontier FTIR Spectrometeas used to collect data, operated by
Dr Oday Hussein of Sheffield university. Spectra were gathered between 400 and 2000 cm
using a data interval of 0.125 drand 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 capacityp,c i s required to calculate the t
according to Equation 2.3.1 where D is the diffusivitypndi s t he density. Th,
conductivity is then used to calculate the ZT of this material.

I 8080 Egqn.2.3.1

Specificheat capacity describes the energy required to raise 1 mol of a substarté(by 1

K) and as such is given in the unit J'é1t. The aim of this section of work was to

determine the specific heat capacity of the LST and LEST samptesige. The

detemination 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 requires tinestemperature

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 deudihis data is then used to calculate
Cp Using Equation 2.3.2 whereoy@sapand Q are the heat flows from the three runs
respectively, mypand mare the sapphire weight and mass weighdapts the specific heat
capacity of the sapphire. Figure A.3hows the specific heat vs. temperature for Syard
EuTiOs measured using DSC by Mwaal. corroborated with data from The SGTE Pure
Substance and Solution Databases.

o OF Eqn. 2.3.2

This technique is time consuming and requsidiied data handling to generaievalues

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 replicapeofi®TeO using

DSC in house were unsuccedsfue to the difficulty of gathering the required heat flows and
applying this to thegequation; 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 frendly method to determine thg c
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Figure 2.3.1 Specific heat capacity vs temperature data from Mutd et al.
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2.3.1 Modulated DSC

A second use of DSC is to measug¢htough 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 teciique. 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 Figire 2.3
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 ceeaberdistorted 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 parasnmeieommended by TA
Instruments technicians wegeriod = 200s, amplitude = 3°C, ramp rate 5 °C/min.

12 ~ ~ p 13.44°C/min 15 g
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114 [\ [\ [\ [\ 10 £
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- | £
E i [<}]
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8 =
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© \ /1076C | \ \ !
2107 \/ \/ \/ 10

106 : ‘ 15 =

108.0 108.5 109.0 109.5 110.0

Temperature (°C)

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 calculaattbagacity

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 miyityg by the molar mass. Figure

2.3.3 shows the results of Modulated DSC on a sample of Swh{@h shows the heating

profile and the specific heat capacity.
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Figure 2.3.3 Modulated Heat Capacity Results.

The value of thegdoes 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 inrasédiLiout at

very different values, none of which match the result shown in Figure 2.3.1 of standard DSC
of STO. Itis unclear why these values are so different but it may because of the difference in
the ambient conditions. The similar profile indicatiedt 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 thoughdid 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 specifat khapacity 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 cexin temperature to determine how the specific heat capacity varies with
temperature. As the same conditions are applied to a reference material with Kriba/n c
energy applied can be calculated from the references temperature change and assuming the
sameenergy is applied to the unknown sample, the temperature change is measured and the
cp calculated by the machine. let al. use this technique in their paper on 18 775Ti0Oz.5.*

Figure 2.3.5 shows the specific heat capacity determined fe@hat samples using the laser
flash. The results were close to the Srflit@rature 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 beén 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 conductity 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 oneneasurement. However, the apparent low accuracy of ikec
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-gpxis fromFigure 2.3.5, Specific heat capacity produced by Laser
Flash Analyser.

2.3.3 NeumaniKopp 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 sacopigposition. One

of these models is The Neumann Kopp method, which was used by letitiiefior the
determination of specific heat capacity of mixed oxides: S§ZB@ZrQs.° 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 capaifity, c

solid compound with the formula:BsXx formed from solicklements A, B and X is summed
using Equation 2.3.3 to determine the heat capacity of the compound.

OB BO b Eqn. 2.3.3

For example, Leitneet al.used ZrQ@ and SrO to determine thg af SrZrG:.> Oxygen is not

classed as a solid reactant, and oxygen content is considered as a small influence compared to
the otler constituents, so the oxygen stoichiometry need not be maintained in the equation.

For this work data for SrO, k@s, EwOs, TiOz were combined in accordance with the
stoichiometry of the heavy el ements. The sou
Thermocherital Properties of Inorganic Substances and is shown in Figuré®Z.Be5.

resulting ¢ calculated for each composition is shown inUfg2.3.7. This prediction lies in

the same region as the data shown in Figure 2.3.1 for SahidEuTIQ, 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 capaeityodulated 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 anchina 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.

95



The laser flash runs a reference sanapdegside 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. Howeeythis 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 onctne 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 hean
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 beermadch limits the errors taken
forward into the ther mal conductivity and th
calculated so can be removed from the thermal conductivity value in place of more accurate
experimental data if this is required. $imethod 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 somgsatmut may not be necessary in this
work. Looking at the data in Figure 2.3.1 the heat capacity values of Eamd5rTiQare

not vastly different. The addition of Eu to a Lanthanum doped Smigld not be expected

to change the heat capacity drameltic 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 b 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 producesbme 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 wauld 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 Neuridapp

method has been verified in the literature and provides reliable and logical Yéuits.

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 LanthandDoped Strontium
Titanate

3.1 Aims andbjectives

The aim of this chapter was to interrogate the physical properties of ionic liquid synthesised
Lao.15510.775T103 (LST). Though the feasibility of this method has been proven by Mo#tam

al., the characterisation of the product was limitdds Btudy shows a larger scale
characterisation of the purity, structural properties and size of the synthesised bohider.

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 powdders a
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 frof€ 1608 h to ®0

°C or 800C 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 tohgebest out of the material. There is
precedent for this in thermoelectric materials, as shown bgtlali in the characterisation of
solution processed SnSe, impurities can have a large effect on the measured ptoperties.

3.2 Introduction

Ceramics ee 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 temperaturesiegd requ
to encourage solid state diffusion and achieve a homogenous product. The calcination
protocol used by Let al in the solid state synthesis ofolidSro.775T103 is typical of such a
process: strontium carbonate, lanthanum oxide and titania were folll60 minutes before
drying and firing at 110€C for 3 hr? 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 liquadase method, so mass diffusion occurs on much
shorter time scales. Therefore, the demand for external energy input to encourage
homogenisation is much decreased. Mottedral studied this process for the synthesis of
Lao.15S10.775Ti03 and found that theetal ions (S, La®*, Ti**) begin in solution which are
chelated by the ionic liquid. The ionic liquid begins to decompose #iGXmall amounts

of nanascale titanium dioxide (anatase) form first, followed by mixed strontium and
lanthanum carbonateEhe final conversion to the cubic perovskite phase occurs %00
They report a lattice parameter of 3.9076 + 0.0009 A fendSi 775TiOs - larger than that
reported by Lu et al. with a cell volume of 59.3Which equates to a lattice parameter of
3.8995 A2 The larger lattice parameter found by Mottratral.was attributed to
combustion teahiques, 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#®
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In this work LST was calcined using the ionic liquid method fired up t®80This

increased temperature was an arbitrary value greater th&T 668osen to ensure that the
product was fully clgined and accounted for the increased temperature additional dopants
might require. The ionic liquid (IL) used in this work wagthyl3-methylimidaziolium

acetate, in line with the ionic liquid shown by Mottrainal,in their synthesis of LSTA

key reason why ILs are used a solvent for the synthesisdites is that they can chelate
titanium ions.”® 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
denonstrated 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 phasz.pfodu
Furthermore, this particular ionic liquid being an acetate is key betaesnion 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 imitigs are common in ionic liquid$.'? Specifically

in the synthesis of i midaz oildiakylmdazalisnesdlt | Ls, a
and alkyl halide occurs, followdeby an ion exchange of the halide with the desired anitbn.

this reaction is incomplete halide anions, such asr@r, and alkali cations such as"LNa"

or K* remain!! The low melting point and newolatility make them difficult to purif,'° 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 cottent.

Work by Luiet al.stressed the importance of surface adsorbents in solution synthesised
materials due to the presence of other molecules and ions present in the prédimsiors.
solution synthesised SnSe had a zeta potenti@2f 5 mV which induced Naons 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 worksniind 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
thermoelectrianaterials. 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 contiet f
following experimental chapters.

3.3 Results and Discussion

Using the ionic liquid synthesis method witkethly-3-methyl imidazolium acetate (emim
OAc), Sr acetate, La acetate and titanium isopropoxide, a cubic perovskite phase was
calcined aB00°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 pazécle
determined by measurements from SEM micrographs was 97 £ 33 nm.
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Figure 33 XRD of ionic liquid synthesised ¢.&Sfo.775T103 using
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Figure 3.2 SEM of ionic liquid synthesisethkébro.77sT10z 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 thosehich were shown by Mottramt al.(36 £ 12 nm), as a higher

calcination temperature of 86C was useds600 °C in their original work. In previous work

by Yanget al.a large grain size distributon of20 e m, was shown in sodi
bismuth titanatelue to nofhomogenous mixing in solid state synthédiNot only did this

make generally large grains but dopant rich areas caused much greater degrees of grain

growth due to the increasedbility in some areas? In contrast the particles in this work

and that of Mottranet al. showed not only a smaller average size but also a small distribution

in size (56200 nm) indicatindghat 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 Mottramet al who found a lattice parameter of 3.9076 @009 A. This too

was larger than that reported for the same composition by alu@8995 A) who

synthesised the composition using solid state synthesis3i la@ possible explanations for

this will be explored in later in this section.
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Figure 3.3 Reitveld refinement of ionic liquid synthesisethiSi. 775T10s.

Table 3.1 Reitveld refinement parameters of ionic liquid synthesisaeSgy7sTiO3 which
accompany Figure 3.3.

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

3.907892 3.907892] 3.907892 [0 [0 o
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 giverebglLgor

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 meaihgté phase

product was not achieved after the calcination step, despite attempts to induce a single phase
with further heating at the same temperature, POO0 he additional peaks in the calcined
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LST XRD indicate the presence of rutile and lanthaneititanate. 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 iretionic liquid synthesis method where full calcination
was achieved at a much lower temperature o800

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 prodésscubic 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 grainzgs 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)
3 5
@ ©
> >
3 | g
£ hS
i
] \ L ] 1
| | |
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Figure 3.4 XRD analysis of solid state calcined LST at P008nd sintered at 150%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 wkjzdnels the lattice.

Long chain organic molecules have been used as templates during synthesis previously, such
as sodium alginate used to grow nanowires of Ba@it@ dextran used to make a YBCO
foam.1415These organic molecules were shown to direct the morphology of the material as it
grew. It is unclear if the templagg#fect 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 lesslting in the reduction of Tito Ti*",

which expands the lattice. The combustion of the ionic liquid could reduce the oxygen levels
in the furnace, flooding the surrounding air with £{@aving less oxygen available to form

the fully stoichiometric LS. The resulting powder appeared white, so ti&&ntent 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 possibilitys 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
demonstratech prior work, these atoms sit on the A site of cubic perovskites due to their
ionic radii most closely matching the-gite ion (Sf*).1318

There is | imited body of evidence which sugg
LST and other perovskites by replacing oxygef.Doguet al.demonstrated chlorine

incorporation into LST (specifically not referring to this as doping and did not provide the
compensation mechanisms), which gave the compositigBribdiOs fGla. Thiswas made

via a modifiedPechini method where La£TH,O was the source of &1.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 paranseten 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 aR analysis Xrays are scattered by the electrons

within atom and the detected peaks are an average result of multiple atoms within that bulk
hit by the xray source at that lattice position. By applying a single eleiveer@rf* with a

defined number oflectrons to the Aite and allowing the occupancy to vary, what a
refinement can show is whether more or less than the anticipated number of electrons from
SP* are in fact scattering the-bays in that site. Therefore, to simplify the refinement only Sr
was placed on the-aite 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 uRBiDgakne. Figure 3.5

and Table 3.2 show the results of this refinement.
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Figure 3.5 Rietveld refinement generated occupancies and lattice parameter

values of ionic liquid synthesised LST.

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

Space | P m-3

group: | m GOF 1.43

ad [b@A) |c@ alpha | beta gamma

3.90841| 3.90841 3.90841 o 9P o

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 cothfmB29079 A,

so this is believed to be a good representation of the measured data.

On the Asite of this structure, the average number of electrons surrounding a nucleus can be
calculated using the electrons irf*Snultiplied by the fractional occupay predicted by the
refinement. There are 36 electrons iA*Smultiplied by the occupancy predicted by the

model, 1.026 gives 36.9. thas 54 electrons so from the batched stoichiometry of pure
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Lao.15SM0.775T103the electrons present at thesAe on &erage 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 smajuantities.

To assess if Kor Na" are doping into the structure on thesite, the method of

compensation and effect this would have on the crystal structure was considered. Being
singly charged species Nar K* would require charge compensation tplage St on the

A-site. They could be setfompensated by the tarather than La being compensated by

half an A site vacancy. This could look like (K, Majd-ao.1125510.775TiO3. K" has 18

electrons and Nahas 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 Asite then this would be indistinguishable through reitveld referd,

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 & occupancy of < 1, which could indicate that a small
amount of oxygen loss has occurred. Coupled witifso€cupancy >1, indicating that more
electrons than Tt are causing scattering on thesBe, this could indicate the presence of
Ti®* which is known to accompany oxygen loss in strontium titanatesiaSImuch more
electrons than ®and so if Cloccupied this site then there would be a predicted fractional
occupancy above 1.

Reitveld refinements is a modelling technique based on experindatéahnd 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 teBnemens must be considered against logic and
other techniques before declaring a definitive re3tiere 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 occupandyis unclear if K occupies the-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, srall 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, Srg;@iO- (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, Sa@®
LaOCI

It is believed that K, Cl and Na impurities originate from the idigieid, as halide

contaminants are a common impurity associated with their synthesisrdtie remaining
impurities, (antase and/or strontium carbonate) likely occurred due to incomplete calcination
reactions. From the work by Mottraet al.it was shown that the ionic liquid synthesis

occurred as thusnitially small particles of intermediate compounds are formed, anatake
mixed lanthanum, strontium carbonate species, which act as reaction sites for the formation
of the cubic perovksitéTherefore, 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 confirs 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 scalentensity 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 Cl. The
small amount of elements detected apparently in empty space around trex fiself 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 potassiunmlarine 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 KClI
andNaCl 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 stanaaidh 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 fullgehydrated 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 wtEigure 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 experimentgwesigned 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 chide 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 isompanol 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 ire&oess 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

107



the standard ionic liquid synthesis rqutghen 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

-
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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 chides are soluble in water and (La,Sr)Ti®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 Figue 3.9a
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Figure 3.9 a)XRD analysis of ionic liquid synthesised LST before and after water filtration
and cc) 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 atredsted 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 theferential 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 Ba1iis layer may havin 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. Thitechnique 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 surfatke lanwashed powder

the relative content of Sr and Ti are approximately equal and Na, K and ClI 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 pedlj 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,add Cl 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 digintaf 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 cadireetly compared with Figure

3.7, which shows the same technique on a sample before water purification. Once again Na,
K and ClI are still present.

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

The density maps of K, Na and Cl 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, Claemdither

within the cubic perovskite lattice or coated all over the surface of the perovskite particles.
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