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ABSTRACT

Global environmental and sustainability issues have led to a growth in interest in oxide
based thermoelectric materials. Sodium cobalt oxide, which presents low toxicity, is one
of the most promising p-type thermoelectric materials for high temperature power
generation applications. However, reproducibility and ease of manufacture limits its
common use.

NaCo.O,bulk ceramic materials were prepared from powders synthesized using a solid
state reaction (SSR) and sol gel (SG) method. The effect of time and temperature of
treatment were investigated in order to determine their influence on microstructure and
physical properties.

The effects of three different Na-enriching pretreatments were evaluated with respect to
microstructural evolution and their impact on thermoelectric and electric behaviour of the
materials. Such modifications were found to be a critical factor affecting the
microstructure of the bulk ceramic materials. The Na-rich pretreatments were found to
improve density by up to 15%, increase electrical conductivity and help to compensate
for Na loss at high sintering temperatures. The thermoelectric figure of merit ZT was
found to increase for Na-rich pretreatment samples due to increases in Seebeck coefficient
and low thermal conductivity. The highest value of ZT was found to be for the infiltration
pretreatment where the value of 0.025 was observed at 350K. Na rich pretreatments, when
compared with unpretreatment samples, reduces thermal conductivity by up to 35%,
electrical resistivity by up to 67%, increases Seebeck coefficient by up to 23% and as a
consequence increases ZT for ball milling preatreatment by 28%, for mixing
preatreatment by 71% and for infiltrating by 250%.

A range of films were also produced using a spin coating technique, with thicknesses
ranging from 200 nm, for single sol gel layers, up to ~ 32um for 4 (ink + 2 sol layers)
structures. Several factors such as: process conditions, substrates, surfactant and base
components used, were investigated in order to improve the quality of films. Process
conditions were found to be a critical factor affecting the quality of films. The use of sol
infiltration of each layer and a higher preheated temperature were found to reduce surface
roughness by up to 23%. The films showed good electrical resistivity ranging from 260
to 500 pQem. The lowest value of electrical resistivity was found to be for films annealed
at 700°C.
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Chapter 1 Introduction

Helping to meet the energy needs of contemporary life has become the target of many
areas of research. Obtaining energy from natural sources as well as energy recovery, is a
rapidly expanding field. Harvesting energy from heat is especially attractive as more than
half of all the energy generated by mankind is lost as waste heat. The possibility to harvest
even a small part of this waste heat could have a giant impact on energy efficiency. The
use of environment friendly technologies and alternatives for the recovery of waste heat
is the subject of much research. Therefore thermoelectric materials, which convert heat
into electricity, have attracted much attention. The increased level of interest in
thermoelectric materials is reflected not only in the search for materials with increased
thermoelectric efficiency near to room temperatures for applications such as electric
refrigerators, air conditioners and power generators, but also high temperature materials

for industrial and military applications.

The efficiency of thermoelectric devices is dependent on the properties of the materials
used and is evaluated by figure of merit ZT. Despite much research the efficiency of
thermoelectrics remains relatively low with a figure of merit in around 1.5. Figure 1
shows a comparison of the efficiency of thermoelectric materials with different values of
ZT as a function of temperature. The thermoelectric generated efficiency mainly depends
on ZT and the operating temperature (difference between the cold and hot side of
thermoelectric generator). Good thermoelectric materials should have a high Seebeck
coefficient and electrical conductivity coupled with a low thermal conductivity. With
higher operating temperature the thermoelectric generator efficiency and Carnot
efficiency can be improved. Therefore materials which can be used at higher temperatures
are of interest in the automotive industry, mainly for conversion of “waste” heat from
internal combustion engines, due to possibility of extracting energy more efficiently at

high temperatures.
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Figure 1 The maximum thermoelectric generator efficiency [%] shown as a function of
Th (for Tc=300K) with a comparison of different average of figure of merit and the

Carnot efficiency.

Layered complex metal oxides have been found to be promising, environment friendly
materials that can be used in power generation applications and which can operate at high
temperatures. Among them, sodium cobalt oxides have been paid attention since the late
1990’s. The layered cobalt oxides exhibit metallic behaviour connected with a large
Seebeck coefficient resulting in high thermoelectric efficiencies. Sodium cobalt oxide
compounds have been found to have a much higher carrier concentration® than in some
thermoelectric materials such as Bi>Tes and PbTe. Additionally Bi>Tiz and PbTe are not
attractive, especially for high temperature applications, because they can easily melt,
decompose or vaporize at elevated temperatures? (< 800 °C). For these reasons sodium
cobalt oxide, which also presents low toxicity, is being considered as an attractive future

commercial thermoelectric applications.

Often small crystal or microstructural differences strongly influence changes in physical
properties. In most case the structural changes are dependent on the synthesis method
used when processing the material. Recently, a number of methods including solid state
reaction (SSR)®, polymerized complex?, sol gel* and mechanical grinding and spark

plasma sintering® have been reported for producing NaxCoyO.. The good thermoelectric



behaviour is due to the layered structure where Na is sandwiched between CoO: layers
and where the CoO: is an electrically conductive layer and the Na layer acts as an
insulator. The instability of the material caused by Na evaporation is one of the major

problems when trying to maintain the appropriate stoichiometric ratio.

To achieve dense ceramic materials, the use of high temperature sintering is required.
When lowering the temperature of sintering the materials produced become more porous
and less homogeneous. For sodium cobalt oxide the increase of sintering temperature
results in loss of Na which leads to increased thermal conductivity and reduced Seebeck
coefficient. Manufacturing the cobaltites requires a well-defined preparation method to

obtain a homogeneous and dense bulk material.

To date, the values of ZT obtained for polycrystalline bulk sodium cobalt oxide is
relatively low (ZT=18). Further improvements could be achieved through microstructural

modifications and a repeatable preparation method for creating nanostructured materials.

1.1 Aim and objectives

The aim of this project is to develop an inexpensive, reproducible processing route to
create a high temperature thermoelectric material. To achieve this aim, the following

objectives were determined.

The objectives involve the synthesis, production and characterisation of sodium cobalt
oxide powders as a high temperature thermoelectric material.
1. Determine the influence of time and temperature on microstructure and
composition of sodium cobalt oxide.
2. Evaluate the influence of a powder synthesis route on microstructure and
composition of material.
3. Develop a Na rich pre-treatment process to minimize Na loss.
4. Evaluate the influence of processing and powder synthesis on thermal and

electrical properties.



1.2 Thesis structure

This thesis is structured as eight chapters of which this is the first.

In Chapter two the background literature is presented. The first section of Chapter 2
provides a review of the thermoelectric phenomena with particular attention paid to
semiconductors as good and promising thermoelectric materials. The second part
concerns a review of the sodium cobaltites, discussing the history, synthesis techniques,
lattice structure and physical properties.

Chapter three, methodology, contains a description of the experimental procedures used

in this work.

Chapter four contains a description of a solid state reaction synthesis method used to
produce the powder. Particular attention is paid to the influence of the temperature and
time on the resulting product. The later part of this chapter is dedicated to the production

of pellets and the effect of temperature and time on the production of pellets.

The effect of time and temperature on the production of NaOH pre-treated samples is
described in Chapter five. Particular attention is paid to three different Na rich pre-

treatments and their influence on the thermoelectric properties of material.

Chapter six contains a description of the sol gel synthesis method to produce powder and
bulk material. The later part of this chapter is dedicated to the Na rich pre-treatment and

its influence on the thermoelectric properties.

The development of sodium cobalt films and the influence of different substrates,

dispersants and processing temperatures are discussed in Chapter seven.

Chapter 8 contains a description of sodium cobalt oxide nanostructures which was

developed during this work.

The thesis ends with Chapter 9 which summarises the main conclusions of this work as

well as proposing future work.



Chapter 2 Literature review

2.1 Literature review on thermoelectrics

Thermoelectricity refers to the phenomena by which thermal energy is directly converted
into electricity. This transformation takes place without intermediaries of moving parts
such as turbines or working fluids. Further, the phenomenon of transformation works

bidirectionally.

2.1.1 Thermoelectric effects
2.1.1.1 Seebeck coefficient

In 1822 the German physicist J. T. Seebeck found that two metals at different
temperatures in a closed loop produce a voltage. He described this phenomenon and
named it “the magnetic polarization of metals and ores produced by a temperature
difference”. The discovery was followed by a series of research works carried out by
Ampere, Biot, Savart, Laplace and many others. These studies, and particularly Ampere’s

hypothesis, confirmed the phenomena to be electric rather than magnetic in nature’ 2.

The principle of the Seebeck effect can be understood according to the operation of a
thermocouple within a temperature gradient. A temperature difference applied across
thermoelectric materials causes charge carriers in the material to diffuse from the hot side
to the cold side. In thermoelectric materials there are two different types of mobile
carriers; electrons for n-type materials and holes for p-type materials. In the case of n-
type materials exposed to the temperature gradient AT, the electrons at the hot end will
have more energy than equivalent electrons at the cold end. This means that the hot side
electrons will move faster to the cold end, at the same time the electrons from the cold
end will move slowly. As a consequence a negative charge will be established at the cold
side. By analogy, for p-type materials which conduct positive charges (holes), the cold
end will become positively charged. The direction of current flow in the circuit is opposite
to the direction of flow of the electrons. The induced voltage is strongly dependant on the
temperature difference between the hot and cold sides and is given by the



fTh Equation 1

V= a(T)dT

Tc
Equation 1.

where Th and T¢ is the absolute temperature of the hot and cold side, respectively, a is the
Seebeck coefficient (also called thermopower or thermoelectric power). The generated
voltage can be expressed by Equation 2 which also simply describes the Seebeck
coefficient.

AV Equation 2

a:—ﬁ

The value of a for n-type materials is negative and for p-type materials is positive. By
combining the p- and n- type materials in a thermoelectric element, known as
thermoelectric couple, the opposite signs of generated thermoelectomotive force (TMF)-

voltage can be combined.

Another method to calculate the thermopower, proposed in 1961 by Heikes is a formula
for high temperature®, and modified by Koshibea!®!! in 2000, takes into consideration the

conduction band and carrier concentration, and is given by Equation 3

kg g1 ¥ Equation 3

a =——In(

e g2 1—31)

Where g1 and g- are electronic degeneracy, y is the carrier concentration, e absolute value

of electron charge and k is the Boltzman constant.

2.1.1.2 Peltier effect

Thermoelectricity is strongly connected with another effect which was discovered in 1834
by J.C.A. Peltier who found the reverse of the Seebeck effect. When the voltage is passing
through metals an accompanying decrease and increase in temperature of the solids can



be observed. The absorbed or released heat Q is proportional to the current passed through
conductor and can be given by Equation 4.

Q=11 Equation 4

where I1 is a Peltier coefficient, and I current flow.

2.1.1.3 Thomson Effect

In the late 1850’s one of the founders of thermodynamics, W. Thomson (later Lord
Kelvin) established the relationship between the Seebeck and Peltier effects and
simultaneously discovered a third phenomenon known as the Thomson effect. Thomson
described and published his theory of the thermoelectric phenomena consisting of
absorption or generation of heat ® by the application of current | passing through a
homogeneous conductor which is exposed to a temperature gradient. The heat is
proportional to the electric current and at the same time to the temperature gradient dT

according to Equation 5

0 =Ty, 1dT Equation 5

where v IS the Thomson coefficient. W. Thomson demonstrated that the Thomson
coefficient is related by thermodynamics to the Seebeck coefficient in following
relationship (Equation 6):

da Ty Equation 6

ar T

He showed also that the Peltier effect is closely related to Seebeck effect and can be

described by Equation 7:



I1=aT Equation 7

where T is the absolute temperature of the junction, a Seebeck coefficient and IT Peltier
effect.

2.1.1.4 Figure of Merit ZT

The concept of the 'figure of merit' ZT, was developed in 1949 by Abram Fedorovich
loffe (1956) as a modern theory of thermoelectricity. He described this quantity as the
most important characteristic of the thermoelements in his book Semiconductor
Thermoelements and Thermoelectric Cooling’ and defined it by Equation 8:

a’? Equation 8

where o is the Seebeck coefficient (thermoelectric power), p is the specific electrical

resistivity and « is the specific thermal conductivity’.

As the properties used (o, o, ) in the thermoelectric figure of merit are a function of
temperature therefore the temperature should also be taken into account in the above
equation. For this reason in the literature the dimensionless figure of merit is described
by Equation 9:

a?oT Equation 9
ZT =

where o is the Seebeck coefficient, ¢ electrical conductivity, T temperature and k thermal

conductivity.



2.1.1.5 Thermal conductivity

In the formula of figure of merit besides the thermoelectric coefficients the thermal
conductivity plays an important role. The heat transfer by conduction involves transfer of
energy through a material without any motion of the material as a whole. In a crystalline
solid, heat can be carried by the electronic contribution kel (Mmotion of charge carriers),
and the lattice component Kiattice. Hence the total thermal conductivity k is a sum of the

electric and lattice components as presented below (Equation 10).

K = Kigttice + Kel Equation 10

The electronic contribution is strongly related to Wiedemann-Franz law and depends on
the carrier concentration (Equation 11):

Kk m2k? Equation 11
= — = = -8 W)
L=— =< = 245x10 /2

where L is the Lorenz factor.

Lattice conductivity is the dominant factor of conductivity for insulators, while for metals
the electron conductivity is the main factor. For semiconductors the lattice conductivity
has a stronger effect than the electron part. The lattice conductivity is determined by the
phonon mean free path, phonon velocity and the heat capacity, and is distributed in the

three dimensional space through the crystal lattice as in Equation 12:

Equation 12

Kiattice = §Cst lph
where Cy is the specific heat per unit volume, Vs velocity of sound and Iph is the average
distance a phonon moves before being interfere. The changes in «x at increasing
temperatures depend on the dominant action occurring in the lattice because with

increasing temperature the speed of movement of free electrons increases. In lattices at



low temperatures the mean free path of the phonon is subordinate to the defect

concentration and size of the grain.

Each material is characterized by specific value of carrier concentration with dependent
a, p and k. This dependence for conventional thermoelectric materials is shown in Figure
2.

Insulators Semiconductors Metals

% Kiattice

0 1018 1020 102

Free carrier concentration [cm 3]

Figure 2 Seebeck coefficient, electrical conductivity and thermal conductivity as a

function of carrier concentration for thermoelectric materials.

2.2 Improvement of efficiency of thermoelectric materials

A good thermoelectric material should have a large Seebeck coefficient and at the same
time high electrical conductivity but according to Figure 2 both properties depend on
carrier concentration in different ways. A large value of Seebeck coefficient can be
obtained when the Fermi level is below the conduction band while the high electric
conductivity can be achieved when Fermi level is in the conduction band. The power
factor (PF) has a maximum when the F is close to the conduction band edge. The power

10



factor gives an optimum value for electrical conductivity and Seebeck coefficient
according to Equation 13:

PF = ga? Equation 13

Another fact which should be considered is that the electrical conductivity and thermal
conductivity are related to each other. The electron carrier allows electrons to flow easy
also tend to be good at conducting heat. As a result the temperature gradient across a
material is decreased and the efficiency decrease. Therefore one strategy to improve
efficiency is to lower the lattice thermal conductivity while not interfering with the
electronic properties.

There are a range of strategies applied for lowering kiatice Most of them based on photon
scattering mechanisms. Thermal conductivity can be significantly reduced by introducing
interfaces'? or increasing interfacial scattering by introducing nano-size particles®.
Another possibility is to introduce disorder in the lattice due to the presence of different
sizes of atoms. Low phonon energies are exhibited by materials composed of heavy
elements (e.g. Pb, Bi or Te) which have high atomic weights. The significant reduction
of specific heat per unit volume Cy is noted for a complex crystal structure as for

pervoskite-type characterized by many atoms per unit cell.

In order to improve the efficiency of thermoelectric materials and maximize the value of

ZT improvement of the remaining quantities should be also consider.

The improvement of Seebeck coefficient relates to changes in the band structure (energy-

levels) by higher density states near Fermi level due to Quantum Confinement effects.

With reduction of the polarity of covalent bonding the improvement of the electrical
conductivity may be achieved. The electrical conductivity increases along with the
increase mobility of charge carriers. Support of the transport speed can be obtained by

introduction of metal (metallic) nano-particles, or by optimal doping concentration.

11



2.2.1 Thermoelectric materials, properties and applications.
2.2.1.1 Thermoelectric applications

The phenomenon of thermoelectricity is used for many devices which are capable to
generating electricity from temperature differences. The devices are small, cheap, quiet,
accurate and reliable. There are many examples of thermoelectric materials, some of
which were developed many years ago and are now very well established. Materials
discovered in the 1990’s require further research and development. As materials capable
of harvesting the thermal losses in systems, they possess great potential for use in the real-
world applications, especially in applications where maintenance-free operation is

essential including energy harvesting in industry, space or military applications.

A wide range of thermoelectric materials have been reported which are used in various
fields, from materials generating energy from the human body48, to the high temperature

devices used in space by NASA®,

Thermoelectrics have been used in a nuclear thermoelectric generator system (SNAP)
Systems for Nuclear Auxiliary Power, in which thermal energy was supplied to a
thermogenerator by a small nuclear reactor or radioactive materials. For long duration
space missions, long-term electricity supplies are the basis for the well-being of such
missions. A solution for this requirement is the use of radioisotope thermoelectric
generators (RTG). The radioactive decay of a radioactive element is accompanied by
release of thermal energy which is converted to electricity by the RTG (Figure 3). This
phenomena was used in over 44 spacecraft over the past 40 years'®. An example of a good
radioisotope is plutonium 238 (238Pu) which is characterised by a low level of radiation

emission and a satisfactory long half-life estimated to be ~ 88 years.

12
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Figure 3 Schematic of radioisotope thermoelectric generators (RTG) used in VVoyager
deep space probe?®,

Thermoelectric devices can be used in internal combustion vehicles in which only 25%
of the fuel energy is efficiently converted, while the rest of fuel energy is lost as waste
heat. The biggest portion of the lost energy is through the exhaust gas. However, in this
case the difficulties of installing the TE technology are high. However, TEGs can be used
in car air conditioning systems, and thus can improve their efficiency. An excellent
example a TE application can be the climate-control seats (CCS) which are powered by
TE technique. The CCS is characterised by rapid heating in winter and cooling in summer
of car seats!’. Thermoelectric generators also are used in electric cars, to maintain the heat
release from the engine®'®. In addition to the above applications of thermoelectric
materials, there are, among others: coolers for food, portable fridges and cooling
components of medical devices.

Hence the applications for the thermoelectric technologies described above shows that
they can be used in various differing fields of interest whilst at the same time adhering to

the standards of environmental protection agencies®’.
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2.2.1.2 Thermoelectric Materials

The past fifty years have seen the increased development as well as interest in on
expanding range of thermoelectric materials. Figure 4 illustrates the scope of the historical

development of thermoelectric materials.
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Figure 4 Overview of the historical development of thermoelectric materials®.

In today’s TE devices, the alloys of Bi>Tes and Sb>Tes, which present good ZT values
especially at low temperatures, are used at temperatures around 450K??,

The compounds from group VI named as tellurides, such as; PbTe, GeTe or SnTe are
usually applied for power generation in the intermediate temperature range (i.e. 500-900
K). Most of these materials show values of ZT ~0.8. One of the most popular
thermoelectric materials is BizTes?2. The highest value of ZT > 1 have been found for
both n- and p-type materials in AgSbTez alloys. In the same temperature range the alloy
(GeTe)o.ss(AgShTe2)o.15, which is commonly referred to as TAGS, shows a maximum ZT

of > 1.2 but this material has only been successfully used in long-term TEGs? as a p-
type.
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For the high temperature (i.e.>1000K ) TEG applications, the SiGe alloys are used as n-
and p-type (Figure 5) materials.

p-Type zT 14 n-Type zT
PbTeSe '
16 12
10 |
PbTe )
127 spTe Yb, MnSb_ e, OS5 siGe
. ~2 3 — 08 |
& CeFe Sb e &
0.8 42 - 06
4t
04 | SiGe 0
02
0.0 . | L L 0.0 N N N A
200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 5 Figure of merit ZT for p and n-type state of art commercial materials. Figure
adapted from®, (TAGS: (AgShTez)1-x(GeTe)x)

Thermoelectric materials containing elements of group IV are primarily silicides and
derivatives of germanium. One of the best examples of such materials in use is that of
SiGe which is used by NASA® in thermal generators which process heat energy from

radio isotopic units to power deep space probes!®Error! Bookmark not defined.

The most common forms of mono-and polycrystalline silicides are produced by
techniques such as Czochralski or Bridgman, hot-pressing, sintering or melting.
Germanium crystals are most often doped with various metals such as silicon, boron, and

phosphorus?*.

Group V element thermoelectric materials are those based on arsenic, antimony or

bismuth25,26,27,28

Thermoelectric materials originating from Group VI are derivatives of selenium and
tellurium. These materials have been the most commonly used since the 1960s and form

the basis for most of the commercial applications developed today?®303%32,

For many vyears, scientists who have been studying the thermoelectric properties of
materials have neglected oxide materials3334353837 At present there are several well-

known oxide compositions which possess good thermoelectric properties, mainly of p-
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type conductivity. These compositions are characterised by metallic type electrical
resistivity. However, finding suitable materials for conductive n-type materials presented

many difficulties3® 39 404142,

Currently, the best performance materials are thermoelectric semiconductors. Therefore,
most of the world's research has focused on them. Forming newer and more complex
compositions, which are characterized by slightly better parameters. As a consequence,
these new semiconductors are becoming more expensive, requiring more complex
production processes and it is important to find low cost thermoelectric materials with

good properties and using simpler production technology.

2.2.1.3 Semiconductor thermoelectrics

Semiconductors present many advantages as thermoelectrics which can be visualized by
considering the band theory of solids. Every atom has its own bond structure (stationary
state). Each of the energy levels is filled by electrons or remains empty. In the case of
multiple atoms in close proximity (i.e. a solid) the energy levels (filled and empty) are
shifted due to the neighboring atoms. In materials, when a large numbers of atoms are
brought together the levels (the available energy states) form continuous bands of energy

rather than discrete stationary states (as in the case of free atoms) (Figure 6).

Conduction band

} Band gap

- Valence band

Figure 6 The energy level at absolute temperature with division into 2 bands

(conduction + valence)*®,
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The position of these bands defines the characteristic of each type of material as shown

in Figure 7.

A
LARGE ENERGY

GAP BETWEEN VALENCE
AND CONDUCTION BANDS

FERMI LEVEL

AR

a. Insulator b. Semiconductor c. Conductor

Figure 7 The energy level a) with a large band gap between valence and conduction
bands typical for insulators, b) small energy gap typical for semiconductors and c) the

overlap of conducting and valence band for metals*,*,

An important parameter in band theory is the Fermi level, which is identified in Figure 7.
The Fermi energy is characterised by the amount of energy required for an electron to
move from the valence band to the Fermi level. Consequently the position of the Fermi
level with the relation to the conduction band is a crucial factor in determining the
transport properties of the material. A semiconductor seems to be an ideal candidate for
thermoelectrics. Since the valence band is not overlapping the conducting band as in case
of metals and because the band gap is smaller than for insulators it can be overcome by
electrons. The advantage of using of semiconductors may be the fact that the conductive
properties can be easily controlled by doping. Two types of material can be obtained by
adding other atoms. The “impurities” can change the carrier concentration and behave as

donors or acceptors. The donor doping creates n-type materials with electrons as charge
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carrier, and the acceptors has holes as a carrier because they accept an electron from the
filled valence band*®. The changes of electron or holes concentration in semiconductors

are presented schematically in Figure 8.

CB EMPTY CONDUCTION BAND CB

<— DONOR LEVELS

ACCEPTOR LEVELS —p

VB FILLED VALENCE BAND VB

n - type p - type

Figure 8 Change of electrons or holes concentration in semiconductors.

Taking into account the Fermi function f(E) which demonstrates that the available energy
level could be occupied and is determined by temperature. The Fermi function has a form
given by Equation 14:

5 1 Equation 14
F(E) = g
e kT +1

where T is the absolute temperature, k is Boltzmann's constant and e is the electron
charge. When at absolute zero temperature f (E)=0 and the state is not occupied, meaning
that there are no electrons above the valence band and there are no available energy states
in the band gap. If the temperature is greater than OK some of the electrons have energies
above the Fermi level* (overcoming the energy barrier). With increasing temperature
some electrons can jump to the conducting band and promote an electric current*. This

phenomenon is shown schematically in Figure 9
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Figure 9 Schematic illustration of the changes at the Fermi level (states above Fermi
level =n-type and states below Fermi level= p-type). The number of available energy
states must be accounted for determine how many electrons reach the conduction band,

the so call electron density of states (DOS).

At this point it should be noted that the three thermoelectric parameters (a, o, k) are
related to the density of states (DOS) at the Fermi level EF as a function of the carrier
concentration. A large value of Seebeck coefficient is achieved for semiconductors with
a high density of states at the Fermi level, which at the same time indicates an
interdependence of thermopower and carrier concentration. The generated voltage in case
of metals is commonly less than 50 uV/K while for semiconductors this factor can be
increased up to hundreds of pV/K*'.

2.2.1.4 Oxide semiconductors.

There is a large group of oxide semiconductors with both n and p conduction types
including: p-type CuO, n-type MnQOs, p-type NiO*, n-type WO3, n-type TiO, and SnO-.
Since the 1960°s, when the first papers appeared with descriptions of SnO2*, this oxide
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semiconductor has been described by many research groups to have thermoelectric
properties after adding an additional element. The SnO.-based ceramics doped with Al,
substituting AI** for Sn**, show an increased sheet resistance of the films as reported by
Moharrami et al.>°. The thermoelectric measurements show that the doping levels change
the behaviour from n-type to the p-type®. The higher Seebeck coefficient of -341 pV/ K
was obtained for 30 at.% Al-doping level. The nanocomposite TiO2/SnO- exhibits n-type
behavior and a power factor of 70 pW/m?K at 1000°C®!. Other SnO2-based ceramics with
the Nd-, Hf-or Bi-doping, Sno.97Sbo01Zno.01Mo.0102, where M = Nd, Hf or Bi, were
investigated. The power factor was enhanced due to increased electrical conductivity and
Seebeck coefficient with Bi-doping® .

The oxide based materials were overlooked in the world’s research until 1997 with a
report of NaxCo.0s with good thermoelectric performance®. In comparison to
conventionally known materials, the oxide thermoelectric materials can be non-toxic,
cost-efficient and oxidation resistant in air. Oxide materials exhibit a strong interplay

between spin, charge and latticeb:.

Promising oxide thermoelectric materials include SrTiOs, CaMnO3z based perovskites,
ZnO with different kinds of doping, and also cobaltites which will be described later in
this chapter. The complex oxide Indium-Tin-Oxide (ITO) is one of the highest mobility
oxides used in a wide range of industrial applications (e.g. transparent electrodes). The
highest value of ZT for this complex oxide was 0.06. Increase of ZT up to 0.45°* at 1273K
are achieved by addition of Ge to In,Os with the substitution of Ge** for In®* and fine
particle size reducing thermal conductivity for the composition of In1sGeo203 4. In203
films doped with Pd (6vol%) showed a 65% increase of thermoelectric power factor (450
HW/mK?) compared to the pure In,03 films® at 1000°C. For SrTiOs the power factor was
found to be around 600 pW/mK? at 630K and 1040 pW/mK? for doped sample
SrooY01TiOs at the same condition*’. La-doped SrTiOs films exhibit a large Seebeck
coefficient up to 980 pV/K and the power factor of 390 pW/mK?23*, A high conductivity
is reported for perovskite-type LaixSrxCrO3*® with the positive Seebeck coefficient value
of 200-300 uV/K up to 1800°C. The reported ZT value for complex Lag.gsSro.15CrO3 was
0.14 at 1600K>’. Similar conduction was reported for another perovskite-type oxide

CaMnOs with the increased power factor (200 uW/mK?) through substitution of Ca with
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Bi (Cao.9Bio.1)MnO3°8. Ca(Mno.19lno1)O3 was reported to achieve a ZT of 0.16 at 900°C.
For a low temperature applications (300K) La1.xSrxCuQOs.y exhibits a decrease of positive
Seebeck coefficient from 400 pV/K to 40 pV/K with the Sr level?®. Good performance
with a ZT value of 0.35 at 1000K is shown for polycrystalline Nb-doped perovskite
SITiOz>.

In ZnO-based thermoelectric materials increased mobility of carrier is achieved by
reduction of ionicity of the metal-oxygen bond. Pure bulk ZnO is a n-type semiconductor,
with Al doping showing enhancement in electrical conductivity together with a change to
more metallic behaviour. Maximum thermoelectric performance was reported for the
composition ZnosAlo20%. Zni1xAlkO within the range of x = 0 — 0.1%! shows large
mobility of carriers but the high thermal conductivity decreases the thermoelectric
performance. The reduction of thermal conductivity of ZnO based material can be
achieved by the use of elements heavier then Al e.g. Ga, In®? or adding MgO®3. The
highest value of ZT for n-type bulk material was reported at 1273K with a value of 0.65
for Zno.osAlo.02Gao020%. Ohta et al.>" described an amorphous oxide semiconductor
(ASO) superlattice composed of layers of amorphous-In-Zn-O and amorphous-In-Ga-Zn-
O with increasing value of Seebeck coefficient strongly correlated with the thickness of

layers, and the value of 73 V/K which is 4 times bigger than that of the bulk material®’.

Rare-earth orthochromites (RCrOs, where R = La, Pr, Nd, Gd, Sm, and Eu)® have
reported electrical conductivities at room temperature in the range between 107 to 107

Q 'em™, and values of 102 Q' cm™! near 1000 K.

There are several known compositions of oxides with mixed valence ions which can be

classified into different groups:

e LiMn,04 mixed valence (Mn®*/Mn*") spinel with reported thermopower of -73 pV
/K at high temperatures (1100 K)®,
e spinel cobalt manganese Mn3—xCo0xO4 where the author mention about conduction

due to Mn®*/Mn** 67,

The alkaline-earth doped perovskite type oxides include:

e CaMnixRuxQOz.5 with the mixed valence Mn®*/Mn** and Ru®*,

e (Ba,Sr)Pbs with the mixed valence of Pb?*/Pb*",
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Rare earth cuprates with superconductor behaviour Bi>Sr.CaCu20s:s (Bi®*/Bi®*,
Cu*/Cu?),
e or semiconducting YBaz(Cu,Mn)3O7-s (Cu*/Cu?"),

e layered type cobaltites with the mixed valence Co*/Co*" (described in the next

part of this chapter),
e Spinel-structured oxides Lii-«Mn2xO4 with mixed valence Mn**/Mn*" or mixed

valence Co%*/Co®" in the case of NixMn1xC02-2xOa4.

A. I. Klyndyuk® investigated p-type semiconductor of holmium barium cobaltocuprates
with Seebeck coefficient of 220 uV/K at 500K.

An overview of a range thermoelectric materials with operating temperature is shown in

Figure 10.
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Figure 10 The overview on discovered and recorded operating temperature of typical

thermoelectric materials and their environmental impact®*’.
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2.2.1.4.1 Cobalt oxide p-type semiconductor

Cobalt oxide materials have generated a lot of interest due to a wide range of properties
exhibited including: electrical, magnetic® and transport’®. The properties of p-type
semiconductors are a result of the presence of electron holes. These holes are the carriers
of charge which appear as a result of deficiency of metal, or in case of excess oxygen.
The conduction of p-type semiconductors has properties intermediate between insulators
(10 to 10%2 Q-cm) and good conductors (10 to 10° Q-cm)’! with the amount and type

of semiconductivity depending on the ambient oxygen pressure’?.

The cobalt oxide materials have attracted growing attention due to their high metallic
electrical conductivity, which was observed in compounds such as NaCoOz, Bi2Sr2C0,0o,
Ca3C0409, Tlo.4(Sro.90)112C0023and HooeCap1Co0sY, and their high thermoelectric

performance.

Many Co oxide materials were discovered in the 1990°s -2000’s include CasCo040¢™%,
(Ca2C003)0,62C002", [(Ca1-xSrx)2C003]pCo02"® and [Ca2(C0oo.65CU0.35)204]0.6sC002 7.

The Co- oxides are described as misfit layers of CoO2 hexagonal conducting layers and
the rock-salt type block layers. The a and ¢ axes of those two layers are similar while the
b-axis are different. Nevertheless in the literature® the general structure for layered cobalt
oxides containing these two type of sublattices can be found. The general formula is
presented as ((MO)n)RS(CoO2)srsiH, Where M is Pb, Hg, Bi, Ca, Tl or Sr atoms, n is the
number of rock-salt layer (brsiwH the subscripts RS= rock-salt and H-hexagonal layers).
For example Ca based cobalt oxide for which n=3 (three RS layers) will take the form
(Ca2C003)RS(Co02)nrsiH. The misfit layered Co oxides exhibit similar properties with
differences in chemical properties. The thermopower was found to be between 80~160
uV/K at room temperature, with a CoO2 layer resistivity of 5~30 mQcm, and thermal
conductivity of 1-2 W/mK. The very good thermoelectric properties are the result of the

unusual layer structure.

More complex compounds of cobalt include: Biz2xPbxSr.CoOy, CazxBixC040s°,
Bi1.5Pbo5Caz-xMxC020s+5%°, NixMn1.xC02-2x04%" and NiC0,04%. Cobaltite compounds
can be characterized by negative or positive Seebeck coefficients depending on the

dopant®, For the LaCoOj3 system the Seebeck coefficient can be p and n-type depending
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on doping. Doping with Sr?* produces p-type behavior whereas n-type is obtained with
the use of Ti**, Ce** or Sn**84,

2.3 Sodium cobaltites

2.3.1 Introduction to Sodium cobalt oxides

In 1997 Terasaki®® identified NaCo,0a as a high temperature semiconductor with a high
Seebeck coefficient and an impressively high electrical conductivity®. Sodium cobalt
oxide is defined as a layered 3d-transition metal oxide belonging to the AxMY> type
compounds where A is an alkaline metal, M is a transition metal and Y represents O, S
or Se. Ito et al.>8® noted that sodium cobalt oxide can occur with three types of structure
depending on the level of sodium. The P3 type of structure is characterised for f-phase
where sodium level is 1.1 <x < 1.2, O3 type structure for a-phase with sodium level of
1.8< x <2.0. The best electrical properties are found for a P2 type structure for a y-phase
which is characterised by a sodium level of 1.0 < x < 1.4. This phase shows metallic
conductivity®, and has a larger Seebeck coefficient than the other known phases®’. The
compound is often also described as NaCoO>. The structure of NaCoO> was investigated
in the temperature range of 600-700°C in 1997 by Froussier. Froussier discovered the
existence of four crystallographic phases as a function of Na a-NaxCo0O3 (0.9 < x <1.0),
a’-Nap.75C003, f-NaxCo0- (0.55 < x < 0.60) and y-NaxCoyO2 (x < 1.0, y < 1.0; 0.55< x or
y < 0.74)%, For all phases sodium is sandwiched between edge-sharing CoOs octahedra
layers along the c-axis direction. The sodium cobalt oxide has excellent thermoelectric
properties due to its unusual crystal structure®®, which will be detailed in the later part of
this chapter. The y-phase of NaC0,04 is build up of layers®. The unit contains a sheet of
edge-sharing CoOg octahedral with Na layers between the CoO; sheets®. Jansen and
Hoppe® assigned a P6322 crystal structure with a=02843 and c=1.081 lattice parameter.
The sequence of the CoO: layers determines the number of sheets in a unit cell. There are
two or three alkali layers per unit cell. The structure types are explicitly recognized by
Na synchronization type and number of layers per unit cell; hence the a, o’ and  phase
exhibit the three-layer structures, while the y-phase has a two-layer structure. Where the

a-phase has a O3 structure (O refers to octahedral synchronization of Na ions and 3 is the
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number of layers which repeat) o’ phase has the ‘O3 structure (monoclinic deformation of

03 phase) B the prismatic P3 structure and v is the prismatic two layer structure®,

Similar to the copper based layered high temperature superconductors (HTSCs), the
layered sodium cobalt oxides exhibit superconductivity®® in a hydrated form. The
behaviour is much more complex in sodium cobalt oxide so that the origins of

superconducting behaviour is still unclear.

2.3.2 Structure dependence and atomic relations.

By changing the Na content using different chemical reactions it was found that sodium
cobalt oxide changes behaviour from superconductors to metallic. A wide range of
behaviour, ranging from semiconductor to metallic, has been reported for sodium cobalt
oxide dependant on the level of sodium and is shown in the composition property map in

Figure 11.

The variations in properties of sodium cobalt oxide are dependent on the sodium content
as shown in Figure 11. However, studies have also shown that changes in the structure of
the material are accompanied by a change in relative position of atoms to each other in
the crystal lattice. Na ions can occupy two different atomic positions affecting the

donation of electrons to the CoOs».

For the three layered NaxCoyO, family the crystal structure is more complicated and
occurs in the octahedral (O) or prismatic (P) coordinations with the numerical designation
1, 2, 3 which refers to the number of CoO: layers per unit cell. When x=0.32 and x=0.92
sodium cobalt oxide has a O3 type structure, when x=0.6 and x=0.51 have a P1 structure
type and for x=0.75 a O1 structure. For the two layered system the P2 structure type

dominates over the composition range from x=0.3 up to x=1, (except a region for x = 0.5).

The nomenclature of H1, H2 and H3 relate to slight differences in crystal structure within
the P2 phase.
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Figure 11 Electrical behaviour map of sodium cobalt oxide showing dependence on
sodium level®® and common types of structures for the two-and three-layered. (H1, H2,

H3 refer to subtle differences in crystal structure within the P2 phase.)

For the two layered sodium cobalt oxide when x<1/2 the system is a paramagnetic metal
with both the Na(1) and Na(2) sites being partially occupied, and the Na(2) site slightly
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displaced and called Na(2)’ as shown by the H1 structure. Figure 12 illustrates the three
hexagonal structure types in terms of atomic positions.

For x>1/2 where the material behaves as a Curie-Weiss metal the structure shows H1
ordering. Around x=3/4 the Na structure transforms to the more ordered H2 structure
where Na(2) is located in the centre of triangles. The structure remains up to X = 1 when

the H3 phase exists.

When x ~ 0.5, the system is orthorhombic and exhibits a special charge and insulating

structure, with the Na ions positioned in zigzag ordered chains®.

H1 Phase H2 Phase
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Figure 12 The three hexagonal structure types found for two layered NaxCoyO; with the
layers of edge-shared CoOg octahedra and Na ions occupying ordered or disordered
positions in the interspersed planes®.
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A possible structural atomic order was proposed by Zhang et al.%” and is presented in

Figure 13.

In addition to the location of sodium atoms affecting the properties of this material®, the
thickness of subsequent layers also has an effect on the behaviour which is especially
visible for the three layered NaxCoyO,. The CoO: layers become closer together as a result
of changes in Na coordination and consequently the thickness of the NaO- layers changes

continuously with Na content.

Figure 13 A possible structural atomic order for NaxCoyO.. Blue thicker lines indicate
the minimum unit cell in each case, Na(1) sites atom fall on top of the triangular lattice
and Na(2) sites fall in the centre of the triangles. The dashed lines represent the

projected triangular lattice of Co atoms®’.
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With the changes of sodium content the changes in oxidation stage of Co (3%, 3.5 and
47) will also affect behaviour. For the three layered structure when the sodium content
decreases the Co-Co spacing also decreases and results in an increase of the oxidation
state of Co from Co** for x=0.92 to Co3®8* for x=0.31. The studies of thickness of the
CoO: layers suggest the redistribution of charge among different electronic orbits. Figure
14 shows that the thickness of the CoO: layer® is linked closely with the atomic

coordination.

Figure 14 Detail of thickness of the CoO; layer®.

There is a redistribution of charge within the CoO- layers dependent on the composition.
In particular, for Nao.7sCoO2 when the two and three layer sodium cobalt oxide phases
are compared different electronic structure can be observed at the same atomic

composition®3,

The lattice structure of the compound of sodium cobalt oxide is very diverse giving rise
to a range of behaviours of this material. However this differentiated structure is not the

primary focus of this thesis and so will not be discussed in further detail.
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Figure 15 The comparison of the Co position in 2- and 3-layer variants. In the 2-layer
variant the Co planes are the same in all layers. In a 3-layer variant the triangular Co

planes are staged: L1, Lo, L3 represent layers®,

2.3.3 Correlation of thermopower with electron band (electronic structure)
in sodium cobalt oxides

As previously discussed the structure has a significant impact on the thermoelectric

properties. The number of Na atoms, the arrangement of atoms with respect to each other,

as well as the thickness of CoO layers and length of the axis, brings significant changes

in the behaviour of this material. Koshibae et al.}%% modified Heikes® formula

(Equation 3) to show that the conduction of electrons should also be taken into account.

The large carrier density (~10%2 cm?®) for sodium cobalt oxide is due to the donation of
valence electrons from Na atoms to the CoO: layer. The average oxidation state of the Co
ion is +3.5 which means that the compound contains a mixed valence of Co with an equal
amount of Co ions in the oxidation state of +3 and +4. The different arrangements of

electrons are presented in Table 1.
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Table 1 Description of different arrangement of electrons for Co*and Co* ions in
these bands. The calculated value represented: spin-Sp, configuration-Con, degeneracy-

Deg respectively.

Spin state Co*3bands Co™ bands Calculated | Calculated
value  for | value for
Co™ Co™
Low  Spin - - Sp=0 Sp=1/2
State 0T 0T Con=1 Con=3
— 4+ Deg=1 Deg=6
%
ot |
Intermediate —_— ———— | Sp=1 Sp=3/2
Spin State eg P eg F Con=6 Con=6
# ¢ Deg=18 Deg=24
wpt— | wa
High  Spin ? ¢ Sp=2 Sp=5/2
Site eg + | eg 4+ C:n—3 CF())n—l
Deg=15 Deg=6
t29 I | t29 ; |

2.3.4 Synthesis of sodium cobalt oxide

A number of proposals for the synthesis of NaxCo204 reported include: solid state reaction
(SSR) method?, auto-ignition route followed by an airflow shatter process??, a citric acid
complex (CAC) method and hot pressing (HHP) technique®, a reactive template grain
growth (RTGG) method'®, polymerized complex (PC) method!®, sol gel (SG) method,

and a few mixed methods. However, the thermal, mechanical, electrical and magnetic
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properties of ceramics, metals, and composites are often improved with decreasing the
particle size. Therefore, it is important to optimize a cheap and simple technology for the

production of good thermoelectric material that can be used to adopt microstructures.

To date, just few methods have been reported for the preparation of thin films of

NaxCo0,04 using technique such as: electrospinning techniquel®

or epitaxial
deposition!®, The spin coating method which is proposed in the present work is a cheap

and fast technique which allows control of the thickness of the layers relatively easily.

The preparation of sodium cobaltate crystals characterised by high quality crystal
structure is a big challenge. The chemical homogeneity and stability even of a single
crystal is the largest problem. Many different methods for growing crystals have been
reported such as a modified solid state reaction technique called 'rapid heat up' the

floating zone technique with the use of an optical furnace®>* and the flux method®3.

Methods for the production of sodium cobalt oxide nanofibers have been reported.
Maensiri and Nuansing'%* described the fabrication of nanofibres by electrospinning. F.
Ma et al.**’ proposed a sol-gel-based electrospinning technique to fabricate nanofibres
about 10 nm in size, an order of magnitude smaller than sodium cobalt oxide powders
produced by conventional sol-gel methods. In this way an enhanced figure of merit can
be achieved by phonon scattering at grain boundaries and interfaces. Details of the

performance are given in the following section.

2.3.5 Properties of sodium cobalt oxide

Tarasaki®® reported a high thermopower for NaCo,04 single crystals. This material has
since appeared in various publications disclosing interesting thermoelectric properties®.
For single crystal materials the thermopower was reported to be 100 pV/K and the
electrical resistivity 200 pQcm at 300K33, The resistivity has been reported to range from
200 to 600 pQcm, and is related to the level of Nal®,

M. Ito et al.® disclosed NaxC0,04 synthesized by the polymerized complex (PC) method
and reported metallic properties for x=1.7°. Compared to conventional SSR produced

material, for which the electrical resistivity was found to be 250 pQcm and the Seebeck
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coefficient 120 pV/K at 500K, material produced by the PC method exhibited a resistivity
and Seebeck coefficient of 260 pQcm and 140 pV/K, respectively. The thermal
conductivity was reported as 1.79 W/mK for PC and 1.7 W/mK for SSR produced

materials.

S. Katsuyama et al.® presented a synthesis of sodium cobalt oxide by a citric acid
complex (CAC) method consolidated by hydrothermal hot pressing. The reported results
show that the use of different processing conditions leads to different thermoelectric
values, the results were collected and are shown in Table 2, all results were obtained at
300K.

Table 2 The Seebeck coefficient, electrical conductivity and power factor results
obtained at 300K for citric acid complex (CAC) method and consolidated by the

hydrothermal hot pressing method®.

Synthesis condition Seebeck Electrical Power factor
coefficient uV/K | resistivity pQcm uW/mK?
HHP untreated 145 265 800
HHP 473K,100MPa 110 325 385
HHP 473K,200MPa 120 250 580
HHP 523K,200MPa 135 235 800

K. Kurosaki et al.*% described an elongated form of SSR synthesis and results obtained
at 500K showed a thermal conductivity 3.2 W/mK, the electrical resistivity was found to
be 150 pQcm, and a Seebeck coefficient of 118 pV/K.

T. Seetwan et al.? obtained sodium cobalt oxide by a SSR method and reported a value of
103 uQcm at 500K, a thermal conductivity between 3-4.7 W/mK, and Seebeck coefficient
between 85-135 uV/K.

Cold high pressure compacting followed by solid state sintering was used by J.Cheng et
al.% with results of 120 uV/K, 38 pQcm, and 420 pW/mK? for Seebeck coefficient,
electrical resistivity and power factor, respectively.
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A power factor of 400 uW/mK? Seebeck coefficient of 98 uV/K and electrical
conductivity of 410 S/cm was reported at 500K by S. Tajima et al.2" after using reactive

tempated grain growth methods.

X. Tang et al.* grew single crystals by low temperature flux method and achieved at
300K a Seebeck coefficient of 55 uV/K, and electrical resistivity of 115 pQcm.

The further results for the SSR method presented by M.Ito and D. Furumoto!® showed a
Seebeck coefficient of 150 pV/K and electrical resistivity 380 pQcm at 600K. For
materials produced by polymerized complex method'® a Seebeck coefficient of 150
puV/K, thermal conductivity of 1.7 W/mK, electrical resistivity of 270 pQcm and power
factor value of 0.75 pW/mK? were obtained at 500K. The introduction of mechanical
milling of NaxCo.0s4 was found to improve electrical resistivity from 25.5 for
conventional SSR samples to 360 pQcm with the introduction of mechanical milling**°,
the Seebeck coefficient increased from 120 to 130 uV/K, while the power factor was
almost the same at 0.6 mW/mK?,

K. Park et al.!!! using a SSR method obtained (at 800K) power factor of 230 pW/mK?
with a Seebeck coefficient of 125 pV/K and 130 S/cm for electric conductivity.

L.Zhang et al.'*2 used the sol-gel (SG) citrate method modified with the addition of
Polyethylene glycol 400 (PEG-400) and achieved results shown in Table 3.

Table 3 Summary of results obtained for the sol-gel(SG)**? citrate method modified
with or without addition of Polyethylene glycol 400 (PEG-400)

Synthesis method Seebeck Electrical Power factor
coefficient conductivity 104W/mK?
uV/K Slcm
SG 110 190 2.25
PEG-400 102 300 3.25

Comparison of y and o phases of sodium cobalt oxide M. Mikami et al.**® showed a

difference in thermoelectric properties at 300K (Table 4),
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Table 4 Comparision of result obtained by M. Mikami et al.!3,

Phase of NaxC0204 Seebeck Electrical Power factor
coefficient resistivity pQcm 10°W/mK?
uV/K
a 150 320 10
Y 100 120 80

Films produced by epitaxial film growth exhibited an electrical resistivity of 59 pQcm at
100K for 275 nm thick films. The results are 1/40 of the polycrystalline bulk materials

were comparable with the single crystal materials*,

C-J. Lin et al.1*® produced y- NaxC0204 films by sol-gel spin coating method resulting in
an electrical resistivity of 200 pQcm at 300K and Seebeck coefficient of 54 uV/K, at the

same temperature.

2.4 From the bulk materials to the nanoscale

In order to obtain large ZT values it is necessary to modify the three parameters (Seebeck
coefficient, thermal conductivity and electrical conductivity) in conventional solid
materials. One route is to modify the nanostructure of these materials to increase the value
of ZT and enhance thermoelectric energy conversion®'®, as the nanostructure materials
exhibit unique properties which are not observed in bulk materials''’. The enhanced
properties due to nanoscale structure, affect the transport of electric charge and heat*8,
Hicks and Dresselhauss'!® described the reduction of the degrees of freedom of carriers
(so-called as quantum confinement) as a result of noncontinuous energy levels. The bulk
materials are considered as 0 degree of confinement. The overlapping of conduction and
valence band is visible for one dimension or two dimension structures. The quantum
confinement can be achieved in a thin film as in one dimension structure, or in a nanowire
(two dimensions). The large quantum confinement effect is achieved by reducing the
dimensionality therefore the largest thermoelectric figures of merit have been calculated

119

for nanowire systems**°. The reduction in thermal conductivity can also enhance ZT. It is
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believed that the scattering of energy carriers at surfaces and interfaces also plays an

important role?012L,

2.5 Basic overview on preparation methods

2.5.1 Solid state reactions

A wide range of chemical methods exists for the synthesis of ceramic materials. The solid
state reaction is one of them. A new material is a product by interdiffusion of elements.
Where starting reagents are not stable i.e. commonly used carbonates, hydroxides,
oxalates, nitrates, sulfates, acetates, alkoxides or other metal salts, the new phase may be

accompanied by the release of gas as a byproduct of the reaction?2,

2.5.1.1 Synthesis of polycrystalline NaxCoOz2-y

Conventional solid state reaction (SSR) is a well founded technique which gives
satisfactory results for the formation of NaxCoyO, phases. The commercial available
chemicals, sodium carbonate (Na2COz - 99.9%) and cobalt oxide (C0304 -99.99%) are
commonly used as a starting components for this synthesis. The powders are first mixed
and pulverized to decrease the grain size and increase the homogeneity. The powder is

then heat treated.

2.5.2 Formation of NaCo204 phase

Understanding the formation mechanisms of NaCo204 can lead to further optimisation of
the process conditions and thus an enhancement of the thermoelectric properties. Ohtaki
and Shouji presented the influence of CO, partial pressure on inhomogeneous Na
distribution in bulk materials employing thermogravimetric analysis (TGA)®. Motohaski
et al.! also investigated the phase formation using TGA where the precursors were heated
in flowing oxygen. Both research teams noticed a weight loss around 100°C that was
attributed to moisture evaporation. The decomposition of precursor (Na2COs, C0304)
components occurs between 500-750°C. Motohaski et al. described that the weight

remained almost unchanged at 860°C for 12 hour and longer. The total weight loss
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between 500 and 750°C was found to be more than 7% while the stoichiometric
composition of the raw materials should result in theoretical total weight loss around 6%.
This difference in the additional weight loss can be attributed to simultaneous

vaporization and total loss of Na>COs.

Results described by Ohtaki and Souji® indicate the formation of a final phase of
NaCo0204 at 735°C in an oxidizing atmosphere. Additionally they presented results of the
influence of CO. partial pressure showing that in pure CO2 no reaction between the
starting components was observed. Only when a low CO- partial pressure of 0.02 atm
was observed the NaCo.04 formation reaction was noted at 800°C. The TG results are

shown in Figure 16.
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Figure 16 Thermogravimetric profiles for a reaction mixture of CosO4 and Na,CO3 with

a change in mass (and temperature) as a function of time®.

Based on these results Motohaski et al.> have proposed a new technique called “rapid
heat-up”. This method introduces the raw materials into a pre-heated furnace thus

minimising Na evaporation.
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2.6 Preparation of nanopowders

Small grain size can enhance the specific grain boundary surface area. The specific
surface area also depends on the shape of the powder and can be extremely large for
particles of elongated shape!?.

The techniques can be divided into two groups: physical vapour deposition (PVD) and
chemical vapour deposition (CVD)!?4. In the PVD method the solid material is
transformed into a gas through physical or thermal processes. Synthesis in the gas phase
is a process for producing a solid under conditions of a thermodynamically unstable
vapour (supersaturated). With the appropriate degree of steam supersaturation the
nucleation of a solid phase occurs. This process is very quick and relatively uncontrolled.
To prevent condensation, by lowering of supersaturation and hence nucleation, the system
should be instantly cooled down. The resulting particles coagulate in the presence of a
higher sinter temperature instead of coagulation. At lower temperatures loose
agglomerates with open structures arise. The other known techniques for preparing
nanoparticles in the gas phase are: spray pyrolysis, a condensation method in an inert gas,
as well as the modified chemical vapor deposition. The oxide material powders can also
be formed by controlled oxidation of received nanoparticles of metals or lower oxides.
The process oxidation rate is determined by the degree of agglomeration of received nano
particles. Through suitable selection of the synthesis parameters the formation of layers
is avoided in exchange for the increased homogeneous nucleation of molecules in the gas

flow. The chemical vapour deposition (CVD) is a more efficient technique PVD.

For decomposition of precursors the following techniques can be used: microwave
plasma, laser pyrolysis, photothermal synthesis compulsion, and flame-chemical vapour
condensation. The precursor can be supplied also in the form of droplets from a solution

e.g. (spray pyrolysis, aerosol decomposition synthesis, droplet-to particle conversion).

Reacting in a liquid environment gives more possibilities than reactions in the gas phase.
The advantage of reactions in the liquid environment is the good homogeneity, which
affects the quality of the resulting nanopowders. However, the downside is the
discontinuity of this process and lengthening of the synthesis time. In the wide range of
methods for obtaining nanopowders in a liquid environment the most common are: co-

precipitation, hydrothermal treatment, a microemulsion technique and sol-gel*?°.
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Co-precipitation is the introduction of the precipitation agent to the solution. This factor
contains metal cations which are both included in the synthesized relationship. Co-
precipitation products are most often metal hydroxides. These hydroxides are then
calcined to obtain the desired oxide phase. The advantage is the uniformity of the obtained
powder, grain size, and control of the chemical composition. The calcination process may
be replaced by crystallization under hydrothermal conditions. Crystallization takes place
in an aqueous medium at elevated temperatures and under pressures greater than

atmospheric.

2.7 Sol Gel reactions

Sol-gel synthesis (sol-gel) is based on the slow dehydration of hydroxide from a
previously prepared sol. Those reactions lead to the conversion of a sol into a gel*?>. This
method makes use of the hydrolysis reaction of a metal alkoxide according to the formula
(Equation 15):

M(OR),, + nH,0 - M(OH), + nROH .
(OR)n 2 (0H), Equation 15

where M is a metal atom-with a value of n-alkyl group R

Alcohols may be replaced by chelate complexes of a metal cation which stabilise and
reduce its reactivity. This is useful in the synthesis of multicomponent systems, in which
the differences in the rate of hydrolysis result in the formation of precipitates. Sol-gel
synthesis occurs in a liquid medium at temperatures much lower than typical solid-state
reactions. The basic raw materials for the synthesis of oxides are usually metal alkoxides
and other compounds, e.g. chelates, esters, or combinations of organic and inorganic

compounds (nitrates, chlorides, oxychlorides).
The first stage of this process is characterised by following reaction (Equation 16):

M(OR), + H,0 RO),_4M — OH + ROH
(OR)x + H0 = (RO)x— Equation 16
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The alkoxides are placed in water as a common solvent and a suitable catalyst is added.
According to Equation 15 the hydrolysis of the alkoxy bond (M-OR) leads to the
formation of hydroxyl bond (M-OH).

In the next step condensation occurs between the hydroxyl and alkoxy ligand
corresponding to the reaction (Equation 17):

RO),_4M - OH + (RO), M RO),_M — 0 —M(RO),_, + ROH
(RO)x-1 (RO)xM - (RO),_4 (RO)x-1 Equation 17

or between two hydroxyl ligands as shown in following Equation 18:

(RO),_y M — OH + HO — M(RO),_; = (R0),_,M — O — M(R0O),_, + H,0 Equation 18

The reactions above leads to the formation of the bridge metal - oxygen - metal, which
form the skeleton structure for each oxide.

The advancing continuous condensation leads to an increase of the metal oxide density,
up to the starting gelling point. The processes of hydrolysis and condensation takes place
in parallel and depends on factors such as temperature and pH of the solution, the amount
of solvent and water, and the type of catalyst. The particles in the sol*?® are partially
polymerized, but the degree of polymerization is relatively low. Transition of sol to gel
is accompanied by the increase in viscosity which corresponding to the agglomeration of
the particles and associated with the formation of a three-dimensional structure as a result
of the cross-linking and polymerization. The parameters are influenced by temperature,
time, amount of water and the concentration of the precursor. The above reactions take
place at room temperatures. The final stage of the process is the removal of the solvent
by drying.
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2.7.1 Sol gel preparation of NaCoO

The commercial available chemicals NaNO3(99%), Co(NO3)3-6H20(99%) and citric acid
(99%) are used as a raw materials for sol gel synthesis'*°. The chemical reaction which

occurs during the sol gel process can be written in following way (Figure 17):

C — H,— COOH ] O0—C=—20
| N
Co**+OH—C— H,— COOH —— % O— Co— OH—C — cle
| /\ |
C— H,— COOH H,O O—C—C C
I VA
] OH O

o 0— C=—=0
\ |
O— Co— OH——C — CH, +xNa’ + NO 3 —— xNaCo,0s+ NO#+ H,0%
/\ |
H,0 O—C—C C
I/
O OH O

Figure 17 The chemical reaction occurring in the formation of sodium cobalt oxide

using sol gel synthesis®.

For the above reaction it can be noted that formation of sodium cobalt oxide by sol gel

synthesis is accompanied by evaporation of NO2 and H.0%'.

2.8 Production of Ceramic Materials

The main stages in processing of ceramic materials are calcination and sintering. The heat
treatment of ceramics is a process in which fine particles (powder) are transformed to a
solid polycrystalline body. The process of preparing ceramics is divided into two stages
of heat treatment as the reaction products generally have a different volume than the
reactants, which lead to stresses in the system. These stresses could lead to cracking due

to the brittle nature of the ceramic phase. So large microstructural changes can hamper
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the proper sintering and homogenization of the system. Therefore, the sintering of the
polycrystalline ceramic is preceded by calcination in which the desired phase is first

formed!%,

The free energy of the system is minimised due to the redistribution of atoms and
interdiffusion to form new phases, to eliminate pores and increase grain size and so
minimise the surface area. The fabrication involves a number of stages: preparation of

powder, forming powder into shape, densification and finishing.

The preparation of powders begins with the mixing of reagents to reduce the particle size
and eliminate aggregates. The most commonly used method is wet ball-milling. The next
step is the calcination heat treatment. Calcination leads to the creation of the final phases.
These may not be completely formed but the remaining starting components should assist
sintering. Nevertheless the calcination should lead to a very coherent product. This
thermal treatment is very popular due to the economic attractiveness as well as ease of
transformation of the appropriately selected mixture of minerals or chemicals to yield a

final product of the desired phase composition.

After calcination the powder has a non-uniform grain size, and therefore is subjected to
milling to make the powder suitable for shaping. Pressing takes place in rigid moulds
consisting of a die and punches, which exert pressure on the powder forming it into a
shape. There are two methods, distinguished by the manner in which the compression
force is applied: one- sided (pressure takes place on one side) and double-sided pressing
(when the pressing force is applied on both sides). This method allows materials with a
simple and symmetrical shape characterised by a relatively high relative density to be

obtained.

The next important step in the formation of ceramic bodies is densification. Better
compacted powder should sinter more effectively due to the removal of a smaller amount
of pores. The process of compaction also affects packing homogeneity of particles. The
agglomerates and aggregates formed during synthesis are conducive to the formation of
pores in the compact. The presence of pores has a negative impact on the entire sintering
process reducing final density and homogenisation of system. This can be explained on
the basis of the theory proposed by Kingery and Francois in 1967. The thermodynamic

considerations showed that only the pore with a coordination number (CN) that is smaller
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than a certain critical value (CNc), dependent on the dihedral angle, can shrink and
disappear. The coordination number (CN) represents the number of grains surrounding
the pore (Figure 18). When pores with CN > CN¢ reach a certain equilibrium volume they
do not shrink further. The pores with the largest coordination numbers are typically

located between agglomerates.

Figure 18 Illustrated stages of sintering of powder. Pores of CN < CN¢ may disappear,
while pores CN > CNc shrink only to a certain value and may exhibit a change in the
coordination number as a result of grain growth (with an indication of dihedral angle).

Assuming that the smallest value of coordination number of a pore is 4, the volume
fraction of the pores, which may be lost, can be expressed with the formula'?’ (Equation
19):

CNc
Vene =j V(CN)d(CN) Equation 19
4

Further production of ceramics is accompanied by the sintering process which is also
recognizable as a high temperature consolidation process by which the dispersed material
(usually powder) is converted into a well crystallized solid phase. This transformation is
accompanied by shrinkage, which is considered to be the macroscopic evidence that the
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mass transfer processes occurs during the sintering. These processes include the grain
rearrangement, diffusion and sometimes the plastic deformation and creep of grains. The
kinetics of the sintering process are controlled by phenomena occurring at the interface
between grains. The first contact between grain boundaries occurs during pressing.
Further consolidation, leading to an increase in the degree of filling of the space occurs
during sintering, and is thermally activated. The source of the driving force of particle
rearrangement process is the reduction in energy associated with the grain surface. With
the supplied heat the vibration energy of atoms (including atoms on the surface of the
grains) increases, which leads to the creation of chemical bonds between the atoms from
two different grains. With an increases in the number of bonds the momentary contact
point between grains is transformed into a permanent junction. The increase in the number
of junctions with increasing boundary area "stiffens” the arrangement of grains, leading
consequently to a limit of the grain/particle mobility until they completely prevent their
mutual movement. During sintering of the solid grains diffusion takes place mainly in the
direction ensuring movement of atoms into the reaction zone (from one grain to another).
In general, the rate of transport of two grains of different composition is not the same.
Therefore grains whose matter diffuses slowly swell and the grain whose matter exhibits
higher mobility shrink!?’. At this stage the mass transfer taking place in the junction area
leads to a change of grain shape and further eliminate the pores, thus begins "appropriate

sintering".

In this study, ceramic materials were fabricated from micro and nanometer size powders.

2.8.1 Sintering of nanopowders

In the case of nanopowders the speed of shrinkage during sintering are varied, which can
lead to the generation of stress and in some cases where the stresses are high cracks
between the agglomerates may form. These cracks can be considered as pores, which are
surrounded by coordination numbers greater than the critical value that makes it
impossible for them to be removed during sintering. Therefore it is important to use un-
agglomerated powders. However, in the case of nanoparticles it is difficult because with
the decrease in the sizes of particles the tendency to create agglomerates is increased. At

a certain grain size the dispersion forces acting between grains /particles (eg, Van der
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Waals forces) begin to be larger than the effect of gravity resulting in the connection of
particles into larger clusters.

Grain growth is one of the factors which increase the volume fraction of the pores with a

small coordination number leading to loss of pore volume as shown in Figure 18.

The effectiveness of the forming process is confirmed by the degree of compaction!?® and
grain size in the sintered material. Therefore, similar to the macro scale, it is essential to
achieve good compaction before the sintering process. The easiest way to consolidate the
powders is through pressing. However the reduction in the effectiveness of pressing,
induced by high intermolecular friction of small particles, leads to an inhomogeneous
degree of compaction. Therefore effective consolidation of nanopowders with pressing
requires the use of higher pressures. The application of higher pressures leads to the
destruction of the agglomerates, shifting of grains and hence reduction of pores. The
stresses arising during pressing should take into account by selection of pressure, to
prevent the destruction of the mold?’.

The changes in the structure during the process of ceramics processing are shown
schematically in Figure 19.

Density, shrinkage

Time, temperature

Figure 19 Schematic representation of the change in the structure during processing of

ceramics leading to an increase in density.
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Transformation of the material from powder to a polycrystalline form is accompanied by
a change of material properties, such as density, porosity, hardness, strength, colour, and

dielectric permittivity.

2.9 Films

The increase in performance of thermoelectric materials are connected with
improvements of efficiency of thermoelectric devices. By the use of nanoscale materials,
especially the production of films, the production of such high-performance

thermoelectric materials is expected!?®,

The use of nanostructured materials can increase the density of interfaces (which should
be high as possible). The most commonly used techniques for preparation of the layers
are: electrolytic deposition, and vapour deposition, wherein there are two methods of
vapour deposition (PVD-Physical Vapour Deposition), and chemical vapour deposition
(CVD-Chemical Vapour Deposition). There are several techniques for obtaining films by
CVD coating methods among others the metallorganic CVD (MOCVD) used in
electronics for the deposition of semiconductors with very thin epitaxial layers. Another
possibility is the use of plasma with plasma assisted CVD (PACVD) which results in
layers produced at lower temperatures with more control of stoichiometry and purity of
coatings. Low-temperature techniques also include laser CVD (LCVD) technology. A
vapour phase epitaxy (VPE) deposition technique is mainly used for producing oriented

crystal layer microelectronic semiconductors.

In the PVD methods the metal or compound vapours are deposited on a cold or warm
surface. Techniques of generating the vapor include: vacuum evaporation, ion plating,

ion sputtering and magnetron sputtering.

Easier and cheaper methods to deposit films include: immersion, or spraying™®, jet
printing, stamp printing and the spin coating method. The latter is used in this work and

will be described further in the following section.

46



2.9.1 Spin coating technique

Spin coating®®! is a technique for the production of thin films and can be split into four
stages. This includes deposition, spin up and spin off stages which occur one after the
other. During all the above mentioned steps in the processing of films, evaporation occurs

as a further stage.

The deposition stage involves the application of the appropriate amount of fluid on to a

stationary or slowly spinning substrate.

During the spin up cycle, as a result of increase of centrifugal forces, fluid is spread all

over the substrate, leaving a relatively even layer'3,

In the spin-off stage the discharge of excessive solvent from the surface of the substrate
occurs. During this time the viscosity of the fluid increases until the liquid ceases to move,

this process starts at approximately 10 seconds after spin up.

Evaporation is a complex process in which part of the excess solvent is absorbed into the
atmosphere. Sometimes a skin layer forms on the surface which prevents evaporation and

thus causes the destruction of the layer.

With this method, it is possible to deposit layers of different thickness depending on

processing parameters3,

2.9.2 NaxCoyO:; films

The thermal, mechanical, electrical and magnetic properties of ceramics, sintered metals,
and composites are improved significantly with decreasing particle size. Therefore, it is
important to optimize the cheap and simple technology for the production of good
thermoelectric material. To date, just a few methods have been reported on preparation
thin films of NaxCo20s using technique such as: electrospinning'®? or epitaxial
deposition!®. The properties depend on the density of the electron state and enhanced

behaviour can be achieved with an increase of interface density.

Krochenberger et al.** have grown NaxCoOz single phase thin films by pulsed laser

deposition. The films were grown on SrTiOs substrates and when x=0.58 showed
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metallic behaviour. The highest resistivity has been found when x=0.54. Epitaxial films
of NaxCoO2 were grown by pulsed laser deposition and topotaxial NaxCoO- thin films

were prepared by annealing epitaxial Co3O4in Na vapour'®,

Single-phase superconducting Nao.3C00z2:1.3D20 epitaxial thin films have been grown
by pulsed laser deposition'®. Superconductivity was found for x=0.3 and y =1.3 sample
(for NaxCoOz2 - yD20). The result obtained show that the films can be produced with

good Na homogeneity.

Brinks et al. reported films grown by pulsed laser deposition with an epitaxial structure
on AlO; and textured crystal structure grown on LaAlOs; (001)**. For textured
NaxCoO:> thin films at room temperature a resistivity of 99 uQm, Seebeck coefficient

of 69 uV K * were observed.

2.9.3 Crystals

In recent decades, many studies have been conducted on oxide semiconductors because
of their unique properties as well as their wide range of applications, among others in
electronics. Particular attention was given to their use on the nanotechnology scale where,
depending on the applications, the shape, size as well as ease of production are important.
Hence the one-dimensional®®’ nanostructures (such as nanowires, nanorods, nanotubes,
and nanobelts) have received wide attention as the materials are expected to play a critical
role in the technologies of future electronic and optoelectronic devices. Much attention is
paid to the processes of growth of different nano shapes. One can distinguish several basic
mechanisms for growth of nano rods: vapour-liquid-solid (VLS)'31%° supercritical fluid-
liquid-solid (SFLS)°, vapour-solid (VS)¥#142 screw dislocation as oxide-assisted
growth (OAG)*3144 The growth mechanism consists of two stages: nucleation and
growth®®, These mechanisms are used as a way to produce increasingly diverse and

valuable materials at the nano scale.

By the strong electron-electron correlation sodium cobaltite shows promising
thermoelectric properties. A large Seebeck coefficient has been reported assigned to an

unusual lattice as also low thermal conductivity due to the presence of sodium cations4,
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To date just a few methods have been reported on the preparation of NaxCoO:

nanowires4’14814° Some details is provided in the following section.

2.9.3.1 Single crystal sodium cobalt oxide

The first crystal growth was reported in 1997 by Terasaki et al. with the largest size of
crystal 1.5x1.5x0.01 mm? by the flux method. Fujita et al*>® described two layers v-
NaxCoO2 grown from molten materials of NaCl as the flux, results in the crystal size of

1.5x1.5x0.03 mm?. The flux method was used by many researchers>11%2,
Another method for the growth of NaxCoO: is the floating-zone technique!®3154150,

A Nap.75C00; crystal was also prepared by a rapid heat up technique with enhancement
of thermopower by reducing the resistivity!. A Seebeck coefficient value of 120 pV/K
was obtained at 300K.

The thermal conductivity is of single crystals higher compared to the polycrystal and

reported to be ~2W/mK, «~5W/mK for polycrystal and single crystals respectively.

Fujita et al.»> measured the in-plane electrical resistivity (p), the thermoelectric power
(PF) and the in-plane thermal conductivity (k) in the range of 300K to 800K. The results
with comparison to the polycrystal NaxCoO..5 phase, and typical p-type material

Sio.95Geo.os are gathered and presented in Figure 20.

From the extensive literature review carried out on sodium cobalt oxide, it is clear that
multiple phases of crystal structure exist and that a small change in elemental
concentration results in a significant change in material properties (Figure 11). It is
therefore paramount to develop a repeatable, material processing route that ensures the

manufacture of this chemical compound with exact stoichiometric ratios.
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Figure 20 Comparison of polycrystal and single crystal NaxCoO».s phase, with typical p-

type material Sio.95Geo.05 in temperatures of 300K and 800K. Measurement of resistivity

p, Seebeck coefficient S, thermal conductivity «, and figure of merit ZT*°,
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Chapter 3 Experimental procedures

3.1 Introduction

This chapter describes the techniques of characterisation used during the analysis of

NaCo0204 powders, films and pellets.

3.2 Synthesis of powder

3.2.1 Powders preparation

In the present research two types of powders were used for the preparation of NaC0204
bulk disc compacts (pellets). Powder produced by the Solid State Reaction (SSR) method
and prepared using a sol gel (SG) method.

3.2.1.1 Solid State Reaction (SSR) powder

To produce SSR (Solid State Reaction) pellets: sodium carbonate Na,COs (Aldrich Sigma
99,5%) and cobalt oxide (I1,111) Co304 (Aldrich Sigma powder < 10um) were used as a
starting reagents. These substrates were mixed with the molar ratio 1:2. Powders were
accurately weighed using a digital balance (10 g) and the components were immersed
in propan-2-ol (Aldrich Sigma propan-2-ol (CsH11OH)). The mixture was then placed
together with zirconia balls in a ball mill, where the components were mixed and
pulverized for up to 24 hours at room temperature. Afterwards, the slurry was dried in an
oven over night at 70 — 80°C, with the final powder being a grey colour. The calcination
process was carried out in an alumina crucible were the powder was exposed at 850°C in

an air furnace.

3.2.1.2 Sol Gel (SG) powder

An aqueous solution of cobalt (I1) nitrate hexahydrate [Co(NO3)2 - 6H20 ], sodium nitrate
NaNOszand citric acid was prepared. 0.11 mol of Co(NO3)2 - 6H20, 0.094 mol NaNOzand
0.13 mol CeHgO7 were dissolved in distilled water to obtain a 0.3M solution. The solution
was constantly stirred at 80°C for 1.5 hour to achieve a homogenous solution. The

resulting mixture was light red in colour and was allowed to cool while being stirred. The
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prepared NaCo.04 producing sol was dried in an oven at 70 - 90°C overnight. The
resulting powder was a light pink colour. Dried and crushed powder was calcined at
700°C for 6 hours with a ramp rate of 4 °C/min.

3.3 Preparation of Na-rich pre-treatment and pure NaCo.0s pellets

In the stage of production of pellets the SSR powder was ball milled with zirconia balls,
for 24 hours in two kinds of solution: propan-2-ol or aqueous sodium hydroxide for this
purpose 2 weight % (relative to the NaCo.04 powder mass) of NaOH dissolved in
distilled water. Solutions were placed in the bottle in the weight ratios 1:2:1- reagents;
milling media; fluid. The obtained slurry was dried overnight in an oven. The dried
powder after the ball mill in propane-2-ol was then divided in to the three parts for

preparation of 3 kinds of pellets:

One type was crafted from solid state reaction powder, with the two remaining parts of

the powders being subjected to two methods of saturation with sodium.

l. (Infiltrated - Inf) Initially calcined powder was pressed into pellets using a
hydraulic press at a pressure of 1.3 MPa before being infiltrated with aqueous
NaOH (). Pellets were dried in order to avoid distortions during sintering at
higher temperatures. Such prepared samples were sintered for 1, 2, 6 and 12
hours in order to determine the optimal process conditions.

INFILTRATION EVAPORATION SINTERING

Figure 21 Schematic of preparation of infiltrated pellets.

Il. The pre-calcined powder was balled mill in propan-2-ol for 48 hours and dried
in the oven at 70°C - before being mixed with NaOH solution and redried at
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70°C. The resulting powder was then used to produce pellets. The mixed

pellets were prepared in the following procedures in accordance with the model

shown in Figure 22.

S exy
Y Y b
q = —
2 . —
A A
MIXING DRIED PRESSING SIN?ERING

Figure 22 Schematic of preparation of powder to produce mixed pellets.

I (Ball milled — BM) The ball milled pre-treatment of pellets was significantly
differed from the other Na rich preparations. Namely, the calcined powder was
ball milled in an aqueous NaOH solution instead of propan-2-ol as was
employed for the previously described Na rich pre-treatments. The ball milled

pellets were then prepared according to the scheme shown in Figure 23.

Ball milled process in 2 weight %
aqueous solution of NaOH (24 h)

Drying in the oven at 70 °C

Pressed into pellet at 1.3 MPa
Sintered at 950-1100°C for 1-12 h

Figure 23 Preparation stages of ball milled pellets.
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Each powder was crushed in a pestle and mortar in order to break down all aggregates,
before being balanced and placed in the pressing machine (3 cm diameter) in order to
obtain the flat pellets, the pressing force used was equivalent to 1.3 MPa. The formed
pellets were sintered at high temperatures between 950 — 1100°C for various time periods
between 1, 2, 6 and 12 hours respectively with a ramp rate of 4 C min™. A schematic
diagram of the different stages used for the pellet production is shown in Table 5.

Table 5 Processing stage for production of different types of SSR pellets

SSR INF M BM
(Solid State Reaction) | (Infiltrated) (Mixed) (Ball
[ I Milled)

1

Mixed:Na2CO3 + Co304 (1:2 X X X X

mol ratio)

Ball milled process (24 h) X X X X

Calcinated at 850°C, for 12h X X X X

Ball milled process (24 h) in X X X

propan-2-ol

Ball milled process (24 h) in X

NaOH aqueous solution

Mixed powder with NaOH X

aqueous solution and dryied

Pressed in to pellet X X X X

Covering the surface of X

pellets with NaOH aqueous

solution and then drying

Sintered at 950-1100°C for 1- X X X X

12 h

Sol gel powder after calcination was weighed and subjected to pressing in order to
produce the SG pellets. The preparation maintained with the same parameters that have
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been used during production of SSR pellets. Table 6 shows in detail the stages of SG

pellet preparation.

Table 6 Processing stages for production of two types of SG pellets

SG SG-BM
(Sol Gel powder (Sol Gel powder pellet with
Pellet) additional NaOH)
Mixed: 0.11 mol Co(NO3). -6H20, 0.094 mol X X
NaNOs and 0.13 mol CgHgO7
Dried in an oven at 70 - 90°C X X
Calcinated at 700°C, for 6h X X
Ball milled process (24 h) in NaOH aqueous X
solution, dried in oven at 70°C
Pressed in to pellet X X
Sintered at 950-1100°C for 1-12 h X X

3.4 Preparation of films

As previously mentioned, two kinds of powder were used for the preparation of NaC0204
films. A deposition method for the thick films was done by spin coating using a sol
prepared as 3.2.1.2 and ink 3.4.1.

3.4.1 Preparation of ink

To produce composite slurry-inks, both the SSR powders and SG powders, were used.
Powder and sol were mixed together in a 1:2 weight ratio. Then 2 wt. % (relative to the
NaCo.04 powder mass) of dispersant (SURFYNOL CT 151 or SURFYNOL CT 324)
was added to ensure thorough dispersion. To obtain a homogeneous ink, the ink was

milled for 2 - 7 days with zirconia grinding media in a borosilicate glass bottle.
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3.4.2 Film deposition

The slurry-ink and sol were deposited on alumina, pure silicon and on titanium-platinum
coated (Nordiko Magneton Sputter machine) Si wafer. The wafers were cleanedwith
distilled water, then acetone and dried with compressed air, then heated on a hot plate at
150°C. The NaCo.04 films were built up by covering the wafer sequentially with the
slurry-ink and sol. The spin coating procedure was carried out according to the schematic
process illustrated in Figure 24. Sol solutions were passed through a 0.2pum Whatman
filter and were spun between 2000 - 3000 rpm for 30s using a spin coater. The individual
applied layers were heated at 200°C for 60s and pyrolysed at between 450 - 700°C for
60s. The spin coated wafers were then subjected to a thermal annealing process in a
furnace (Carbolite ELF 11/68). The thermal treatment was conducted at temperatures
between 550-850°C for 5 and 15min.

Spin coating

Preheating in 450°C -700°C

J' Repeat as necessary

Annealing 550°C - 850°C

Figure 24 Scheme of procedure for film preparation using spin coating and various

temperature treatments.

Different NaCo204 films were obtained by depositing 1, 2, 3 and 4 layers.

The layers were gradually built up in order to optimize parameters production. For
effective TE performance it is important to maintain a temperature difference across the
thermoelectric material. This requires the use of thick films (< 10um) which can be
produced at relatively low temperatures using the modified sol gel route!®®. In this study

the following layers were produced:
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e single sol layer (sol)

e single ink layer (1 ink)
e 1link+ 1sol layer

e 1link+ 2 sol layers

e 2x (1ink + 2 sol) layers
e 3x (1ink + 2 sol) layers
e 4x (1ink + 2 sol) layers

Each film was deposited in the sequences presented in Figure 24. The standard heat
treatment of 700°C and time of 30 min were based on earlier work for PZT films by
Dorey et al.2®® 15 The standard procedure was adopted and later modified as
described in a later section of this thesis.

Sodium cobalt oxide thin films were deposited on a Si wafer, which was previously
prepared by plasma sputtering layers of Pt and Ti, as also Si on Al>Os wafers. Such
prepared films were heated at different temperatures and observations on whether these

treatments have an effect on the phase changes were made.

3.5 Characteristics of the microstructure of the tested materials

The phase composition of the tested samples was determined using X-ray diffraction
(XRD) (Siemens 5005) with Cu Ka source. Samples were scanned at angles of incidence
between 10 and 90° with the step size of 0.05. XRD results were evaluated using XRD
Evaluation software and compared to JCPDS patterns.

A scanning electron microscope (FEI XL30 SFEG) and environmental scanning electron
microscope (FEI XL30 ESEM) were used to investigate the microstructure. Additionally,
ESEM micrographs in back-scattered (BSE) and secondary electron (SE) were obtained
to observe microstructural changes on the surface of the as prepared samples. The Energy
Dispersive X-Ray Spectroscope (EDX) (Oxford ISIS series) attached to the SFEG was
used to perform elemental analysis.

For investigation of crystal structure transmission electron microscopy (TEM - CM20
Philips) with attached the EDX Spectroscopy was used. The crystals were prepared for
testing by collecting them on a scalpel, before being dispersed in water and lifted onto a
carbon coated copper grid for analysis.
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The d-spacing were calculated from the selected area diffraction image by dividing the
camera constant for a particular voltage by the measured radius from the diffraction

image.

Thick and thin films of sodium cobalt oxide formed on three different substrates were
examined using a reflected light optical microscope (Nikon Optiphot). The use of this
microscope allowed a study of the whole surface area of the films. A confocal scanning
laser microscope (Olympus Lext OLS3100) was used to check roughness and surface
topography of the prepared films.

3.5.1 Density of pellets

The size of prepared samples was determined in order to calculate the density. Each
sample was weighed on an electronic scale in order to determine the actual weight. By
using Equation 20 the density (p) of pellets was calculated.

_m Equation 20
P=y

Where m is the measured weight of material, and V is the mathematically calculated

volume.

3.6 Electrical and thermal measurement of materials properties

3.6.1 Electrical measurement at low temperatures

The electrical properties were measured using a 4 point probe test. The measurements
were taken by passing a current through two outer probes, with a probe spacing of 1.5

mm, and measuring the voltage across the inner probes.

For bulk samples the electrical resistivity was calculated using Equation 21:
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V Tt Equation 21
T . t
sinh (—)

s

sinh (%)

where t is thickness of a sample, s the probe spacing, V is the voltage measured, and | is

p:

In

the current applied.

For films the electrical resistivity (p) of the samples was then calculated using Equation
22:

. m V _ 4573 V Equation 22
p_zn(z)t(T)_' t(T)

where t is thickness of a film, V is the voltage measured, and | is the current applied.

3.6.2 Seebeck coefficient and thermal conductivity measurement at low
temperatures

3.6.2.1 Preparation of pellets for thermoelectric measurement at low temperatures

The bulk ceramic material was prepared for thermoelectrical testing at low temperatures
by application of silver conductive paint (RS Components 186-3593) on both faces of the
pellets.

3.6.2.2 Seebeck coefficient in low temperature
The thermoelectric measurements were conducted at low temperature in a range between

30°C and 100°C using a Thermoelectric Characterisation Rig (TC-Rig)

A hot plate with temperature controller (x1°C) acts as the heat source on one side of the
sample. The opposite side of the sample was cooled down by a CPU cooler, to maintain

a temperature gradient across the sample. In order to ensure uniform temperature across
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the heater and cooling system a copper disk was used. Each copper disk had a

thermocouple embedded in its centre to allow temperature measurements to be made.

To measure the Seebeck coefficient the prepared samples were sandwiched between two
squares of copper foil. In order to measure the voltage output, wire was soldered onto the
copper foil to allow connection to an electrical meter. The sample, and foil structure was
placed between two thermocouples where the temperature at the hot and cold sides of test
pellet was recorded. The temperature of the heat source was increased to obtain multiple
voltage readings for different temperature differences. The voltage was recorded by a
high precision electrical meter (Keithley). To obtain accurate readings each measurement
was taken over 5 minutes at a rate of 4/sec and the average value calculated. The Seebeck

coefficient was calculated using Equation 2.

AV
AT

3.6.2.3 Thermal conductivity

To determine the thermal conductivity of the disc shape pellets prepared, a comparative
bar method was used. Glass pieces with known thermal conductivity were used as
reference sample. The TC rig was modified as shown in Figure 25. The sample being
measured was sandwiched between two glass reference samples with 4 thermocouples

embedded into copper disks placed at end of each sample as shown in Figure 25.

Measurements of the 4 thermocouples were at different set temperatures once thermal
equilibrium has been attained. Within the multilayer stack the heat transferred through
each layer is assumed to be equal. The approach presented assumes that no heat is lost at
the edges of the samples. Such heat loss was minimised by using samples with a low

aspect ratio (<4) and external insulation.
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Figure 25 Diagram of used thermal conductivity setup.

The heat quantity transferred through the reference glass was calculated from
measurements of the differences in temperature between the two ends of the conductor,
and the known thermal conductivity. The thermal conductivity of the test material was
then calculated from the calculated heat flux and temperature difference across the

sample. Equation 23 describes the calculation used:

ATs . AT, + AT, 1 Equation 23
= K, —

2 L,

Where Q is the heat flux, A is the cross sectional area, «sthe thermal conductivities of the
sample, xr the thermal conductivity of the reference samples, and Ls and L, are the

thicknesses of the sample and reference, respectively.
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3.6.3 Seebeck coefficient and electrical resistivity measurement at high
temperature

The Seebeck coefficient and electrical resistivity tests were performed on the high

temperature self-constructed measurement equipment at the heating rate of 3 © C/min —

the dwell temperature relates to the cold side temperature. The hot side was around 5° C

higher than the cold side. The sample was heated from the bottom in a vacuum. The

measurements were conducted at Queen Mary, University of London.

62



Chapter 4 Synthesis of NaCo0:04 ceramics

4.1 Powder production

A sodium cobalt oxide precursor was obtained by ball milling Na,CO3 and C0304 (1.1:2
molar ratio) in propan-2-ol followed by calcination at different temperatures and times
using a heating ramp rate of 4 °C min‘t. The different treatments are in Table 7:

Table 7 The name of the materials used in this study up to date

Sample ID | Calcination temperature [°C] | Calcination time [h]
P-800-4 800 4
P-800-6 800 6
P-800-12 800 12
P-850-4 850 4
P-850-6 850 6
P-850-12 850 12
P-900-4 900 4
P-900-6 900 6
P-900-12 900 12

4.2 Result and discussion

The prepared powders were analyzed in order to determine the purity of the calcination
product. The results of XRD analysis are shown in Figure 26, Figure 27, Figure 28
showing a comparison of calcined powder for different times calcined at set-point
temperatures of 800°C (Figure 26), 850°C (Figure 27) and 900°C (Figure 28),
respectively. Under the influence of high temperature, transformations have occurred
which led to well-crystallized structures. For comparison the XRD pattern of the starting

powder before calcination is also shown.
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Figure 26 XRD spectrum of powders after 1% stage of calcination at 800°C for 4, 6 ,12

hours and reference powder after 1% ball milling.

The formation of a NaC0204 phase is visible and reveals the presence of characteristic
peaks assigned to NaCo0.04 (JCPDF no.27 0682). In ambient atmosphere calcination of
particles is additionally supported by oxygen partial pressure (pOz). However, in powder
calcined at 800°C additional peaks are visible which are identified with the phase C030a4.
The weak peak related to CosO4 may suggest an unfinished reaction between Na and Co
sources caused by the use of too low a temperature. At low temperatures the formation of
NaCo20s is reported to be inhibited due the presence of CO, (byproduct) retarding the
reduction of Co304%°

From the XRD patterns it can be seen that with increased time of calcination the intensity

of impurity peak decreases due to reduction of Coz04 content.

64



*NaCo,0,

S
S ® Co30,
[ )

E

Intensity (arb. units)

\l,, e M-‘ P-850-4

20 30 40 50 60 70 80 90
2 theta deg

B

[EN

Figure 27 XRD patterns of the powders after 1% stage of calcination at 850°C of the 4,6,
12 hours.
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Figure 28 XRD patterns of the powders after 1% stage of calcination at 900°C of the 4,6,
12 hours.
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Figure 29 shows SEM micrographs of the 9 powders after the 1% stage of calcination at
different times and temperatures. Due to the long process time, single particles form
aggregates. Increasing powder particle size is observed with increasing temperature as

well as with an increases in the time of the process.

P-800-12

Figure 29 SEM micrographs of 9 powders after 1 stage of calcination at 800°C, 850°C
900°C for 4, 6 and 12hrs.

The size for powders calcined at 800°C was 4.9 um, 5.5 pum and 6.1 um for 4, 6, and 12
hours, respectively. Increasing the temperature by 50°C resulted in average calcined
powder sizes of 5.1 um, 5.6 um and 9.3 um. The particles size of powder calcined at
900°C were found to be around 9.5um, 10.5 um and 13.2 um for powders as shown in
Table 8 The increasing particle size during calcination is consistent with the general
principles of the method of synthesis from solid state reaction.
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Table 8 Average particles size of powder calcined at different temperature and time.

4 hours 6 hours 12ouhrs
800°C ~4.9 um ~5.5 pm ~6.1 um
850°C ~5.1 ym ~5.6 um ~9.3 um
900°C ~9.5 uym ~10.5 pm ~13.2 pm

The temperature and time of calcination also had an effect on the chemical composition
of the product. The EDX analysis performed on the powder calcined at different
temperature and time are shown in Table 9.

Table 9 EDX analysis of powders calcined at different conditions, results in atomic % .

Sample ID ) )
Atomic% | Atomic%

Na Co
P-800-4 10.47 27.58
P-800-6 14.08 31.88
P-800-12 14.04 28.51
P-850-4 12.83 26.28
P-850-6 18.26 38.74
P-850-12 15.86 28.41
P-900-4 14.72 31.88
P-900-6 14.62 36.4
P-900-12 13.38 26.46

A satisfactorily pure NaCo.04 phase, as well as stability of the Na content was achieved
by calcinating at 850°C for 12 hours (Figure 30).
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Figure 30 Atomic percentage ratio of Na/Co of EDX result from 9 of calcined powders.

4.3 Solid State Reaction pellets

4.3.1 Formation of pellets

Previously calcined powder was ball milled in propan-2-ol in order to increase the
uniformity of grain size — breaking agglomerates. Subsequently the slurry was dried the
powder compacted to produce pellets. After preparation of the pellets they were sintered
at different temperatures between 950 - 1100°C with the heating ramp rate of 4°C min™.
The increment in sintering temperature was 50°C and times used were 1, 2, 6 and 12 hours

according to the schematic shown in Figure 31.

Ball milled process in propan-2-ol
(24 h)

Drying in the oven at 70°C

Pressed into pellet at 1.3 MPa

Sintered at 950-1100°C for 1h, 2hrs,
6hrs and12 h

Figure 31 Schematic process of solid state reaction (SSR) pellets preparation after

calcination of powder.

68



4.3.1.1 Results and discussion

The XRD patterns (Figure 32) show the presence of two phases: NaCo0,04 and C03z04. A
reduction in Coz04 content with increasing sintering time can be seen. At higher
temperatures the peaks corresponding to peaks NaCo204 are reduced in intensity. For the
pellets sintered at 950°C peaks corresponding to the Coz04 phase can be seen for each of
test time examined. The Co304 phase disappears when pellets are sintered at 1000°C and
after 12 hours sintering completely disappearance can be noted. At sintering temperatures
of 1050°C after 12hours it can be noted that only one phase of NaCo0.0;4 is present. At
temperatures 1100°C after 1h and 2 hours of sintering the NaCo204 phase is still visible.
Longer sintering times at 1100°C causes melting of the pellets and as well as the loss
significant amounts of sodium which is confirmed by the disappearance of the peaks

corresponding to the phase of NaC204 on the XRD diffraction pattern.
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Figure 32 XRD patterns of SSR sintered pellets sintered at different temperatures and

times.
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EDX analysis indicates high purity of materials. A change in composition (Figure 33)

also found with increasing temperature as well with increased sintering time.
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Figure 33 The dependence of Na/Co atomic% ratio on sintering duration and

temperature for solid state reaction samples.

The samples show an increasing density with increased sintering temperature and
processing time, especially evident at higher sintering temperatures (Figure 34). The
increase of density is due to enhanced sintering of the ceramic, leading to increased
mechanical strength.
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Figure 34 Evolution of density as a function of sintering time, temperature of solid state

reaction pellets.
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XRD data indicates that the unit cell dimensions are not changing significantly. Any
density changes due to composition would be associated with relative changes in the
levels of Na, Co and O. Such that loss of Na would lead to an increase in density due to
the higher atomic mass of Co with respect to Na. The exact calculation of such a change
is difficult due to the multivalent state of Co and the variability in oxygen content. At
long sintering times the relative change in Na/Co levels is small while changes in density
are large indicating that composition changes have a little effect on density. The changes
in density can be seen in the micrographs shown in Figure 35. The absence of visible
pores, as well as smooth, and dense surfaces sintered at 1050°C and 1100°C pellets could

be an effect of a certain amount of liquid-phase created as a result of the high-temperature

process.

Figure 35 SEM micrographs of the surface of pellets sintered at 950 °C, 1000°C, 1050°C
and 1100°C for 6 hours.
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SFEG micrographs shown in Figure 36 shows the cross section of the pellets produced at
different temperatures. Visible microstructural changes can be seen indicating atomic
transport during the sintering. The atomic diffusion or material from inside the grain into

the pores leads to the densification of the body.

1050°C

Figure 36 SFEG fracture of SSR pellets sintered at 950°C, 1000°C and 1050°C for 1, 2,
6 and 12 hours.
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The thermal conductivity of SSR pellets were evaluated at low temperatures in the range
of 45°C - 80 °C. Then the value of thermal conductivity was determined by the Equation

23 and summarized in Figure 37.
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Figure 37 Average thermal conductivity for SSR pellets sintered under different

conditions.

The thermal conductivity depends on temperature, for pellets sintered at 950°C, the
results show lower levels of thermal conductivity which may be caused by an insufficient
sintered porous body. Figure 38 shows the variation in Seebeck coefficient for the
samples sintered at 950°C and 1000°C for 6 hours. In this small temperature range the
Seebeck coefficient increased with increasing temperature confirming metallic behaviour

of sintered pellets with the relatively low value of ~20 pV/K*’.
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Figure 38 Seebeck coefficient obtained during measurement of SSR Pellets at lower

temperatures between 45°C - 80°C.

Examples of obtained results from measurements on pellets calcined at 1000°C for 1 hour

are shown in Table 10.

Table 10 Example of results obtained during measurement of Seebeck coefficient on
SSR-1000-1h pellet.

dT (avg) Sample Seebeck-average Avg voltage output
K Temperature C° (nV/IK) (mV)
12.3 34.2 22.2 0.3
14.9 36.9 20.3 0.3
19.8 42.1 21.5 0.4
24.8 47.2 22.1 0.5
29.5 525 23.2 0.7
20.2 42.6 21.9 0.4

Electrical conductivity measured using four point probe technique also revealed slight
differences between samples (Figure 39).
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Figure 39 An example of results obtained from measurements carried out using the 4
point probe for pellets sintered at 950 C for 1 hour.

Electrical conductivity measurements in Figure 39 show a linear dependence between
current and voltage. The electric conductivity slightly decreases with increasing sintering
temperatures and times (Table 11).

Table 11 Measured electrical resistivity of infiltrated samples after sintering in various
at 950°C and 1000°C for 1-12 hours. Error in measurements (+/-0.2)

Sintering temperature 950°C 1000°C

Sintering time

1 hour 273 [uQcem] 288 [uQcm]
2 hours 267 [uQcem] 283 [uQcem]
6 hours 204 [pQcem] 279 [pQcem]
12 hours 271 [uQcem] 285 [mQcm]

A high temperature thermoelectric measurement was conducted on sample sintered at
1000 for 6 hours. The results are shown in Figure 40.
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Figure 40 The temperature dependence of the electrical resistivity and Seebeck
coefficient for the solid state reaction sample sintered at 1000°C for 6 hours
(SSR-1000-6).

The Seebeck coefficient shows linear dependence on temperature and tends to increase
with increased temperature. The value was found to be ~70 pV/K at around 300K and
increased up to 182 uV/K at around 860K. The electrical resistivity increases also with
increased temperature at start point the value was found to be around 600 pQcm and at

860K was increased to 920 pQcm.

The thermoelectric figure of merit ZT was determined by the Equation 9. The value of
ZT at around 300K was found to be 0.37-102 and tends to increase with increase
temperature the value of ZT for 350K was found to be 0.75 -1072.
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4.4 Summary

It was shown that sodium cobalt oxide could be obtained with a wide range of calcination

temperatures with an increase in temperature leading to a more crystallized structure.

It was found that sintering at temperature > 900°C a well-crystallized phase of NaCo0204
was obtained. Powder calcined at 850°C resulted in spherical grains with the size of < 10

pum.

This study showed that ceramics that exhibited good thermoelectric behaviour, could be
obtained through the use of high-temperatures and short sintering times. The maximum
sintering temperature for this type of material is 1050°C. Increasing the sintering

temperature up to 1100°C result in melting of the material.
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Chapter 5 The sodium rich pre-treatment of NaCo0204
ceramics

5.1 Introduction

Chapter 4 showed that loss of Na is a significant issue during processing of NaC020a.
This chapter will examine routes to stabilize the level of Na during processing of
NaCo0204 through the use of Na-rich pretreatments.

Among the many thermoelectric materials sodium cobaltite still attracts attention because
of is promising thermoelectric parameters. To produce usable thermoelectric materials
powders need to be shaped and sintered to produce homogeneous bulk materials. The
requirement of the sintering process is to bring about densification through high
temperatures. However the use of high temperatures has a deleterious effect on
composition due to the volatile nature of sodium. A number of Na rich pre-treatments are
proposed to both compensate for sodium loss and reduce the sintering temperature. This
chapter presents the results of three sodium rich pre-treatments: infiltration, mixing and
ball milling. The general instruction of preparation of pellets was presented in
experimental chapter of this thesis. As a reminder, each of the sections presenting new
methods of Na rich pre-treatment has been preceded by a short preface, which shows the
illustrated versions of the methods of introducing the additional amount of sodium.

5.2 Infiltration

5.2.1 Characterisation
5.2.1.1 XRD analysis

The sintered pellets were subjected to XRD analysis. Results are shown in Figure 41. The
XRD pattern exhibited a strong diffraction peak from (002) planes for each of the sintered
samples. The detected peaks indicate that a well-crystallized structure of sodium cobalt
oxide is visible for each sintering temperatures. Increasing sintering temperature results
in an increase in the relative intensity of the (100) peak which confirms observations
described by Seetawan at al.'%*. However, a few diffraction peaks of unknown phase(s)
can also be observed. The appearance of an extra phase(s) in the sample exposed to the

long action of high temperature treatment could be explained by presence of energy which
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leads to higher reaction activity. The activity may result in side reactions and creation of

additional phases.
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Figure 41 XRD patterns of the surface of pellets infiltrated with NaOH solution sintered
at A) 950°C and B) 1000°C for 1, 2, 6 and 12 hours respectively. The empty square
symbol corresponds to unidentified phase.
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Comparing the XRD data to that of un-infiltrated NaCo.04 (Figure 32) shows that
infiltrated exhibit lower levels of Co30s. It can be inferred that the increase of Na content
enabled to creation of crystalline NaCo204 in a shorter period of time. It should be noted
that rising the temperature to 1050°C resulted in the partial melting of pellets. At 1100°C

visible pellet fusion/penetration of the substrate was observed (Figure 42).

Figure 42 Images of melted NaOH solution infiltrated sample after sintering for 12
hours at A) 1050°C and B) 1100°C.

The addition of sodium hydroxide solution reduces the melting point of system such that
full tests for pellets sintered at the highest temperatures (>1050°C) were not conducted
because of the interaction with the substrate (Al203). The melting point was reduced due

to the molten NaOH acting as a flux.

5.2.1.2 Microstructural analysis

The microstructure of pellets were observed using a SFEG electron microscope.
Micrographs of pellet surfaces and cross-sections at various magnifications were analysed
to determine the microstructural changes. Figure 43 presents the surface microstructure
of infiltrated samples after sintering for 12 hours at 950°C, 1000°C and 1050°C,
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respectively. The high porosity and small grain size can be observed for samples sintered

at 950°C. Increasing the sintering temperature acts to lower the porosity.

1000°C

Figure 43 SEM micrographs showing the surface morphology of infiltrated (INF)
pellets after sintering for 12 hours at: 950°C, 1000°C and 1050°C, respectively.

Densification is also noticeable on the cross sectional images of samples sintered for
different times (Figure 44) where density increases with increased sintering time.
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Figure 44 The cross sectional SFEG micrographs of infiltrated pellets sintered for 1, 2,
6 and 12 hours at 950°C.

At 950°C with increasing duration of sintering the particles merge to become aggregates.
Figure 45 shows micrographs of pellets after different sintering times at 1000°C. It should
be noted that the well-defined, plane-like grains were visible in all samples sintered at
1000°C.

At temperatures above 1000°C the formation of hexagonal plate structures arranged

forming tight rosettes or layered structures can be seen (Figure 46).
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Figure 45 The cross section SFEG micrographs of infiltrated pellets sintered for 1, 2, 6
and 12 hours at 1000°C.

1100°C

Figure 46 The cross section SFEG micrographs of infiltrated pellets sintered for 6 hours
at 1050°C and 1100°C.
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5.2.1.3 Density of samples

The measured densities of infiltrated samples sintered at various conditions are shown in
Figure 47. Samples showed an increased density with increased sintering temperature and
processing time, this was especially evident at higher sintering temperatures. It was found
that the combination of SSR method and infiltration with an additional amount of sodium
is useful for producing a dense sintered body. Without the infiltration process the
maximum density (at room temperature) achieved was 3.84 g/cm® (Figure 34). The

infiltrated samples, when compared with unpretreatment samples, were found to have
densities up to 11% higher.
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Figure 47 Evolution of density as a function of sintering time and temperature for

NaOH pre-treatment infiltrated pellets.

5.2.2 Thermoelectric measurements at room temperature
5.2.2.1 Thermal conductivity

The thermal conductivity of samples sintered at 950°C and 1000°C were tested. Typical
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temperature readings obtained from the 4 thermocouples measurements are shown in
Figure 48.
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Figure 48 Example temperature measurements obtained from the 4 thermocouples
during thermal conductivity measurements of infiltrated pellet sintered
at 1000°C for 2 hours.

The linear increase of temperature in accordance with increasing set-point temperature:
45°C, 50°C, 60°C, 70°C and 80°C can be observed in graph (Figure 48). The calculated
thermal conductivities for different samples are shown in Table 12. The results indicate
that the thermal conductivity of the infiltrated samples was affected by both sintering time

and sintering temperature.
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Table 12 Thermal conductivity result for infiltrated samples sintered at 950°C and

1000°C.
Time and
temperature of Thermal conductivity kx| W/mK] (+/- 0.1)
sintering
Set up
temperature
of 950 950 950 950 1000 1000 1000 1000
measurements[°C] 1h 2hrs 6hrs 12hrs 1h 2hrs éhrs 12hrs
45 1.75 1.57 1.49 1.26 1.66 1.47 1.38 1.23
50 1.75 1.61 1.49 1.28 1.63 1.43 1.32 1.20
60 1.70 1.52 1.47 1.22 1.62 1.44 1.34 1.21
70 1.69 1.53 1.48 1.22 1.62 1.42 1.30 1.21
80 1.67 1.53 1.48 1.21 1.62 1.42 1.39 1.23

Thus the results indicate that lower thermal conductivity is achieved with higher density
samples due to the creation of more interface structures with increasing of sintering

temperature.

5.2.2.2 Electrical conductivity

The electrical conductivity tests were made using a four point probe. The electrical
resistivities of infiltrated samples are shown in Table 13. An average electrical resistivity
at room temperature for samples sintered at 950°C was found to be 307 pQcm and for

samples sintered at 1000°C was found to be 291 uQcm.
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Table 13 Measured electrical resistivity of infiltrated samples after sintering in various
at 950°C and 1000°C for 1-12 hours. Error in measurements (+/-2)

intering temperature
950°C 1000°C
Sintering time
1 hour 331 [uQcm] 280 [uQcm]
2 hours 312[uQcm] 263 [uQem]
6 hours 283[uQecm] 281 [uQcem]
12 hours 301[uQcm] 339 [uQcm]

The results indicate that electrical conductivity increases with increasing density of
pellets.

5.2.2.3 Seebeck coefficient

The Seebeck coefficients were measured at temperatures between 45°C - 80°C the two
thermocouples record temperature at the cold and hot side of samples giving the
temperatures difference. The measurements were performed through thickness under
ambient cooling conditions. The Seebeck coefficient increases with increasing
temperature difference across the samples as can be seen in Figure 49. The results indicate
that the Seebeck coefficient was affected by sintering time and sintering temperatures.
The Seebeck coefficient was found to be between 22-32 uV/K for samples sintered at
1000°C and 18-28 uV/K for samples sintered at 950°C.
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Figure 49 The Seebeck coefficient of infiltrated pre-treated NaCoxOy pellets produced at
950°C and 1000°C.

5.2.3 Thermoelectric measurement at high temperature

For the study of thermoelectric properties at high temperatures, pellets sintered for 6 hours
at 1000°C were selected. The choice was based on the results obtained at low

temperatures. Namely samples sintered at 1000°C for 6 hours demonstrated relatively low
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electrical resistivity and thermal conductivity and are characterised by high measured
density. High temperature measurements were conducted on in-plane direction of sample
starting from room temperature. The electrical resistivity and Seebeck coefficient for the

infiltrated pellet sintered at 1000°C for 6 hours are shown on Figure 50.
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Figure 50 The temperature dependence of the electrical resistivity and Seebeck
coefficient for the infiltrated sample sintered at 1000°C for 6 hours (Inf-1000-6).

At low temperature, the lack of linearity of measurements can be noticed especially for
electrical resistivity. This may suggest the presence of a partial hydrate phase due to
storage of the sample under ambient conditions formed due to the absorption of water
from air'®*. For temperatures above 200°C a linear increase in electrical resistivity and
Seebeck coefficient was observed. The value of the Seebeck coefficient is higher than
reported in literature'®1% which may suggest that the infiltration of the pellet with NaOH

enhanced properties.
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5.3 Mixing

5.3.1 Characterisation
5.3.1.1 XRD analysis

The XRD analysis of the sintered pellets is shown in Figure 51.
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Figure 51 XRD patterns of mixed pellets sintered at A) 950°C and B) 1000°C for 1, 2, 6

and 12 hours, respectively. The empty square symbol corresponds to unknown phase.
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In the mixed pellets a trace amount of CozO4 phase, can be seen for pellets heat treated
for 1 and 2 hours at 950°C. The evidence of weak peaks related to the mentioned Co304
phase can also be seen for pellets sintered at 1000°C for 1 and 2 hours. This evidence
indicates that use of such short times may provide insufficient energy to drive the reaction
entirely. Nevertheless, a well-crystallized structure of sodium cobalt oxide is visible for
all samples. Peaks corresponding to the NaCo204 phase obtained after sintering at 1000°C
for 12 hours were a changed intensity which can be attributed to the appearance of

additional unknown peaks from possible side reactions.

IpIs 9jensqng

Figure 52 SEM micrograph of cross section of pellet with an arrow marking of diffusion

area, photo of mixed pellet sintered at 1100°C for 6 hours.
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The mixed pellets similar to infiltrated pellets, started to melt at temperatures above
1000°C as can be seen on Figure 52. Visible in the image is a blue border around the
melted pellets suggesting the creation of a cobalt-aluminum spinel. The spinel is
commonly known as Thenard’s blue!®® ! and is created around 1100°C. The EDX
analysis confirms the diffusion of the elements and penetration into the substrate, the area
where the Co, Na and Al elements were detected are marked with an arrow.

5.3.1.2 Microscopy analysis

Mixed pellets exhibit structural changes caused mostly by sintering temperature. It can
be seen in Figure 53 that increases in sintering time result in the formation of various

sizes and shapes of grains. The size and shape of grains becomes more uniform with

increased sintering time.

Figure 53 SFEG micrograph of mixed pellets sintered for A) 1 hour, B) 2 hours, C) 6
hours and D) 12 hours at 950°C.
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The cross section of mixed samples shows the formation of compact structure and the
aggregation of ovoid shapes covered with small forms in the shape of solidified droplets

this is particularly evident after 1 hour as seen in Figure 54.

Figure 54 SFEG micrograph of mixed pellets sintered for A) 1 hour, B) 2 hours, C) 6
hours and D) 12 hours at 1000°C.

At higher temperatures the formation of extremely, precise shaped microstructure is
apparent. Figure 55 shows typical example microstructure of pellets sintered at 1050°C

for 2 and 6 hours respectively.

94



Figure 55 SFEG micrograph of mixed pellets sintered for A) 2 hours, B) 6 hours at
1050°C

5.3.1.3 Density of samples

The ceramic mixed samples containing higher levels of sodium show a measured density
close to the theoretical density (4,6 g/cm®)!%! in particular after sintering at the higher
(1000°C) temperature (Figure 56). That may indicate well-chosen parameters of sintering
for this kind of Na rich pre-treatment.
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Figure 56 Evolution of density as a function of sintering time, temperature for NaOH

pre-treatment infiltrated pellets.
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Similarly to the infiltrated pellets, the density increases with increased sintering time and

temperature.

5.3.2 Room temperature measurements
5.3.2.1 Thermal conductivity
Thermal conductivity was measured at low temperatures between 45 - 80°C. The results

obtained for mixed samples sintered in different conditions are presented in Table 14.

Table 14 Thermal conductivity of mixed samples sintered at 950°C and 1000°C for
different period of time.

Time and

temperature of Thermal conductivity k[ W/mK] (+/- 0.1)

sintering

Set up

temperature

of 950 950 950 950 1000 1000 1000 1000

measurements[°C] 1h 2hrs 6hrs 12hrs 1h 2hrs éhrs 12hrs
45 1.6 2.0 2.0 1.8 2.3 2.0 1.8 1.4
50 2.2 1.9 1.7 1.5 2.1 1.8 1.6 1.3
60 21 2.0 1.6 1.6 2.1 1.8 1.5 1.3
70 2.3 1.8 1.8 1.7 2.3 1.7 1.5 1.2
80 1.9 1.8 1.7 1.6 2.1 1.8 1.6 1.3

From the results can be seen that the longest sintering time results in the lowest values of
thermal conductivity. Decreasing thermal conductivity can be attributed to structural
changes of material. With increasing temperature and time of sintering the samples
become denser and the formation of multi-interfaces was observed. The creation of plane
like grains may also improve thermoelectric properties. On the other hand the formation
of unknown phases may also have an impact on lowering thermal conductivity. Samples

sintered at 1000°C for 12 hours exhibited lowest value of «.
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5.3.2.2 Electrical resistivity

The measured electrical resistivity is presented in Table 15. The average electrical
resistivity was found to be 261 nQcm for samples sintered at 950°C and 293 uQcm for
samples sintered at 1000°C.

Table 15. Measured electrical resistivity of mixed samples after sintering in various at
950°C and 1000°C for 1-12 hours. Error in measurements (+/-2)

Sintering temperature
950°C 1000°C
Sintering time
1 hour 291 [uQcm] 272 [uQem]
2 hours 299 [uQcm] 257 [uQem]
6 hours 211 [uQcm] 298 [uQcm]
12hours 245 [uQcm] 345 [uQcm]

The result show that the pellets sintered at low temperatures and for long time exhibit
reduced electrical resistivity. Enhanced densification results in slightly increased

electrical resistivity.

5.3.2.3 Seebeck coefficient

Table 16 presents the average value of out-of-plane Seebeck coefficient measurements
carried out at between 45°C and 80°C. All materials produced a positive Seebeck

coefficient that confirming p-type behaviour.
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Table 16 Average value of Seebeck coefficient obtained on mixed pellet in plane
direction, testes at between 45-80°C.

Sintering temperature o
Seebeck coefficient [pV/K]

si L (+/-0.1)

intering time 950°C 1000°C
1 hour 21.44 18.78
2 hours 19.06 19.73
6 hours 19.43 20.65
12 hours 20.64 17.23

For samples sintered at higher temperatures EDX analysis detected trace amounts of Si
which probably had an effect on lowering the value of Seebeck coefficient, according to
the results obtained for pellet sintered at 1000°C for 12 hours.

5.3.3 Thermoelectric measurements at high temperature

The electrical resistivity and Seebeck coefficient as a function of temperature for mixed
pellets sintered at 1000°C for 6 hours (M-1000-6) sample is shown in Figure 57.

The in plane electrical resistivity was found to be ~600 uQcm at low temperatures
(~20°C) and at high temperatures at around 600°C reached value of ~400 uQcm. Similar
to the infiltrated pellet, the Na rich pre-treatment tends to maintain the value of electrical
resistivity at a constant level with varying temperatures. The Seebeck coefficient of the

M-1000-6 pellet increased with increasing temperature.

This trend is characteristic for sodium cobalt oxide which metallic behaviour, what
indicates higher Na content. It should be noted that the value of Seebeck coefficient was

found to be higher than presented in literature for conventional SSR samples.
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Figure 57 Temperature dependence of the electrical resistivity and Seebeck coefficient
for mixed sample sintered at 1000°C for 6 hours (M-1000-6).

Starting from a value of ~70 puV/K which is comparable to literature at low temperature®
and increases up above 200 pV/K at 800K. The Na rich pre-treatment used in this work
appears to have enhanced the Seebeck coefficient of NaCo204 pellets by 38% when

compared to literature®.

5.4 Ball Milled

5.4.1 Characterisation
5.4.1.1 XRD analysis

The XRD analysis of the sintered pellets is shown in Figure 58. The presence of additional
peaks indicated the presence of two phases NaCo.04 and Co3O4 for samples sintered at
950°C for 1 and 2 hours (Figure 21).
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Figure 58 XRD patterns of ball milled pellets sintered at A) 950°C and B) 1000°C for 1,

2, 6 and 12 hours respectively. The empty square symbol corresponds to unknown

phase.
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It was found that the diffraction patterns also show coexistence of two phases for samples
sintered at 1000°C for the longest time. The peak at around 42 theta degrees is
characteristic of sodium cobalt oxide with high sodium content. This can suggest the
diffusion (probably together with partial melting of NaxCo0O2.y) of atoms and creation of

unknown phase as a result of prolonged exposure to high temperatures.



The detected peaks below 15 degrees may suggest partial hydration of NaxCoO:.y phase
which was previously reported by Lin et al.’®* for samples stored under ambient
conditions.

5.4.1.2 Microscopy analysis

Microstructure evolution of the sample due to heat treatment was examined by the
scanning electron microscopy. The most diverse internal structure is visible for ball
milled pellets at the nano and micro scale. Increases in sintering times at 950°C result in
the growth of spiky crystal structures which reached the size of a few micrometers.
However, in all samples sintered at 950°C the compact forms of aggregates are visible
(Figure 59).

Figure 59 Microstructure cross section SFEG images of ball milled pellets sintered at
950°C for A) 1 hour, B) 2 hours, C) 6 hours and D) 12 hours.
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It can be seen that ball milling in an aqueous solution of NaOH and sintering at 1000°C

resulted in faceted solid aggregates (Figure 60).

Figure 60 Microstructure cross section SFEG images of ball milled pellets sintered at
1000°C for A) 1 hour, B) 2 hours, C) 6 hours and D) 12 hours.

These grains are covered with nano-scale crystals. This kind of structure is visible for the
sintering times of 1, 2 and 6 hours. When ball milling was conducted in a glass container

such Si crystals were always evident (Figure 61) as identified by EDX.

These trace amounts of Si was found to be due to use of Pyrex glass during the milling
stage. The present of NaOH during this pre-treatment process, contributes to the

dissolution of this type of glass.

102



Co Kal O Kal

| BT |

25pum 25um

Figure 61 EDX mapping analysis for a pellet sintered at 1000°C for 6 hours showing

Co, O, Na and Si.

The presence of silicon in conjunction with the processing conditions initiated the growth
of Si containing crystals. This phenomenon will be exanimated more closely in Chapter
8.
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Figure 62 Example of various shapes created during sintering of ball milled pellets at
950°C for 1, 2, 6 and 12 hours, and at 1000°C for 1, 2, 6 and 12 hours.
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Figure 62 presents several of shapes in the structures throughout the cross-section. The
formation of unusual shapes are visible especially for pellets sintered at 1000°C while the
pellet sintered at 950°C temperature forms a compact structure. The pellets sintered at
1000°C exhibits structure of boulders, surrounded by a “layer” of different shaped
crystals that are enriched in Na characterised. Changes in the appearance of the pellets
surface that arise as a result of increasing of sintering temperature can also be noted. The
SFEG image showing the surface morphology of as-prepared pellets is presented in

Figure 63.

Figure 63 SFEG micrographs of surface morphology of pellets sintered at 950°C,
1000°C and 1050°C for 12 hours.
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Differences were visible to the naked eye ranging from rough through a very smooth
surface. No detectable changes of morphology were observed with changes in sintering

time.

5.4.1.3 Density of samples

Structural changes coincide with the changes of density of the studied pellets as shown in
Figure 64.
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Figure 64 Evolution of density as a function of sintering time and temperature for

NaOH pre-treatment ball milled pellets.

The ceramic samples pre-treated with additional sodium shows a measured density close
to theoretical density (4.6 g/cm®)!%. Presented data for all sodium rich pre-treated pellets

tends to show similar trend in density with increasing time and temperature of sintering.
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5.4.2 Room temperature measurements
5.4.2.1 Thermal conductivity

The thermal conductivity decreases with increasing duration of sintering (Table 17). The
values of thermal conductivity for samples sintered at temperatures of 950°C and 1000°C
for 12 hours remain similar to each other.

Table 17 Average thermal conductivity obtained for ball milled pellets measured at
between 45-80°C.

Time and
temperature of Thermal conductivity K[W/mK] (+/- 0.1)
sintering
Set up
temperatur
of 950 950 950 950 1000 1000 1000 1000
measurements[°C 1h 2hrs 6hrs 12hrs 1h 2hrs 6hrs 12hrs
45 19 2.1 2.0 1.3 2.3 2.1 2.0 1.2
50 2.2 19 15 1.2 2.1 2.2 1.8 1.3
60 2.1 2.1 1.7 1.2 2.2 2.1 19 11
70 2.3 2.0 1.9 15 2.3 1.9 2.1 1.2
80 1.8 1.8 15 1.2 2.4 2.3 1.8 1.3

5.4.2.2 Electrical resistivity

The evolution of conductivity behaviour due to heat treatment of as-prepared ball milled
samples was evaluated by 4 point probe measurements. The electrical resistivity at room

temperature was measured in the in-plane direction.

The electrical resistivity is lower for samples sintered at a low (950°C) temperature. From
Table 18 it can be suggested that the electrical resistivity is strongly related to the
structural changes occurring with the increases in density leading to increased electrical

resistivity.
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Table 18 Measurement of in plane electrical resistivity for ball milled samples

Sintering temperature Electrical resistivity (+/- 5)
950°C 1000°C
Sintering time
1 hour 191 [uQcm] 245 [uQem]
2 hours 210 [uQcm] 311 [uQem]
6 hours 205 [uQcem] 295 [uQcm]
12 hours 280 [uQecm] 410 [uQcm]

The high value of electrical resistivity which is characterized for sample sintered at
1000°C for 12 hour can be explained by considering the effects affecting the conductivity
as follows. From the SEM images can be seen that the grain size is decreased, which can
increase on electrical resistivity due to increased grain boundaries. The behaviour can
also be correlated to the presence of the second unknown phase which was detected. This
would be especially important if this second was concentrated at the grain boundaries

forming a higher insulating layer.

5.4.2.3 Seebeck coefficient

The ball milled pellets showed the biggest variation in the value of Seebeck coefficient
(Table 19) of all the Na rich pre-treatment pellets. The Seebeck coefficient was measured
at temperatures between 45°C - 80°C. The ball milled samples exhibit unusual

microstructure which was found to effect the value of Seebeck coefficient.

Table 19 Seebeck coefficient measured at low temperatures for ball milled samples
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sintered at different conditions.

Time and Seebeck coefficient [nV/K] (+/- 0.1)
temperature of
sintering
Set up
temperatur
of 950 950 950 950 1000 1000 1000 1000
measurements[°C 1h 2hrs 6hrs 12hrs 1h 2hrs 6hrs 12hrs
45 24.61 18.94 | 22.54 21.13 | 20.77 23.81 25.52 22.32
50 25.14 | 2252 | 20.57 2495 | 21.02 | 20.82 24.16 21.86
60 26.25| 20.24 | 23.94 20.62 | 22.36 22.17 22.58 22.93
70 28.01 2094 | 19.61 22.78 | 23.26 23.70 21.81 22.46
80 29.75 | 2215 | 20.42 2239 | 24.61 22.28 22.31 23.49

5.4.3 Thermoelectric measurement at high temperature

The measurement was conducted in in-plane direction in vacuum conditions at range of

temperatures. The measurement was obtained for Ball Milled pellet sintered at 1000°C

for 6 hours (BM-1000-6). The Seebeck coefficient results show a general trend

characteristic of the metallic behaviour of sodium cobalt oxide (Figure 65).

The ball milling pre-treatment enhances the Seebeck coefficient compared to the other

Na-rich pre-treatments. The highest value of Seebeck coefficient was found to be 230

uV/K. However this pre-treatment also resulted in an increase in the electrical resistivity.

The value was similar throughout the temperature range with an average of 430 pQcm.
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Figure 65 Temperature dependence of the electrical resistivity and Seebeck coefficient
for the ball milled sample sintered at 1000°C for 6 hours (BM-1000-6).

5.5 Overview summary discussion

All of the prepared pellets contained NaC0204 (JCPDF no.27 0682) in addition to residual
C0304. A reduction in Co304 content was observed with increasing sintering time.
Samples showed high purity. Nevertheless, the pre-treated pellets sintered at 1000°C for
12 hours shows the presence of additional phase that can indicated that the Na rich
pretreatments can be fabricated at low temperature and short time that consequently

results in a reduction of pellet production costs.

All samples showed an increasing density with increased sintering temperature and

processing time (Figure 66).
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Figure 66 Evolution of density as a function of sintering time and temperature of ball
milled (BM), mixed (M), infiltrated (INF) and solid state reaction (SSR) pellets.

The measured density was found to be close to the theoretical density in particular after
sintering at 1000°C. When compared with conventional SSR samples, for which the
highest value of density was found to be 3.84 g/cm? after sintering at 1000°C for 12 hours,
the pre-treatment leads to an improvement in density of between 10-20%. For INF-1000-
12 the density was found to be 4.25 g/cm?®. The ball milled and mixed pre-treated samples
show the closest value to the theoretical (~4.6 g/cm® for BM-1000-12 and M-1000-12
pellets).

Despite increases in density corresponding increases in thermal conductivity were not
observed. With increasing temperature and time of sintering the samples become dens
and the formation of multi-interfaces is observed. Therefore, decreasing thermal
conductivity can be attributed to structure changes. The comparison of thermal
conductivity for all types of pre-treatments along-side conventional SSR samples are

presented in Figure 67.

111



2.5 +

o O
o 2.25
é A B SSR-950°C
= Q A 0 A BM-950°C
2 2 A O * INF-950°C
2 ° @ M-950°C
2 o n CISSR-1000°C
o 175 4
3 L é ABM-1000°C
c o O n © INF-1000°C
S 15 - r's . OM-1000°C
[ o
E o
= 1.25 8
|_

1 T T T T T T 1

0 2 4 6 8 10 12 14
Sintering time [h]

Figure 67 Evolution of thermal conductivity as a function of sintering time and
temperature of ball milled (BM), mixed (M), infiltrated (INF) and solid state reaction
(SSR) pellets

The compilation of results proves that the Na rich pre-treatment leads to a reduction in
thermal conductivity. For pellets sintered at 950°C and 1000°C for 1, 2, 6 and 12 hours
the value of thermal conductivity was found to be between for infiltrated pre-treated
samples 1.2 — 1.75 W/mK, for ball milled pre-treated samples 1.1 — 2.4 W/mK, for mixed
pre-treated samples 1.2 — 2.3 W/mK and for conventional SSR pellets 1.5 — 2.5 W/mK.
The lowest value of thermal conductivity for SSR pellets was found to be for samples
sintered at 950°C which may be caused by inadequate sintering resulting in porous
material. For all types of pre-treatments the lowest values of thermal conductivity was
exhibited by the most dense pellets. Lowering the value of thermal conductivity may have
a great impact on improving the efficiency of the thermoelectric material. The evolution

of density and thermal conductivity are presented in Figure 68.
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Figure 68 Evolution of density (black colour) and thermal conductivity (grey colour) as
a function of sintering time for ball milled (BM), mixed (M), infiltrated (INF) and solid
state reaction (SSR) pellets after sintering at 950°C, and 1000 °C.
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Along-side the creation of multi-layered structures, the formation of plate like grains,
which were also encountered in the pre-treated pellets, suggests another mechanism for
improving thermoelectric properties. The study shows that the pre-treatment of samples
affects the thermoelectric properties to a large degree with the Seebeck coefficient
increasing with sodium pre-treatment. Moreover all materials produced a positive

Seebeck coefficient that confirms p-type behaviour.

For pellets sintered for 1, 2, 6 and 12 hours the value of Seebeck coefficient measured at

room temperature, was found to be:

e 20-27 uV/K for infiltrated samples sintered at 950°C and 22 - 31 uV/K for pellets
sintered at 1000°C,;

e 21 — 19 uV/K for mixed samples sintered at 950°C and 17-20 uV/K for samples
sintered at 1000°C;

e 29-19 uV/K for ball milled pellets sintered at 950°C and 25 — 20 uV/K for samples
sintered at 1000°C;

The biggest differences in the thermoelectric properties, arising from the method of
preparation, are visible in the results of studies conducted at high temperatures. The

measurements of Seebeck coefficient at high temperatures are presented in Figure 69.

The results show that the mixed sample exhibits a Seebeck coefficient starting from a
value of ~70 pV/K and increasing to above 200 pV/K at ~600°C. The ball milled pellet
was found to have a similar value at low temperature with the highest value of 230 uV/K
at ~600°C. The infiltrated pellet also showed an increase in Seebeck coefficient with
increasing temperature but the value was relatively low when compared with the other
Na-rich pre-treated samples and was found to be 70 pV/K at 20°C and 150 pV/K at
~600°C. For conventional SSR pellets the value of Seebeck coefficient was found to be
67 uV/K at 20°C increasing to 190 pV/K at ~600°C.

All pre-treatments shows the same value of Seebeck coefficient at 20°C with the SSR

pellet showing a slightly lower value at the same temperature.
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Figure 69 The temperature dependence of the Seebeck coefficient for the solid state
reaction (SSR), ball milled (BM), infiltrated (INF) and mixed (M) pellets sintered at
1000 °C for 6 hours.

The comparison of electrical resistivity of the different samples is shown in Figure 70.

Additionally the results show that the mixed and ball milled pre-treated samples exhibit
the highest value of Seebeck coefficient, above 200 uV/K at ~600°C.

The electrical conductivity was found to be strongly affected by the synthesis method.
From the results one can notice that use of all types of pre-treatments lead to a decrease

in electrical resistivity.
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Figure 70 The temperature dependence of the electrical resistivity for the solid state
reaction (SSR), ball milled (BM), infiltrated (INF) and mixed (M) pellets sintered at
1000 °C for 6 hours.

The electrical resistivity for the M-1000-6 sample was found to be higher at low
temperatures, with the value of 600 uQcm, and decrease with increasing temperature
resulting in value of 400 uQcm. The infiltration pre-treated sample exhibits the lowest
value of electrical resistivity around 270 pQcm compared, for example, with the ball
milled pre-treated sample with the value of around 500 pQcm at 600°C. Additionally in
the case of INF-1000-6 the value was similar over the whole range of temperatures
measured. The electrical resistivity for ball milled sample was found to be between 400
uQcm and 600 pQecm which is similar to mixed pre-treated sample.

The comparison of reported value of electrical resistivity and Seebeck coefficient with

the results obtained in this work are presented in Table 20.
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Table 20 Comparison of reported value of Seebeck coefficient and electrical resistivity
with results obtained during this work.

Electrical Seebeck T [K] Material
resistivity coefficient Ref.
[nQcm] [pV/K]
200-600 300 105
200-260 120-140 500 >
265 145 300 %
150 118 500 106
103 85-135 500 3
380 150 600 108
320 150 300 113
200-900 70-180 300-600 SSR
230-300 70-150 300-600 INF
200-600 70-220 300-600 BM
300-600 70-230 300-600 M

It is worth adding that the most consistent composition (Na/Co=1/2) was exhibited by the
infiltrated (INF) pellets which could explain the similar results regardless of sintering

temperature and time in comparison to the other types of pre-treatments.

Finally the figure of merit ZT for all samples was determined by the Equation 8 and is
summarized in Figure 71. The calculated value of ZT was obtained for low temperature

measurements below 100°C.

Despite the small temperature differences considered the ZT can be seen to increase with
increasing temperature. The results show that all pre-treatments enhance the
thermoelectric performance of the sintered body at 350K. The biggest improvement was
exhibited by the infiltration pre-treated samples which exhibited the highest value of ZT

even at room temperature (~290K).
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Figure 71 Figure of merit, ZT, of sodium cobalt oxide pellets produced using solid state
reaction (SSR) synthesis powder and different Na rich pre-treatments: mixed (M), ball
milled (BM), infiltrated (INF).

5.6 Summary

The use of Na pre-treatments enhances the thermoelectric properties of sintered NaC020a.
The microstructural changes caused by the ball milled (BM) pre-treatment are enhanced
densification and grain growth offset against the formation of grain boundary phases
resulting in increased Seebeck coefficient and a relatively low value of thermal
conductivity. Mixed (M) pre-treatment results in densification, without grain growth, and
the formation of a grain boundary second phase resulting in an increase in ZT. The
infiltrated (INF) pre-treatment results in minimal changes to the microstructure relative
to that SSR samples of with a slight grain boundary disruption resulting in a decrease in
thermal conductivity and relatively low value of Seebeck coefficient together with
electrical resistivity and thermal conductivity. The results suggest that the infiltration
treatment is the most effective method for improving thermoelectric performance of
NaCo20s.
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Chapter 6 The sol gel preparation of NaCo0204 ceramics
6.1 Introduction

The thermoelectric performance of polycrystalline sodium cobalt oxides is assumed to
be strongly correlated with particle morphology, particle geometry and size. The
existing research results indicate that the thermoelectric properties of sintered a bulk
body may be enhanced by producing highly oriented crystals. The mentioned properties
are strongly determined by the preparation method. The sol gel method is one of the
most efficient production methods resulting in high homogeneity and purity of the as-
formed powders. Small particle size of final powders and low synthesis temperatures
are characteristics of this method. High efficiency of thermoelectric power generation
requires low thermal conductivity and at the same time high electrical conductivity. The
pH of the reaction environment should be kept below 6 during the preparation of
NaxC0204 by sol gel method®2. Such conditions are necessary to avoid the formation
of Co(OH). due to the reaction of Co?* with the solvent. The work dedicated to
enhancing the thermoelectric properties of NaCo204 using sol gel powder synthesis
have been presented in this chapter. The starting part describes the produced powder,
selection of production parameters and material properties such as grain size and purity.
Subsequent sections are dedicated to the study of sintered sol gel pellets with detailed
description of the morphology and thermoelectric properties. The modification of the
sol gel preparation method with Na enrichment, and its influence on the properties of

prepared oxide ceramic materials, is also considered.

6.2 Sol gel powder

The first stage is the sol gel powder synthesis method described in the experimental
section of this thesis. Sodium cobalt oxide powders prepared by sol gel method
followed by calcination were examined using X-ray diffraction. Figure 72 shows the
diffraction patterns of powders calcinated at different temperatures. The diffraction
patterns of dry sol gel powder show peaks of an intensities that indicate the presence of
Co0304. The diffraction peaks indicate that powder calcined at 450 °C consists of sodium
cobalt oxide in addition to cobalt oxide phases. All organic compounds and acids were
removed at temperatures below 400°C. The increase of temperature of calcination
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results in a change in diffraction pattern. The diffraction patterns of powder calcined at
700°C show peaks corresponding to those assigned to NaCo204 (JCPDS no.27 0682).
The results demonstrate that the calcination of powder at 700°C results in crystallised
NaCo.04-type structures.
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Figure 72 X-ray diffraction patterns of sol gel syntheses powder calcined at 450°C

and 700°C the lowest pattern corresponding to the dry pink-coloured sol powder.

The next stage of the research involved the analysis of microstructures, together with a
quantitative analysis (EDX) of the obtained powder. As shown in Figure 73 the
microstructure of the powder formed a compact structure for the dry sol powder and a
delicate openwork for the calcined powder. The powders calcined at 450°C and 700°C
show a similar structure. The use of a relatively low calcination temperature made it
possible to maintain a similar level of sodium as detected during EDX analysis.

When compared to the solid state reaction powder it can be seen that the same level of

Na has been measured in two types of powder using EDX analysis (Table 21).
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Table 21 EDX analysis of powders produced by the Solid State Reaction method

(SSR powder) and Sol Gel method (SG powder).

Name of Na content Co content

sample (atomic %) (atomic %o)
SSR powder 15.89 29.91
SG powder 16.04 32.05

400pm

400pm

Figure 73 Micrograph of sol gel prepared powder; A) as-prepared powder before
calcination, B as-prepared powder after calcination at 450°C for 6 hours in air, C) as-

prepared powder after calcination at 700°C for 6 hours in air.

The higher magnification image presented in Figure 74 exhibit a polycrystalline
structure with the grain size in the range of nano meters. The grains have a sheet like
appearance due to the layered structure of the oxides’®. As presented in Figure 74 the
particle size of the sol gel synthesized powder was found to be less than 1 pm. The high
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magnification SEM images (Figure 74) indicates noticeable grain growth after
processing at 700°C with an open structures. That confirms the characteristic behaviour

of ceramics under the influence of heat treatment.

Figure 74 SEM micrograph of the calcinated powder synthesized by sol gel method
after heat treatment at 700°C for 6 hours.

The parameters of synthesis were chosen for the further research on the basis of the
obtained results and the comparison to powder obtained by the solid state reaction
method. It was considered that powder calcined at 700°C for 6 hours gave sufficient

purity and nano-scale grain size.

6.3 SG pellets

6.3.1 Introduction

As in the case of production of the SSR pellets the effects of time and sintering
temperature on structural changes and thermoelectric properties have been studied. In
order to compare with SSR pellets the same parameters of preparation were used for
pellets prepared from powders SG. Namely, each of the pellets were prepared from 6
grams of powder, which was crushed in a mortar, then compressed using a 2 ton load
for a period of 2 min. Before being subjected to a high temperature treatment at 950°C
and 1000°C for 1, 2, 6 and 12 hours respectively. As the powders obtained by the sol
gel method are characterized by a small grain size thus high densification can be
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achieved at lower temperatures, therefore, for comparison pellets sintered at 850°C for

6h were also prepared.

6.3.2 Microstructure characterisation
6.3.2.1 XRD analysis

Figure 75 shows the XRD pattern for NaxCo.04 pellets sintered at 950°C and 1000°C.
It can be seen that except for the diffraction pattern of NaCo0.04 no additional peaks
were detected, indicating that the formation reaction of NaCo.0O4 was completed.
Prolonging the sintering time demonstrating that the NaCo.Os was synthesized
successfully even for the shortest time of sintering of 1h. Increasing sintering
temperature together with prolonging the time of sintering resulted in NaCo.0O4and in
an additional peak below 16 (20) angle. A peak in this region is often described in
literature as the effect of storage of the sample in the air and its partial hydration or

decomposition?®

The appearance of peaks at lower angles is often accompanied by a reduction in
intensity of peaks corresponding to NaCo04, in particular associated with (002). In this
work, the appearance of the peaks in these regions was found to be characteristic for
pellets sintered at the higher temperature of 1000°C. This observation suggests that
pellets exposed to the 1000°C temperature treatment for a 12 hours exhibit a more
moisture-sensitive nature then others. Comparison of diffraction pattern corresponding
to as-sintered NaCo204 pellets obtained by the solid state reaction (described in chapter
4) and the sol gel method (presented here) confirms that the powder preparation method
is also important during the preparation of the final product. Maintaining appropriate
synthesis parameters is decisive for the quality of the resulting compound. Residual
Co0304 was detected in SSR pellets sintered at 950°C while when the same temperature
was used for sintering SG pellets only NaCo204 was observed affirming that the use of
SG powder when preparing NaCo204 pellets can lower the production costs due to

decreased temperatures and time required to obtain the NaCo204 phase.
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Figure 75 X-ray diffraction patterns of NaCo0.04 sol gel powder pellets sintered at A)
950°C and B) 1000°C for 1, 2,6 and 12 hours, respectively. Presence of characteristic
peaks assigned to NaCo0204 (n0.27 0682) is indicated.

6.3.2.2 Microscopy analysis

The temperature dependence of the microstructural changes was determined by

scanning electron microscopy. The powder synthesized by the sol gel method was
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found to contain nanoscale particles as can be seen from the SEM images, which
demonstrates the grain size at the micron level, and that sintering affects the

morphology of polycrystalline ceramic.

Figure 76 Cross-section micrographs of ceramics sintered at 950°C. Influence of

increasing time on the microstructure with visible change.

The microstructure of pellets sintered at 950°C shows a fine grained and relatively
dense structure in the whole range of sintering time (Figure 76). When compared to the
conventional SSR samples (Figure 36), the porous structure is not as obvious as with
SG pellets. The presence of pores has a strong effect on the properties of oxides
materials. Pores can lead to deterioration of electrical and thermal conductivity and
consequentially to lower thermoelectric performance of oxide material. Therefore the
study of the microstructural changes is very important due to its impact on the
properties. The influence of sintering temperature was the next step of this research,
however pellets sintered at 1000°C over a range of times were not examined (Figure
77).
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Figure 77 SEM micrograph of cross sections of pallets sintered at 1000°C prepared

from powder synthesized by the sol gel method with visible influence of prolongation

of sintering time.

As shown in Figure 76 and Figure 77 the pellets exhibited elongated of the powder
grains during densification. However the grain elongated of samples sintered at 1000°C
was emphatically stronger than these sintered at 950°C. This occurrence may explain
the improvement of densification of pellets under the influence of increase of sintering
temperature. Moreover the grain thickness of the pellets sintered at 950°C was found
to be smaller than these sintered at 1000°C. The increase in size of grains in two
dimensions under the influence of heat treatment is more visible in the Figure 78. The
presented cross sectional micrographs reveal that the microstructure changes from a
fine grained structure when sintering at 850°C to the higher density structure as a result
of sintering at 1000°C.
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Figure 78 Cross sectional micrographs of sol gel synthesized pellets showing the
change due to sintering at 850°C, 950°C and 1000°C for 6 hours.

Increases in the density of the pellets under the influence of sintering temperature were
visible to the naked eye since each of the sintered disks had a different diameter. The
most visible shrinkage of the sintered pellets was found to be after heat treatment at
1000°C for above 2 hours and particularly in the case of pellets sintering for 12 hours
where the diameter was found to be ~4 mm smaller than the size prior to sintering.
Moreover the calculated density was found to be close to the theoretical density of
sodium cobalt oxide, with density increasing with increasing sintering temperature.

6.3.3 Room temperature measurements
6.3.3.1 Thermal conductivity

Thermal conductivity was measured at low temperatures between 45 - 80°C in plane
direction. The results obtained from SG samples sintered under different conditions are
presented in Table 22. The results indicate that the highest values of thermal
conductivity are exhibited by pellets SG-950-1 and SG-1000-12. Pellet SG-950-1
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represents a disk sintered at 950°C for 1 hour. This pellet was found to be characterised
by a small grain size and the lowest relative density. The SG-1000-12 sample, which
corresponds to pellet sintered at 1000 °C for 12 hours, is characterized by strong grains
elongated together with a density close to theoretical density. However from the XRD
pattern this sample can be seen to contain additional phases. The presence of an
additional phase can result in an increase in of thermal conductivity. Nevertheless, when
compared with solid state reaction samples, the sol gel samples clearly show lower
values of thermal conductivity. This observation confirms the reduction in thermal
conductivity in connection with the use of a different method of preparation. A high
thermal conductivity which is characteristic of pellets sintered at 950°C for 1 hour can
be explained by low level of sintering and the formation of a granular structure. With
increases in sintering time, and further densification, the thermal conductivity
decreases, with excess sintering (1000°C/12h) thermal conductivity once again

increases.

Table 22 Variation in thermal conductivity of sol gel (SG) samples sintered at 950°C
and 1000°C for different period of time.

Time and Thermal conductivity K[W/mK] (+/- 0.1)
temperature of
sintering
Temperatur
of 950 950 950 950 1000 1000 1000 1000
measurements[°C] 1h 2hrs 6hrs 12hrs 1h 2hrs 6hrs 12hrs
45 1.3 1.0 0.9 0.7 0.6 0.9 0.7 1.2
50 1.3 1.0 1.0 0.7 0.6 0.5 0.8 1.2
60 1.3 1.2 1.0 0.7 0.6 0.5 0.7 1.2
70 1.3 14 1.0 0.6 0.6 0.5 0.8 1.2
80 1.3 1.3 0.9 0.6 0.6 0.6 0.7 1.2
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6.3.3.2 Electrical conductivity

The electrical conductivity results, obtained using the four point probe method are
shown in Table 23. The result show that pellets sintered at a low temperatures and short
time exhibit a reduced electrical conductivity. Enhanced densification results in an
improvement of electrical conductivity. The measured value was found to be relatively

low.

Table 23 In plane electrical resistivity for sol gel (SG) samples sintered at different

times and temperatures.

intering temperature Electrical resistivity (+/- 3)
Sintering time 90°C 1000°C
1 hour 311 [puQcm] 261 [pQcm]
2 hours 279 [nQcm] 257 [uQcm]
6 hours 255 [uQcm] 246 [pQcm]
12 hours 252 [uQcm] 257 [uQem]

6.3.3.3 Seebeck coefficient

The Seebeck coefficient measurements were carried out at low temperature (45°C -
80°C) in plane direction. Over such a small temperature range no trend was observed
for each of the examined samples with values remaining at a similar level within the
range of measurement error. Table 24 therefore reports the average value of Seebeck
coefficient obtained for measurements temperature between 45°C - 80°C.
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Table 24 Seebeck coefficient measured at low temperatures (45°C - 80°C) for sol gel
samples sintered under different conditions.

Sintering temperature Seebeck coefficient [uV/K]
o (+/-0.1)
Sintering time
950°C 1000°C

1 hour 30.1 29.8
2 hours 34.1 33.0
6 hours 34.3 34.1
12 hours 34.9 334

The results show small differences of measured value in the range between ~30 uV/K
and 35 pV/K values of Seebeck coefficient were found to increase with increasing
sintering time. With the exception of the pellet sintered at 1000°C for 12hours which
exhibited a decrease in Seebeck coefficient. The values obtained from sol gel derived
samples was found to be higher than that for samples produced using the conventional
solid state reaction method described in Chapter 4. In addition, all of the pellets tested
have a positive value of Seebeck coefficient which confirms p-type behaviour.

6.3.4 High temperature thermoelectric measurement

The in-plane electrical resistivity was found to be similar over almost the entire
temperature range of measurement and remained at the level of ~270 uQcm. The lowest
value of (250 uQcm) was measured at a temperature around 100°C and a the highest
value of ~280 uQcm was noted at around 200°C as presented in Figure 79. The
temperature dependence of the Seebeck coefficient for sol gel derived samples is plotted
in Figure 8 and shows an increasing value with increasing temperature. The lowest
value of 83 uV/K was obtained at the starting temperature and the highest value of 140
uV/K was read at around 600°C.
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Figure 79 Temperature dependence of the electrical resistivity and Seebeck coefficient,
as a function of temperature, for sol gel sample sintered at 1000°C for
6 hours (SG-1000-6).

6.4 Sol gel ball milled pellets

6.4.1 Introduction

The next stage of the research was to verify the influence of the Na rich pre-treatment
on the behaviour of sintered ceramic bodies made from sol gel powder. For this purpose
the method that brought the most effective change for pellets made from SSR powder
was chosen. To prevent Si contamination during the ball milling stage of preparation
plastic bottles were used. The sequences of steps for preparation were described in
earlier chapters. The modification of production method and its influence on the

structure and properties is the main theme of this section.
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6.4.2 Microstructure characterisation
6.4.2.1 XRD analysis

Figure 80 shows the XRD pattern for NaxC0204 sol gel Na enriched pellets sintered at
950°C and 1000°C. It can be seen that except for NaCo0.04 peaks no additional peaks
were detected in the XRD pattern for pellets sintered at 950°C indicating that the
formation of NaCo0204 was competed at this temperature. This observation is similar to
results from standard sol gel pellets presented in the previous section of this chapter.
For pellets sintered at 1000°C there are visible changes in intensify of peaks especially
after 12 hours. The most mixed phase diffraction pattern resulted from the pellet
sintered at 1000°C for 12 hours. The appearance of intense peaks in the region of the
20 angle of 42.5° with concomitant reduction of the intensity of the (002) peak can be
noticed. In addition, the peak separation at the 20 angle of 16° can be seen that may
suggest the appearance of another phase which was created due to length of time at high
temperature. Further X-ray analysis has demonstrated the presence of a delicate peak
associated with a hydrated phase!®* at a lower angle region of 20 for pellets sintered at
1000°C. This observation suggests that the presence of additional peak is a result of
sintering at higher temperature (1000°C) resulting in a greater moisture-sensitive nature
of the resultant pellets. These observations indicate a greater chemical stability of
pellets sintered at 950°C.

On the basis of the observation of the diffraction pattern it is expected that SGBM-
1000-12 pellets will behave differently.

132



A)

Intensity (arb. units)

Intensity (arb. units)

S *NaC0,0,
([ ]

20 30 40 50 60 70 80 90

2 theta deg

*NaCo,0,

" unknown

AN
o
o
[ ]

12h

10 20 30 40 50 60 70 80 90
2 theta deg

Figure 80 X-ray diffraction patterns of NaCo204 sol gel powder prepared pellets
sintered at A) 950°C B) 1000°C for 1, 2,6 and 12 hours respectively. Presence of

characteristic peaks assigned to NaC0204 (no.27 0682).
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6.4.2.2 Microscopy analysis

The microstructural dependence on sintering temperature and time was determined by
scanning electron microscopy. The influence of time on the microstructure is shown in

Figure 81.

Figure 81 SFEG micrographs of surface and cross-section of pellets sintered at 950°C
for 1, 2, 6, and 12 hours.
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Changes are noticeable in the internal structure as well as on the surface of the sintered
pallets especially for pellets sintered at 950°C. Therefore for pellets sintered at 950°C
additional microstructure images of the surfaces and cross section have been presented.
With increases in sintering time a smoothing of the surface of the sintered pellets can
be noticed. These differences are visible even to the naked eye. The micrographs of the
cross sections indicate an increase in grain size and the creation of more dense structure
with increases in sintering time. When compared to previously described pellets made
of sol gel powder, the Na rich pre-treatment pellets exhibit greater grain size together
with higher density. Along with the increase of sintering temperature further smoothing
of the surface can be seen, however these differences are small with increasing sintering
time. For this reason for pellets sintered at 1000°C the micrograph of sample cross

sections are shown in Figure 82.

Figure 82 Micrographs of cross-sections of ceramics sintered at 1000°C showing

influence of sintering time and visible effect on the microstructural changes.
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Increasing of the time and temperature of sintering was found to result in densification
of pellets, observed via microscopic analysis, changes and the observed decrease in the

volume of the sintered pellets.

In order to study the effect of temperature over a wider range pellets were also sintered
at temperatures of 850°C, 950°C and 1000°C for 6 hours. A sintering time of 6 hours
was chosen on the basis of studies showing that the most pure and well crystallized
phase of NaCo0.04 was obtained with this time. The influence of sintering temperature
on the structural changes is presented in Figure 83. From the micrographs of cross
sections of pellets sintering can be observed with a visible change in the structure
starting from finely granular, through sintered aggregates and ending with the uniform
dense layers. Besides the obvious different in grain size there also is change in the

shape of the grains with different sintering temperatures.

Figure 83 Micrograph of cross-section of NaCo0204 ceramics sintered at 850°C, 950°C
and 1000°C for 6hours.
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Pellets sintered at a temperature of 850°C are characterised by a granular structure and
the average grain size is approximately 10 um. All grains were found to be oval-shaped.
For sintering temperatures of 950°C the pellets were demonstrated to be denser with
grains that are sharper multi-shaped in excess of 20 um in size. After sintering at
1000°C the pellets exhibit a more complex structure. The cross-sections show well
densified, almost forming a single body, giant grains, which when broken show a multi-

layered structure. Each of these layers has nanometric dimensions.

6.4.3 Room temperature measurement

6.4.3.1 6.4.2.1 Thermal conductivity

Thermal conductivity was measured at low temperatures between 45-80°C in the
through thickness direction. The results obtained for ball milled sol gel samples
(SGBM) sintered using different conditions are presented in Table 25. The results
indicate that for samples sintered at 950°C longer sintering times reduce thermal
conductivity. The highest value of k can be observed for sintering times of 1 hour and
2 hours and was found to be close to 1 W/mK. For pellets sintered for 6 hours and 12
hours the thermal conductivity was found to be 0.7 W/mK. The low value can be
assigned to the large-grained structure. As shown in the microscopic examinations of
the structure the interior of the larger grains consists of multiple layers. Such a complex
structure can slow down the flow of heat and results in the low value of thermal
conductivity. For pellets sintered at 1000°C for 12 hours the thermal conductivity was
found to be at the same value (0.7 W/mK) as for pellets sintered at 950°C for the same
period of time (12 hours). Such low values of kK may also be due to the presence of the
additional phase which was detected in the XRD pattern. In contrast, the thermal
conductivity of the untreated sol gel powder pellets was found to be lower. This
suggests that the Na rich pre-treatment is an effective method to enhance the thermal

conductivity of sodium cobalt oxide ceramics.
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Table 25 Thermal conductivity of ball milled NaOH pre-treated sol gel samples
sintered at 950°C and 1000°C.

Time and Thermal conductivity k[ W/mK] (+/- 0.1)
emperature of
sintering
Average
sample 950°C | 950°C | 950°C | 950°C | 1000°C | 1000°C | 1000°C | 1000°C
temperature[°C] 1h 2hrs 6hrs 12hrs 1h 2hrs 6hrs 12hrs
45 0.9 1.0 0.7 0.7 0.7 0.7 0.9 0.7
50 0.9 1.0 0.7 0.7 0.9 0.8 0.9 0.7
60 1.0 1.0 0.7 0.7 0.8 0.8 0.9 0.7
70 0.9 11 0.7 0.7 0.9 0.7 1.0 0.7
80 0.9 1.0 0.7 0.7 1.0 0.8 0.9 0.7

6.4.3.2 Electrical resistivity

The electrical resistivity tests made using the four point probe method are shown in

Table 26.

Table 26 In plane electrical resistivity of sol gel ball milled (SGBM) samples sintered

for different times and temperatures.

intering temperature

Electrical resistivity [pnQcm]

(+/- 3)
Sintering time 950°C 1000°C
1 hour 283 255
2 hours 261 247
6 hours 218 211
12 hours 199 309

The results show that the use of short times has the effect of reducing the electrical

resistivity. The increase of sintering time result in densification and reduces electrical
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resistivity. Moreover the measured value of electrical resistivity shows that the use of
the ball mill NaOH pre-treatment for sol gel powders leads to a reduction in electrical

resistivity.

6.4.3.3 Seebeck coefficient

The Seebeck coefficient measurements were performed at low temperatures in the
through thickness direction. When compared to the untreated sol gel pellets the Na rich
pre-treated pellets exhibit slightly higher values of Seebeck coefficient (Table 27).
Pellets sintered at 950°C exhibit similar values with no clear trend. In the case of pellets
sintered at 1000 °C for short periods of time the Seebeck coefficient was found to be
34 uV/K-35 puV/K. However, this value decreased in the case of pellets sintered for
longer times. The pellets sintered at 1000 °C for 12 hours exhibit unusual behaviour
with noticeably lower values of Seebeck coefficient. This behaviour can be the result

of the presence of an additional phase which was observed in the diffraction pattern.

Table 27 Seebeck coefficient measured at low temperatures for NaOH ball milled pre-

treated sol gel powder samples sintered using different conditions.

Sintering temperature Seebeck coefficient [nV/K]
Sintering time 950°C = 1000°C
1 hour 32.9 354
2 hours 34.2 34.2
6 hours 32.5 29.2
12 hours 35.1 (Figure 13)

The Seebeck coefficients, measured at different temperatures (45°C-80°C), of pellets
sintered at 1000°C for 12 hours exhibited a large degree of variation and are shown in
Figure 84. From the graph it can be seen that at the lowest temperature (45°C) the
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Seebeck coefficient is negative which corresponds to n-type behaviour. When
measurements above 50°C are made, the Seebeck coefficient changes sign to a positive
value which corresponds to p-type material behaviour. A positive Seebeck coefficient
is characteristic for sodium cobalt oxide. Such changes in behaviour of this specific

prepared pellet are possibly caused by the presence of additional phases.
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Figure 84 Temperature dependence of the Seebeck coefficient for ball milled sol gel
samples sintered at 1000°C for 12 hours (SGBM-1000-12).

6.4.4 High temperature thermoelectric measurement

The high temperature measurement of Seebeck coefficient and electrical resistivity was

conducted in the in- plane direction. The results are presented in Figure 85.

The electrical resistivity drops slightly at temperatures between 100°C -200°C then
increases and from around 390°C reminds at approximately the same level of 270
uQcm. The in- plane electrical resistivity was found to be 270 uQcm — 300 pQcm at
low temperature and at around 600°C reached a value of 270 pQcm. Similar to the
results presented for mixed oxide pellets, the Na rich pre-treatment tends to stabilise

the value of electrical resistivity at a similar level through varying temperatures. The
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Seebeck coefficient SGBM-1000-6 pellets increases with increasing temperature. This

trend is characteristic for sodium cobalt oxide with metallic behaviour.
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Figure 85 Temperature dependence of the electrical resistivity and Seebeck

coefficient for ball milled NaOH pre-treated sol gel sample sintered at 1000°C for

6hours (SGBM-1000-6).
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The Seebeck coefficient was found to be higher than pellets prepared from untreated

sol gel powder. That may confirm that the Na rich pre-treatment proposed in this work

enhances the Seebeck coefficient.

6.5 Thermoelectric figure of merit ZT

The figure of merit ZT for all samples was determined by the Equation 8 and is shown

in Figure 86. The calculated value of ZT was obtained for room temperature

measurements.
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Figure 86 Figure of merit, ZT, of sodium cobalt oxide pellets produced using sol gel
synthesis powder pellets and Na rich pre-treated sol gel samples, sintered at 950°C
and 1000°C for 1, 2, 6 and 12 hours.

The results show that the NaOH ball milling pre-treatment enhances the thermoelectric
performance of pellets especially at 950°C. The biggest improvement was exhibited by
the SGBM sample sintered at 950°C for 12 hours and exhibited the highest value of ZT
(0.009) at room temperature. From the results one can notice that the ZT value for both
type of samples sintered at 950°C increase with longer sintering time. The results shown
that for untreated and Na pre-treated pellets, prepared from synthesized sol gel powder,
when sintered at 1000°C show changes in the ZT value. Increase sintering time at
1000°C result in decrease of thermoelectric figure of merit ZT. System sintered at
1000°C exhibited a maximum figure of merit at intermediate processing times due to

competing phoneme that arise at elevated temperatures.

6.6 High temperature multi layered structure

Observations made during the microstructural studies of SGBM pellets sintered at
1000°C showing the layered structure, led to a more detailed study of the structural
change. The study showed that for pellets made from untreated sol gel powder as well
as from NaOH ball milled pre-treated sol gel powder and sintered at 1000°C a
characteristic a layered structure was formed. However, the layers were found to have

different morphology depending on the method of preparation. These observations
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indicate the extremely important role played by the production route in creating the
final microstructure as well as the nature and consequently the behaviour of the
prepared pellets. Based on the results obtained in this work and literature it can be
definitely concluded that each of the different stages of the production has a tremendous
impact on the final properties of the material produced. The presented micrographs of,
and measurements conducted on, sol gel (SG) powder pellets, show that with changes
in duration of sintering the layers form different widths. The longer the sintering time,
the greater the connection of layers. Changes in the structure caused by the use of
different lengths of sintering times for SG pellets are shown in Figure 87. The
measurements show that the SG pellet layered structure after Lhour of sintering have
the thinnest layers with the average measured value of 167 nm. Pellet sintered for 2
hours have shown layers an average thickness of 225 nm. The pellet sintered for 6 hours

exhibits the thickest layers at 260 nm.

1000-1h b \ 1000-2h

r 4
7
Tt

Figure 87 Micrographs of cross sections of SG pallets sintered at 1000°C at 1, 2 and 6

hours.
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The opposite was found to occur with sol gel ball milled (SGBM) pellets sintered at the
same temperature and for the same lengths of time as SG pellets with the thickness of
layer decreasing with increased duration of sintering. It was also observed with SGBM
pellets the presence of frequent breaks between the layers. The delamination seen in the
layered structure is likely to be a result of the fracturing of the sample during preparation
for microstructural analysis. The higher magnification micrographs presented in Figure
88 show the layered morphology of the SGBM pellets for different sintered times. The
created layers after 1 hour of sintering were found to be of around 56 nm thick. Pellets
sintered for 2 hours were characterised by narrower layers of an average value of 23.5

nm. The thinnest layers were found in pellets sintered for 6 hours.

32.67nm
—— 9.61nm

11.53nm
13.45nm

———

Figure 88 Micrographs of SGBM pellets sintered at 1000°C for 1hour, 2 hours and 6

hours.
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The width of these layers, created after 6 hours of sintering, was found to be 12.5 nm.
For pellets sintered at 1000°C for 12 hours the creation of large “grains” was observed.
These were found to have a complex layered structure. A comparison of microstructures
of samples produced with and without NaOH treatment are presented in Figure 89 in
which the morphology differences can be clearly seen. In the case of SG pellets the
large “grains” created were found to be longitudinal solids block oriented perpendicular
to the pressing direction. In case of SGBM pellets the large “grains” were found to be

solids blocks with a visible, repeated shape

Figure 89 SFEG micrograph of a SG pellet sintered at 1000°C for 12 hours and a
SGBM pellet sintered at 1000°C for 12 hours.

6.7 Summary

Two types of pellets were prepared from previously synthesized sol gel powder.
Quantitative analysis demonstrated that the starting powders obtained by sol gel method

and the traditional solid state reaction method had approximately the same composition.
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The pellets referred to as SG were made from pure sol gel powder and SGBM pellets
were made from sol gel powder that had previously been ball milled in an aqueous
solution of NaOH. Both type of pellet exhibited changes in the microstructure with
sintering time and additional differences were seen with increasing sintering
temperature. Increasing the time and temperature of sintering was found to result in
densification of the pellets for both SG and SGBM pellets. The microstructure of SG
pellets after sintering at 950°C consists of a fine grained and relatively compact
structure over the whole range of sintering times. The pellets exhibited alignment of the
grains during. The increase the size of grains in only two dimensions under the
influence of heat treatment was observed. The thermal conductivity was found to
decrease with increasing sintering time and temperature and found to between 0.6
W/mK and 1.3 W/mK. The exception to this trend was found to be for pellets sintered
at 1000°C for 12 hours which exhibited a value of 1.2 W/mK. However, when
compared with pellets produced using the solid state reaction powder, the sol gel
derived pellets clearly showed lower values of thermal conductivity. The measured
Seebeck coefficient at low temperature showed small differences in the range 30 uV/K
- 35 uV/K. The value was found to increase with longer sintering times. When
increasing the temperature no significant changes in the value were observed. High
temperature measurements of in-plane electrical resistivity found it to be 270 pQcm —
300 pQcm and the Seebeck coefficient showed a metallic behaviour with increasing
temperature of measurement, with the highest value of 140 pV/K at around 600°C.
SGBM pellets, when compared to SG pellets, exhibited larger grains size together with
increased densification. With the increase of sintering temperature further smoothing
of the surface of the SGBM pellets was observed. The Seebeck coefficients exhibited
similar values with no trends. The value was found to be around 34 pV/K - 35 uV/IK
except for pellets sintered at 1000°C for 12 hours. It was observed that the increase of
sintering time lead to a reduced thermal conductivity especially for samples sintered at
950°C. The highest value of k, close to 1 W/mK was found for sintering time of 1 hour
and 2 hours. For pellets sintered for 6 hours and 12 hours the thermal conductivity was
found to be 0.7 W/mK. When compared with SG pellets the increase of thermal
conductivity is visible. The electrical resistivity measured at high temperature was

found to be 270 pQcm which is similar to that observed in SG pellets. The Seebeck
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coefficient was found to be higher than seen for SG pellets with the highest value of
170 uV/K. The electrical resistivity measured at low temperature indicated that the use
of Na rich ball milling as a pre-treatment favoured the enhancement of thermoelectric
figure of merit due to the low value of electrical resistivity and thermal conductivity
together with the higher value of Seebeck coefficient. This behaviour may be due to the

material having a more complex structure.

For both types of pellets increasing the sintering temperature has been found to create
a complex layered structure. Increasing of the sintering time affects the thickness of
those layers. In the case of SG pellets the prolonging of sintering time increases the

thickness of the layers, while for SGBM a reduction of layer thickness was observed.

The use of high temperature sintering for 12 hours with SGBM pellets leads to the
creation of an additional phase which consequently affects the properties of the final

bulk ceramic material.

6.8 Conclusion

NaxCo0204 pellets can be fabricated through the use of a sol gel derived powder sintered
at between 950°C and 1000°C for 1-12 hours. The NaOH pre-treatment enhances the
thermoelectric figure of merit by increasing the Seebeck coefficient by 17% and
reducing electrical conductivity by 4% and thermal conductivity by 58% when
compared with unpretreatment samples (SG). The thermoelectric figure of merit is
maximised when SGBM pellets are sintered at 950°C for 12 hours.
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Chapter 7 Sodium cobalt oxide thick films
7.1 Introduction

In the available literature not much work could be found on the sodium cobalt oxide
films. The films are generally prepared by a flux method®®®, epitaxial growth'®® or
electrospun®¥’. Chia-Jyi Lui described the fabrication of superconductivity films using
sol-gel spin deposition?®. The main objective of the work presented in this chapter is
to produce thin and thick layers of sodium cobalt oxide by spin coating. The
deposition method was initially established by Barrow et al.*®” and enhanced by Dorey
et al.!%8, To improve the quality of the films several parameters were considered:
inclusion of sol based layers, influence of used substrate, and use of different

dispersant and application of different heat treatment.

7.2 Results of multilayer’s deposition

7.2.1 Sol based films

EDX analysis has the greatest changes in chemical composition occur at low
temperatures corresponding to chemical decomposition, pyrolysis (S. Katsuyama et
al.%%) and finally the formation of sodium cobalt oxide with more stable stoichiometric
ratio. SEM micrograph and EDX graph obtained from sample heat treated at 700°C for
30 minutes are shown in Figure 90. The heat treatment of sol based films at 550°C and
700°C did not affect the chemical composition and the atomic % ratio of Na to the Co

atom is approximately 0.2 for these two mentioned temperatures.
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Si(Ti/Pt)

Figure 90 SEM micrographs and EDX analysis graph for single sol layers deposited
on Si(Pt/Ti) and Al>Os wafers heat treated at 700°C for 30 minutes.

The X-ray diffraction analysis shows evidence of a well-crystallized phase apparent for
films subjected to sintering at higher temperature. The X-ray analysis of the films
indicated that the formation of sodium cobalt oxide phase occurs regardless of the
substrate being used. The heat treatment of 450°C was found to be too low and the most
characteristic peak for sodium cobalt oxide, corresponding to Miller indices (002), was
not observed (Figure 91).
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Figure 91 XRD diffraction patterns for sol films deposited on Al>Os and Si(Pt/Ti)
wafers heat treated at 450°C, 550°C and 700°C for 30 minutes (light gray lines

correspond to peaks from the substrate used).

The thickness of single sol layer deposited on Si(Pt/Ti) and Al>Os was found to be

around 200 nm. This study indicates crystalline sodium cobalt oxide layers can be
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prepared successfully using spin coating and a thermal treatment at 700°C. These
processing conditions will be used as the basis for further work for the preparation of

thicker layers.

7.2.2 Comparison of the sequence of building layers

The XRD analysis of dried ink (SSR powder + sol solution) confirmed the presence of
sodium cobalt oxide phase as well as the presence of additional phases of possibly

reacted and unreacted material (Figure 92).
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Figure 92 XRD pattern of dry ink (SSR powder +sol solution) without heat treatment

with visible NaCo0.04 phase marked with black circle.

Presence of peaks corresponding to Co3O4 (JCPDF no.43 1003) was expected as it
occurs in the powder used. The visible multiple peaks in the angular range between 20

and 36 correspond to cobalt nitrate hydrate (JCPDF no.01 0317).

A range of film thicknesses were achieved. Ranging from 200 nm for single sol film up
to ~ 32 pum for 4 (ink + 2 sol layers) films. The structure of the films was found to

depend on processing conditions.
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Figure 93 Figure SEM micrograph of effect on infiltration on surface of layered

NaxC0204 films spin coated on platinium/titanium coated silicon wafer.
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Figure 94 SEM micrograph of surface of layered NaxCo204 films on
platinium/titanium coated silicon wafer.
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As shown in Figure 93 layers of pure sol exhibit a smooth surface, while the ink based
films are rough and destroyed. That may indicate too short or too low heating time
resulting in the presence of an unfavorable components. Infiltration of coatings with sol
increases the density!®. Sol infiltration of each layer also increases the wettability of
inks which improves the inter-layer adhesion which consequently leads to a better
quality of films (Figure 94).

7.2.3 Effect of powders on film quality

NaCo204 powders prepared by sol gel (SG) and solid state reaction (SSR) were used to
prepare thick films. SEM micrographs of both powders are shown in Figure 95. The
SSR particles are spherical in shape and have an average size of 9.5 um while SG

particles are ~1 um in diameter and appear more plate-like.

Figure 95 SEM micrographs of two powders a) SSR b) SG after calcination.

The XRD patterns obtained from SSR and SG powders are shown in Figure 96 and
reveal the presence of characteristic peaks associated with NaCo0.04 (JCPDF no.27
0682).
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Figure 96 XRD spectrum of the selected powders (SSR, SG)

Figure 97 shows the SEM microstructure of NaCo204 films made using SSR and SG
powders, and different dispersant (SURFYNOL CT 151 and 324) deposited on
Si(Pt/Ti) substrate. The particles presented in the SG film are uniform in size and small
(~2um) forming homogenous layer of the film. The large range of particle size (2-

10um) presented in the SSR film results in a homogenous structure.
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Figure 97 SEM microstructure of 4(ink + 2 sol) films on Al>O3 substrate prepared
from: A) SSR-324 ink, B) SSR-151-ink, C) SG-324-ink and D) SG-151-ink. Layers
were preheated at 450°C and annealing at 700°C.

Trace quantities of sodium carbonate which was present in the SSR powder in contact
with the acidic sol environment formed CO,% which result in crumbling and flaking of
layers. It is known that the thermal decomposition of sodium citrate occurs at
temperatures > 230°C. Therefore with the increase of sintering temperature the
reduction of sodium content could be observed especially for SSR inks (Table 28) as

the sodium nitrate decomposes.
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Table 28 EDX analysis for 4(ink+2sol) layers sintered at 550°C and 700°C with a
preheating of 450°C.

SSR 550°C
Na Co Na/ Co atomic ratio

Spec 1 11.63 24.19 0.48
Spec 2 11.52 27 0.43
Spec 3 11.38 25.67 0.44
SSR 700°C

Spec 1 4.29 39.41 0.11
Spec 2 4.24 38.27 0.11
Spec 3 3.66 31.44 0.12

7.2.4 Effect of dispersant on deposited layers

There was a noticeable difference in the appearance of the film depending on which
dispersant was used (SURFYNOL CT 151 and 324). These visible differences are

shown above in Figure 97.

In order to maintain the good electric properties of the final product, it is important to
control not only the microstructure of the film but also the amount of Na which should
be maintained at the appropriate level. It has been found that the presence of dispersant
affects the content of Na in the final film. The same content of Na was observed in the
two starting powders during EDX analysis where no dispersant was presented. Using
SURFYNOL CT 324 as a dispersant the amount of Na was 7.27 at % for SG-powder
films and 1.36 at% for SSR-powder films while in case of 151 was 4.32 at % for SG-
ink and 5.35 at% for SSR-powder films thermal treated at 700°C for 30 min (Table 29).

157



Table 29 EDX analysis of powder produced by Solid State Reaction method (SSR

powder) and Sol Gel method (SG powder) and EDX analysis of films produced from
inks with SURFYNOL CT 324 and SURFYNOL CT 151 dispersant and the two

powder types.
Type of dispersant / Na/Co atomic
powder Na atomic % Co atomic % ratio
SSR powder 15.89 29.91 0.53
SG powder 16.04 32.05 0.5
SURFYNOL CT 324 -
SG ink 7.27 35.31 0.2
SURFYNOL CT 324-
SSR ink 1.36 36.7 0.04
SURFYNOL CT 151-SG
ink 4.32 38.94 0.11
SURFYNOL CT 151-
SSR ink 5.35 35.89 0.14

From XRD analysis (Figure 98) can be deduced that for both the used dispersant,
SURFYNOL CT 151 and SURFYNOL CT 324 the phase of sodium cobalt oxide was

identified.

The results indicated that the two dispersants have no significant effect on the chemical

composition but nevertheless when the micrographs are compared (Figure 97) the SG-

324 is distinguished as the most homogeneous structure of the films.
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Figure 98 XRD analysis on sintered at different temperatures films produced

from

SSR ink and SG ink using SURFYNOL CT 324 and SURFYNOL CT 151 as

dispersant (light gray lines correspond to peaks from the substrate used).
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Based on the results obtained, SG powder and SURFYNOL CT 324 dispersant were

chosen for further research.

7.2.5 Influence of temperature treatment
7.2.5.1 Preheating temperature:

The appearance of the films depended strongly on the preheating temperature used.
Figure 99 shows SEM micrographs of the cross section for SG-324 films on Si (Pt/Ti)
preheated at A) 450°C and B) 700°C both films were annealed at 700°C. With
preheating at 700°C pores appeared along with pore-penetrating networks. Differences
in particle size were also observed when the preheating temperature was changed. At

450°C the size of the particles was 2um while smaller (0.8um) and more spherical

particles were obtained at 700°C.

Figure 99 SEM micrographs of cross section for SG-324 films on Si(Pt/Ti): A)
preheated at 450°C and annealing at 700°C, B) preheated at 700°C and annealed at
700°C.

The changes in the microstructure affected the electrical conductivity of these materials.
Table 30 shows the results from electrical measurements of the prepared films.
Preheated at 450°C, 550°C, 650°C and 700°C, as the preheated temperature was
increased the resistivity decreases form 496.2uQcm to 257.9uQcm. Porous structures
are usually is accompanied by an increase in electrical resistance. The opposite
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behaviour is observed in the present study indicating the creation of electrically
conducting networks. The resulting network stabbing structure of pores is working as a

kind of connection between the layers which allows facilitating transport property.

Table 30 Electrical properties of NaCo0204 films preheated at different temperatures
and annealed at 700°C.

Temperature of Electrical resistivity p Electrical conductivity
preheating [nQcm] 6 [S/cm]
450°C 496 2.01-10
550°C 371 2.70-10
650°C 307 3.25-10
700°C 258 3.88-107

7.2.5.2 Annealing temperature.

The annealing process did not significantly affect the size of the grain structure, but it
does did affect the Na content of NaxC0204 films especially for SSR based inks, (Figure
101). Annealing temperature also affected the surface of the films. With increasing
temperature cracks appeared and the surface of the layers became rougher. From the
EDX analysis it is know that with increasing temperature the Na contents decreases.
Increasing the temperature above 800 °C would accelerate this effect as at temperatures
above 800°C Na becomes very volatile}*®. This increased evaporation and
accompanying reduction in volume of Na led to the delamination of film as shown on
Figure 100.
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Figure 100 Images bringing to the fore the destruction of the surface of films under
influence of temperature A) optical image of surface of NaxC0204 — [4(ink+2 sol)]
film, B) SEM image of surface of NaxC0204 — [4(ink+2 sol)] film after annealing at

800 °C.
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Figure 101 Variation in Na:Co atomic ratio as a function annealing temperature for
NaxCo204 films prepared by spin coating as a 4(ink+2sol) layers using a SSR-151-
ink.

The lowest film resistivity was obtained from films annealed at 700°C. The resistivity

of films annealed at this temperature was calculated to be 257.9 pQcm.

It was found that the preheating temperatures as well as the annealing temperatures

have an impact on the roughness of final films.

Figure 102 shows the variation in surface finish of films obtained using different

preheating and annealing temperatures.
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Figure 102 Confocal microscope micro-topography and surface roughness of obtained films under different preheated and annealing heat

treatment.
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The results obtained reaffirm a marked decrease in roughness with increase of both
treatment temperatures. The reduction in roughness of films may be due to total
decomposition of components during the preheating stage that eliminates the later release
of gases and as a consequence cracking and chipping of the upper layers.

7.2.6 Effect of duration of temperature treatment on final films

The duration of annealing (5, 15, 30 minutes) during preparation of films does not
significantly affect the properties of films. It was found that the microstructures as well
as the Na content were not changed markedly under the influence of time. As an example
Figure 103 shows variation of Na content in SG-324-4(ink + 2 sol layers) films after
annealing at 550°C and 700°C for 5 and 30 min.

0.25

0.2 A

0.15

700°C

0.1

700°C

0.05

Na / Co atomic ratio

Annealing time [min]

Figure 103 Dependence of chemical composition on temperature and time of the

annealing process.

7.2.7 Effect of substrate on the film composition

Figure 104 shows the variation in Na/Co atomic ratio for 4(ink+2 sol) films obtained on
Si, Ti/Pt coated Si and Al>Oz wafers.
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Figure 104 The dependence of Co/Na atomic ratio of 4 (ink + 2 sol) films sintered at
550°C and 700°C on a silicon, Ti/Pt coated silicon and Al2Os.

The changes in the stoichiometry can be due to evaporation of sodium or diffusion into
the wafer what can explain the apparent dependence on Figure 104.

In order to verify adhesion of sol on different substrates the contact angles were measured

and compared with that on glass (Figure 105).

Si(Pt/T i) ' Al,O3 .

Glass

Figure 105 The image of contact angle between sol drop and substrate.
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The contact angle between the sol and substrate for Ti/Pt coated silicon was found to
be 70° for aluminia 20° and for silicon with no electrode was found to be very similar
to glass at to 40° and 43°, respectively. The best wetting by the sodium cobalt oxide
was on aluminia substrates. The same behaviour was observed for the ink as it is a
water based ink. All polar liquids including, water have strong intermolecular
interactions and exhibit high surface tensions, which is ascribed to the hydrogen

bonding?®®.

7.3 Conclusion

Thick and thin NaxCo0204 films can be fabricated through the use of a spin coating
technique on silicon, Ti/Pt coated silicon and Al>Os substrates. The quality of films can
be enhanced due to reduction of cracking by increasing temperature treatment, reduction
of roughness due to use of SG powder for inks preparation and by sol saturation of
sequenced layers. The films show good electrical properties range from 257.92 to 496.22
pQem.
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Chapter 8 Sodium cobalt oxide nanostructures

8.1 Introduction

A range of different Na-rich pretreatments have been evaluated to determine their effect
on microstructure and properties of NaCo204 thermoelectric materials. Following
processing it was found that samples produced using the milling pretreatment in
borosilicate glass bottles developed a nanoscale candle-like structure. Observation are

reported in this chapter.

8.2 Formation of sodium cobalt oxide candle nanostructures

The prepared products were characterised with high resolution field emission gun
scanning electron microscopy (SFEG), energy dispersive X-ray spectroscopy (EDX)
attached to the SFEG, as well as field-emission transmission electron microscopy (TEM).

Electron microscopy revealed the presence of many elongated nanostructures (Figure
106) with EDX indicating the presence of Na, Co, O and Si. The presence of trace
amounts of Si can be attributed to the use of the borosilicate glass bottles used during the
ball milling pre-treatment with NaOH solution. The elongated nanostructures only
formed in samples that had been milled in borosilicate glass bottles and where Si was

observed indicating that the presence of Si is critical for their formation.

Figure 106 SFEG micrograph of columnar structures created on the surface of NaC0204

grains after treatment at 1000°C for 1 hour.
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Higher magnification micrographs showed the columnar structures to resemble a candle
with a fine protrusion visible at the upper tip (Figure 107).

Figure 107 High magnification SFEG micrograph of columnar structure formed on the

surface of NaCo204 grains after sintering at 1000°C for 1 hour.

The high magnification images show that the candle wick-like structure develops in the
centre of the end of each columnar structure. Such wick-like structures appear irrespective
of the length of the column. In each case the character of the filament structure is
independent of the column structure. The studies also showed that with increasing
temperature, longer and filaments were obtained. The filaments were found to be 700 nm
long with a 50 nm diameter for samples sintered at 1000°C and longer (>1pum) but with
the same diameter (~50 nm) for samples sintered at 1050°C (Figure 108). The diameter
of the candle-like structures does not change significantly over the entire length and when
sintered at 1000°C the bases are between 1um and 1.5pm in diameter while when sintered

at 1050°C the diameter decreases and is less than 1um (Figure 108).
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1000°C

1050°C

Figure 108 SFEG micrographs of sodium cobalt oxide candles-like structures created: at
1000°C after sintering for 1h and at 1050 °C after sintering for 1h.

Two distinctly different structures are observed when samples are sintered for less than 1
hour. In the initial stages (< 25 min) a raised or humped structure is observed (Figure 109
A). Later (~ 40 min), columnar growths are visible on the surface of those humps (Figure
109 B).
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Figure 109 Micrograph of features formed on the surface of NaxCo204 grains sintered at
1000°C for A) <25 min and B) 40 min.

Based on the observations it is possible to hypothesise a growth mechanism for the
formation of the candle-like structure. In the first stage of growth the formation of humps
on the surface of the grains occurs. From each of those humps one micro scale rod grows.
Nano scale wick-like features are observed on roads of different lengths, and even in the

absence of rods indicating their formation may be part of a separate growth mechanism.

EDX analysis shows that the silicon content is greater at the end of wick-like features
(Figure 110).
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Figure 110 EDX composition analysis illustrating the change in the proportion of Na,
Co and Si through the length of candle-like structure, numbers corresponding to the

analysed areas as shown in B.

The results obtained from TEM show rods and filaments to be crystalline with the crystal
lattice unchanged over the entire length of the filament (single crystal pattern) and rods
(polycrystalline patterns).

The only difference between these samples and comparable ball mill pre-treated samples
is the use of borosilicate milling vessels during the preparation and the presence of Si in
the elemental analysis. It is therefore reasonable to assume that it is the presence of Si
that has led to the formation of the candle-like structures. Samples were also prepared at
950°C however no visible form of nano candle-like structures were observed.
Temperatures above 1100°C resulted in significant distortion of the substrate surface and

large scale of melting.
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Figure 111 TEM image of single rods and filament and TEM diffraction pattern.

The form of the humps (Figure 109A) indicate the presence of a liquid phase during the
formation process. While no phase diagram was available for oxides of Si, Co and Na the
SiO2-Na2O phase diagram (Figure 112) shows that a liquid phase form over a wide
composition range at temperatures around 1000°C, this can lead to a hypothesis that the
formation of the candle-like structures is reliant on the presence of a liquid phase.

In the early stage a Si-Na rich liquid phase is formed on the surface of grains and body of
the compact. As sintering process and Co and Na are dissolved and redistributed as part
of the liquid phase sintering process reprecipitation leads to the formation and growth of

the columnar structures.
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As the formation of nano wicks-like does not appear reliant on the presence of a rod, and
that these wicks-like structures are very rich in Si, it is possible that they form as cooling

as a result of a dendrite growth mechanism.

Oxide assisted growth

> Semi-Liquid  SiOx

Sodium Cobalt Oxide nanowire

> Solid

Figure 113 Schematic diagram of oxide-assisted growth (OAG) methods.
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8.2.1 Conclusion

In conclusion, the high quality sodium cobalt oxide nanostructured candle-shapes were
successfully synthesized on sodium cobalt oxide substrate. Straight and long nanowires
~50nm in diameter and hundreds of nanometre in length were obtained while the rods of
candle-like structure were more varied in width as well as in length. TEM diffraction
patterns taken from along the length of the filament are essentially the same implying a

single-crystal of homogeneous crystallographic nature.
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Chapter 9 Conclusion and future work

9.1 General conclusion

The aim of this project was to develop an inexpensive, reproducible processing route to
fabricate a high temperature thermoelectric material. The work presented focuses on the
synthesis of sodium cobalt oxide. A variety of preparation techniques and analysis
methods were used to study the electrical and thermal conductivity and the thermoelectric

properties the materials produced.

9.1.1 Influence of time and temperature on microstructure and composition of
sodium cobalt oxide.
A solid state reaction (SSR) method was initially selected as suitable powder route

synthesis.

e Sodium cobalt oxide was synthesised at 800°C for 4, 6 and 12 hours with particle sizes
between 5 and 6 um. The average Na to Co atomic ratio was found to be 0.4.

e For the sintering temperature of 850°C after 4, 6, and 12 hours of heat treatment the
particle size was between 5 and 9 um with an average Na to Co atomic ratio of 0.5.

e Sintering at 900°C for 4, 6 and 12 hours resulted in spherical particles with diameters

between 9 and 13 um with an average Na to Co atomic ratio of 0.4.

Sintering at 850°C for 12 hours was selected as the best powder synthesis condition for
later production of pellets.

9.1.2 Influence of a powder synthesis route on microstructure and composition
of material

The sodium cobalt oxide powders have been prepared through the solid state reaction and

sol gel method. For the sol gel (SG) method a calcination temperature of 450°C was found

to be too low for the creation of the desired sodium cobalt oxide phase. The sol gel powder

calcined at 700°C for 6 hours was found to have a similar stoichiometric ratio to the
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powder prepared by solid state reaction process (850°C 12h), and for this reason was
chosen as the optimal preparation route. The calcined sol gel powder has spherical

particles with a size less than 1pum.

Besides the influence of powder synthesis route, the microstructural changes and
composition of the material during fabrication of pellets were also investigated. It was
shown that sodium cobalt oxide could be obtained over a wide range of sintering
temperatures with an increase in temperature leading to a more dense structure. High
purity of materials was found for pellets prepared from SG powder over the whole range
of sintering temperatures (850°C - 1000°C) while when prepared from SSR powder the
pellets showed high purity when sintered at 1000°C and above. When sintered at 950°C
the Co304 phase was still detected. The maximum sintering temperature for this type of
material is 1050°C. Increasing the sintering temperature to 1100°C result in melting of

the material.

9.1.3 Development of a novel Na rich pre-treatment.

Studies were made to improve the physical properties through changing the preparation
route by incorporating different types of Na rich pre-treatment processes. The possibility
to control microstructural changes of material during sintering of pellets has also been
investigated. The microstructural changes caused by a ball milled (BM) pre-treatment are
increased densification and grain growth offset against the formation of grain boundary
phases. The infiltrated (INF) pre-treatment resulted in minimal changes to the
microstructure relative to that of SSR samples with a slight grain boundary phase
formation. The use of mixed (M) pre-treatment resulted in the formation of a grain
boundary phase and in densification of material with increased sintering time and
temperature. Pellets prepared by ball milled and mixed pre-treatments and sintered at
1000°C formed boulders structures. Infiltrated pre-treatment, when sintered above
1000°C, led to the formation of hexagonal plate structures forming tight rosette or layered

structures. All pre-treatments resulted in lowering of the melting point of the material.
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9.1.4 The influence of processing and powder on thermal and electrical
properties.

Sodium cobalt oxide pellets were fabricated using of a sol gel powder and solid state
reaction powder at between 950°C and 1000°C for 1-12 hours. In the case of both
powders, the Na rich pre-treatment led to increased thermoelectric figure of merit by
enhancing the Seebeck coefficient and reducing the electrical resistivity and thermal
conductivity (Table 20). This study confirmed that ceramics that exhibited good
thermoelectric behaviour could be obtained through the use of different Na rich pre-
treatments as well as higher-temperatures and shorter sintering times.

9.1.5 Evolution of inks and films
A new contribution to sodium cobalt oxide synthesis, the production of spin coated film
was developed.

The sodium cobalt oxide ink was successful prepared.

The development of this method allowed films to be produced on different substrates.

Spin coating was successfully used to deposit films with a range of thicknesses (200

nm for single sol film up to ~ 32um for 4 (ink + 2 sol layers) films).

The cracking and surface roughness was reduced by increasing the temperature of

thermal treatment.

The electrical resistivity was also reduced (496.22 to 257.92 uQcm) through the use

of heat treatment temperatures.

9.1.6 Summary of main findings

The inexpensive, reproducible processing route using solid oxide synthesis combined
with Na rich pretreatments it has been demonstrated that it is possible to produce
NaCo,04 ceramic material with stable Na:Co ratios. Processing at 1000°C for 6 hours
with an infiltrated treatment yielded ceramics that exhibited Seebeck coefficient,

177



electrical resistivity and thermal conductivity of 150 uV/K, 270 uQcm, 1.3 W/mK,
respectively showing promises for applications as high temperature TE materials.

9.2 Future work

The Narich pre-treatment is a very promising technigue for the synthesis of sodium cobalt
oxide bulk materials which shows improvement of thermoelectric properties. The use of
such pre-treatments could be interesting in the preparation of future thermoelectrics for
use at higher temperatures (above 600°C). The use of pre-treatments led to the formation
of grain boundary phases which has impact on thermal and electrical conduction. The
observed reduction of thermal conductivity and higher Seebeck coefficient could be
further improved by other modifications such as the use of different reaction
environments (gas flow, pressure, temperature etc.). The deeper understanding of the
structural or lattice changes would be helpful in the development of new preparation

routes.

The powders synthesised by the SSR and SG methods were high purity. The use of
dopants could be used to improve the properties. Additional dopants could be added in
both the sol gel and solid state reaction powder preparation methods, or introduced as a

new method of pre-treatment.

To obtain more uniform films further work is required. Improvement in powder and ink
could reduce surface roughness and appearance of cracks in the annealed samples and
could lead to improved properties of the final product. Further investigation of factors
such as the particle size, viscosity and surface tension of fluids, as well as pre-preparation
of substrates, might be helpful in obtaining uniform sodium cobalt oxides film by the
method proposed in this work. The influence of preparation factors on thermoelectric

properties should to be investigated

It is worth noting the candle-like structures produced during these studies and potential

to investigate their behaviour and possible uses.

Despite the constant development of promising thermoelectric candidates, some major
issues should be taken in to consideration in the future:
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e The performance of n-type materials still needs improvements:

e The classic semiconductors theories cannot fully explain the mechanism of
electrical and thermal conduction and thermoelectric performance of complex
oxides systems. Development of this knowledge and deeper understanding would
support the discovery and production of higher performance materials:

e Last but not least, the problems with fabrication of thermoelectric devices are

still to be considered.
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