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ABSTRACT

Yadav, Gautam Ganapati. Ph.D., Purdue University, December 2013. Design and Assembly
of Nanostructured Complex Metal Oxide Materials for the Construction of Batteries and
Thermoelectric Devices. Major Professor: Yue Wu.

Thermoelectric devices and lithium-ion batteries are among the fastest growing energy
technologies. Thermoelectric devices generate energy from waste heat, whereas lithium-ion
batteries store energy for use in commercial applications. Two different topics are bound
with a common thread in this thesis — nanotechnology! In fact, nanostructuring is a more
preferred term for the approach I have taken herein. Another commonality between these
two topics is the material system I have used to prove my hypotheses — complex metal

oxides.

Complex metal oxides can be used for both energy generation and storage as they are stable
at high temperatures, are benign and inexpensive, and are chemically stable. . Nevertheless,
complex metal oxide-based materials have drawbacks when they are used in thermoelectric
devices. Since they have high thermal conductivities and low power factors, they have lower
thermoelectric figures of merit (ZT). This affects their performance as thermoelectric
materials. Nanostructuring can solve this critical problem as thermal conductivity, electrical
conductivity and Seebeck coefficient become quasi-independent of each other under these

conditions. However, oxide-based materials have proven to be greatly recalcitrant to forming
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nanostructures when traditional synthetic methods such as solid-state reactions have been
employed. Solid-state reactions usually proceed at extremely high temperatures that are not
particulatly conducive to forming nanostructures. The first part of this thesis presents novel
solution-based synthetic methods that were developed in order to produce novel
nanostructured complex metal oxides. Typical structures include nanowires. The second part
of this thesis extends this methodology to study the effect of nanostructuring on the thermal
conductivity of strontium titanate (SrTi0;), a promising high temperature thermoelectric
material. Ultrathin nanowires of SfTiO; were synthesized using a novel hydrothermal
reaction. These ultrathin nanowires were compressed into a ‘nanostructured’ bulk pellet
through spark plasma sintering. The thermal conductivity measured on the nanostructured
bulk pellet showed a drastic decrease compared to bulk SfTiO;. Through theoretical
modeling it was realized that drastic decrease in thermal conductivity was due to scattering of
phonons, which contribute to the lattice thermal conductivity, at the interface of the

nanowires.

Another aspect of the thermoelectric research presented herein includes the development of
a new phase of misfit layered oxide, calcium cobalt oxide (Ca,Co,,0,y), for high temperature
applications. This phase had hardly been researched in literature because of its high thermal
conductivity, thus limiting its use in thermoelectric devices. Through a unique single source
precursor-based technique, porous nanowire structures of Ca,Co,,O,; were prepared at
much lower temperatures than conventional solid-state techniques. Significantly improved
ZT were observed in our nanowire system up to 700K due to reduced thermal conductivity
and enhanced Seebeck coefficient. The synthetic approach was also applied to prepare

different nanostructures (porous nanowires and nanoparticles) of lithium cobalt oxide
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(LiCoO,) by tuning individual reaction parameters. The importance of reaction temperature
and the role of nanostructures on the final electrochemical performance of LiCoO, was also
deduced. Saliently, the nanostructured electrodes so prepared can withstand high cycling

rates and achieve capacities that are close to the theoretical capacity of LiCoO, at 0.1C.



CHAPTER 1. INTRODUCTION

The last twenty five years has seen a tremendous rise in the lifestyle of the general populous.
This has been due to the parallel rapid development of technology and IT enabled services
and e-governance. Energy availability, demand and supply have triggered vociferous debates
and a general agreement is on use of non-fossil fuel based renewable sources for
development economy. Fossil fuels have played a large role in this remarkable development.
However, this development has come at a cost, where we are tackling issues like global
warming, the natural flora and fauna being destroyed, and a realization that the fossil
reserves may deplete in the near future. Figure 1.1, created by Lawrence Livermore National
Laboratory, beautifully demonstrates the energy used only in the United States of America in

the year 2012 (Various energy sources can be seen and its contribution to each sector).
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Figure 1.1. Energy flow chart in the United States for the year 2012. [Lawrence Livermore

National Laboratory, 2012]

It clearly shows that around 82% of the energy used comes from fossil fuels. Electricity
generated from fossil fuels is around 67%. The ramifications of using this large amount of
fossil fuels are clearly faced by the environment and eventually by us. The carbon dioxide
emissions that primarily come from these fossil fuel sources clearly affect the environment

negatively. Figure 1.2 demonstrates the carbon emissions from the various sources as shown

in Figure 1.1.

Rejected
Energy

0
0
)
.

.

Energy
Services
37.0

*
*

o *
L] .
AETTTTTE LA

‘e



Estimated U.S. Energy-Related |.\II Lawrence Livermore
Carbon Dioxide Emissions in 2012: ~5,290 Million Metric Tons National Laboratory
Solar
[
Electricity
Generation
2040
2040
296
69.5 296 Carbon
Emissions
5290
206
Commercial
206
44.9
Industrial SEY/
937
1810
Trans-
portation
Petroleum 1810
2270

Source: LLNL 2013. Data is based on DOE/EIA-0035{2013-05), May, 2013. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermare National Laboratory

and the Department of Energy, under whose auspices the work was performed. Carbon emissions are attributed to their physical source, and are not allocated to end use for electricity

inthe

industrial and sectors. ion in the electric power sector includes the non-renewable portion of municipal

solid waste. Combusition of biologically derived fuels is assumed to have zero net carbon emissions - the lifecycle emissions associated with producing biofuels are included in

commercial and industrial emissions. Totals may not equal sum of components due to independent rounding errors. LLNL-MI-410527

Figure 1.2. Carbion dioxide emission from the various sources shown in Figure 1.1.

[Lawrence Livermore National Laboratory (Carbon Flow), 2012]

Around 67% of fossil fuels that contribute to electricity generation contribute almost 100%

to carbon dioxide emissions in the environment. It becomes clear that our reliance on fossil

fuel must end for the betterment of our future.

In Figure 1.1., the amount of rejected energy is more than 50%, as pointed by the red-dotted

circle. This is a clear indication of bad energy management by users. If a small percentage of

the wasted heat energy could be converted back to electricity this would have a really

positive impact on our society and reduce our dependence on fossil fuels. The question that



comes to mind is there a technology that can convert waste heat to electricity? The answer is
‘thermoelectrics’. Thermoelectrics in the process of converting waste to electricity, which is a
major theme of the current thesis. A brief introduction to this technology is given in Section

1.1., and the physics behind thermoelectrics is explained in Chapter 2.

Another vital part of the energy spectrum is storage. Much of the wasted energy shown in
Figure 1.1, if stored propetly, could potentially reduce the burden of electricity in the long
run. Energy storage is also important in other technologies, for example - smart phones have
become ubiquitous, electric cars are being introduced on the roads, and many other
technologies that were once considered to be stuff of science fiction. Lithium-ion batteries

are primarily to be credited for the rapid advancement of these technologies.

New low-carbon energy sources and energy conservation techniques need to be developed
in order to improve the sustainability of our society and reverse the environmental impact of

global climate change due to the combustion of fossil fuels.

In the next two sections are presented, a brief introduction of thermoelectrics and lithium-

ion batteries, and the current trends that are being researched in the respective fields.



11 Thermoelectrics

Converting waste heat back to electricity with thermoelectric generators from various
sources including residential heating, automotive exhaust, and industrial processes, seems to
be particulatly promising because thermoelectric generators are light-weight, silent, reliable,
and scalable for power generation [Snyder, 2008]. The operating mechanism of a
thermoelectric generator is based on the Seebeck effect. Briefly, when a thermoelectric
material is bridged between a temperature gradient, charge carriers such as electrons and
holes diffuse across the gradient and generate electricity (Figure 1.3). The performance of a

thermoelectric device is evaluated by a metric known as the figure of merit, (Z7)

Here o is the electrical conductivity (S.m™), x is the thermal conductivity (W.m".K"), § is the

Seebeck coefficient (conventionally in pV.K™"), and T'is the average temperature of two sides

(T1+Ty)

of the device »iz. . The quantity a5’ is called the power factor. Greater values of ZT

indicate greater thermodynamic efficiency, and values of at least 3-4 are considered to be
essential for a thermoelectric device for it to be competitive with current mechanical

generation and refrigeration methods.
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Figure 1.3. Schematic representation of a power generation thermoelectric device.

(Hlustration by Gautam G. Yadav)

Interest in thermoelectric devices appears to have peaked in recent years, and considerable

effort is now being directed to finding better thermoelectric materials, and synthesizing



materials with molecular characteristics that render themselves to higher ZT values is now a
fervent research undertaking in materials science. One example of such research includes
increasing the power factor and/or decreasing the thermal conductivity. The power factor of
a material can be maximized by altering its molecular properties and architecture and include
methods such as doping the material or synthesizing novel nanostructured materials.
Conversely, thermal conductivity can be minimized through alloying, using materials with
lower thermal conductivities, as well as nanostructuring [ Sootsman, Chung & Kanatzidis,

2009].

Opver the past three decades, much work has been directed at finding more efficient materials
and trying to increase the ZT value, but until the last decade scientists were only able to
demonstrate incremental gains in Z7T values. However, in the last decade or so, stetling
advances in materials science have greatly accelerated progress in this domain and the
number of materials now being considered for thermoelectric applications has increased
substantially. Two prominent examples include bulk thermoelectric materials doped with
heavy ion species, and low-dimensional or nanomaterials. Doping bulk materials with heavy
ion species causes the materials to exhibit large vibrational amplitudes when their structural
sites are only partially filled, thereby providing effective phonon scattering. Nanomaterials,
owing to their property of being able to introduce quantum confinement effects, makes
good candidates for enhancing the power factor. Of these two classes of materials,
nanomaterials have emerged as an early favorite, particularly since it is possible to
conveniently vary S, ¢ and x quasi-independently when the length scales are sufficiently small

for quantum confinement to take place. The great difficulty in varying S5, ¢ and x



independently in bulk materials makes such materials slightly inferior alternatives. For
example, as mentioned in Chapter 2, in bulk materials, an increase in § would result in a
decrease in ¢, and an increase in ¢ would increase the electronic and lattice contribution to »
[Dresselhaus, Chen, Tang, et al., 2007]. Amongst nanomaterials, use of one-dimensional
nanowires as thermoelectric materials is gaining ground due to their unique properties that
allow a ready increase in ZT. It is shown in Chapter 2 that the electronic density of states
undergoes a dramatic change and becomes sharper near the band edge for a 1-D system,
which results in a higher power factor for a given carrier concentration. Also, the lattice
thermal conductivity is significantly reduced due to increased phonon scattering at the
interfaces [Lin, Rabin & Dresselhaus, 2002]. Nanowires fabricated with materials such as
Ca, 14Ni, ;;Co,Sb,,, BagGa,;Gey,, and Yb,;MnSb,, have been reported to yield high ZT values
at various temperatures [Kuznetsov, Kuznetsova, Kaliazin & Rowe, 2003; Puyet, Dausher,

Lenoir, et al., 2005; Akrap, Barisic, Forro, et al., 2007].
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Figure 1.4. ZT improvement of various materials over the last 60 years. The improvements
shown are all laboratory-based results and were some form of nanostructured-based

materials. [Vineis, Shakouri, Majumdar & Kanatzidis, 2010]

Presently, commercially-available thermoelectric devices exhibit ZT values of 0.8 and operate
at an efficiency of about 5-6% [Sootsman, Chung & Kanatzidis, 2007]. The device efficiency
is directly related to the ZT value and could be increased to as high as 30% if the ZT value
reaches 4. Incidentally, ZT values greater than 1 have been obtained in laboratory conditions
at temperatures in excess of 600 K. For example, ZT values as high as 1.3 and 1.32 have

been observed for Ba,;NijsCoysSb,, and B-Zn,Sb,, respectively, at temperatures of 900K
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and 670K, in that order [Tanga, Zhang, Chen, et al., 2005; Caillat, Fleurial & Borshchevsky,
1997]. Although these values are promising for practical applications, some of these
materials are not quite suitable for high temperature operations above 1000 K due to

melting, decomposition or vaporization [Ohta, Kim, Mune, et al., 2007].

1.2 Lithium-ion Batteries

Sony’s introduction of lithium-ion batteries in the market in 1990’s changed the world of
batteries [Nazri & Pistoia, 2004]. Lithium-ion batteries now dominate the world of batteries.
This is for a good reason — it provides the highest energy density compared to other battery
systems in terms of weight and size (Figure 1.5). Lithium-ion batteries are now extensively
used in many of our day-to-day activities like cell phones, laptop batteries, electric vehicles,
etc. Compared to thermoelectrics, the term ‘lithium-ion” has become ubiquitous. A thorough
explanation behind the physics governing lithium-ion batteries is given in Chapter 3.
However, a summary of its mechanism is still explained in the next paragraph to help the

reader acquaint themselves with this technology.



11

400 T
= 8
- [T
= 300 5
E -
= £
T
5
- 200
B
o
=
Ll
100
Lead-
acid
g Lighter weight — —3=

T T T T
0 50 100 150 200 250

Energy density (W h kg')

Figure 1.5. Energy density of various battery systems based on weight and size. [Tarascon &

Armand, 2001]

Lithium-ion batteries consist of two electrodes - an anode and cathode. Either the anode or
cathode, or both, contain lithium ions. The electrodes are separated by an electrolyte and
separator. The lithium ions shuttle between the electrodes through the electrolyte solution,
meanwhile at the same time, electrons are liberated that travel outside through the external

circuit to perform work. This mechanism is explained in-detail in Chapter 3.

Performance of battery is judged by its capacity to store specific charge (Ah'kg") and the

electrical energy that is able to deliver as a function of voltage (V). Lithium-ion batteries
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consist of material systems that are able to work at high potentials and store high amount of
charge, hence making it the dominant battery system. The cathode material systems usually
used are lithium transition metal oxide-based systems [Tarascon & Armand, 2001]. The
cathode materials exhibit different crystal structure characteristics. Some are layered-based
systems that are able to hold the lithium ions between layered sheets of transition metal
oxides [Tarascon & Armand, 2001]. A few notable examples are lithium cobalt oxide
(LiCo0O,), lithium nickel oxide (LiNiO,), a unique phase of lithium manganese oxide and
even combinations of the three transition metals like lithium cobalt nickel manganese oxide
(LiCo,sNi,;Mn, ;0O,) [Tarascon & Armand, 2001]. LiCoO, was the first cathode material to
be commercialized and it is still intensely researched today because of its very high capacity
of 140mAh/g at 4.2V [Nazri & Pistoia, 2004]. Spinel-type structures are also used as cathode
materials. The notable example is lithium manganese dioxide (LiMn,0O,). Manganese comes
before cobalt in the periodic table, so compounds containing manganese are able to store
more specific charge compared to cobalt-based compounds. However, spinel-based
compounds exhibit detrimental electrochemical characteristics due to crystal structure
instability during cycling. The new cathode materials are olivine-based crystal structures like
lithium iron phosphate (LiFePO,). One important requirement of cathode materials is that
they should operate at high potentials, as that is the important characteristic of lithium-ion
batteries. The high potentials arise from bonding between the transition metal oxides with
oxygen, the explanation for this concept, along with the materials crystal structures and

electrochemical characteristics are discussed in Chapter 3.
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Anode materials that are used in lithium-ion batteries also exhibit a wide range of crystal
structures, and depending on the type of crystal structure, the reaction mechanisms are
different. Lithium metal was the most commonly used anode in lithium-ion batteries as it
provided the lowest potential and high capacity. However, due to the safety aspects of using
lithium metal like dendrite growth, and it’s very reactive nature when exposed to air,
researchers started looking to other materials [Nazri & Pistoia, 2004]|. Graphite was the next
material system to be handed down the torch. It also has a layered crystal structure that
made it easy to be used as a counterpart to lithium cobalt oxide. It was also commercialized
along with lithium cobalt oxide in the first commercial lithium-ion batteries. However, its
capacity was quite low compared to that of lithium metal, and at high rates, lithium plated on
the surface to grow dendrites that would penetrate the separator and short-circuit the
battery. This results in explosion hazards and it became imperative to look at other materials
as possible anodes in lithium-ion batteries. New anode materials like silicon are being
researched as possible future anodes as well. Silicon has a very high capacity, around
4200mAh/g, and its potential range is close to that of lithium metal. Its reaction mechanism
is based on alloying. However, it has a major disadvantage of very large volume expansion,
more than 400%. The expansion and contraction of silicon during cycling makes it lose its
electrical contact and, hence, exhibit a rapid drop in capacity within a few cycles. [McDowell,
Lee, Wang & Cui, 2012] Researchers have found a way to mitigate this problem by coating a
layer of silicon oxide over silica to negate the volume expansion [Wu, Chan, Choi, et al.,
2012]. Another anode material that has been extensively researched is transition metal oxides

like cobalt oxide (CoO, Co;0,), manganese oxide (Mn,O,), etc. These transition metal
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oxides can operate at low potentials and deliver very high capacity. The reaction mechanism

behind this system is based on displacement reaction [Obrovac, Dunlap, Sanderson & Dahn,

2001; Sharma, Shaju, Subba Rao & Chowdari, 2004]. The lithium ions get into the crystal

structure of the transition metal oxides; however, it is not able to accommodate all of the

lithium ions and it results in breakdown of the crystal structure into transition metal and

lithium oxide (Li,O) [Obrovac, Dunlap, Sanderson & Dahn, 2001;

Rao & Chowdari, 2004].

Sharma, Shaju, Subba

Lithium metal, graphite and transition metal oxides will be discussed in-detail in Chapter 3.

Figure 1.6 demonstrates the commonly used materials in lithium-ion batteries.
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Figure 1.6. The potential ranges and the respective capacities of various cathode and anode

materials used in lithium-ion batteries. [Tarascon & Armand, 2001]
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The capacity of the materials described aforementioned fade over time and this fade is
rapidly increased as the charging and discharging times are reduced. The batteries tested in
research laboratories are charged and discharged for over 10 hours; however, for commercial
purposes the batteries need to be charged within minutes and this brings about a failure in
battery performance. This is crucial if electric vehicles need to be introduced in the market
and more importantly, if they have to compete with the traditional fuel-based cars. Also,
another requirement is that the batteries should last more than 2000 cycles to be deemed
worthy to be used in electric vehicles. Also, it is generally considered that a battery has failed
if it has lost more than 80% of its initial capacity. So, lithium-ion batteries are supposed to
deliver high powered performance at rapid rates over 2000 cycles without losing a significant
amount of its capacity. This is a remarkable challenge that is required for this battery system.
The goals are not improbable; it can be achieved through astute means. New electrode
architectures can be developed that allow for lithium ions to move freely and rapidly
between the electrodes [Zhang, Yu & Braun, 2011]. The electrode materials need to be made
conductive for rapid electron transfer. The electrodes need to come in contact with the
electrolyte, so that all of the electrode material can deliver the needed performance. All of
these requirements can be achieved through designing novel nanostructured electrodes.
Nanostructures drastically reduce the diffusion time due to the reduced dimensions. The
high surface areas of the electrodes allow the electrolyte to be in contact with all the
nanomaterials and participate in the electrochemical processes.[Guo, Hu & Wan, 2008]
Nanostructuring of the respective electrode materials can help in addressing some of the

challenges facing this field.
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1.3 Thesis Objective and Structure

Oxides are the primary materials that are used in lithium-ion batteries. They are chemically
and physically stable, and it makes sense to use them as potential high temperature materials
for high temperature thermoelectric materials as well. It must be apparent by now that
transition metal oxides play a vital role in the energy story. It can be used to generate and
store electricity. The two main characters — transition metal oxides and nanostructuring- if
tailored properly, can play a major role in alleviating some of the challenges facing the

respective fields.

This thesis is about designing of different nanostructures of transition metal oxides for
thermoelectric and battery applications, especially nanowires. Designing and synthesizing
nanostructures, let alone nanowires, is an arduous task. Solid state reactions are usually the
method of choice to make complex oxide-based materials. However, solid-state reactions
require long reaction times and very high temperatures to synthesize the right phase of the
oxide material. These reaction conditions are not thermodynamically favorable to create
nanostructures. These issues have been addressed and novel synthesis routes have been
developed to create nanowires and nanostructures of perovskite — based materials like
strontium titanate for thermoelectric applications and a new phase of layered-based
structure, calcium cobalt oxide (Ca,Co,,0,;) for thermoelectric and lithium-ion battery
applications. The synthesis methods developed to create these materials were shown to be

transferable to other systems like lead titanate, barium titanate and lithium cobalt oxide.
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Different nanostructures of lithium cobalt oxide were synthesized and the relationship

between the electrochemical properties and different nanostructures were studied as well.

The organization of this thesis is based on the idea of first, introducing the reader to various
underlying physics behind the respective applications, and then studying the respective
systems for the respective application. In Chapter 2, the efficiency of power-generation
thermoelectric devices is derived and the origin of ZT is illustrated. The physical insight into
each of the intrinsic material properties that affect ZT are discussed, with their relevant
equations derived as well. Finally, the physical concepts behind nanostructuring are derived
and discussed to give the reader a thorough understanding behind nanostructured

thermoelectrics.

Chapter 3 explains the detailed mechanism behind lithium-ion batteries and the requirements
of important components of the battery — cathode, anode and electrolyte. Also, the origin of
voltage is explained and a general discussion of the crystal structure of the most common

electrode materials is carried out.

Chapter 4 explains the thermoelectric properties of oxide-based systems. The relevant
equations for Seebeck coefficient are derived and the electrical conduction mechanism is

discussed.

Chapter 5 presents a detailed feasibility and sustainability analysis conducted on various
material systems for different temperature thermoelectric applications. It lays the ground
work for proving that oxides are indeed better for high temperature thermoelectric

applications based on cost, abundance, toxicity and efficiency.
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Chapter 6 describes the use of a novel synthesis method to produce ultrathin nanowires of
pervoskite-based systems like strontium titanate (SrTiO;), barium titanate (BaTiO;) and lead
titanate (PbTiO;). The thermal conductivity of the strontium titanate nanowires were
compared to that of the bulk crystal and with the aid of theoretical work done by Dr. Bo

Qiu, the results were analyzed.

Chapter 7 describes the development of a novel microemulsion method to synthesize
porous nanowires of new phase layered-based compound, calcium cobalt oxide
(CayCo,,0,4). The results of the thermoelectric and electrochemical properties are presented

and discussed.

Chapter 8 presents the study of the relationship of electrochemical properties and different
nanostructures of lithium cobalt oxide (LiCoO,). The different nanostructures of lithium
cobalt oxide were synthesized through the microemulsion method described in Chapter 7.

Interesting property relationships are seen and presented in the chapter.

Finally, Chapter 9 is the conclusion to the thesis including scope for future work.

1.4 Conclusion

In this chapter, a general introduction on the genesis of the current work is given including

the structure of the thesis. The subsequent chapters will deal with the details of actual work.
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CHAPTER 2. PHYSICAL PRINCIPLES BEHIND THERMOELECTRICS

As mentioned before, thermoelectrics is the science dealing with the conversion of heat into
electricity. This chapter will delve deep into explaining the macroscopic derivations of the
governing thermoelectric equations and principles. In addition to the macroscopic
derivations, the concept of nanostructured thermoelectrics will be discussed as well. The

derivations in this chapter are not unique; they have been taken from previous work.

2.1 Deriving the thermoelectric figure of merit (ZT), and efficiency of a device for

power generation (1)

As mentioned before, the thermoelectric figure of merit (Z7) is dimensionless, and most
importantly, it is used extensively as a metric in thermoelectric literature to give insight into
the intrinsic properties of a material. ZT arises from deriving the efficiency or the coefficient
of performance (related to refrigeration) of a thermoelectric device. In engineering, terms
like efficiency or coefficient of performance are derived through utilizing first principle
methods like shell balances. With this in mind, a detailed derivation for the respective terms

is shown in the following paragraphs.
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Consider a power generation device as shown in Figure 2.1.

—— ey

Figure 2.1. Thermoelectric power generation device. (Illustration by Gautam G. Yadav)

As explained previously, every material has a Seebeck coefficient (S) associated with it, so
when a current passes through the material, a Seebeck effect is generated. Likewise, a
thermal conductance (K) is also associated with any material experiencing heat flow through
it. Another term that is of importance when current flows through a material is joule heating.
Joule heating is the heat generated in a material due to current flow. These terms are vital
when conducting shell balances. [Terasaki, 2010] Therefore, by applying a shell balance on

the hot side of the power generation device, the following is obtained.
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Heatin = Heat OUL ......... ..ottt 2.1)
Qn=S.Tp.I = JIPR+KAT ...ttt 2.2)
Similarly for the cold side,

Qc=S.Te I+ SI2R+KAT ..o 2.3)

The power generation is connected to an external load, R, during device operation.

exty

[Terasaki, 2010] Therefore, the power generated in the device is:
P = VL = T2 R gt v 2.4)

The current, 1, is given by:

The total resistance, Ry, is comprised of the resistance of the material, R, and the external

load resistance, R... If we assume that the R_ is proportional to R by a constant, x (0=x=1),

ext

then:
14

I = R Ry T T T (2.6)
14

I = AR 2.7

The voltage, V, is the Seebeck coefficient, S, times the temperature difference, AT.
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S.AT
[ o e 2.8)

Therefore, the complete expression for power generated in the device is [Terasaki, 2010]:

_ (SAT)2xR _ (SAT)%x
T U RR)ERE L (LRmyRR T 2.9)

generated is [Terasaki, 2010]:

max>

If x =1, then the maximum power, P

_ (SAT)? _ S2AT?
Prax = AR AR TTTTTTTTTTTeTeeeeeeei (2.10)

The term SR in the above equation represents the power factor, which is one of the most
widely used terms in thermoelectric literature, and it directly influences the power delivered

by the device.

The efficiency of the device is simply then the work performed by the device from the heat

absorbed [Terasaki, 2010]:

n= Q—”; ............................................................................................ @.11)
= %’I‘;RW'AT ............................................................................ (2.12)
I = (if;_R ........................................................................................ 2.13)
n= m ............................................................................... 2.14)
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14
V= TR RETRGEER o+ oo (2.15)
ShT2a+0R” SAT

S.AT

n= TS AT RRI(LTR) "+ + "+ "+ o e oo e e e e em ettt ettt (2.106)
S-Th— 20407 s
S.AT
n= 7 LSAT RS (LRR) 77t # " nt## s et o et (2.17)
ChT 2@ s2
AT
n= LRI RRLIEE) v o v r s e s s e m s s n st (2.18)
W oten T s2

From the above expression, the last term in the denominator comprises of the three intrinsic

properties of a material that coin up to form the term — figure of merit, Z. Therefore,

SZ
s (2.19)
Hence,

AT
n= B R N s D LR R RRTTE (2.20)
Th= 2(1+x) . Z
(1+x).AT
e 7oy 2.21
1 (1+x).Ty— %AT+% ( )

Let (1+x)=a
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To get the maximum efficiency the derivative of efficiency with respect to ‘a’ should be zero,

therefore:

d AT alAT 2a

Boo= - T+ 2] 2.22)
aTh_EAT+7 (aTh—EAT'l'?)

Solving the above equation for ‘a’:

a= /Z(TT"T’” .................................................................................. (2.23)

Therefore,
Z(Tc—Tp) AT
e
T o e 2.24
Ninax Z(To-Tp) . 1AT+TC_Th ( )
' 2 2

After manipulating the above equation, we finally get the maximum efficiency of a

thermoelectric device:

_ Tp-T¢ ZTavg+1 -1

nmax T
Th  [ZTgpe+1+5
avg T

T,,, is the average temperature between the hot and cold ends of the thermoelectric device.

In the above equation, we finally see origin of the dimensionless thermoelectric figure of

merit, ZT, . Before we delve into the thermoelectric figure of merit, it is of importance to
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note that the thermoelectric device efficiency is dependent of the Carnot efficiency and it

obeys the laws of thermodynamics.

_ Th—Tc
Nearnot = T
h

[ZTqpg+1 -1
r]_max r].CaTTLOt' m‘l‘ ’1'1:_:'

From the above equation, a plot can be generated of efficiency versus temperature for

various ZT values.

. Carnot
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3 ZT-5
g 7T -4
g <« *77-3
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W g2 ' ZT -1
0.0 4 o9 000 0 0 0 0 0 0 ° ZT - 0.1
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Temperature (K)

Figure 2.2. Plot of efficiency, nmax versus temperature. Temperature of the cold side was

taken to be 300K.
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From equation 2.27 and Figure 2.2, we can see that as ZT approaches infinity, the efficiency,
N reaches the Carnot efficiency — this is also justified through generation of Joule heat
accompanied by the irreversible process of charge transport that results in the conversion

process in a thermoelectric device [Terasaki, 2010].

It is clear by now that ZT plays a vital role in determining the device efficiency. ZT was
derived from equation 2.19, wherein T is factored into the equation to make it a

dimensionless quantity.

R, the resistance, and K, the thermal conductance, can be related to thermoelectric material

geometric parameters — area, A, and length, 1.

Figure 2.3. Geometric parameters of thermoelectric leg.(Illustration by Gautam G. Yadav)
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k is the thermal conductivity of the thermoelectric material in equation 2.29, and o is the

resistivity of the thermoelectric material in equation 2.30.

Inserting equations 2.29 and 2.30 into equation 2.28, we get

2
2T = 2.31)

The resistivity, g, can be converted to electrical conductivity, o, by simply taking the inverse,

and this gives us the dimensionless figure of merit of a thermoelectric material, ZT.

From the above equation, it is clear that the ZT of a thermoelectric material depends on
three intrinsic material properties — electrical conductivity (o), Seebeck coefficient (S), and

thermal conductivity (k).

It is essential to understand the aforementioned intrinsic properties of a material and their
relationship to ZT, hence each of the properties will be discussed in detail in the following

paragraphs.
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2.2 Electrical Conductivity

The theory of electronic structure of solids provides some insights into the conduction
mechanism of electron in a periodic potential. The solutions of the equations in the theory
are wavefunctions that are traveling waves, which explain the physical mechanism for
conduction.[Kasap, Koughia, Ruda, et al., 2007] In an ideal crystal, the electrons would travel
unimpeded, and thus provide the maximum conduction. However, imperfections do exist in
crystals that lead to the scattering of electrons, and hence affect conduction [Kasap,
Koughia, Ruda, et al., 2007]. To consider these scattering effects, concepts such as mean free
time, 1, are incorporated wherein it represents the average time that an electron can travel
between scattering events [Kasap, Koughia, Ruda, et al, 2007]. The distance that the

electron travels in the mean free time 7 is called the mean free path, 1.

The mean free path is simply the mean speed, v,, times the mean free time, . The mean
speed, v,, is the average speed of the electrons. The average speed of the electrons is also
referred to as the electron thermal velocity [Kasap, Koughia, Ruda, et al., 2007]. The speed
or velocity of the electron can be found by solving an energy balance between the kinetic

motions of the electrons with the mean thermal energy (3k,;T/2) in local equilibrium:
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The average electron velocity or speed is around 10°m/s for nondegenerate semiconductor.
The speeds of the electrons are random, but in the application of an electric field (E),

acceleration, a, of the electrons is developed:

The velocity of the electron changes as a result of the electric field direction; and after taking

into account collisions after an average time 1,.,, we get another important term called drift

avgd

velocity, Vg,

The electronic mobility, u, is depended on drift velocity.

__ Vdarft _ €Tavg
B= T T (2.38)

The drift velocity also gives rise to the electric current. An electric current, I, passing through
an area of a material gives the current density, J. If the density of the electrons or charge

carrier concentration is n then J is given by:

J=en Vg =N E. o (2.39)
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Equation 2.41 leads us to a very important relationship in thermoelectrics — the electrical
conductivity, o, dependence on the charge carrier concentration and mobility of the
respective charge carriers. It is quite clear that mobility and carrier concentration need to be

high to obtain high electrical conductivity.

The derivations shown till now have come from semi-classical theory of electron
conduction. To understand the interaction of electrons with the crystal lattice of a material,
and number of electrons that are actually involved in electron conduction, some of the

important relationships derived from quantum mechanics will be discussed below.

In a crystal lattice of a material, there exist periodic potentials that interact with the electrons.
This interaction leads to the formation of discrete energy bands, and the energy of the
electrons lie in these discrete bands that are separated by energy gaps called band gaps. The
probability that an electron state of energy, E, will be occupied in these bands is given by the

Fermi-Dirac distribution function [Huang, 2012]
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Figure 2.4. The Fermi-Dirac distribution function dependence on temperature. (Illustration

by Gautam G. Yadav, Adapted from Huang, 2012)

Two electrons, one with spin up and another with spin down, can occupy a state. At
temperature OK, the energy is less than the Fermi energy, E, indicating that all the states are
occupied (f,=1) and the electrons are not available for conduction. As the temperature
increases to T, and higher temperatures like T,, the energy becomes greater than the Fermi
energy, B, and the curve shifts downwards indicating that there are states available for the

electrons to occupy and take part in conduction.[Huang, 2012]

If there is an energy range between E and E+dE, represented by g(E)dE, with certain

number of permitted electron states, then the total number of electrons is given by

M= [ fog(E)AE ..o (2.43)
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g(E) is called the density of states, which describes the number of states per energy interval
at each energy level that are available to be occupied by electrons [Goldsmid, 2010], as
mentioned before. The number of electrons available for conduction depends on the Fermi-
Dirac distribution function and the density of states. We have an understanding of the
Fermi-Dirac distribution, but to really understand the availability of electrons in bulk
material systems, we need to first derive and understand the density of states, g(E),

graphically.

In quantum mechanics, the energy and momentum of electrons are represented by
wavevector, k. Therefore, we can picture an electron traveling in k-space. For bulk material
systems, we will imagine a sphere in k-space with k as the radius; therefore the volume will

be given by [Kuno, 2011]

Vi = K3 oo (2.44)
K2 = k24 kg kZ (2.45)
k, = 2’;:" ....................................................................................... (2.46)
ky =2 ’Zy"y ....................................................................................... 2.47)
Ky = 2 e, (2.48)
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K

Figure 2.5. Density of states representation for three dimension sphere. (Illustration by

Gautam G. Yadav)

If we consider the respective n values to be 1, then the volume of the overall state would be

Vstate = kx. ky. kZ T ittt escesscescsessesasenaessenssenasaasanssestensennsenasanesesene (2.49)

Therefore, within the spherical volume of k-space, the total number of states present, g;, is

given by
Vi k3LyLyLy
= e e TR 2.50
g1 Vstate 6m? ( )

However, as charge carriers — electrons and holes, have spin degeneracy, two carriers with
opposite spin could occupy the same state. Therefore, the new total number of states for

carriers accounting for spin, g, is given by [Kuno, 2011]
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_ _ K3LyLyL,
g, =2.91 = P e (2.51)
The density of states is the total number states per unit volume, therefore we get
k3
g = PR R R R R R R RCREE (252)

It was mentioned eatlier that the density of states as being the number of states per energy

interval
d
GUE) = s (2.53)
h2k2
v TSI I I (2.54)
1
2mgiE]2
k= | (2.55)
3
G
GUE) = (2.56)

After differentiating, we get

3

9E) = 5 (B VE oo 2.57)

h2

We finally see that the density of states expression for a bulk three-dimensional solid has a

characteristic square root energy dependency and a parabolic relation.



The concentration of electrons in a bulk semiconductor material can now be plotted

graphically from equation 2.43.
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Figure 2.6. Illustration of concentration of charge carriers in bulk semiconductor through

using density of states and Fermi-Dirac distribution. (Illustration by Gautam G. Yadav)

The density of states, g(E), is small at the edge of the conduction band and it increases
within the band like a parabolic curve. In metals, the Fermi level, E;, lies within the
conduction band with large number of electrons near the vacant states that make the metal
very conductive. However, in semiconductors, the E; lies either close to the conduction
band for n-type semiconductors, or close to the valence band for p-type semiconductors,
where only few electrons or holes participate in the conduction process. In the figure above,
the carrier concentration for an intrinsic semiconductor is shown. An intrinsic

semiconductor is not good as a thermoelectric material as both, electrons and holes, are
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involved in the conduction process. The Seebeck coefficient is negative for electron
conduction and positive for hole conduction. This opposing effect of the charge carriers
reduces the overall Seebeck coefficient. The Seebeck coefficient for intrinsic semiconductors
is given by the weighted average to the electrical conductivity of electrons and holes.[Tritt,

2002]

Therefore, it is necessary to either only have n-type or p-type semiconductors as a

thermoelectric material to allow extrinsic conduction of only electrons or holes, respectively.

Continuing with electrical conduction, another important concept to note is that it only takes
place when electrons in a band can move from one energy state to another. There are
important implications by this statement — first, conduction will not take place if the bands
are empty, and second, conduction will not take place even if the bands are full, as there are
no empty states into which an electron can move. Therefore conduction only takes place

when the electron states are partially filled.

In order to understand the transport phenomena the Boltzmann transport equation is used
as a powerful tool which is used to analyze currents flowing in a system, thermal induced
diffusion, transport coefficients and the relationships between them. This will help in further
expanding our understanding of conductivity and other thermoelectric properties. The

Boltzmann transport equation is given by [Pichanusakorn & Bandaru, 2010]
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In the equation 2.59, f is the non-equilibrium distribution function and k and r are the wave
and position vectors of the electrons, respectively. ‘sc’ stands for scattering. The equation
describes the evolution of electrons in the system under perturbations like an electric field, e,

or temperature gradient. [Pichanusakorn & Bandaru, 2010]

dk —ec

E T TR et (2.60)
_oar

D 2.61)

To solve for ‘f” in the Boltzmann transport equation the relaxation time, 1, is required, where

the electrons equilibriate through random scattering. [Pichanusakorn & Bandaru, 2010]

dt Tr

af _ =(f=fo) 262

f is the Fermi-Dirac distribution as shown before. The relaxation time is determined by the
type and magnitude of carrier scattering within the material, and we shall assume it to be of

the form shown below [Lundstrom, 2010]

The ‘s’ in the above equation is called the scattering constant. The 1, is a constant that
depends on material properties and scattering processes. Mobility-temperature

measurements, variation of Seebeck coefficient with carrier concentration, and measurement



41

of the Nernst coefficient are often used to find the value of ‘s’. Some analytical methods also
exist to find ‘s’, for example — for scattering by ionized impurities, s is equal to 3/2, while for
neutral impurity scattering, s is equal to 0. For charge carriers scattered by acoustic phonons,
s is equal to -1/2. Different scattering processes can cause ‘s’ to have different values, and if
more than one scattering processes are dominant, the calculation of the relaxation time

becomes complicated.[Lundstrom, 2010; Pichanusakorn & Bandaru, 2010]

Now that we have a firm understanding of the terms involved in the Boltzmann transport

equation, we solve for the steady state solution as follows:

U=fo) _ . Afols,.  (B=EF)dT
Tl = v, 2 [tee = (EEE) S| (2.64)

v, in the above equation is the velocity of the carriers in the x direction and * takes into
account hole or electron transport. The current density, ], can now be written as

[Pichanusakorn & Bandaru, 2010]

J= 2 e[ f(E) = fo(E)G(EYAE ..o (2.65)
J =45 [ 9(E), e B e F L TR (2.66)

Now that we have a more detailed expression for current density, we can finally find the
electrical conductivity, which is given by the ratio of current density, J, to the electric field, e,

when the temperature gradient, dT/dx, is zero.[Pichanusakorn & Bandaru, 2010]
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]
o= [Z]dT—o ....................................................................................... 2.67)
d
0 = 2 [ GUEYT, LodE o 2.68)

The above expression represents the detailed expression derived for electrical conductivity,
and thus gives some valuable insight into the dependence of conduction on certain

important parameters that can help in designing the best thermoelectric material.

2.3 Thermal Conductivity

A thermoelectric device can only function in the presence of a temperature gradient, hence it
is of utmost importance to minimize thermal conductivity to maintain operation of the
device and obtain maximum efficiency and ZT. The thermal conductivity contributions to
thermoelectric properties come from two parts — one, from the quantized vibrations of the
lattice () called phonons, and second, from the electronic contribution to the thermal

conductivity (x,).[Tritt, 2002]

The lattice part of the thermal conductivity, %, is dependent on the lattice specific heat (C),

the velocity of sound (v,), and the phonon mean free path (1,).[Tritt, 2002]
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The electronic contribution to the thermal conductivity, %, primarily comes from heat
carried by the charge carriers during charge transport. A detailed expression for x, can be
derived from the Boltzmann transport equation as well, but before we dive into deriving the
expression, a simple relationship exists between the electronic contribution to the thermal

conductivity and electrical conductivity through the Wiedemann-Franz law. [Tritt, 2002]

L, is the Lorentz number and is given by

_ m? (kg)\? _ -8 -2
Lo="(*8)" =245 x 107 WK™ ... 2.72)

Now that we have seen that the electronic contribution to the thermal conductivity and
electrical conductivity are tied to each other by the Lorentz number, we can continue on
with the detailed derivation for the electronic contribution, x.. The heat flux density, Q, is
depended on charge carriers that transport energy (E-E;) with a velocity, v.[Goldsmid,

2010]

Q=n(E - Ex)v. = [,” gENf(E) — f(E)I(E — Ep)VedE ..o, (2.73)

We can see from the above equation that the heat flux density is dependent on the Fermi-

Dirac distribution and the density of states. The complete expression is given

below|[Goldsmid, 2010]
_ g2 24fo[ | gy _ (E<Er) 4T
Q=]+ 3= [ (), B [tee— (EEE) ] dE oo 2.74)
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The electronic contribution, x,, is the ratio of the heat flux density, Q, to the temperature

gradient when the electric current density, |, is zero. [Goldsmid, 2010]

2
2 N[ a@yr,E%0as]

[e'e] d 0
K, = — 9B ER e dE 2.76)

3Tmeg f;o g(E)rr%dE
The electronic contribution to the thermal conductivity, ., also depends on the density of
states and relaxation time. In a physical sense, the equation is stating that x, is sensitive to the

hot carriers from the higher energy states as they carry more thermal energy.

2.4 Seebeck Coefficient

The Seebeck coefficient in the ZT equation is not as intuitive at first compared to the other
properties - electrical conductivity and thermal conductivity. The Seebeck effect was
discovered in 1821 by a German scientist, Thomas Johann Seebeck, when he made a circuit
of two dissimilar metals, with junctions at different temperatures and found that it would
deflect a compass magnet. He initially thought that this intriguing effect was due to the
Earth’s magnetic field; however, it was soon realized that a thermoelectric force due to the
temperature gradient would induce an electric current that would deflect the compass

magnet. [Rowe, 1995]
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At first, it sounds strange that a temperature gradient induces a thermoelectric force,

however this easily conceptualized by understanding the diagram shown below:

"
Cold
V vT
— +
e © L] °
- T +
Cod™|ege” o . ° |5 et
] e Y ® 'Y +
V=sVT

Figure 2.7. Explanation of Seebeck effect with the use of a conductor.(Illustration by

Gautam G. Yadav, Adapted from Kasap, 1997)

Consider a box consisting of particles with a hot and cold end (Figure 2.7) that results in a
temperature gradient. These particles can be electrons or holes. Consider the particles to be
electrons for this explanation. The corresponding Fermi-Dirac distribution function for the
electron energies at the respective ends is shown as well. The electrons at the hot end are
high in energy and therefore diffuse to the cold side of the conductor. This diffusion of hot
electrons to the cold side results in the build-up of electrons at the cold side, and the

formation of positive metal ions at the hot end. This process continues until there is a build
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of an electric field between the metal ions and the electrons that prevent the further
diffusion of electrons at the cold end. This is essentially the electromotive force that is
formed as a result of charge neutrality. Therefore, a voltage or a potential difference (AV) is
developed between the hot and cold ends of the conductor. This effect, the potential
difference generated by a temperature gradient, is called the Seebeck effect.[Kasap, 1997]

The Seebeck coefficient, S, is used to measure the magnitude of this effect and is therefore

defined by:
AV
S= TR R PP PPEE 2.77)

As the electrons diffuse from the hot side to the cold side, there is a build-up of negative
electrons at the cold side which results in the cold side being negative with respect to the hot
side. The Seebeck coefficient is measured as the potential of the cold side with respect to the
hot side, and therefore is negative in the case of electrons and positive in the case of

holes.[Kasap, 1997]

Now that a general concept of Seebeck effect is understood, a deeper physical insight can be
obtained by doing a shell balance across a small portion of a conductor and applying

expressions obtained by quantum mechanics.

—eAV = Eqyg (T + AT) = Egqpg(T) woveoiioiieieie oo (2.78)

Taking the limit of AT approaches 0, we get:
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In the left hand side of the equation, we get the Seebeck coefficient equation, and the

average energy of metals is given by [Kasap, 1997]:

3 5 2 2
Eavg = > Ero [1 + =L} ] ................................................................ (2.80)

k\ m2kT
s= (%) L 2.81)
k uv
B BT (2.82)

The Fermi energies of metals are very high, therefore it is certain that the Seebeck coefficient
for metals will be less than 87 uV/K which is very low to be used in thermoelectric

applications.

Equation 2.81 has a hidden relationship that gives a much deeper insight into the physical

meaning of Seebeck effect.

The electronic specific heat, C, is given by
m2kg?Tn
Cer ng .................................................................................... (2.83)
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Manipulating the above equation,

e PP PR PPRPRPes (2.85)
The specific heat, C, is given by
— Cet
C = PR PP RPN RRRRRRER (2.86)
Therefore, we get
c.T
S = s (2.87)

Before we proceed on further with our understanding of Seebeck effect, we have to
understand another thermoelectric phenomenon which has an important relationship with
Seebeck coefficient. This thermoelectric phenomenon deals with the flow of electric current
through a material, for example a metal, with no temperature difference which leads to heat
generation or loss. This is known as the peltier effect, named after Peltier who discovered
this effect 12 years after Seebeck discovered the Seebeck effect. This is better understood
when charge carriers or electrons are considered as gaseous particles that expand during
current flow and contract when there is no flow. This leads to temperature differences, and
this effect has found applications in solid-state refrigeration. Similarly to the Seebeck
coefficient, there is a Peltier coefficient that relates to the Peltier effect. Again if we consider
a box with particles, and for simplicity, consider these particles to be electrons, then as

current flows through the box, the electrons flow in the opposite direction. However, the
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electrons carry heat as well; hence there are two types of current — electrical (] ) and heat (

—

h).[Chaikin, 1990]

e 7 J—
< <@ <o
e <o =
- <o
AT =0

Figure 2.8. Explanation of Peltier effect with the use of a conductor.(Illustration by Gautam

G. Yadav, Adapted from Chaikin, 1990)

However, the electrons carry heat as well; hence there are two types of current — electrical (J)

and heat ( h ). The ratio of heat to electric current is the Peltier coefficient (TT).

T T Tl B D (2.88)

= Gl Do e, (2.89)

= Reatawment R el L T (2.90)
electric current ] n.e e

Comparing equations 2.87 and 2.90, we get
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From equation 2.91, the connection between the Seebeck and Peltier effect is finally seen.

This is also called the Thomson relation.[Chaikin, 1990]

Taking a closer look at equation 2.84, it is seen that the Seebeck coefficient is the ratio of

electronic specific heat and charge of the carrier.[Chaikin, 1990; Kasap, 1997; Tritt, 2002]

S = Cei _ Ceg __ Electronic Specific Heat _ Heat or Entropy carried by the carrier (2 92)

n.e q Charge of the carrier Charge of the carrier

The above equation reveals an important point, i.e. that high Seebeck coefficients are

achieved with carriers of high energy.

Now that the reason behind the bad thermoelectric properties of metals is explained, and
firm understanding behind the physical meaning of the Seebeck effect is developed, we can
proceed to understand the reason to pursue semiconductors as ideal thermoelectric

matetrials.

In semiconductors, the heat of the carrier is the distance between the Fermi energy (E)) and
the conduction and valence band edges, i.e. the band gap (E,). Since the Fermi energy (Ey) is
located approximately half-way between the band gap (E,), the heat of the carrier can be

approximated to half of the band gap (E,).[Chaikin, 1990]

Heat of the carrier = E; — Ef ~ E5 — E?‘g~Ez—g .......................................... (2.93)

Substituting the equation 2.93 in equation 2.92, we get



51

Heat ofthe carrier _ Eg  kpEg (kB) Eg
Charge of the carrier 2.e.T 2.e.T.kp

From equation 2.94, it is clear that in the case of semiconductors, energy has to be imparted

to cross the band gap (E,), hence the Seebeck coefficient will always be greater than k?B or 87

wV/K.

To understand the dependence of the Seebeck coefficient on the density of states, we derive
an expression very similar to the equations derived for electrical conductivity and the
electronic contribution to the thermal conductivity. The Seebeck coefficient is equal to the
ratio of electric field to the temperature gradient when the electric current is zero.

[Pichanusakorn & Bandaru, 2010]

0 dfo(E)
_ 1 K e e e Pas

Er | (2.96)

T T | [ geyrELeBar

In the equation 2.96, the first term goes to zero as T — 0. However, the second term can be

written in terms of entropy, s, and carrier concentration, n.[Terasaki, 2010]

From statistical thermodynamics, the entropy has a dependence on the total number of

configurations, g.[Terasaki, 2010]
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Substituting the equation 2.98 into equation 2.97 and finally into equation 2.96, it is again

seen that the Seebeck effect is associated with the entropy per carrier.

kg 0lo
s=_ks g(9)
e on

The Seebeck coefficient’s dependence on the electrical conductivity can also be derived by

equating the two equations (2.68 and 2.96) derived eatlier:

—2e?

R dfo
o= Jo GEEYT—2dE o (2.68)

¥
3mg

0 dfo(E)
_ .t o g(E)‘rrEZ;—EdE

~er | [ gy ELeBar

The above two equations can be associated when E is much higher than the thermal energy

kT, and by expanding the Fermi-Dirac distribution in seties of kyT/Ey; therefore, we get

[Terasaki, 2010]
21,2

S = (2.100)
3 e 0E Ef
21,2

S = 2.101)

n O0E u OE Ep



53

Equation 2.101 is known as the Mott equation, which is one of the most important
equations in thermoelectrics, as it illustrates the inverse dependence of the Seebeck

coefficient with carrier concentration, n, and mobility, p.

Now that we have a basic understanding of the respective intrinsic material properties
involved in ZT, we can now get to the root of the problem when dealing with thermoelectric

materials.

2.5 The Challenge in Thermoelectrics

To understand the challenge that researchers face when dealing with thermoelectric

materials, it would be beneficial to state equations 2.41, 2.69, 2.101 again.

_n_zkf;T [lan(E) 10u(E)
3 e In OE u OE Ep

Some of the problems become quite obvious when one compares the above three equations.

The plot below illustrates the problem of increasing ZT for a bulk thermoelectric system.
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Figure 2.9. The inter relationships of various parameters and their ultimate effect on ZT.

(Mlustration by Gautam G. Yadav)

From the Figure 2.9 and equations (2.41, 2.69 and 2.101), we can clearly see the three
intrinsic properties have opposing trends that limit the value of ZT for a thermoelectric
material. When a lightly-doped or non-degenerate semiconductor is used as a thermoelectric
material, the Seebeck coefficient is high, while the electrical conductivity is low and phonons
are the dominant carriers of heat. In a heavily-doped or degenerate semiconductor, the
Seebeck coefficient decreases as the electrical conductivity increases, and both, the charge
carriers and phonons, contribute to the heat. In a metal, as previously explained, the Seebeck

coefficient decreases to a very low value, while the electrical conductivity is high as expected,
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and as a result of high electrical conductivity, the electronic contribution is the highest to the

thermal conductivity.

It becomes clear that there is no win-win situation when dealing with increasing the
efficiency of thermoelectric materials. The solution to this challenge in thermoelectrics is
optimizing each of the parameters through controlled methods, for example like doping.
However, with the advent of nanotechnology, new solutions like nanostructuring of
thermoelectric materials have been proposed to tackle this problem. The current trends in
thermoelectric literature use nanostructuring as one of the ways to increase efficiency, these

trends will be discussed in the next section.

2.6 Advent of Nanotechnology: Nanostructuring of Thermoelectric Materials

Nanotechnology has made improvements to many fields, and thermoelectrics is another
addition. As shown in Figure 1.4 of Chapter 1, nanostructuring has had an immense impact
on the field of thermoelectrics. Two aspects of nanostructuring will be discussed — first,
fundamentally understanding the impact of reducing dimension, from 3D bulk systems to
1D nanowire or 0D quantum dots, on the individual properties involved in the ZT equation,
and second, combining the nanostructured materials to form a nanostructured bulk pellet

and again understanding its effect on certain properties involved in the ZT equation.
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2.6.1 Nanostructuring and its impact on intrinsic properties

The density of states, g(E), as seen in the previous equations, play an important role in
altering the individual properties. The density of states, g(E), for a bulk system was derived

before:

3

GE) = 5 (P VE oo 2.57)

hZ

The density of states depends on dimensionality, as the dimensions are reduced from bulk
(3D) to quantum wells (2D), nanowire (1D), and quantum dots (0D). To differentiate the
respective density of states, the dimensionality will be mentioned in the annotation; for

example, the bulk density of states is renamed as

3

9E) = gap(E) = =5 (BB  VE oo (2.102)

22 \ h2

The derivation for the other respective density of states is similar to that of the bulk, which
was derived in the eatlier section. The difference arises from the reduction in the dimension.
For the 2D density of states, instead of a sphere, we deal with a circle. Physically this means
that the carrier momentum is discretized in the quantum confined direction, for example in

our case we will consider the z-direction.[Kuno, 2011]
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Figure 2.10. Density of States in Two Dimensions.(Illustration by Gautam G. Yadav)

For a sphere, we dealt with volume, but for a 2D circle, we deal with area, which is given by

Ak S TR e, (2.103)

Astate = KoKy oo e (2.104)

K = (2.105)

Ky = (2.106)

Therefore, within the circular area of k-space, the total number of states present, g, is given

by [Kuno, 2011]

k2
Gr = = Y 2.107)

Astate 4m
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Spin degeneracy has to be accounted, therefore

2
G2 = 2001 = (2.108)

For a 2D system, the density of states is the total number states per unit area, therefore we

get
k2
92D S e, (2.109)

It was mentioned eatlier that the density of states as being the number of states per energy

interval
_ 49
GUE) = (2.110)
h2k2
B o e 2.111)
1
2mgE|2
= | (2.112)
Gap(E) = T (2.113)

Now, in 2D systems, it was mentioned before that the confinement is in z-direction,
therefore the electron dispersion function for the ‘sub-band’ of each k, is given by

[[Pichanusakorn & Bandaru, 2010]
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w2 (kz | k%
EZD(k) = ? m—x + m_y + EnZ ............................................................... (2.114)
2.2 2
E,, = hzzzgf 025 1,2, B e 2.115)

‘a’ 1s defined as the quantum well thickness, and E,, is defined as the confinement energy in

the z-direction. Therefore, the density of states for 2D system becomes [Kuno, 2011]

gap (E) = %an OE = Epy) oo (2.116)
OE —Epy) = Lif E > Eppeeeeeeeeeeeeeee e (2.117)

O(E — E,,;) is the Heaviside unit step function. Therefore, the final expression that we get

1s

*

me

20 (E) = (2.118)

A similar method can be approached for deriving the density of states for a nanowire (1D)
and quantum dot (0D). For 1D systems, we deal with lengths, and the carrier confinement
takes place in two directions, for our case we can consider x and y- directions. Therefore, the
following equations develop, which are very similar to the ones that we derived for 3D and

2D systems.

Lie = 2K, (2.119)
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The length in k-space is given by the above equation. Therefore, the width occupied by a

given state is given by [Kuno, 2011]

Ligtate = Koo (2.120)
k, = i—” .......................................................................................... 2.121)

Therefore, within the length of k-space, the total number of states present, g;, is given by

Ly kL,

= T 2.122
91 Lstate L ( )
Spin degeneracy has to be accounted, therefore
2kL,
92 = 2 g1 T (2.123)

For a 1D system, the density of states is the total number states per unit length, therefore we

get

1D = e (2.124)

As mentioned earlier, the density of states is the number of states per energy interval,

therefore

GEE) = 0 (2.125)



61

2
G1p(E) = = [ 8 T (2.126)

Similar to the explanation for 2D systems, in 1D system the confinement takes place in two
directions, x and y-direction, therefore the electron dispersion function for the ‘sub-band’ of

each k and k is given by [Pichanusakorn & Bandaru, 2010]

h2 (k2
Eip(k) = (m—x) b By eoeeeeeeee e 2.127)
_ h2m? (nx? | ny? _
Ensny = 5o (—mx + —my>, 0xand 07 = 1,2, 3. oo (2.128)

‘a’ is defined to be the width of the wire. , and E__ is defined as the confinement energy in

nx,ny

the x and y-directions. Therefore, the density of states for 1D system becomes [Kuno, 2011]

2
ng(E) = ZnAl 12 \/anny ................................................................ (2.129)

The density of states for quantum dots, g,,(E), is a series of delta functions due to the carrier
confinement taking place in all three directions. Therefore, we can simply write it as [Kuno,

2011]

900 (E) = 2 Xnnymz O(E = Engmymz) - vveevereeeneeaneeaeeeie e (2.130)

Now that we have the density of state equations derived for the respective dimensions, we

can plot them and talk about some of the physical meanings behind the equations.
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Figure 2.11. Density of States versus Energy for different dimensions.(Illustration by

Gautam G. Yadav)

The proportional dependence of carrier concentration, electrical conductivity and Seebeck
coefficient on density of states has been showed earlier. As the dimensions are reduced, the
dimensionality factor ‘a’ comes into play in the density of states, and its presence in the
denominator has a profound effect on the properties. The Mott relation, as shown in
equation 2.101, shows that the enhancement of the energy-dependence of the conductivity

will enhance the Seebeck coefficient. Enhancing the energy-dependence of the conductivity

dlogo(E . '
(—gE( )) translates to enhancing the energy-dependence of the charge carrier

) or mobility (M) [Heremans, 2005]

concentration (
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on(E)
°F ) can

The enhancement of the energy-dependence on the charge carrier concentration (

be achieved by enhancing the dependence of the density of states, g(E), on energy. In the

case of nanowires, the density of states is inversely proportional to the square of the wire

on(E
0E

thickness (a®) which increases its energy dependence, and thus, enhance the ) factor.

[Heremans, 2005]

Similarly, from equation 2.101, the mobility depends on the scattering or relaxation time;
therefore, the enhancement of the energy-dependence on the mobility (%) depends on

the enhancement of the scattering or relaxation time’s dependence on energy. This can be
achieved by preferentially scattering electrons depending on their energy. This concept is
called energy filtering. In 2D systems, potential barriers are used to create mini-bands in the
energy band structure that filter electrons. In a physical sense, the concept of energy filtering
tells us that high energy charge carriers carry more heat that would enhance the Seebeck
coefficient compared to low energy carriers, which would in fact have a negative effect.

[Heremans, 2005]

The concepts that we have talked about in the aforementioned paragraphs would work great
if we were testing properties on single nanowire systems, and would be ideal for very niche
applications; however, the testing of thermoelectric properties have to take place on a bulk

scale to be viable for commercial technology.
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2.6.2 Nanostructured Bulk Thermoelectrics

Bulk materials do not give the best thermoelectric properties as explained in the previous
sections. However, they do turn out to be the simplest way to measure properties and the
ideal type suited for commercial applications. Nanostructured bulk thermoelectrics are
essentially taking nanostructured forms of materials and combining them to make bulk
systems by using pressure-sintering based techniques like hot-press or spark plasma sintering
(Process explained in Appendix A) and yet maintain its ‘nano’ characteristics. There are
various concepts behind nanostructured bulk thermoelectrics that have inspired this line of
thinking. One of them lies behind reducing the grain size of the materials to reduce thermal
conductivity. The intention of reducing the grain size is to affect the lattice part of the
thermal conductivity. Equation 2.70 showed that lattice thermal conductivity depended on
the mean free path of the phonons. Reducing the grain size affects the mean free path of the
phonons, as smaller grain sizes scatter the large mean free path phonons.[Bux, Fleurial &
Kaner, 2010] In theory the electrical conductivity should remain unaffected due to its shorter
mean free paths; however, in practical situations, scattering of charge carriers can also
happen that affect electrical conductivity. Nanostructuring is a game of compromise. This
concept was tested on silicon through theoretical modeling, where a large portion (around
90%) of the thermal conductivity is attributed to phonons that have a mean free path greater
than 20 nm. The modeling showed that a reducing of grain size less than 20 nm resulted in

the lattice thermal conductivity reduction of around 90%.[Henry & Chen, 2008]
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Phonons have different wavelengths, each with varying magnitude that affect the lattice
thermal conductivity. Grain size reduction affects only a certain portion of phonons. A way
to scatter different wavelength of phonons is through incorporating varying particle sizes of
a different phase along with grain size reduction. This technique is termed as
‘nanoinclusions’. In nanoinclusions, a nanostructured bulk material is embedded with various
nano precipitations of different materials, which are formed by a solid state partitioning on
cooling due to process of formation and deformation of a metastable phase, or a process of
fast condensation into a material combined with heat treatment, or by crossing into the
mixed phase behavior. The size confinement of the nanoinclusion or dispersed phase filters
out the large wavelength phonons. [Liu, Ren & Chen, 2013] This has proven to be extremely
effective as one of the highest ZTs was achieved recently in literature. [Biswas, He, Blum, et

al., 2012]

Another line of thinking is through achieving voids or ‘nano’ holes in the material system.
Voids can affect the lattice thermal conductivity, and it was shown for a silicon film that
ordered nano holes reduced the lattice thermal conductivity drastically without affecting the
electrical conductivity. [Tang, Wang, Lee, et al., 2010] However, achieving these kinds of
designs in a commercial thermoelectric device seems to require a technological leap. [Liu,

Ren & Chen, 2013]

Doping is another method of in the domain of nanostructured bulk thermoelectrics. It was
shown eatrlier that electrical conductivity and Seebeck coefficient depend on charge carrier

concentration, where it could heavily influence the respective properties in contrasting ways.
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Coupled with the methods described above, a dopant can be added to the material system to
alter the carrier concentration of the material system where the electrical conductivity and
Seebeck coefficient could be optimized. Traditionally dopants occupy empty lattice sites in
structures like skutterudites or other special lattice sites that help in the electrical conduction.
However, in some cases it can act as an ionized impurity dopant that can have a negative
impact on carrier mobility. To avoid this negative effect on carrier mobility, modulation
doping can be performed to minimize the impurity-electron scattering. In modulation
doping, the dopants are doped into only one phase of a two-phase composite. This allows
for the charge carriers to be separated from their parent grains and move into undoped

grains that enhance the carrier mobility, and thus conduction. [Liu, Ren & Chen, 2013]
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Figure 2.12. Illustration of nanostructuring methods to reduce the lattice thermal

conductivity.(Illustration by Gautam G. Yadav)

2.7 Conclusions

It is clear that nanostructuring can play a vital role in improving the properties of a
thermoelectric material. In Section 2.6.2, it was mentioned that nanostructured materials are
sintered and pressed to form nanostructured bulk pellets. There are two ways of obtaining
nanostructured materials — through either physical means or chemical reactions. The physical
methods usually involve processes like ball-milling that pulverize bulk materials between

ceramic or stainless steel balls into nanosized materials. This process can usually last for days
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and there is little control over the size range of the material. Additionally, unnecessary
dopants can be introduced into the final mixture that could have a detrimental effect on the
thermoelectric properties. The other way is through chemical means where by using
innovative chemical precursors the material size and morphology can be tweaked and
controlled to achieve the desired properties. Chapter 6 and 7 describe novel methods to
drastically affect the thermal conductivity of oxide-based systems for high temperature

thermoelectrics using the methods described in Section 2.6.2.
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CHAPTER 3.LITHIUM-ION BATTERIES: AN OVERVIEW

The components in lithium-ion batteries are the same as other battery systems — cathode,
anode, separator and electrolyte. Each component plays a vital role in determining the
characteristic nature of battery performance. This chapter will explain first, the mechanism
behind lithium-ion batteries; second, an overview of the common crystal structures and
requirements of the respective electrode materials, i.e. cathode and anode; third, explain the
origin of characteristic high voltage present in lithium-ion batteries; and finally, some
discussion on the requirement of the electrolytes to deliver the high performance of lithium-
ion batteries. This chapter is more about the characteristics that make lithium-ion batteries
an interesting topic to study and the dominant form of energy storage of all the other
technologies. For review of material systems and their performances, there are many

excellent reviews that the reader is suggested to have a read.
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3.1 Mechanism of Lithium-ion Batteries

Figure 3.1 illustrates the mechanism behind lithium-ion batteries. The cathode materials
operate at high potentials (greater than 3.7V) and the anode materials operate at low
potentials (generally till 0.01V). The cathode and anode electrode materials are usually coated
on aluminum and copper foil, respectively. Aluminum is electrochemically unstable at high
potentials; however, its stability is due to a passivation layer of aluminum fluoride formed on
its surface due to the degradation of electrolyte, lithium hexafluorophosphate (LiPF,) [van
Schalkwijk & Scrosati, 2002]. Copper is electrochemically stable at low potentials [van
Schalkwijk & Scrosati, 2002]. Two of the most common materials used in commercial
batteries are lithium cobalt oxide (LiCoO,) as cathode and mesocarbon microbeads (MCMB)
graphite as an anode [Park, 2012; Yuan, Liu & Zhang, 2012], and they are used as examples
in Figure 3.1 to explain the working mechanism. Most of the electrode materials used in
lithium-ion batteries exhibit layered characteristics; however, this is not a strict rule. The
electrolyte used most commonly is lithium hexafluorophosphate (LiPF;) with ethylene
carbonate (EC) and dimethyl carbonate (DMC) as additives [Goodenough & Kim, 2010]. A
separator exists to separate the respective electrodes to prevent short-circuiting the battery.

The battery performs work during the discharge process.
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Figure 3.1. Mechanism of lithium-ion batteries. (Illustration by Gautam G. Yadav)

LiCoO, and MCMB graphite are layered materials. In the charging process, the lithium ions
exit the layered structure of LiCoO, and move through the electrolyte and separator to enter
the layered MCMB graphite anode. At the cathode, an oxidation reaction takes place, while

at the anode a reduction reaction takes place.

Cathode: LiCoOy < Li;_,Co0, + xLit +xe™......ooooiiiiiiiiie e, (3.1)

Anode: xLit +xe™ 4+ Cq  LiyCp.nonvnvnininii e, (3.2)

In the above reactions, we see that not all the lithium (Li") ions are removed from the

LiCoO, crystal structure. Only <’ amount of lithium ions are removed till the (1-x) in
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LiCoO, reaches a value that indicates stability in the crystal structure. Complete removal of
lithium ions from LiCoO, would result in crystal structure breakdown, and thus, degradation
in battery performance. For LiCoO,, X’ corresponds to 0.5 lithium ions, at which the
charging process is stopped, and this corresponds to the cathode phase of Li,;CoO,. Further
removal of lithium ions (x>0.5) destabilizes the structure causing rapid capacity fade in later
cycles. As the potential increases on the cathode side till it reaches a voltage of 4.2V for a
stable cathode structure, the potential of the MCMB graphite decreases till it reaches its
lowest potential (0.05V) that corresponds to the cathode’s 4.2V. The maximum theoretical

specific capacity obtained at 4.2V for LiCoO, is 140mAh/g [Nazri & Pistoia, 2004].

4.2V

Cathode: LiCoO,

3V

Anode: Graphite

0.05V

\/

Capacity(mAh g™) 140mAhg™

Figure 3.2. The change in potential in the cathode and anode associated with the charging

step.
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In the discharging process, the reverse process occurs, where lithium ions exit the layered
MCMB graphite and enter the layered cathode. Therefore, the main reactions taking place
are oxidation at the anode and reduction at the cathode. When oxidation is taking place at
the anode, the electrons travel through the outside circuit to perform work and then reduce

the lithium ions at the cathode as shown in Figure 3.1.

Anode: Li,Cq > XLiT 4 X7 4 Courvovviiiiei e (3.3)

Cathode: Li;_,Co0, + xLi* + xe™ & LiC00y .........c.ooiiiiiiiiiiiiiiiiian, (3.4)

The process described above is called intercalation. Intercalation is the process of lithium
ions entering or exiting a layered structured. This is the mechanism by which most of the
layered cathodes and anodes used in lithium-ion batteries work. However, other mechanisms
do exist as well like displacement reactions, which will be discussed more in detail in another

chapter.

Cathode and anode materials play a vital role in determining the capacity or energy density of
a lithtum-ion battery. These electrode materials have the added burden of promising some of
the high expectations of a lithium-ion battery. Therefore, in the next few sections, some of
the requirements are discussed that are needed of electrode materials in terms of elements,

crystal structure, etc., to optimize performance.
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3.2 Overview of requirements and crystal structure of cathode electrodes

For a cathode material to be successfully used in a rechargeable lithium-ion cell, some of the

requirements are as follows [Nazri & Pistoia, 2004; Whittingham, 2004]:

a] One of the components of the material be comprised of an easily reducible or oxidizable

ion.

b] React reversibly with the lithium ions, so that there is no considerable change in the
crystal structure as lithium is added or removed; this is essentially an intercalation

mechanism.

c] Deliver high capacity (at least one lithium per transition metal), and also work at high
voltages, preferably around or more than 4V. The combinations of high capacity and high

voltage would give high energy density.

d] Rapidly react with lithium on insertion and removal as this would lead to high power

density. This is an essential requirement for hybrid electric vehicles (HEV).

e] Exhibit good electronic properties as this would ease the electron addition and extraction
process, and also allow all of the material to participate in the electrochemical reaction when
in contact with the electrolyte. This would also eliminate the need to add extra conductive

agents like carbon black (CB) and inactive binder like polyvinylidene difluoride (PVDF) that

reduce the overall energy density.
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f] Electrochemically and thermally stable to prevent side reactions taking place with the

electrolyte.

f] Be inexpensive.

g] Contain elements that are environmentally friendly.

Based on the above requirement, a glance at the periodic table will reveal the best elements

that could be beneficial when used as cathode material.

helium

1 2
H He
1.0079 40026
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Figure 3.3. Periodic table with a red box highlighting the elements that could be useful in

lithium-ion batteries. [Adapted from UC DAVIS, 2010]
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The red box in Figure 3.3 highlights the elements that would be useful in satisfying the
aforementioned requirements. The first series of 3d transition metals has been particularly
pointed out as it plays a vital role in lithium-ion chemistry and delivering high capacity and
voltage. 3d transition metals are also easily oxidizable and reducible. The origin of high
voltage in 3d transition metals will be explained later in section 3.4; however, the high
capacity that is obtained is due to it light weight and small size. The 3d transition metals
form weak bonds with low-charge lithium that help in minimizing changes in the crystal

structure during the charging and discharging cycles.

As mentioned in section, layered-based compounds are the most common types of materials
used in lithium-ion batteries. There are lithium transition metal (M) oxides, iMO,, that form
layered structures with strong ionic character and a densely packed crystal structure [Park,
2012]. The ionic radii and co-ordination number of the different elements play a role in
determining the packing density. Oxygen forms a dense packed layer as it has the largest
ionic radii among the elements. The lithium and transition metal ions fill the spaces
(tetrahedral and octahedral sites) between the oxygen ions to increase the density of the
material system. From crystallography, it is known that a crystal structure exhibiting
hexagonal close packed (HCP) arrangement satisfies the layering requirements. Some of the
most common cathode materials used LiCoO, and lithium nickel oxide (LiNiO,) exhibit
HCP arrangements. These HCP arrangements lead to two-dimensional corner sharing
between the oxygen ions, which result in the creation of slabs of transition metal-oxygen
(MO,) layers with strong ionic bonds, and lithium ions occupying sites in between the slabs.

This results in a transition metal (M) — transition metal (M) mutual interaction that increases
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electrical conductivity and curtails volume change during the charge and discharge steps. The
MO, layers are separated by a coulombic repulsion that allow the lithium ions to intercalate
and deintercalate during the discharging and charging steps, respectively. The two-

dimensional plane allows for ions to diffuse easily and conduct rapidly. [Park, 2012]

O Lithium

O\O—/O @ Transition Metal
. Oxygen

Figure 3.4. Crystal structure of layered lithium transition metal(M) oxides, LiMO.,.

(Hustration by Gautam G. Yadav, Adapted from Park, 2012)
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Spinel-type transition metal oxides (LiM,O,, M=Ti,V,Mn) are also used as cathode materials.
Cubic close packed (CCP) arrangements lead to spinel-type phases. A common characteristic
of spinel-type phases is their varying oxidation states [Park, 2012]. The most common spinel
phase material used in lithium-ion batteries is lithium manganese oxide (LiMn,O,). It is
widely researched as Mn is inexpensive, widely available, and environmentally benign; and it
can deliver high capacity due to its low weight. However, manganese oxide [MnO,),] is a
known polymorph, with Mn oxidation number varying from 2+ to 4+. For LiMn,O,, Mn
has oxidation states of 3+ and 4+. As will be shown later, oxidation number of a transition
metal plays a vital role in determining the voltage of the material. Very similar to layered-
based structures, the transition metals and lithium ions occupy the empty sites between
oxygen in spinel-type phases. Their arrangement is determined by ionic radius and
electrostatic attraction and repulsion. The radii of the different oxidation states of the
transition metal determine their octahedral site location. Also, as a result of their different
oxidation state, there is difference in charge distribution and the transition metal-oxygen
bond length (M-O), which ultimately results in the transition metal-oxygen (MOy)
octahedrons being arranged three-dimensionally for greater uniformity in spinel-type phases
compared to the two-dimensional layered phases. The three-dimensional connection of the
face-sharing octahedra of the MO, octahedron allow vacant pathway for lithium migration

during charging and discharging. [Park, 2012]



81

Lithium

Vacant pathway for
migration

Figure 3.5. Spinel phase of LiMn204 (Illustration by Gautam G. Yadav, Adapted from

Gateshki, 20006)

The new generations of cathode materials being studied are olivine-type structures. Lithium
iron phosphate (LiFePO,) is the most researched olivine-based material system as iron is
cheap and abundant. More importantly it is much safer than cobalt in terms of toxicity.
However, it operates at a lower voltage compared to LiCoO,.[Park, 2012] In the crystal
structure of LiFePO,, Fe occupies 50% of the octahedral sites and P occupies 1/8 of the
tetrahedral sites. The arrangement is very similar to that of spinel-type phase, but it is the
presence of small ionic radius of phosphate ions (P>") that imparts the olivine characteristic
instead of the spinel. The interesting electrochemical characteristics of LiFePO, are due to
the presence of PO,” in the crystal structure. The covalent bond between P-O reduces the
Fe-O bond length in F-O-P, thereby preventing the oxidation of Fe in LiFePO,, and thus

allowing it to obtain a stable voltage. A phase of lithium iron oxide (LiFeO,) also exists
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which exhibits poor electrochemical characteristics due to the absence of phosphate ions.
Olivine-based compounds are also hexagonal close packed structures. In these structures,
the oxygen is distorted due to the electrostatic repulsion between cations that cut across
shared edges. In LiFePO,, the lithium ions are arranged in a linear chain of the edge-shared
FeO, octahedron, which are arranged as zigzag rows. Therefore, each lithium ion has an
edge shared with two Fe ions and two PO, tetrahedra. This results in formation of a uniform
structure which allows lithium ions to diffuse in a one-dimensional path. The disadvantage
of using PO,” is that it reduces the electrical conductivity, thus making LiFePO, a poor

electrical conductor and hampering its performance. [Park, 2012]

©—>» Lithiumions

——» Transition Metal Octahedron
(F806)

Figure 3.6. Olivine structure of Lithium Iron Phosphate (LiFePO4). (Illustration by

Gautam G. Yadav, Adapted from Park, 2012)
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The three crystal structures given in Figrues 3.4, 3.5 and 3.6 are the most researched in
literature for cathode materials in lithium-ion batteries. It is interesting to note the role of

crystal structure in performance of materials.

3.3 Overview of requirements and crystal structure of anode electrodes

Anode materials are very important and influence the performance of lithium-ion batteries.
Similar to the outline of the section 3.2., the requirements of an anode material to be
successfully used in rechargeable lithium-ion batteries are as follows [Nazri & Pistochia,

2004]:

a] They should have low potentials corresponding to a standard electrode.

b] They should combine with the cathode to provide an overall high cell voltage. The
potentials of the electrochemical reactions must be a close approximation of the

electrochemical potential of lithium metal.

c] They should undergo reactions with lithium ions that do not cause significant changes in
the crystal structure. Any significant changes in crystal structure can drastically affect the

battery performance.

d] They should undergo complete reversible reactions with lithium ions. This would entail

that the ideal reaction would have a ratio of discharge capacity to charge capacity to be 1.
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e] They should possess crystal structures that allow for fast diffusion of lithium ions to

maximize cell performance.

f] They should have good electronic properties like high electrical conductivity to facilitate

movement of electrons during the charge and discharge steps.

g] They should be sufficiently dense to obtain high electrode density, which relates to

enhancing energy density of the battery.

h] They should possess high capacity, preferably close to lithium metal (3800mAh/g), to

maximize performance.

There are many interesting anode material systems that are researched for use in lithium-ion
batteries; however, only the most common and pertinent crystal structures studied in this
thesis are discussed in the following paragraphs. The reader is encouraged to read some of

the references to gain some insight into other anode based systems.

Lithium metal is commonly used as the anode in research laboratories. Its application in
commercial devices has faced considerable barriers due to the safety issues that are related to
it. Lithium has a body-centered cubic crystal structure with a small atomic weight and low
density [Park, 2012]. It is the most electropositive metal with a very low standard electrode
potential of -3.04V versus standard hydrogen electrode (SHE). These characteristics impart
lithium with a very high capacity of 3860 mAh/g. It is the ideal anode; however, it has the
capacity to grow dendrites (outward protrusions of lithium) in high rate batteries or long

cycle life batteries. These dendrites can damage the separator to create a short-circuit in the
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battery and in turn cause an explosion. Therefore, other materials have been researched to

find a replacement for lithium metal. [Park, 2012]

Various carbonaceous materials are used as anodes in lithium-ion batteries. The most
commonly used in commercial batteries are graphite, as mentioned section 3.1. Graphite
consists of conductive graphene layers with sp” hybridized carbon atoms arranged in layers
along a hexagonal plane. Each carbon atom covalently bonds to three other carbon atoms in
a plane; however, it uses only 3 of its 4 outer energy level electrons. [Park, 2012] Therefore,
an electron is contributed by each carbon atom to a delocalized system of n electrons. These
7 electrons are bonded between graphene layers by van der Waals forces. Graphite’s good
electronic conductivity arises from the n electrons freedom to move between graphene
layers. During the charging and discharging steps, the lithium ions intercalate and
deintercalate between these layers. However, the crystal structure of graphite is highly
anisotropic due to perpendicular basal plane and parallel edge plane which affect the
electrochemical reactions. For electrochemical reactions, the edge plane is the active plane,
while the basal plane is inactive. Therefore, to increase the amount of edge planes compared
to basal plane, artificial graphite is synthesized by heating pitch coke to temperatures above

2500°C. [Park, 2012]
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Figure 3.7. Structure of Graphite in its delithiated and lithiated phase.(Illustration by

Gautam G. Yadav, Adapted from Park, 2012)

Another type of anode structure which has been increasingly been researched in literature is
the transition metal oxide structure. Common examples are cobalt oxide (CoO, Co,0,),
titanium oxide (TiO,), nickel oxide (NiO), iron oxide (FeO, Fe,O,) and manganese oxide
(MnO,, Mn;0,).[Park, 2012] Most of these types of transition metal oxides have a cubic
rock-salt type structure, while materials like titanium oxide and manganese oxide exhibit
polymorphism. The electrochemical characteristics of the rock-salt type materials exhibit two
phase reactions. During the initial discharge step, lithium intercalates into the crystal
structure; however, the lithium intercalation exceeds the crystal structure’s capacity and
breaks down into forming lithium oxide and transition metal. [Obrovac, Dunlap, Sanderson

& Dahn, 2001; Sharma, Shaju, Subba Rao & Chowdari, 2004; Park, 2012]
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MO + 2Li  LigO 4 M oo (3.5)

The capacity that is derived in subsequent cycles is from the oxidation and reduction of the
transition metal and the formation and decomposition of lithium oxide. These are termed as
‘displacement reactions’, as the lithium displaces the transition metal oxide crystal structure.
In terms of performance, the crystal structure breakdown hinders the battery performance
and a dramatic loss in capacity is observed initially. The crystal structure breakdown also
results in a loss of electrical conductivity which hinders the anode’s performance at high
charge and discharge rates. [Obrovac, Dunlap, Sanderson & Dahn, 2001; Sharma, Shaju,

Subba Rao & Chowdari, 2004; Park, 2012]

3.4 Origin of voltage in transition metal oxides

Voltage for an electrochemical reaction can be theoretically determined from the standard
potentials that are available for different materials. The standard potential of a cell is simply
the addition of the anode’s oxidation potential and cathode’s reduction potential. For this
section, all the discussions will be made with using standard examples of lithium metal as the
anode and lithium cobalt oxide (LiCoO,) as the cathode. In the case of Li CoO, as the
cathode and lithium metal as the anode, lithium metal is the most electropositive element
having a standard potential of -3.04V versus standard hydrogen electrode and Li CoO, has a

standard potential of 1.25V [Linden & Reddy, 2010], thereby giving an overall theoretical cell
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potential of 4.29V. In practical cells the voltage used is 4.2V for reasons explained

previously.

Another way of understanding voltage is through its dependence on crystal structure and
electronic properties of the material system [Johannes, 2010]. In sections 3.2. and 3.3., the
role of crystal structure and phase change determining the voltage range of a battery was
delineated. Thermodynamically the electrochemical cell potential depends on the
concentration of lithium ions at the anode and cathode. More specifically the difference in
chemical potentials at the anode and cathode determine the open circuit voltage of the cell

(Voo) [Nazti & Pistoia, 2004].

_ HLi(o~HLi(a)
Voo = B (3.6)

Wi and w;, are the electrochemical potentials at the cathode and anode, respectively. For
lithium metal, the chemical potential is constant. The electrical energy obtained by
discharging the cathode, LiCoO,, between Li;CoO, and Li,CoO, is the integral of the
voltage times the discharge charge (q). However, q is simply the electron charge (e) times the

difference in lithium concentration (x2-x1) [Aydinol, Kohan, Ceder, et al., 1997].

_x2 ULicathode(X)—HULianode
E=[] - dx

The above equation is simply the Gibb’s free energy (AG) equation. Therefore, the electrical

energy is equal to AG. Therefore, the voltage is given by
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_ AG _ AE
(x2—x1)F (x2-x1)F

F is the Faraday’s constant and n is the number of moles involved in the reaction. In terms
of understanding this concept from a band diagram perspective, the voltage is the difference
between the highest occupied electronic levels in the anode and the lowest unoccupied
electronic levels in the cathode. In transition metal oxide cathodes and lithium metal
anode/reference electrode, the voltage will be the difference in energy between the lithium

metal and the d-states of the transition metal.

Anode: Lithium
A

A

Energy AE~V

y

Cathode d-band

Figure 3.8. Anode and Cathode band levels in terms of an energy diagram.
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From the figure above, it becomes clear that the location of the d-states level is important in
increasing the voltage range. There are a few factors that determine the level of d-states-first,
the oxidation state of the transition metal ion; second, the atomic weight of the transition
metal ion; third, the bonding between the transition metal ion and oxygen; and fourth, the

crystal structure bonding.[Aydinol, Kohan, Ceder, et al., 1997; Johannes, 2010]

Before the concept of oxidation state is explained, it is most important to point out that the
ten d-states of transition metal split into five bands with two electrons of opposite spin
occupying each band. The valence electrons for the different transition metals occupy these
bands. Figure 3.9 illustrates the ground state configuration for some of the common

transition elements used in lithium-ion batteries.
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Figure 3.9. Electronic configurations of different transition elements. (Illustration by

Gautam G. Yadav, Adapted from Wood & Chu, 2010)
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Different oxidation states have different wvalence electrons. The elements with lower

oxidation states tend to have higher energy, this energy decreases with increase in oxidation
number. The diagram below illustrates an example of manganese (Mn) with different

oxidation states compared to lithium. The d-states of Mn®’ are close to lithium, thus

reducing its voltage range.
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Figure 3.10. Voltage dependence on oxidation state.(Illustration by Gautam G. Yadav,

Adapted from Johannes, 2010)

The d-state levels are also affected by the bonding between the transition metal and oxygen.
When the transition metal ion and the oxygen come in close contact with each other,
bonding and anti-bonding orbitals are formed. The bonding characteristics determine the
splitting range between the bonding and anti-bonding orbitals. Strong bonds create a large
split, while weak bonds create small splits. The d-orbitals of the transition metal ion have
different ways of bonding with the oxygen orbitals. Some bonding types for strong anti-
bonding, while some form weak anti-bonding. This results in the splitting of the five bands
of d-states of transition metal into two e, bands due to strong anti-bonding and three t,,
bands due to weak anti-bonding. Electrons first occupy the t,, bands, and if extra electrons
are present, they jump to the e, bands. This entire mechanism is illustrated in the figure

below. It is also important to note that as the bands split, the voltage is now measured as the
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distance between the lithium metal and where the electrons are present. The physics behind

the bonding types are important to understand the effect of other factors on voltage.
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Figure 3.11. Graphical illustration of bonding between transition metal and oxygen.

(Mustration by Gautam G. Yadav, Adapted from Aydinol, Kohan, Ceder, et al.,, 1997;

Johannes, 2010)



95

Another factor in determining voltage is the atomic weight. In Figure 3.12, it is seen that the
atomic weights of 3d transition elements increase from left to right till cobalt, but it dips at
nickel. To understand this trend, it is necessary to look at the electronic configurations of
cobalt and nickel, and identify the number of electrons that sit in the bands. We now know
that the d-bands of transition metals split, and electrons first fill the lower t,, bands and then
fill the upper e, bands. The voltage is now measured as the distance between the lithium
metal and where the first electron is located. In the case of nickel, six electrons fill the lower
t,, bands first and the extra electron moves up to the e, bands. The voltage for nickel is
measured from the e, bands to the lithium metal, and as this distance is small compared to

that of cobalt and lithium, the voltage dips at nickel instead of following the trend.

Lithium Metal
a b,
4.5 .
The increasing voltage trend with atomic Voltage Voltage
0 weight stops at Nickel - range for range for
_ : / \ Co Ni
> | |
© 35 ) \
g 3. / \
ko) Energy
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;g“’ 04 / L W/ ﬂ: As the ty; bands for Ni are
§ ~ filled, the extra electron
< 254 % % has to go to the e, band.
L |
2.0
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T T T
Ti \% Mn Co Ni Cu Zn

Transition Metals

Figure 3.12. (a) Trend of voltage with increasing atomic weight of transition metals.
[Adapted from Aydinol, Kohan, Ceder, Cho & Joannopoulous, 1997] (b) Explanation for
the drop in voltage at Nickle. (Illustration by Gautam G. Yadav, Adapted from Aydinol,

Kohan, Ceder, et al., 1997; Johannes, 2010)
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The above mentioned bonding theory can also be used to explain the use of oxides in
lithium-ion batteries. Theoretical work was done to find out if oxygen could be replaced by
elements like sulfur and selenium. Figure 3.13a illustrates the drop in potential as oxygen is
replaced by sulfur or selenium. It becomes clear from the plot that oxygen is an important
anion that contributes to the high potentials of transition metal oxides. The drop in potential
for sulfur and selenium are due to the strong overlap between their orbitals with the
transition metal ion. The strong overlap creates a strong bonding that enlarges the split
between the d-states of the transition metal ion and the p-orbitals of sulfur or selenium. As a
result of this large split, the d-states of the transition metal ion are pushed closer to the
potential of the lithium metal that reduces the voltage.[Aydinol, Kohan, Ceder, et al., 1997

Johannes, 2010]
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Figure 3.13. (a) Voltage trend with respect to anion in LiCoX,. (Adapted from Aydinol,
Kohan, Ceder, Cho & Joannopoulous, 1997) (b) Explanation for drop in voltage for sulfur.
(Adapted from Johannes, 2010) (c) Density of States explanation for drop in voltage for
sulfur. (Adapted from Nazri & Pistoia, 2004) (a,b & c illustrations are done by Gautam G.

Yadav)

The last factor that affects the voltage is the crystal structure bonding (Figure 3.13.). In
sections 3.2. and 3.3., crystal structures of different materials and their relationship to the
electrochemical properties were discussed. The cathodes with the good electrochemical
properties are rhombohedral with hexagonal closed packed structures. The materials with
rocksalt type structures do not have good electrochemical characteristics. The reason for
these different electrochemical characteristics with different crystal structures can again be
explained through bonding. In rocksalt type structures, the atoms are arranged in cubic
form. This arrangement leads to 180° bonding with strong overlap between the oxygen and
transition metal ion. This ultimately leads to large splitting between the p-states of oxygen
and the d-states of transition metal ion. Therefore, as explained earlier, the d-states get
pushed more towards the lithium potential, and hence the reduction in voltage. While, for
the rhombohedral-type structure, not all orbitals of the transition metal ion and oxygen
overlap with each other, and this leads to weak splitting between the p-orbitals of oxygen
and the d-states of transition metal ion. [Johannes, 2010] As a result of this, the voltage range

is large for cathodes with thombohedral-type structures. A notable example is LiCoO,.
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Figure 3.14. Illustration of crystal structure bonding influence on voltage. (Illustration by

Gautam G. Yadav, Adapted from Johannes, 2010)
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3.5 Brief overview of requirements of electrolyte

Electrolyte is another important component of a lithium-ion battery. Lithium-ion batteries
operate at high potentials; therefore it is a must that the electrolytes are stable in the range
that the batteries are operated. Some of the requirements of an electrolyte for lithium-ion

batteries are as follows [Nazri & Pistoia, 2004; Goodenough & Kim, 2010]:

a] Low electronic conductivity to prevent electrons from interacting with the electrolyte and

cause side reactions.

b] High ionic conductivity to allow fast movement of lithium ions to between electrodes.

This minimizes cell resistance. An electrolyte with a transference number of 1 is ideal.

c] High chemical stability, so that electrolyte does not decompose on the surface of reducing
anode materials like lithium metal or graphite, and oxidize on delithiated cathode electrodes

like LiCoO,,.

d] Electrochemical stability to handle the high voltage difference between anode and

cathode.

e] Low melting point to prevent solidification, phase separation, and provide sufficient ionic

conductivity at low temperatures.

f] High boiling points to prevent exothermic side-reactions that lead to explosions.
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¢g] Non-toxic, so that it is environmentally friendly, easy to handle and safe for commercial

applications.

h] Low cost to be commercially competitive to other batteries using aqueous electrolytes; for

example, potassium hydroxide (KOH) used in alkaline batteries.

To expand more on point (d), the band gap (E of the electrolyte must be higher than

g,clcctrolytc)

the open circuit voltage between the anode and the cathode.[Nazri & Pistoia, 2004]

__ HLi(c)~HLi(a)
Voc = B LT T LT R P PP PP TP PP PP PPRETEEY (3.9)

eVoc = ULi(c) — MLi(a) < E g electrolyte -+« vrvreernenen i (3.10)

The above equation states that the chemical potentials of the anode and cathode must lie
between the band gap of the electrolyte. This is an important point and it is visually
illustrated in the figure below. If the chemical potential of the cathode lies below the highest
occupied molecular orbital (HOMO) of the electrolyte, then electrons can fall from the
HOMO band to cathode band, thereby causing oxidation of the electrolyte. Likewise, if the
chemical potential of the anode lies above the lowest unoccupied molecular orbital (LUMO)
band of the electrolyte, then it is easier for electrons to fall to the LUMO band to reduce the
electrolyte. The oxidation or reduction of the electrolyte causes electrolyte to degrade and
form a solid electrolyte interface (SEI). The SEI’s cause interference for the lithium ions to
shuttle back and forth between the anode and cathode, thereby increasing resistance and

ultimately resulting to a loss in capacity.
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Figure 3.15. Illustration of the ideal scenario for an electrolyte (top diagram); and SEI layer

formation (bottom diagram). (Illustration by Gautam G. Yadav, Adapted from Goodenough

& Kim, 2010)
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Electrolytes  containing lithium salt like lithium perchlorate (LiClO,), lithium
hexafluorophosphate (LiPF,), etc., are used in lithium-ion batteries. The organic electrolyte,
LiPF,, is the most commonly used electrolyte. LiPF, is usually blended with ethylene
carbonate (EC) and dimethyl carbonate (DMC) to reduce the viscosity and increase the
HOMO to 4.7V and reduce the LUMO to near 1.0V versus lithium metal. The low viscosity
helps in lowering the activation energy for lithium ion diffusion. Graphite, the most
commonly used anode material, however, has a chemical potential which lies outside of the
LUMO range of the electrolyte. In this case, it becomes paramount to EC as an additive
because EC provides a passivating SEI layer on the surface of the graphite that protects the
electrolyte from further degradation after SEI formation. Also, as lithium conducts easily in
carbonates, it is better have a SEI layer comprising of carbonates to allow lithium ion
diffusion. LiPF is flammable, and it is also sensitive to any presence of moisture. LiPF, has
the tendency to undergo autcatalytic decomposition to form lithium fluoride (LiF) and
phosphorus pentafluoride (PF:). PF; reacts with the moisture to form hydrogen fluoride
(HF), which is not only detrimental to the cell performance, but also extremely dangerous.
LiF is also a poor ionic conductor and increases the impedance of the electrode/electrolyte

interface.
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CHAPTER 4. OXIDE THERMOELECTRICS

This chapter will give a general introduction to oxide thermoelectric materials. However, for
more information on the oxide thermoelectric materials, the reader is referred to certain
excellent review papers [He, Liu & Funahashi, 2011; Ohtaki, 2010]. The main content of this
chapter will be the derivation of the Seebeck coefficient for the high temperature limit. Also,
some insight into the electrical conductivity mechanism will be discussed. These derivations
are inspired from the original sources. The application of these derived equations is shown

as an example for a new phase of calcium cobalt oxide (Ca,Co,,0,,) in Chapter 7.

4.1 General introduction

The oxide materials used in thermoelectrics consist of transition metals. They are essentially
ionic compounds joined together by coulombic forces. The transition metal and oxygen
bonds are polarized which tend to localize the electrons around the lattice inducing lattice
distortion. These localized electrons are called polarons. Polarons are essentially the charge
carriers in oxide-based systems. Polarons will be talked more in-detail in Section 4.3. Chapter

3 explained the weak bonding characteristics of transition metals and oxygen. This had



107

positive effects for lithium-ion batteries; however, the weak overlapping leads to carrier
mobility’s that are two to three orders of magnitude lower to other compounds like silicon.
Thus, the electrical conductivity is drastically affected. Also, the small atomic mass of oxygen
and the nature of ionic bonding make the atoms vibrate intensely and release high velocity
elastic waves, or essentially phonons, to travel through the oxide lattice, thus, contributing to
the lattice part of the thermal conductivity (x), and ultimately leading to the overall increase
in thermal conductivity [Ohtaki, 2010]. As a result of this, oxides were never considered to
be good thermoelectric materials. However, it was the discovery an oxide material with a

unique structure that changed this negative notion.

In 1997, Terasaki discovered that sodium cobalt oxide (Na,CoO, or NaCo,O,) exhibited
large a Seebeck coefficient value of 100uV/K at 300K [Terasaki, Sasago & Uchinokura,
1997]. Sodium cobalt oxide has a layered structure, very similar to lithium cobalt oxide.
Sodium (Na) and cobalt oxide (CoO,) layers are alternately stacked along the c-axis to give
the structure its layered characteristic [Koumoto, Terasaki & Funahashi, 2006]. The sodium
layer is highly disordered due to its random distribution that creates randomly distributed
vacant sites. The large Seebeck coefficient in these structures was an open question and it
was initially hypothesized to be attributed to the spin fluctuations [Terasaki, Sasago &
Uchinokura, 1997]. However, it was Koshibae’s detailed analysis that took into account the
different oxidation states of cobalt and the ratio of the degeneracies of the spins of the
different cobalt ions that explained the high Seebeck coefficient in these layered-based

systems [Koshibae, Tsutsui & Mackawa, 2000].
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Figure 4.1. (a) Illustration of Sodium Cobalt Oxide (Na,CoO,).(b) Illustration of Calcium
Cobalt Oxide (Ca;Co0,0,).(c) Hlustration of Strontium Titanate (StTi0O,). (Illustrations by

Gautam G. Yadav)

The equation for the Seebeck coefficient of layered oxide-based materials for a high-

temperature approximation will be derived in Section 4.2. Moreover, the randomly
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distributed vacant sites act as strong phonon scattering sites that help in reducing the lattice
part of the thermal conductivity [Koumoto, Terasaki & Funahashi, 2006]. These
advantageous thermoelectric properties changed the field of high temperature

thermoelectrics and ushered in new research on layered-based compounds.

Calcium cobalt oxide (Ca;Co,O,) is another layered-based compound that was found to be a
good thermoelectric material. Similar to sodium cobalt oxide, it has cobalt oxide (CoO,)
sheets; however, in between the sheets there is a rock-salt type structure of Ca,CoO,
[Koumoto, Terasaki & Funahashi, 2006]. This type of structure creates a distorted interface
and lattice misfit. It is known in literature by its more popular name — misfit layered oxide
[Koumoto, Terasaki & Funahashi, 2006]. Due to its complicated structure, it is expected to
scatter more phonons and thus, decrease the lattice thermal conductivity [Koumoto,
Terasaki & Funahashi, 2006]. However, in bulk crystals this is not often seen. Calcium cobalt
oxide can exist in many phases and it is imperative to get the right phase of calcium cobalt
oxide exhibiting layered characteristics. In Chapter 7, a new phase of calcium cobalt oxide
(CayCo,,0,5) was studied for its thermoelectric properties through using methods like

nanostructuring.

In layered structures, the phonons are scattered through defects or complicated structures
present between sheets, while it has been shown the electric current can flow through the
cobalt oxide sheets through a certain direction in space, thus not affecting the electrical
conductivity [Koumoto, Terasaki & Funahashi, 2006]. This concept of separating the paths

for different currents through layering blocks is called nanoblock integration. This term is
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used quite a lot in literature to describe the advantageous characteristics of layered-based
compounds. However, it should be noted that the layered-based structures are anisotropic,

so electrical conductivity values will differ depending on the direction of the measurement

[Ohtaki, 2010].

Another material that has helped oxide claim a stake over high temperature thermoelectric
applications is strontium titanate (SrTiO;). Strontium titanate has a perovskite-type crystal
structure. It also has a transition metal present in its crystal structure — titanium (T1). It has a
large bandgap of around 3.2eV, and the d-nature of the bands imparts the carrier electrons
to have high effective mass (mg) [Koumoto, Terasaki & Funahashi, 2006]. From Chapter 2,
we know that this characteristic should help the material system to have low mobility, and
thus have high Seebeck coefficient. However, the high effective mass does impact electrical
conductivity as well. This can be bettered through doping with lanthanum (La) or niobium
(Nb). As a result of this, really high power factors (65?) were obtained for doped-StTiO,
[Koumoto, Terasaki & Funahashi, 2006]. However, the ZT’s obtained were quite low due to
the really high thermal conductivity in this system. As the crystal structure is not complex
compared to the layered-cobaltates, scattering phonons through crystal structure alone
becomes improbable. Therefore, a novel synthesis method was developed to create ultrathin
nanowires of SrTiO; and pressed into nanostructure bulk pellet to reduce the overall thermal
conductivity by utilizing the scattering effects of nanosized grain boundaries, as outlined in

Chapter 2. The results and experimental details are in Chapter 6.
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Oxide-based compounds have unique structures that offer their own intriguing physics.
Over the next few sections, the high Seebeck coefficient of the layered-cobalt based

compounds and their electrical conductivity mechanism will be explained.

4.2 Seebeck coefficient in oxides

The Seebeck coefficient values obtained in layered oxides are related to their crystal
structures and the interesting transition metal and oxygen interactions. As explained in
Chapter 3, the interactions between the transition metal ions and oxygen anions split the five
d-states of the 3d transition metals into two upper e, bands and three lower t,, bands.
However, it is important to note that this only happens in a crystal field of an octahedron. If
it happened in a tetrahedral field then the orderings of the band would be different. Hence, it
is important to note the bonding orbitals and the field in which the bondings take place. The
theory that is commonly used to refer to the band split is called crystal-field splitting. The
energy between the last band of e, and top-most band of t,, is 10Dq. [Maekawa, Tohyama,

Barnes, et al., 2004]
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Yadav)



113

The cobalt oxide (CoO,) sheets in the layered cobaltates are edge shared, which help in
creating a © bond between the cobalt-oxygen-cobalt [Koumoto, Terasaki & Funahashi,
20006]. This helps the electrons to hop between the neighboring sites for conduction. The
edge sharing in the cobalt oxide layer also results in the cobalt ions having mixed oxidation
states. The occupation of the electrons in the different oxidation sites and the spins

associated with the electrons need to be determined as a result of mixed oxidation states.

The oxidation states of cobalt in the layered structure are usually Co’* and Co*". As shown in
Chapter 3, there are six and five electrons in the 3d shell of Co’ and Co*", respectively. The
strong crystal field splitting cause all the electrons to go to the t,, bands of Co’" and Co",
respectively. If two electrons are allowed to jump into the e, band, then they need an overall
energy of 20Dq is required that makes the system unstable. However, the spin degree of
freedom also contributes to the stability of the system. Hund’s rule of coupling prefers four
electrons in the t,, bands and 2 electrons in the e, bands for Co’, thereby giving it an
electronic configuration of tfgej, and similarly for Co™, an electronic configuration of
t3 g 65. The condition where the crystal field splitting dominates is called the low spin state of
the respective oxidation states, while the high spin states occur when the Hund’s rule of
coupling dominates. When neither coupling dominates, the state is called the intermediate
spin state with electronic configuration of lfé;geg1 and tfgeé for Co’* and Co"', respectively.
[Maekawa, Tohyama, Barnes, et al., 2004] The different spin states are schematically
illustrated in Figure 4.3. The competition between the low spin, intermediate spin, and high

spin states lead to some of the interesting thermoelectric properties of layered cobaltates.
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In Chapter 2, the Seebeck coefficient was derived in terms of entropy, s, and the number of

particles in the system, N for the high temperature limit.

where E is the internal energy and V is the volume of the electron system. The above
equation simply states that the Seebeck coefficient is the entropy per carrier. For the high

temperature limit, the entropy is given by

‘e’ in the above equation denotes the degeneracy.

Therefore, the Seebeck coefficient can be written as

In the high temperature limit, the kinetic energy and inter-site coulombic interaction can be
neglected and the entropy can be obtained by considering all the possible states, g, between
Co’* and Co"". The number of configurations of degeneracies of Co’" and Co*" ions are
labeled as g; and g,, respectively. ‘gy” and ‘g,” values are determined by crystal field splitting,
Hund’s rule coupling and temperature. [Koshibae, Tsutsui & Maekawa, 2000; Maekawa,
Tohyama, Barnes, et al., 2004] The total number of ways of arranging Co’" and Co'" sites, g,

and g, in a total number of possible states,g, is given by
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Where M'(II\;I—A!M)' is the number of ways of arranging Co3+ and Co4+ sites.[ Koshibae,
H A .

Tsutsui & Macekawa, 2000]

N, is the system size and M is the number of Co*" sites. Plugging equation 4.4 into equation

4.3 and using Stirling’s approximation, we get

‘X’ is the ratio of M to N, which is the concentration of Co*" ions. Equation 4.5 states that a
large value of Seebeck coefficient can be expected for an unbalance of spin and orbital

degrees of freedom between Co™ and Co'" sites.[Koshibae, Tsutsui & Maekawa, 2000]

The trick is in figuring out the values of g; and g,, and as stated before that the parameters
used are Hund’s coupling (Hc), the crystal field splitting (A), and temperature (T). The
different electronic configurations for Co’" and Co*" ions obtained at low spin, intermediate

spin and high spin states were also explained eatrlier.
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Figure 4.3. Illustration of the electronic configurations of cobalt ions, Co3+ and Co4+.

(Hlustration by Gautam G. Yadav)

Consider a system having low spin states of Co’" and Co'" ions, this corresponds to

electronic configuration of t269 and tzsg, respectively. This configuration can be understood
. 6 . 5 .

as removing an electron from t7, to obtain t34. There are six ways to remove an electron

to obtain the tzsg state, hence t;’g has a sixfold degeneracy (g, = 0). tze’g has no degeneracy,

hence g; equals 1. The low spin states of Co’* and Co"" are stable when crystal field

dominates (A) over Hund’s coupling (Hc) and temperature (T). This condition can be
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summarized as A > kyT,Hc. Similarly other conditions can be derived, and they are

summarized in the table below.

Table 4.1. Various Conditions for the ratio of degeneracies, g3 and g4.] Koshibae, Tsutsui &

Mackawa, 2000]

Number | Co™ state (g;) Co"" state (g,) /g, Condition

1. Low Spin (1) Low Spin (6) 1/6 | A> kT, He

2. High Spin (15) High Spin (6) 15/6 | He > kT, A

3. High Spin + Low Spin (16) | High Spin (6) 16/6 | He, A > kT,

4. Low Spin (1) High Spin + Low Spin (12) [ 1/12 | He, A k,T,

5. High Spin + Low Spin + | High Spin + Low Spin + |34/36 | All conditions are

Intermediate Spin (34)

Intermediate Spin (36)

close

other

to

each

In Table 4.1., whenever the respective ions had a combination of states, for example in

Condition 3, it simply meant that high spin and low spin states of Co’" are close in energy

and the high spin state of Co'" is stable. Using the conditions stated in Table 4.1, the

Seebeck coefficient for various layered cobaltates can be calculated. For example, in sodium

cobalt oxides (NaxCoQ),) there are mixed oxidation states of cobalt — Co’™ and Co*". The
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average valence of a cobalt ion is 3.5, therefore the concentration of Co*" ions (x) is 0.5.
Using equation 4.5 and considering the conditions stated in Table 4.1, condition 1 comes
closest to matching the experimental Seebeck coefficient value of 154uV /K. The stability of
the low spin states of Co’" and Co'" ions are critical for obtaining the high Seebeck
coefficient value in Na CoO,. In terms of a physical sense, it can be understood as the d° and
d’ states of Co’* and Co"" are close to each other, and the charge carrier moves between
these two states. As the charge carrier moves, the states change from d°(Co’")-d’(Co*") into
d’(Co™)-d°(Co™). This also corresponds to a change in degeneracy from g;-g, to g,-g;. The
motion of degeneracy corresponds to the motion of entropy per carrier, and hence this

relates to a high Seebeck coefficient value.[Koshibae, Tsutsui & Maekawa, 2000]

An electron is moving from the t,, band /_’

) : Al 4 Al
of the Co®* into Co™ site. > LT 7 7 T
1

An electron removal from Co** changes it
to Co™, while Co* changes to Co®*. This
movement of charge carries entropy that
leads to the large Seebeck coefficient.

Figure 4.4. Illustration of charge conduction in layered cobaltates. (Illustration by Gautam

G. Yadav)
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4.3 Electrical conductivity in oxides

The charge carriers in oxide materials were briefly introduced in Section 4.1. In ionic
compounds like oxides, the charge carriers that are free or bound to their centers induce
polarization in the crystal to form a quasiparticle called polaron [Bosman & van Daal, 1970].
Polarons are characterized by their binding energy, effective mass, and the distortion created
in the ionic lattice by the charge carriers[Bosman & van Daal, 1970; Devreese, 1996] . As the
slow conduction charge carrier moves through the lattice, it polarizes and thereby distorts
the ionic lattice. The moving charge carrier carries along the distortion of the lattice. If the
distortion in the lattice extends over distances larger than the lattice constant then the
polarons are called large. Similarly if the distortion is over distances smaller than the lattice
constant then the polarons are called small.| Bosman & van Daal, 1970] For small polarons,
the kinetic energy of the charge carrier in a rigid lattice is considered to arise from the
intersite transfer. The lattice distortion can be described by the energy of the ionic
displacement field. The interaction of the lattice vibrations and the localized charge carrier
causes the charge carrier to jump from an ion to ion or atom to atom. This type of

conduction is called the hopping mechanism.
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-lo

Small Polaron hops

.

Activation Energy imparted (E,)

Figure 4.5. Illustration of small polaron hopping mechanism. (Illustration by Gautam G.

Yadav)

A small polaron migrates through hopping of a charge carrier and polarized atomic
configuration from one site to the adjacent one. The mobility for this hopping is given by

[Tuller & Nowick, 1977]

_ (1-0)ea?yp
B T (4.6)
n
© 4.7)
—E,
¢ = Pv,exp (kB;f) ............................................................................... (4.8)

Where e is the electronic charge and a is the hopping distance. ‘c’ is the fraction of sites
which contain an electron; therefore, n is the number of electrons and N the number of

available sites per unit volume. @ is the jump rate of a polaron from one site to the
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neighboring one. v, is the optical mode phonon frequency, P is the probability that the
charge carrier will transfer the polarized configuration to the neighboring site. P is usually 1
[Tuller & Nowick, 1977]. E, is the activation energy for hopping. Some of the terms can be
lumped up into one variable that depend on the scattering mechanism. This variable will be

called the pre-exponential term describing the scattering mechanism.

_ 2
A= o 4.9)
kp

Therefore, the new mobility equation is given by

Substituting the above equation into the electrical conductivity equation derived in Chapter

2, we get the small polaron hopping conduction equation, which is given by

nez'A exp(- 5) = Eexp(- i) 4.11
T T T ) e (4.11)

o=Neu=

Where n is the charge carrier concentration, and C is the combination of the other terms.

Equation 4.11 states that a strong charge carrier-lattice interaction exists due to a large
effective mass and this causes the charge carrier moves slowly. The charge carrier imagines
itself to be trapped in its own polarization field, and thus become localized. The only way to
make it move is through imparting some activation energy that makes it hop from site and

site, and thus conduct through the material. [Bosman & van Daal, 1970]
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4.4 Summary

Layered oxides present some intriguing thermoelectric properties due to its crystal structure.
The necessary physics relating to the Seebeck coefficient and electrical conducting
mechanism have been presented. These equations and concepts will be applied in Chapter 7
to understand the interesting properties of the new layered phase of calcium cobalt oxide

(CayCo,,O).
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CHAPTER 5.FEASIBILITY AND SUSTAINABILITY OF OXIDES FOR
THERMOELECTRICS

This chapter deals with the systematic assessment of the deployability of thermoelectric
materials for large-scale power generation. Herein, a framework is laid out for evaluating
thermoelectric materials for near-term, large-scale power generation that is based on factors
such as the ZT value of the material, its cost, abundance, and toxicity. These diverse
characteristics are amalgamated into a metric we term the ‘efficiency ratio’ that selectively
weighs each of the aforementioned parameters to suit the technological needs of power
generation. The need for studying oxide-based thermoelectric materials is concluded based
on the aforementioned parameters. The results of this assessment have been published in

Nanoscale, [Yadav et al., 2011].
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5.1 Introduction

The last 30 years has witnessed considerable research directed at finding more efficient
materials and trying to increase their ZT values. A number of materials such as
Ca, 14Ni, ;C0,Sb,,, Ba;Ga,;Gey,, and Yb,;;MnSb,, have been reported to yield high ZT values
at several temperatures [Kuznetsov et al., 2003; Puyet et al, 2005; Akrap et al., 2007].
However, the best commercial thermoelectric devices report ZT values and an operating
efficiency of only 0.8 and around 5-6% respectively [Sootsman et al., 2007]. The device
efficiency is directly related to the ZT value and could be increased to 30% if the ZT value
can reach to 4. In fact, maximum ZT values greater than 1 have been obtained in laboratory
conditions at temperatures in excess of 600K. For example, maximum ZT values as high as
1.3 for Ba,;Ni;C0o,9sSb;, and 1.32 for 3-Zn,Sb, have been reached at temperatures of
900K and 670K respectively [Tanga et al., 2005; Caillat et al., 1997]. Although these values
are promising for practical applications, some of these materials are not quite suitable for
high temperature operations above 1000K due to adverse effects such as melting,
decomposition, or vaporization [Ohta et al., 2007]. In addition, quantifying material costs
and considering abundance presents a critical metric for helping to determine the most

appropriate thermoelectric material.

In a competitive industry, the net price of materials combines marketing and extraction
costs. At any given time, the price of a material is dependent on a number of factors such as

production rate, the customer’s willingness to pay, the grade of the ore, and material prices



127

have previously been modeled using linear and polynomial functions [Slade, 1982]. For
example, aluminum (Al) has seen a decrease in price from $1.50/pound to around
$0.25/pound over the past 100 years and has become relatively stable while lead (Pb) has
seen vary little variation in price [9]. Silver (Ag) dropped in price for a period of 40 years and
following the 1950’s has been steadily increasing [Slade, 1982]. Moreover, the development
of cheap plastics and ceramics over the years has resulted in a substitution of some of these

materials [Maltusians and Tierney, 1990].

Entrepreneurship, continuing technological improvements, and recycling seem to cushion
the effects of higher demand and lower availability [Maltusians and Tierney, 1990]. However,
despite overall decreases in the prices of most minerals [Kula, 1982; Napier-Munn and Wills,
2000], the price of minerals still depends heavily on their availability. There are twelve
elements that comprise 99% of the earth’s crust. These elements include oxygen (O), silicon
(Si), aluminum (Al), iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K),
titanium (T1), hydrogen (H), manganese (Mn), and phosphorous (P) [Taylor, 1964]. A good
majority of these elements are locked up in oxides of some sort and occur naturally in
granite and basalt. Reserves of germanium (Ge) hold around 450,000 kg while the price of
germanium is close to $900/kilogram [USGS, 2010]. Aluminum reserves hold close to 79
billion kilogram and the price is around $1.8/kilogram [USGS, 2010]. In the next few
sections, we look at the current ZT values as well as current availability and prices as a guide

for choosing the best thermoelectric materials.
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5.2 Methods

The materials chosen for this analysis are taken from M. G. Kanatzidis’ recent review paper
[Kanatzidis, 2009] and are listed in Table 5.1. All the materials are allocated a reference
number for convenient labeling in the ensuing figures and are arranged by their operational
temperature where the maximum ZT values are obtained experimentally. The maximum ZT
values are chosen as it provides a clear understanding of the feasibility of these materials and
the limitation that these materials face after certain temperature ranges. It should be noted
that many research activities are still under progress to find ways to increase the ZT values of

a material at different temperature or wider temperature range.

Table 5.1. Materials allocated with a reference number for convenient representation in
ensuing figures. The materials have been arranged from low to high temperature. Please note

that these ZT values are approximate values obtained experimentally. [Yadav et al., 2011]

MATERIAL  THERMOELECTRIC ZT References
NUMBER MATERIALS
1. FeSb, 0.005 [Kanatzidis et al.,2009; Bentien et al.,
2007]

2. BiSb 0.62 [Kanatzidis et al.,2009]
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3. CsBi,Te, 0.84 [Kanatzidis et al.,2009]
4. B-K,BigSe; 0.23 [Kanatzidis et al.,2009; Chung et al., 1997]
5. Bi,Te, 0.9 [Kanatzidis et al.,2009]
6. PbTe 0.81 [Kanatzidis et al.,2009]
7. (AgSbTe,)(GeTe) 1.2 [Kanatzidis et al.,2009; Plachkova,1984]
8. T1,BiTe, 1.2 [Kanatzidis et al.,2009; Wolfing et al.,
2001]
9. TLSnTe, 1 [Kanatzidis et al.,2009; Sharp, 1999]
10. Yb,,,Co,Sb,, 1 [Bentien et al., 2007; Nolas et al., 2000]
11. Sb doped TiNiSn 0.45 [Bentien et al., 2007; Bhattacharya, 2000]
12. Polycrystalline 1.5 [Kanatzidis et al.,2009; Zhou et al., 2008]
Ag,sPb,,SbTe,,
13. B-Zn,Sb, 1.32 [Kanatzidis et al.,2009; Caillat et al., 1997]
14. (Zry s HE, 5) 5T sNiSn 406S 1.4 [Kanatzidis et al.,2009; Sakurada and
b0 Shutoh, 2005]
15. Ag,TiTe; 1.23 [Kanatzidis et al.,2009; Kurosaki et al.,

2005]
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16. Tln,o,Yby o Te, 1.8 [Kanatzidis et al.,2009; Godzhaev and
Kerimova, 2004]

17. AgPb,SbTe,, 1.7 [Kanatzidis et al.,2009; Hsu et al., 2004]

18. AgSbTe, 1.3 [Kanatzidis et al.,2009; Wood, 1988]

19. Ce,oFe;CoSb,, 1.1 [Kanatzidis et al.,2009; Sales et al., 1996;
Tang et al., 2001]

20. (AgSbTe,),,(GeTe)ys 1.4 [Kanatzidis et al.,2009; Yang et al., 2008]

21. (AgSbTe,) ;5(GeTe) g5 1.5 [Kanatzidis et al.,2009; Yang et al., 2008]

22. NaCoO,(crystal) 1 [Kanatzidis et al.,2009; Terasaki, 2005]

23. PbTe with Tl 1.5 [Kanatzidis et al.,2009; Heremans et al.,

2008]

24. Ca 15N ;C054:Sby, 4 1 [Kanatzidis et al.,2009; Puyet et al., 2005]

25. Ba,;Co,Sb,, 0.8 [Kanatzidis et al.,2009; Dyck, 2002]

26. Ca;sCo,Sby, 45 0.45 [Kanatzidis et al.,2009; Puyet et al., 2004]

217. 71, sHf, :Ni, Pd, ,S10,,4,Sb 0.7 [Kanatzidis et al.,2009; Shen et al., 2001]

001
28. NaCo,O,(single crystal 1 [Kanatzidis et al.,2009; Terasaki, 2005]
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sample)

29. Ba, ;,Ni;,sC05455b;, 1.3 [Tang et al., 2005; Kanatzidis et al.,2009]

30. Ba,Ga, Ge,, 1.35 [Kanatzidis et al.,2009; Saramat et al.,
2000]

31. Ca;Co,Oy(crystal) 0.9 [Kanatzidis et al.,2009; Terasaki, 2005]

32. NaCo,O,(polycrystalline 0.8 [Bentien et al., 2007; Koumoto et al.,

sample) 20006]

33. Bi,8r,Co,0 (crystal) 1.14 [Kanatzidis et al.,2009; Terasaki, 2005]

34. Nb doped SrTiO; 0.37 [Kanatzidis et al.,2009; Koumoto et al.,
2000]

35. La doped SrTiO, 0.26 [Kanatzidis et al.,2009; Koumoto et al.,
2000]

30. Al 1pZi0 650 0.3 [Kanatzidis et al.,2009; Ohtaki et al., 1996;

Tsubota, 1997]

37. Hf, 571, ,sNiSn,, o75Sb s 0.8 [Kanatzidis et al.,2009]

38. Siy s Gey 0.6 [Kanatzidis et al.,2009; Fleurial, 1993]

39. NaCoO,(ceramic) 0.78 [Kanatzidis et al.,2009; Terasaki, 2005]
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40. Ca doped (Zn0O);(In,0,) 0.31 [Kanatzidis et al.,2009; Kaga and Tani,
2004]
41 Yb,;,;MnSb,, 1 [Kanatzidis et al.,2009]

5.3 Results & discussion

To better understand the thermoelectric materials and their applications at different

temperature ranges, we divide the 41 materials listed in Table 5.1. into three catagories

shown in Figure 5.1. Categories are demarcated from each other using red lines. Materials are

classified under low temperature applications if their maximum Z7T values fall below 200K,

under moderate temperatures application if their ZT values fall in between 200K and 1000K,

and any material having maximum ZT at temperatures above 1000K is grouped under the

high temperature application group. Such a classification scheme allows easy comparisons

between material cost (price), material abundance (sustainability), material feasibility

(efficiency ratio), and materials safety (toxicity) for the three working temperature ranges

respectively.
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Figure 5.1. A plot of maximum ZT value of different materials versus temperature (K)

labeled by the corresponding material numbers. [Yadav et al., 2011]

5.3.1

Price

The cost of various thermoelectric materials is shown in Figure 5.2. The price calculations

are performed on an elemental basis as most thermoelectric bulk materials are produced by

mixing the elements together followed by a high temperature growth process. The costs of

the elements are taken from Sigma Aldrich handbook [Sigma-Aldrich, 2009-2010]. Notably,

only the cheapest and 99% or more purity elements are chosen for the analysis here because

the ZT values of these materials strongly depend on the purity of the element. Oxygen has

been excluded from this exercise. In addition, for some doped materials in Table 5.1., the

percentage is assumed to be 5% if the doping level was not clearly indicated. The decision to
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use the vendor price was based on the assumption that mining and extraction costs are
already factored in when the prices are quoted. Although there are a few formulas for cost
estimation exisiting in several previous reports [Solow, 1974; Wadia, 2009], we decide against
using them so as to remove any grey areas in our price calculation as there are some
parameters in these formulae that are are too cumbersome to acquire or are just unavailable.
We do acknowledge that even the cheapest vendor price may vary from the industrial-scale
bulk order price; however, the vendor price is used here as an index to simply reflect a

consistent baseline for the materials cost estimation.

1.00E+05 7

1.00E+04

1.00E+03 -

1.00E+02
B | | i | | ‘ | ‘ | |
1.00E+00

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 4

Material Cost($/mol)

Material Number

Figure 5.2. A logarithmic-scale plot of price in dollars per mole for different materials. The

material numbers correspond to the respective thermoelectric materials mentioned in Table

5.1. [Yadav et al., 2011]
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5.3.2 Sustainability

Sustainability is another important parameter for determining the usability of a material. For
a material to be considered usable in a product, a producer must be able to produce it for a
long period of time without worrying about material shortage or shelf life. There are several
ways to look at sustainability, of which reserve availability and resource availability are the
most intuitive. Resource availability of an element is defined as its availability in the earth’s
crust. Reserve availability is defined as the amount of the element that is currently available
for extraction. For the purposes of this paper we focus on reserve availability because it
takes into consideration the ease of extraction. Sustainability analysis here is built on two
assumptions: (1) once the material is incorporated into the product there will relatively be
little or no degradation of the material over time (i.e. it will not lose its effectiveness), and (2)
the reserve availability serves as a good indicator of the availability for future use based on
resource availability and ease of recovery. Figure 5.3. lays out the reserve availability of most
of the elements (28 out of totally 33 elements) existing in the thermoelectric materials listed
in Table 5.1. Conclusive data are not available for the reserve availability of cerium. For

oxygen, sodium, calcium, and silicon, their reserve availabilities are neatly inexhaustable.
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Figure 5.3. A logarithmic-scale plot of the abundance of different elements existing in

various thermoelectric materials. [Yadav et al., 2011]

From the analysis of reserve availability in Figure 5.3., Fe, Ca, Si, Na, and K appear to
constitute a substantial part of the earth’s crust, while Si, Al, Fe, and Mg present the top 4
oxides in terms of wt % in the earth’ crust.'* SiO, comprises 60% by weight of igneous rocks
[Taylor, 1964]. The reserve availability of Fe is approximately 11 billion tons [USGS, 2010].
This is a crude estimate because most of the iron is locked in the soil and it not readily
available for extraction. Elements such as Bi or Ag have a reserve availability of
approximately 500,000 metric tons [USGS, 2010]. Some of the least produced elements are
the rare earth elements. Mining of rare earth elements such as those in the lanthanide and
actinide series covers a small percentage of the mining industry due to the scarcity of these
elements. For this reason, any compounds that contain these elements could suffer from
price fluctuations, and most compounds are limited by the availability of these less available

elements. As cofactors in determining the most viable material, mining difficulties, toxicity,
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and recyclability should be also included in this discussion. However, for the ease of

simplicity, they will only be briefly mentioned in the following paragraphs. In addition, by

considering the reserve availability of the element in terms of tonne mole and the mole

fraction of each element in the thermoelectric compounds in our calculations, we can clearly

identify the limiting elements for the large-scale production of each thermoelectric materials,

which have been summarized in Table 5.2., and Te, Sb, and Ge seem to be the most

frequent limitations in the relative availability of the materials.

Table 5.2. Table of limiting elements for various thermoelectric materials by calculating the

mole fraction/unit of different elements in the materials and the reserve availability. [Yadav

etal, 2011]
MATERIAL NUMBER THERMOELECTRIC MATERIALS Limiting Element
1. FeSb, Sb
2. BiSb Bi
3. CsBi,Te, Se
4. B-K,BisSe; Bi
5. Bi,Te, Te
6. PbTe Te
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7. (AgSbTe,)(GeTe) Ge

8. T1,BiTe, Te

9. TLSnTe, Tl

10. Yb, ,,Co,Sb,, Sb

11. Sb doped TiNiSn Ni
12. Polycrystalline Ag,Pb,,SbTe,, Te
13. B-Zn,Sh, Sb

14. (Zt,sHE, 5) 5T sNiSn 00sSby 002 Hf
15. Ag,TiTe; Te
16. Tln,o,Yb,Te, In

17. AgPb,SbTe,, Te
18. AgSbTe, Te
19. Ce, o Fe;CoSb,, Ce
20. (AgSbTe,),,(GeTe),q Ge
21. (AgSbTe,) ;5(GeTe) g Ge
22. NaCoO,(crystal) Co
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23. PbTe with TI Tl
24. Cay,4Ni; 3C059:Sby, 4 Sb
25. Ba,,Co,Sb,, Sb
26. Ca;3Co,Sby, s Co
27. Zr, ;Hf ;Nij Pd,,Sn,56Sb Pd
28. NaCo,O,(single crystal sample) Co
29. Ba, 5,Ni, ;sC0;sSb, Sb
30. Ba,Ga,Ge,, Ga
31. Ca;Co,0,(crystal) Co
32. NaCo,O,(polycrystalline sample) Co
33. Bi,51,C0,0 (crystal) Bi
34. Nb doped SrTiO; Ti
35. La doped SrTiO, Ti
36. Al 20,90 Al
37. Hf, 5521, ,5NiSn 475Sby 155 Sb
38. SigGe. Ge
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39. NaCoO,(ceramic) Co
40. Ca doped (ZnO);(In,0,) In
41 Yb,,MnSb,, Yb

5.3.3 Efficiency ratio

A new term called ‘efficiency ratio’ has been calculated and depicted in Figure 5.4. for all the

thermoelectric materials in Table 5.1. as a method to estimate which thermoelectric material

would provide the most feasibility for scaling up. Obviously, a high ratio would be beneficial

as the ZT value would be high and the cost of the material would be low. The materials

containing rare earth elements have dwarfed ratios owing to their higher costs of such

elements. An overall view of Fig. 4 indicates Al ,Zn,,O (#306) as the most feasible material

for high temperature application. For low temperature applications, BiSb (#2) stands out

because of its low price. B-Zn,Sby; (#13) is the best material for moderate temperature

applications because of the combination of its maximum Z7 value and low price.
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Figure 5.4. A plot of efficiency ratio for various materials. Material numbers correspond to

the respective thermoelectric materials as mentioned in Table 5.1. [Yadav et al., 2011]

5.3.4 Toxicity

Ideally, toxicity should be factored in the analysis to help us better estimate and understand
the recycling cost of thermoelectric materials mentioned in Table 5.1. Moreover, toxicity and
after-use life are important aspects of life cycle assemsments. However, toxicity cannot be
easily quantified to conduct a better analysis and can be easily considered to be prejudicial.
There are several values used to quantify the toxicity of a material or element, which include

TLV (Threshold Limiting Value) and LD50 (Lethal Dosage). Threshold limiting value (TLV)
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is defined as the amount of substance (amount of dust in per volume of air) that a person
can be exposed for certain duration during their working lifetime without experiencing any
adverse effects to their health, which will play an important role in determining the
manufacturing costs (personal protection, cleaning the manufacturing area, waste disposal,
etc) [International Union of Pure and Applied Chemistry, 2010]. LD50 is defined as the dose
of a substance to kill 50% of a population, which will affect the cost of material packaging
and recycling to minimize the environmental residual [U.S. Environmental Protection
Agency, 2010]. Tellurium, thallium, cobalt, which comprise a large number of the
thermoelectric materials listed in Table 1, are considered to be highly toxic metals, which
have LD50 values of 83, 41.3, and 6.171mg/kg along with TLV values of 0.1, 0.1, and 0.01
mg/ m’, respectively [ACIAALLOYS, 2000a, 200b; ESPIMETALS, 2006]. Germanium and
antimony are also used in a number of materials however they are not nearly as toxic as Te,
Tl, and Co, but materials with a high concentration of these elements should be avoided
[ESPIMETALS, 2004, 2007]. Thermoelectric materials containing tellurium and thallium
should particularly be avoided for high temperature applications because of the materials

tend to decompose and release harmful vapor to the environment.

5.4 Conclusions

Thermoelectrics is a vast and yet unexplored research field. Considerable research is being
undertaken to understand this field thoroughly. We decide to broach this field from a

different perspective and try to understand it better by providing a feasibility and
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sustainability analysis. Based on our analysis, the most expensive materials are the ones that
contain some form of rare earth elements. Some of these materials with rare earth elements
have high ZT values, but it does not necessarily mean they are feasible to be used in large-
scale applications. In low temperature applications, FeSb, is the cheapest material as iron is
fairly abundant in the earth’s crust. Particularly, it represents the only inorganic material
capable of operation at cryogenic temperature around 10 K that would enable solid state
cooling for high performance IR imaging systems. On the other hand, BiSb has the highest
efficiency ratio because its ZT value is two orders higher than FeSb,. BiSb might present a
problem in the future in terms of price fluctuations and due to the low reserve availability of
Bi and Sb because the availability of Bi is nearly ten times less than the availability of Sb. For
the moderate temperature applications, a number of thermoelectric materials look to be
teasible, but 3-Zn,Sb; is the best as it has both a high ZT value and a low material cost.
Several chalcogenides materials including PbTe and Bi,Te; are beneficial to be used in
moderate temperature applications as well, however, they exhibit a few obvious drawbacks,
among which material instability (oxidation or decomposition), environmental concern of
toxicicity, and high recycling cost are a few. Compared to chalcogenides, oxides are more
stable in oxidative atmospheres, especially at high temperature. However, ZT values of
oxides are too low for most practical applications due to the much larger thermal
conductivity, although they can possess similar electrical conductivity and Seebeck
coefficient as those of the chalcogenides. By converting the bulk materials of these oxides
into nanostructures, the thermal conductivity could be significantly reduced and a significant

improvement in ZT will be expected. Among the oxide-based thermoelectric materials,
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Al ,Z1n,,O appears to be the most feasible since its highest efficiency ratio, although a
significant concern of the material stability/compatibility with water vapor at high
temperature should be noted. Besides Al ,Zn,,O, several cobalt oxide-based materials,
such as NaCoO, (#39), NaCo,O, (#32), and Ca;Co,O, (#31) are also potentially good
candidates for high temperature applications because of their relatively high efficiency ratio.
Strontium titanate (SrTiO;, #34 and #35) should also be considered for large-scale
applications if 2 new type of dopant other than La’* and Nb** could be developed to lower
the material cost. StTiO; has a few advantages: (1) the melting point of StTiO; is 2060°C,
making it applicable at extremely high temperature; (2) all the elements of SrTiO; are
naturally abundant and non-toxic; (3) the electrical conductivity of SfTiO; can be easily
tuned by substitutional doping [Sigma-Aldrich, 2008]. Currently, research on the
thermoelectric properties of these complex oxides (especially their nanostructures) is still
fairly inchoate, however they represent an efficient way for the power generation from high

grade thermal sources such as the exhaust from turbine engines.
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CHAPTER 6.ULTRATHIN NANOWIRES OF STRONTIUM TITANATE

Chapter 5 concluded with some important points — oxide-based thermoelectrics have the
capacity to achieve high efficiencies; and strontium titanate (SrTiO;) is one of promising
oxide-based thermoelectrics that could deliver the promise of high efficiency for low cost.
However, the large thermal conductivity of bulk StTiO; has set a barrier for the
improvement of thermoelectric figure of merit and its applications in high temperature

thermoelectric energy harvesting and solid-state cooling.

In this chapter, a novel self-templated synthesis method is presented to grow ultrathin
strontium titanate nanowires with an average diameter of 6nm in large quantity. Spark
plasma sintering is used to create nanostructured bulk pellets of strontium titanate. Thermal
conductivity measurements are presented and it is shown, that through nanostructuring, a
drastic reduction in thermal conductivity is possible by scattering phonons. A theoretical
analysis of the thermal conductivity reduction in the nanostructured bulk pellet sample is
also presented to get a better idea behind the thermal transport process in the ultrathin
nanowires. The generality of the novel sel-templated synthesis method is also presented by
demonstrating the growth of lead titanate (PbTiO;) and barium titanate (BaTiOj) ultrathin

nanowires.
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6.1 Motivation and need

Strontium titanate has an unusually high power factor of 20uW cm™” K?. Yet, its thermal
conductivity is only 10 W m™ K, resulting in a ZT value of only 0.26 at 1000 K. The low
thermal conductivity is a major barrier in achieving a high ZT value. From the analysis
presented in Chapter 5, it can be shown that by adapting the favorable chemical and
structural properties of complex metal oxides into controllable nanowire structures having
finite diameters, their thermal conductivities can be significantly reduced due to phonon
scattering at the nanowire-surface interface. This approach provides a promising approach to
improve the ZT values above the state of the art. At the same time, a rational yet scalable
synthetic approach has to be developed in order for these materials to have a real

technological impact.

Our interest in SrTiO; is motivated by its high power factor, high temperature stability and
the fact that it is composed of non-toxic and abundant elements. Previous studies on StTiO,
by other groups either involved the synthesis, oxidation or decomposition of a highly
flammable, bimetallic alkoxide precursor of strontium titanium isopropoxide [Urban et al.,
2002] or high-temperature (>800°C) solid-state reactions between strontium oxalate and
TiO, [Banerjee et al., 2003], yet neither have yielded uniform nanowires in large quantities

with diameters below 10 nm or narrow size distributions.

In this study, we demonstrate the synthesis of ultrathin SrTiO; nanowires with an average

diameter of 6 nm through a novel ‘self-template’ approach and show that the thermal
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conductivity of the bulk pellet fabricated by compressing the StTiO; nanowire powder using

spark plasma sintering (SPS) can indeed be reduced by 64% at 1000 K.

6.2 Synthesis method

The titanates are synthesized by a hydrothermal reaction (Figure 6.1.). The synthesis is a
two-step reaction, the first of which involves production of potassium titanate nanowires,
followed by addition of a metal precursor that leads to formation of the respective titanates.
Also, the reactions are carried out in the presence of a solution containing varying

concentrations of potassium hydroxide.

6.2.1 Formation of potassium titanate nanowires

0.08 g of commercially available titanium oxide (TiO,) nanoparticles (radius < 25 nm) are
added to a glass vial containing 6.8 g of potassium hydroxide (KOH) dissolved in 12 mL of
de-ionized (DI) water. The mixture is then thoroughly mixed and later poured into a Teflon
liner. The Teflon liner is placed inside an autoclave and heated at 200°C and atmospheric
pressure for 3 days. This results in the transformation of all the particles into nanowires.
After the reaction has ended, the autoclave is allowed to cool down to room temperature
and the contents from the Teflon lined cylinder are transferred to a plastic tube, where they
are thoroughly washed with DI water to remove any unreacted potassium hydroxide that

may be present.



155

6.2.2 Preparation of strontium precursor

0.16 g of strontium nitrate is mixed with a solution of 0.7 g of KOH dissolved in 10 mL of
DI water in a glass vial. The mixture is thoroughly mixed until the strontium nitrate has been
well dispersed in the solution. This mixture is then added to the washed potassium titanate
nanowires and mixed thoroughly before addition to a Teflon liner. The cylinder is then

placed in an autoclave and heated at 200°C for one day.

TiO,
nanoparticles Teflon liner Autaclave K,Ti405

Y =7=5+ 8~y

Washed Strontium SITIO,
Nanowires Precursor Nanowires

Figure 6.1. General synthesis method for SrTiO3 nanowires. (Illustration by Gautam G.

Yadav)
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6.3 Results

The overall yield of SrTiO; nanowires has been estimated to be 60% by weight of the
starting precursors. Conversion to SrTiO; and the phase purity of the product samples were
analyzed using X-ray diffraction (XRD). The analysis revealed that the intermediate is indeed
potassium titanate (K,Ti;O,,), while the final product is a pure phase of strontium titanate
(8¢Ti0;). The XRD results (Figure 6.2a.) indicate that in the first step, TiO, nanoparticles
react with KOH to form K,Ti;O,, nanowires, and, cation exchange occurs in the final step
of the process to form SrTiO;. Transmission electron microscope (TEM) analysis (Figure
6.2b,c,d.) confirmed the formation of the nanowires with a very narrow diameter
distribution. The average diameter for K,Ti;O,, is measured to be 6.79 £ 1.18 nm. On the
other hand, the average diameter for the SrTiO; nanowires is 5.8 £ 0.89 nm. Moreover, the
TEM images reveal that the nanowires tend to bundle together due to the lack of organic
capping ligands while surprisingly maintaining as a stable suspension in water without
overgrowth even after a four day process. This is mainly due to the colloidal behavior
associated with their finite diameters. High-resolution TEM (HRTEM) analysis suggests that
both K, Ti,O,, and SrTiO; are single crystals and the lattice fringes have been identified as

(311) and (110), respectively.
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Figure 6.2. (a) XRD patterns of SfTiO;, K, Ti;0;;, and TiO, nanopowder Aldrich,
respectively. (b) TEM image of TiO, nanopowder Aldrich (scale bar, 50nm). (c) TEM image
of K, Ti;0,; nanowires (scale bar, 100 nm), inset at the top corner is a HRTEM image of a
K,Ti;O,; (scale bar, 2nm). (d) TEM image of SrTiO; nanowires (scale bar, 100nm), inset at

the top corner is a HRTEM image of SrTiO; nanowire (scale bar, 2 nm). [Yadav et al., 2011]
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6.4 Thermal conductivity: measurement

The uniform SrTiO; nanowires with diameters less than 10 nm could significantly increase
the scattering of phonons at the nanowire-surface interface, thus reducing thermal
conductivity. In order to measure the thermal conductivity of the ultrathin StTiO,
nanowires, we fabricated bulk pellets of StTiO; nanowires with 1 in. diameter and 0.1 in.
thickness by performing SPS on the dried nanowire powders. The large DC current (15 kA)
and high pressure (50 MPa) have helped to obtain a relative density of 54.4% within 10
minutes of sintering at 800 K. Thermal diffusivity measurements performed on these pellet

samples show that the thermal conductivity rises from its value at room temperature to 1.95

W m' K" at 1000 K.

6.4.1 Analyzing the thermal conductivity

In order to understand the reduction in the thermal conductivity in these ultrathin nanowires
and the dependence of this quantity on temperature, an effective porous medium
approximation together with empirical fitting was applied. The prepared sample has a
relatively low electronic carrier concentration. As a result, its electronic contribution to the
thermal conductivity can be neglected, implying that the thermal conductivity is solely
contributed by phonons. In bulk SrTiO; crystals, phonon transport is dominated by
phonon-phonon scattering. However, in the SPS processed sample, the SrTiO; nanowires
are randomly oriented and interconnected. As a consequence, phonons are mainly

transported along 1D nanowires and across nanowire-nanowire contacts. Therefore, intrinsic



159

phonon-phonon scattering is no longer important while phonon scattering at nanowire
surfaces and contacts becomes essential. The value of interfacial thermal resistance is
typically in the order of 10” to 107 m* K W' [Huxtable et al., 2003; Lyeo & Cahill, 2006;
Grundum, Cahill & Averback, 2005]. The average length of the SfTiO; nanowires is around
100 nm, and if the thermal conductivity of an individual StTiO3 nanowire is assumed to be 2
W m" K, the corresponding nanowire axial thermal resistance is about 10° to 10" K W Tt
is apparent that the contact thermal resistance is generally lower than that of nanowire axial
resistance and is not important when arranged in series. Therefore, the thermal resistance of

nanowire contacts can be neglected.

~
é iy ol
i1 O O

Phonon transport (red
dots) in ultrathin
SrTiOs nanowires (thin
wavy lines)

Porous Media
Approximation

Nanostructured Bulk
SrTiO; Pellet

Figure 6.3. Illustration showing the phonon transport in the SrTiO; nanostructured bulk
pellet and its approximation as a continuous porous medium. (Illustration by Gautam G.

Yadav)
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Following these simplifications, nanowire composite can be viewed as a continuous porous
medium (Figure 6.3.), where the ‘solids’ are the interconnected SrTiO; nanowires and the
‘pores’ are the gaps between them. The thermal conductivity of air is very low, so a
relationship between the effective thermal conductivity of the nanoporous medium and that

of the unperturbed continuous medium can be obtained as [Bauer, 1993]:
K/ Ky = (1P e (6.1)

where k. is the effective thermal conductivity of the nanocomposite and k, is the average

—peff] . . ..
P g r}) is the porosity and it is equal to

thermal conductivity of an individual nanowire. (P {

0.46 in this case. It is obtained by dividing the differences in the bulk and sample densities
with the bulk density. g, the bulk density of SrTiO,, is 5.13 g cm™ while the density of the
sample, g, 1s 2.787 g cm”. The parameter ¢ is the shape factor of the pores and is taken to be
2/3 to account for the fully random shapes of the air gaps. Therefore, a simple relationship

between k_and k, can be established as:
Kt T 053K ettt e (6.2)

The measured thermal conductivity can only be interpreted if we take into account an
empirical model which underlies the temperature dependency of the thermal conductivity

[Liang & Li, 2006; Qiu, Sun & Ruan, 2011]:

3/2
ko(T) _ kp(T) _ WM\ _ B
e pexp( a—- )( —,z > ................................................ (6.3)
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Where ¢ is the specific heat, p is the speculatity parameter ranging from 0 to 1, [, =

the temperature dependent mean free path, D is the nanowire diameter and is 6 nm, L is the
critical size at which almost all atoms are localized at the nanowire surface and is equal to =
1.1 nm, and a, a geometrical factor, is 0.5. 3 is related to the melting entropy and is kept as
an adjustable parameter since no experimental data is available. The subscripts o, 4 and r
indicate nanowire, bulk and reference, respectively. For the analysis, the bulk specific heat

data had to be extrapolated [de Ligny & Richet, 1996]. The bulk mean free path, 1, ata T, of

300 K is estimated to be 18 nm by comparing it to the corresponding value for Bi,Te; since
simple calculation from the kinetic theory is found to severely underestimate the effective
mean free path [Jeong, Datta & Lundstrom, 2011]. The values for the specularity parameter,

p, and B that best fits the thermal conductivity data for SrTiO; nanowires were 1 and 1.2,

respectively.
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Figure 6.4. Comparison of thermal conductivity plot between bulk crystal data, empirical

model and experimental measurements of StTiO; nanowires. Also presented are the

effective phonon mean free paths in bulk crystal and SrTiO; individual nanowires. [Yadav et

al. 2011]

Excellent agreement is observed between experimental and model-predicted results (Figure

6.4.). The slight underestimation in the modeled thermal conductivity at higher temperatures

is likely due to the alleviation of defects and better thermal contacts among nanowires at

high temperatures, which might lead to an apparent increase in the mean free path, which, in

turn, might lead to higher thermal conductivities. It can also be seen that the phonon mean

free paths in individual nanowires (hollow pink circles) are found to be only weakly
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dependent on temperature with values much less than those in the bulk phase (hollow grey
squares). The aforementioned observation indicates that strong phonon scattering at
nanowire surfaces dominates over the Umklapp scattering due to the wires’ very small

diameters and that this greatly limits the effective mean free path.

Also, the temperature insensitive nature of such scattering leads to weak temperature
dependence of the mean free paths in SrTiO; nanowires. Therefore, the trend that thermal
conductivity slowly increases with temperature can be attributed to the weak temperature
dependence in mean free path, and the increase in the measure specific heat with
temperature due to the relatively high Debye temperature of StTiO; (513K) [Ahrens et al.,
2007]. From the analysis, it can be summarized that the boundary scattering contributes to
about 45% (at 1000 K) to 85% (at 300 K) reduction in thermal conductivity, while the
porosity contributes to an additional 45% percent reduction. The former mechanism will not
affect electrical conductivity much since electrons have much shorter intrinsic mean free

paths, indicating a potential for significant ZT enhancement.

6.5 Generality of the synthesis method

The self-templated synthesis approach can also be used to grow other perovskite nanowires
(Figure 6.5.) such as barium titanate (BaTiO;) and lead titanate (PbTiO,) by replacing
strontium nitrate St(NO;), with 0.131 g barium nitrate, Ba(NOs),, and 0.166 g lead nitrate,
Pb(NO,),. Nanowires with diameters of 8.15 + 1.35 nm and 9.49 + 1.48 nm were achieved

for BaTiO; and PbTiOs, respectively. The generality of this synthetic approach could enable
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us to further explore the thermoelectric properties of the complicated layered perovskite

nanowires by mixing various cation precursors.

Figure 6.5. (a) TEM image of BaTiO; nanowires (scale bar, 0.2um), inset at the top corner
is the HRTEM image of BaTiO; nanowire (scale bar, 5nm). (b) TEM image of PbTiO,
nanowires (scale bar, 100nm), inset at the top corner is the HRTEM image of PbTiO;

nanowire (scale bar, 2nm). [Yadav et al., 2011]

6.6 Conclusions

Results suggest that the novel preparation method outlined eatlier can successfully
synthesize nanowires with desirable dimensions. Furthermore, this methodology can be
extended to the synthesis of other titanate systems as well. The small diameter marks an

encouraging step towards the aim of achieving a high ZT because small diameters result in
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phonon scattering and assist in good electron transport, which, in turn, helps in reducing the
thermal conductivity as shown in the case of SfTiO;. This opens up the possibility to
improve the thermoelectric performance of these non-toxic and abundant metal oxide based
materials as alternatives for skutterudites and Si/Ge for high temperature energy harvesting

and solid-state cooling.
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CHAPTER 7.POROUS NANOWIRES OF NEW PHASE OF CALCIUM COBALT
OXIDE FOR THERMOELECTRIC AND LITHIUM-ION BATTERY
APPLICATIONS

There is a tremendous requirement of different material systems for high temperature
thermoelectric and energy storage applications in view of their immense potential in energy
industry. A substantial body of current research in thermoelectrics is heavily concentrated on
improving efficiency of traditionally-best materials like lead telluride (PbTe) and bismuth
telluride (Bi,Te;) which are not stable at high temperatures. Chapter 6 was also about a study
on the nanostructuring of a known promising oxide thermoelectric material, strontium
titanate. A similar trend is observed in lithium-ion battery research where much of the
research is involved in improving and finding new cathode materials, while anode materials
have received scarce attention. A unique phase of calcium cobalt oxide, CayCo,,0,;, has been
investigated as a potential p-type thermoelectric and anode material. For the first time,
synthesis of one dimensional nanowires of Ca,Co,,0,; through a novel single source
precursor based technique is reported. Improved thermoelectric properties were observed,
where the thermal conductivity was 1.06 W/mK and Seebeck coefficient was 213.3 pV/Kat
700K, which are the lowest and highest values, respectively vis-a-vis those reported in
literature. Also, electrochemical characteristics of Ca,Co,,0,4 nanowires with lithium metal

were evaluated and found to exhibit unique behavior. A first cycle discharge capacity of
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around 540mAh/g was observed at 100(0.1C)mA/g cycling, followed by rapid fade during
the initial cycles, but in subsequent cycles exhibited excellent rate capability and increasing
discharge capacity. Through a unique single source precursor based technique, porous
nanowire structures of Ca,Co,,0, are synthesized much lower temperature than
conventional solid state techniques. The work is novel and will stimulate further activities in
this area. The results of this work have been published in Journal of Materials Chemistry,

2013. [Yadav et al., 2013]

7.1 Introduction

A unique of phase of calcium cobalt oxide (Ca,Co,,0,s), which is a layered oxide, is
researched and presented in this chapter. This phase has hardly been researched in literature
because of its high thermal conductivity, thus limiting its use in thermoelectric devices. [Li et
al., 1999] There have been other phases of calcium cobalt oxide that have been studied in
literature, although these phases have faced similar problems. [Ohta, Sugiura & Koumoto,

2008; Masuda et al., 2003; Tang et al., 2010; Yin et al., 2010]

Ca,Co,0, has been the most common phase that has been studied in literature.[Ohta,
Sugiura & Koumoto, 2008; Masuda et al., 2003; Tang et al., 2010; Yin et al., 2010] The most
common methods of synthesizing this phase have been solid state reactions and sol-gel
method. [Tang et al., 2010; Yin et al., 2010; Hao, Zhao & Hu, 2009] Both of these methods

require long reaction times and are highly energy intensive. The electrical conductivity has
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been quite high for these bulk samples, but its ZT has greatly been affected by the high
thermal conductivity. Nanostructuring of oxide materials into one dimensional structure like
nanowires of these materials has been a challenge as well. An artificial process like
electrospinning has been used to make nanofibers of Ca;Co,O, where the thermal
conductivity was brought down from approximately 1.8W/mK at around 350 K to
approximately 1.25 W/mK at around 800 K. [Yin et al., 2010] No solution based technique

exists to make nanowires of any phase of calcium cobalt oxide.

There is only one paper experimenting Ca,Co,,0,4 as a potential thermoelectric material. [Li
et al., 1999] A bulk pellet of Ca,Co,,0,; was prepared through a solid state reaction route.
The Seebeck coefficient, electrical conductivity and thermal conductivity values were
118uV/K, 8340 S/m and 1.73 W/mK at 700°C, respectively. The thermal conductivity is
quite high and the Seebeck coefficient is low, which affects the ZT. A potentially good
thermoelectric material is affected by the negative effects of a bulk structured material, but

through nanostructuring this negative effect can be mitigated.

As mentioned in Chapter 3, another application of these layered oxides is in the field of
energy storage, especially lithium-ion batteries. A major challenge in secondary lithium ion
batteries is the limited availability of anode materials which are safe and stable at the
operating voltage limits. Primarily, graphite is used as the most common anode in secondary
batteries, but current research has also focused on lithium titanate and silicon as possible
replacements for graphite due to its poor cycle life and safety issues caused by the solid

electrolyte interface. [Mosa et al., 2012; Shen et al,, 2012; Armand & Tarascon, 2008;
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Whittingham, 2008; McDowell et al., 2012; Marom et al., 2011; Yang, Feng & Mullen, 2011]
But the former mentioned materials have their disadvantages- mainly, limited capacity for
lithium titanate and considerably volume expansion upon lithium insertion in silicon
[Kasavajjula, Wang & Appleby, 2012]. Hence, it is important to research in other possible

anode materials and Ca,Co,,0,4 is looked at as a possible option.

A few phases of calcium cobalt oxide have been studied as possible anode materials- namely,
Ca;Co0,0, and Ca,Co,O.. [Kim et al., 2007; Sharma et al., 2004] Ca,Co,0, and Ca,Co,O;
have a theoretical capacity of 643.3 mAh/g and 578 mAh/g, respectively; but the
experimental values obtained for the first discharge cycles were around 1230 mAh/g and 809
mAh/g, respectively. The first discharge cycle current densities were 246 mA/g and 10
mA/g, respectively, for Ca;Co,0, and Ca,Co,0,. However, over subsequent cycles, the fade
observed was rapid till it reached stability. Also, recently Mei et al. published a paper on the
electrochemical performance of Ca,Co,,O,s. [Met et al.,, 2012] They obtained a first cycle
discharge capacity of 816mAh/g at a cutrrent density of 200mA/g. But the behavior of their
CayCo,,0,¢ was not characteristic of a calcium cobalt oxide phase as shown for Ca;Co,O,
and Ca,Co,0;. Mei et al. obtained a first cycle charge capacity higher than discharge capacity,
while the other two phases of calcium cobalt oxide had a first cycle charge capacity much
lesser than the first cycle discharge capacity. Irrespective of the phase of calcium cobalt
oxide, the first discharge reaction for the complex metal oxide phase leads to an irreversible
destruction of the crystal structure with formation of metal nanoparticles. [Kim et al., 2007;

Sharma et al., 2004] These metal nanoparticles get converted to their oxides in subsequent
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cycles. Porous nanowires of any phase of calcium cobalt oxide have not been tested for

batteries before and neither their electrochemical performance.

Through a unique single source precursor based technique, for the first time porous
nanowire structures of Ca,Co,,0, have been synthesized at temperatures much lower than
conventional solid state techniques. The thermoelectric properties — thermal conductivity
and Seebeck coefficient, were measured till 700K and, respectively, are the lowest and
highest reported in literature. The electrochemical properties of Ca,Co,,O,; nanowires
follow the characteristic behavior as shown for other phases of calcium cobalt oxide. Its first
discharge capacity is also higher than the theoretical followed by a rapid loss in the initial few

cycles. However, in subsequent cycles the discharge capacity increases.

7.2 Synthesis of porous nanowires

The Ca,Co,,0,5 nanowires were prepared through a microemulsion synthesis route (Figure
7.1a). Cobalt nitrate hexahydrate, oxalic acid and 1-pentanol were purchased from Sigma-
Aldrich. Calcium nitrate tetrahydrate was purchased from Mallinckrodt, cyclohexane from
EMD Millipore and cetyltrimethyl ammonium bromide from J.T. Baker, USA. Calcium
nitrate tetrahydrate (Ca(NO;),.4H,0) and cobalt nitrate hexahydrate (Co(INO),.6H,0) were
used as precursors. In a standard microemulsion synthesis, the first step involved the
creation of an  emulsion with solvents, cyclohexane and  1-pentanol.

Cetyltrimethylammoniumbromide(CTAB) was used as the cationic surfactant. 0.1 mol of
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CTAB was mixed vigorously with 1.4 L cyclohexane and 60 mlL 1-pentanol for 1 h. Next,
0.024 mol of oxalic acid in 40mL of deionized(DI) water was added to the stirring solution
and mixed for 2 hours. In the final step, 5.32mmol of Ca(NO;),.4H,O and 3.4 mmol of
Co(NO;),.6H,O in 80mL of DI water, respectively were added and stirred till the solution
color changed from pink to a homogenous whitish color. After the reaction was over, the
solution was centrifuged and a precipitate was obtained and dried at 80 °C. The dried
precipitate was pink in color and this precipitate was heated in an open tube furnace at 650
°C. The tube furnace heating rate was ramped up from room temperature to 650 °C at 9.7
°C/min and it was maintained at 650 °C for 1.5 h. The tube furnace was cooled down to
room temperature naturally. The obtained products are black in color and washed with DI

water three times and once with ethanol, in that order.

7.3 Material characterization techniques

The final product was then analyzed by X-ray diffraction(XRD) on a Bruker D8 Focus X-ray
diffractometer with Cu K(alpha) source, a scanning electron microscope(Hitachi S-4800
Field Emission Microscope) and transmission electron microscope(Titan 80-300 kV
Environmental Electron Microscope). Thermogravimetric —analysis, Fourier-transform
infrared spectroscopy(Thermo-Nicolet Nexus FT-IR) and energy dispersive X-ray
spectroscopy(JEOL JSM-840 Scanning Electron Microscope) was performed on the pink

precipitate.
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7.4 Results

The XRD pattern of the CT'AB, precipitate and Ca,Co,,0,, nanowires is shown in Figure
7.1b. CTAB peaks are not visible in the final Ca,Co,,0,4 spectrum. It is unlikely to exist after
the annealing step at 650°C. The precipitate XRD spectrum has peaks indexed to both,
calcium oxalate and cobalt oxalate, with the green colored peaks indicating cobalt oxalate.
The precipitates are nanowires too, as shown in Figure 7.3. However, from the XRD
spectrum it is difficult to detect any presence of CTAB in the precipitate. The Ca,Co,,0,
phase crystallizes in the orthorhombic system and the major peaks can all be indexed to the
JCPDS card n0.21-0139. The peaks can also be indexed on the basis of Ca,Co,O; structure
indicating pure Ca,Co,,0,4 being synthesized. [Li et al., 1999] It is reported that CayCo,,O,4
can be considered as having the same structure as Ca,Co,O;, but with having 25% vacant Ca

sites, thus can also be written as Ca, ;Co0,0, . [Li et al., 1999]
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Figure 7.1. (a) Schematic representation of the microemulsion synthesis of porous
CayCo,,0, nanowires. (b) XRD pattern of the precipitate and final Ca,Co,,0,, nanowires.

[Yadav et al., 2013]
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The FTIR spectrum is shown in Figure 7.2a. It was used to further understand the
precipitate composition and identify the surface functional groups of the precipitate
nanowires. The broad band at 3357.46 cm™(1) can be ascribed to water of hydration. This
could possibly mean that the precipitate formed is a hydrate of calcium and cobalt oxalate.
The weak band at 2923 cm™(2) is assigned to vibrational C-H mode which indicates the
presence of residual amount of CT'AB that acts as a surfactant to direct the formation of the
precipitate nanowires. The bands at 1606.41, 1359.57 and 1315.21 cm'(3,4,and 5) can be
ascribed to the C-O mode. This indicates the bridging of oxalate with all four oxygen atoms
coordinated with the metal atoms. The presence of 827.31 cm™'(6) indicates O-C-O band
and the remaining bands between 600 and 800 cm™ (7, and 8) can be attributed to Ca-O and

Co-0.

TGA was also performed to investigate the thermal behavior of the precursor in air and the
parameters of the experimental run like ramp speed were set exactly as to mimic the actual
reaction process. From Figure 2(b), it can be observed that a constant mass is lost (around
47%) during the ramp from room temperature to around 490 °C. The loss in mass is caused
due to a series of endothermic and exothermic reactions occurring till 490°C. The loss in
mass occurring until about 200°C could correspond to the evaporation of water from the
precursor and result in the formation of an anhydrous calcium and cobalt oxalate precursor.
From 200 to 490°C, two exothermic curves can be observed. This suggests that carbon
dioxide might be released and the precursor may be converted to calcium cobalt oxide.
There is a minor material loss of less than 2% from 490°C to 650°C. This occurs in a time

frame of around 2 hours. The endothermic curve corresponding to the 2% material loss
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might be an indicator of the final phase change to Ca,Co,,O,,. The isothermal annealing step
for 90 minutes in the final annealing process is important so that there is enough time for

the endothermic reaction to occur and complete the final phase change to Ca,Co,,O,.

Figure 7.3. (a) SEM overview of the precipitate nanowires (scale bar is 5um). (b) SEM of
individual precipitate nanowire (scale bar is 500nm). (c) TEM image of precipitate nanowires
(scale bar is 0.2um). (d) EDX of the precipitate nanowires (unidentified peak is from the

chamber). [Yadav et al.,, 2013]

The scanning electron microscope (SEM) and the transmission electron microscope (TEM)

images of the precipitate nanowires are shown in Figure 7.3a-c.The precipitate is also
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nanowire-shaped and has a diameter of around 350 nm to 500nm. Its length is on the order
of tens of micrometers. Energy dispersive X-ray spectroscopy (EDX) was used to identify
the elements present in the precursor and the atomic percentage of each element. EDX was
performed on a glass coated with the precipitate. From Figure 7.3d., it can be clearly seen
that calcium, cobalt and oxygen, along with carbon, are present in nanowire precipitate. The
approximate ratio of cobalt and calcium is 2.2 to 1 in the precipitate. This ratio is slightly
higher compared to the final ratio of cobalt to calcium in the final product, Ca,Co,,0,5.The
final endothermic reaction shown in the thermogravimetric analysis (Figure 7.2b) could
possibly be compensating this slightly higher ratio to create the final pure phase of
CayCo,,0,;. The approximate atomic percentage of oxygen in the sample was 62. The
amount of oxygen could be overestimated because of the presence of water of hydration in
the sample, oxalate presence and possibly due to detection from the glass substrate. The
presence of carbon again indicates that the precipitate could possibly be a mixture of calcium
and cobalt oxalate. This overestimated percentage of oxygen is compensated through the
loss of water of hydration and carbon dioxide during the annealing procedure as shown in
Figure 7.2b. This finally leads to formation of a pure phase of Ca,Co,,0,,. CTAB plays a
vital role in guiding the growth of the nanowires in the reaction. The oxalate group in the
precipitate has a negative surface charge and as CTAB is a cationic surfactant, it limits the
growth of the calcium and cobalt oxalate nanowire precipitate in other directions. [Ganguli,

Ganguly & Vaidya, 2010]
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Figure 7.4. Illustration of the role of CTAB in the precipitate nanowire formation.

(Hustration by Gautam G. Yadav)

Figure 7.5. (a)SEM overview of the Ca,Co,,0,; nanowires (scale bar is 5um). (b)SEM of

individual Ca,Co,,0,; nanowire (scale bar is 300nm). (c) TEM image of Ca,Co,,Oy
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nanowires (scale bar is 0.5um). (d) TEM image of the individual particles making the
CayCo,,0,¢ nanowire(scale bar is 5nm), inset showing the high resolution TEM image of

CayCo,,0,4 (scale bar is 5nm) [Yadav et al., 2013]

In Figure 7.5a., the SEM image of the Ca,Co,,O,; nanowires shows large bundles of
nanowires being formed. A closer inspection of these nanowires indicates that particles are
joined together to give the porous shape of the nanowire. The calcium cobalt oxalate
nanowire precursor disintegrates giving the final porous nanowire shape of the Ca,Co,,0,4
nanowire during the annealing process. The size of the nanowire diameter is around 260 nm.
These porous nanowires could play a vital role in the scattering of phonons at their interface
which might bring down the thermal conductivity. In Figure 7.5d., the TEM and HRTEM
images of the Ca,Co,,0,; nanowire and the individual particles that make up the nanowire
can be seen. The nanoparticles are around 18nm in size. The lattice fringes in the HRTEM

image has been identified to (020) of the Ca,Co,,O,4 phase.

7.5 Spark plasma sintering & thermoelectric property measurements

The CayCo,,0,5 nanowire powders were consolidated by using spark plasma sintering (SPS).
The powder was placed in a graphite die and initially pressed to 2000 pounds at room
temperature. The graphite die was then placed in the SPS under nitrogen atmosphere and

sintered at 750 °C with a temperature ramp of 30 °C per min, and a constant force of 25kIN
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during the sintering. The sintering process was kept constant for 10 min under a high DC
current. The pressure was released after the sintering process and the sample was cooled to
room temperature. The obtained pellet had an average diameter of 1 inch and average

thickness of 0.057 inches. The surface of the pellet was polished to remove the graphite.

The Seebeck coefficient(MMR System Technology Inc.) was measured under vacuum by
placing the sample between a heater and a heat sink. The voltage difference was tested
between the hot and cold side with a maximum fluctuation of 0.2K. The electrical resistivity
was measured on a home built system. The thermal conductivity was calculated from the
product of thermal diffusivity, specific heat, and density. The thermal diffusivity was
measured by laser flash method on a home built system. The specific heat was measured on
a Perkin-Elmer Model DSC-4 Differential Scanning Calorimeter. The density was calculated

from the sample’s geometry and mass.

7.6 Discussion of thermoelectric properties

Spark plasma sintering (SPS) was performed on the Ca,Co,,O,5 nanowire powders to make a
pellet for the measurement of its thermoelectric properties. A relative density of around 81%
was achieved through SPS which is quite high compared to conventional methods of
sintering like hot press. Its thermoelectric properties were measured from room temperature
to 700K. Although Ca,Co,,0,; would be more suitable for higher temperature applications

due to instrumental limitations we were able to perform the measurements only till 700K.
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In Figure 7.6a., the overall thermal conductivity with the respective phonon and electronic
contributions of the SPS nanowires are shown. Compared to the reference paper, we can
clearly see the drastic drop in thermal conductivity of the nanostructured Ca,Co,,0,4 pellet.
There is a very slight variation in the measured temperature range. The slight increase at the
end is due to the increase in specific heat of the sample. The phonon and electronic
contributions were calculated through the Weidemann-Franz law, where the Lorentz
number used was 2.44*%10*WQIK . There is hardly any electronic contribution to the overall
thermal conductivity. Phonon transport is the major contributor to the thermal conductivity.
However, the phonon transport is impeded due to possible scattering of the phonons at the
interface of the porous nanowires. The drastic drop in the thermal conductivity compared to
the reference could be due to creation of many grain boundaries at the interface of the
porous nanowires during the SPS process. This is the lowest thermal conductivity value to

be reported in literature for Ca,Co,,0,4 phase.

The electrical conductivity, shown in Figure 7.6b., is not as high compared to the
conventionally prepared solid state reaction route reported by Li, et al. [Li et al., 1999] It is
almost 9 times lower which greatly affects the power factor as shown in Figure 7.6e. The
grain boundaries that play a vital role in decreasing thermal conductivity drastically, could
possibly be affecting electrical conductivity negatively by scattering charge carriers as well. As
described in Chapter 4, generally in oxide based compounds the transport mechanism is
dominated by polarons. Polarons are essentially charge carriers that bring about a distortion
in the lattice. If the distance of the distortion in the lattice is larger or smaller than the lattice

constant then we classify the polarons as large or small, respectively. In material systems with
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large effective mass and strong carrier-lattice interactions, the small polaron hopping
conduction theory applies. [Bosman & van Daal, 1970] Based on the theory, the electrical

conductivity can be written as [Bosman & van Daal, 1970]:

o=n.eyu= ne;ZA e (— ﬁ) = ;exp(— p “T) ............................................. (7.1)
In(eT) = In(C) — kiaT ............................................................................ (7.2)

Where n, p, a, A and E, are the charge carrier concentration, the charge mobility, the
hopping distance, the pre-exponential term related to scattering mechanism and the
activation energy, respectively. As can be seen from Figure 7.6¢, we obtain a good linear fit
which strongly suggests that the small polaron hopping conduction theory is obeyed in the
CayCo,,O, system. The activation energy is calculated to be 0.076eV. This is high compared
to the other calcium cobalt oxide systems [Liu et al., 2008; Lan et al., 2010] and hence, may
point out to the low electrical conductivity values obtained in this system. Nevertheless, we
see an increasing trend in electrical conductivity with rising temperature and this probably
points out to carriers being imparted with thermal energy at the higher temperature ranges.
Oxide based compounds are highly anisotropic [Ohtaki, 2011] and this could be another
reason for the poor electrical conductivity values obtained in polycrystalline Ca,Co,,0,. To
enhance the electrical conductivity in Ca,Co,,0,, the difficult task of grain alignment in the
most conducting direction during the SPS process could be conducted or it could be doped

with elements like bismuth (Bi), sodium (Na) and other elements to decrease the effective
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mass and the activation energy. [Tang et al., 2010; Yin et al., 2010; Liu et al., 2008; Lan et al.,

2010]

The Seebeck coefficient data is shown in Figure 7.6d. The Seebeck coefficient is positive
indicating a p-type thermoelectric material. To explain the high Seebeck coefficient and its
increasing trend with rise in temperature, we use Heike’s formula generalized for the high

temperature limit as shown in Chapter 4 [Koshibae, Tsutsui & Maekawa, 2000]:

§=-mn [(Z—i) ()| (7.3)

Where kg, e and x are the Boltzmann constant, the charge of an electron and the
concentration of Co*" ions, respectively. In the formula above, g is given by the total number
of configurations of charge and the degeneracy of spin, so g; and g, represent the total
number of configurations of Co’>" and Co"’, respectively. [Koshibae, Tsutsui & Maekawa,
2000] From the generalized Heike’s formula, it is clear that large Seebeck coefficient is
dependent on large degeneracies and ratio of the degeneracies at the Co’ and Co*" sites. For
the concentration of Co*" ions in Ca,Co,,0,, we assume that it is similar to that of
Ca;Co0,0,. [Lan et al., 2010; Wakisaka, Hirata & Mizokawa, 2008] X-ray and ultraviolet
photoemission studies were done on Ca;Co,O, and the charge ordering of Co’* to Co*" ions
was found to be 2:1. [Wakisaka, Hirata & Mizokawa, 2008] This would suggest that the
concentration of Co* ions, x, is 1/3. From Koshibae ¢t al, analyses, large Seebeck
coefficient values in cobaltates are obtained when the ratio of g;:g, is 1:6 and 1:12. When

gy:g, is 1:6, the low spin states of Co’" and Co'" are stable; which on inserting into the
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equation gives a S of 214uV/K, which is close to our experimental value. When gy:g, is 1:12,
the low spin states of Co’" are stable and the low and high spin states of Co"" are close in
energy- and this gives a S of 274uV/K. This initial analysis would indicate that in the
Ca,Co,,0,4 system, the stable low spin states of Co’ and Co'" contribute to the large
Seebeck coefficient. However, the generalized Heike’s formula is for the high temperature
limit, and our measurements go only till 700K, which suggests that the latter case could be
contributing to the large Seebeck coefficient and in turn predicting a value of 274uV/K at

high temperatures.

The figure of merit, ZT, of Ca,Co,,0,4 is shown in Figure 7.6f.The average calculated ZT at
700K is 0.026. Although the ZT is low, it is still the highest for the Ca,Co,,0,4 phase and the
temperature range reported. The ZT was severely affected due to the low electrical

conductivity.
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Figure 7.6. (a)Thermal conductivity of the SPS Ca,Co,,0,; nanowires and the respective

phonon and electrical contributions. (b) Electrical conductivity of the SPS Ca,Co,,0,4

nanowires. (¢) Plot of In(cT) versus 1000/ T with linear fit and respective equation shown.

(d) Seebeck coefficient of the SPS Ca,Co,,O,s nanowires. (¢) Power Factor of the SPS
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CayCo,,0,4 nanowires. (f) Figure of Merit, ZT, of the SPS Ca,Co,,0,; nanowires. [Yadav et

al., 2013

7.7 Electrode fabrication procedure

The electrochemical evaluation was performed by firstly mixing Ca,Co,,0,5 nanowires with
Super C65 carbon black (TIMCAL Graphite and Carbon) and Kynar HSV 900 PVDF
(Arkema Inc.) in a mass ratio of 80:20:20. The powders were initially ground using mortar
and pestle. The ground powders were then mixed with N-methyl-2-pyyrolidone (Sigma-
Aldrich) and vortexed and sonicated alternatively. The slurry was coated on copper foil with
a wet thickness of 200um. The electrode sheet was dried in vacuum overnight at 100°C. Cells
with 12mm diameter were cut and dried in vacuum for 4h at 100°C. Coin cells (2032) were
then assembled in an argon filled glove box. The half cells consisted of lithium metal as the
anode, Celgard 2325 as the separator, and 1M LiPF; in a mixed solvent of ethylene
carbonate, dimethyl carbonate and diethyl carbonate(1:1:1 volume ratio). The cells were
galvanostatically cycled between 2.5 and 0.01V by using a BST8-MA analyzer (MTI

Corporation).
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7.8 Electrochemical evaluation

In Figure 7.7a, the characteristic first charge-discharge curve of Ca,Co,,0,, nanowires is
shown for a charge current density of 100 mA/g(0.1C) and follows quite similarly to the
characterisitc behavior of other phases like Ca;Co,0, and Ca,Co,O,. [Kim et al., 2007;
Sharma et al., 2004] There are three regions of interest in the first discharge cycle curve. The
voltage drops quickly to around 1.09V and is quite stable till it drops to region (2) when the
discharge capacity is around 125mAh/g. In region (2), the discharge capacity is quite stable
till around 325mAh/g and at that point, the curve slowly steepens till it reaches its final
capacity of around 541mAh/g. It is established that for transition metal oxides their
reversible capacity is contributed from reversible oxidation of metal and Li,O formation and
decomposition. [Sharma et al., 2004; Obrovac et al., 2001] Therefore, for the first discharge-

charge cycle of Ca,Co,,0,/Li, the following reaction takes place:

CayC0,,0,4 + 38 Li — > 9 CaO + 12 Co + 19 Li,O (1¥ Discharge Cycle)............. (7.4)

12 Co + 19 Li,0—> 12 CoO + 24 Li + 7 Li,O (1" Charge Cycle)...........ceeenen. (7.5)

From the first charge and discharge cycle, the theoretical capacity of Ca,Co,,O,; can be
calculated out to be 328.5(24 Li per formula unit) and 520mAh/g (38 Li per formula unit),
respectively. However, the observed charge and discharge capacity from Figure 6 (a) are
279.3 (20.4 Li per formula unit) and 541mAh/g (39.5 Li per formula unit), respectively, at
100mA/g. The recyclability of Li is reduced during the first charge probably due to the

formation of polymeric gel type surface film over the metal nanoparticles [Kim et al., 2007,
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Sharma et al., 2004] and break down of the crystal structure. Thus, the three regions of
interest in the first discharge curve could probably shed light over the subsequent
electrochemical performance of the cell — where in region (1) there might a small amount of
insertion of Li ions inside Ca,Co,,0,, then in region (2) the subsequent destruction of the
structure must be taking place to form CaO,Co and Li,O, and finally in region (3), the
formation of the polymeric gel over the metal nanoparticles hinders the recyclability of Li
ions. Based on this, it can be concluded that Ca,Co,,O,4 does not follow an intercalation
mechanism, but infact a displacement mechanism. As shown in figure 7.7a. and the blue
curve in figure 7.7b., the discharge fade is quite apparent till the 10" cycle, after which, the
fade stabilizes and in later cycles, the discharge capacity keeps on increasing till the 90™ cycle,
after which it is stabilized completely. This could possibly be due to the time that it takes to
completely destroy the crystal structure, after which, there are three completely separate
entities present — CaO, Co and Li,0O. The 10", 20, 30&‘, 50" and 190™ cycle discharge
capacities are 178.1, 154.9, 162.1, 195.2, and 255.9 mAh/g, respectively. The good
recyclability could be due to the good electrical conductivity between the interconnecting

nanoparticles that form the nanowires.

The electrochemical performance of the Ca,Co,,O,; nanowires were also tested at higher
current densities. As shown by red curve in Figure 7.7b., the half cell was cycled at
1000mAh/g(1C) after 5 cycles of cycling at 100mA/g. Inidally, the fade is quite quick, but
after 50 cycles, the capacity retention becomes excellent and even increases till 500 cycles.
Moreover, similar behavior can be observed in Figure 7.7d. In Figure 7.7d., the charge rates

increased periodically every 3 cycles, except for the first 5 cycles, where the cell was cycled
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at 0.1C to allow formation of the polymeric gel. A constant discharge rate of 0.1C was kept
for the whole study to test the retention capacity of the battery. The end discharge capacity
of 0.1, 1, 2, 3, 4 and 0.1C current rates were 241, 115, 72, 55, 46, and 208mAh/g,
respectively. The retention was excellent as it barely decreased and maintained a very high
coulombic efficiency. Interestingly, the discharge capacity at the last rate of 0.1C, fades
slowly in the next few cycles to a value similar to the one obtained in Figure 7.7a., and then it
becomes stable and starts to increase in subsequent cycles. This is very much similar to the
trends as shown in Figure 7.7a and 7.7b. for long term cycling at 0.1 and 1C, respectively. It
could be that the complete destruction of the crystal structure and the complete formation
of the polymeric gel film may not have finished due to the change in charge rates in short

number of cycles and hence, the slight drop at the start of the last change in charge rate of

0.1C.

The coulombic efficiencies of cycling the half-cells at 100(0.1C) and 1000(1C) mA/g ate
shown in Figure 7.7c. The trends for both the half-cells are very similar, showing a
coulombic efficiency of more than 99% in subsequent cycles. For the half-cell cycled at 0.1C,
the spikes in coulombic efficiency at random intervals is due to power fluctuations faced
during the study. The initial coulombic efficiency of around 52% is well understood due to

the aforementioned analyses of the first discharge curve.
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Figure 7.7. (a)Charging-discharging curves of Ca9Co12028/Li half-cell cycled at 100mA/g

(0.1C). (b)Discharge capacity of Ca9Co12028/Li half-cell cycled at 100(0.1C) and

1000(1C)mA/g. (c) Coulombic efficiency of Ca9Co012028/Li half-cell cycled at 100(0.1C)

and 1000(1C)mA/g. (d)Retention of discharge capacity of Ca,Co,,O,/Li half-cell at

different charge rates. [Yadav et al., 2013]

The porous nanowires, in theory, should result in good rate capability. Unfortunately due to

a displacement reaction mechanism the porous nanowires break down into different
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particles consisting of electrochemical active phases and inactive phases like CaO. As the
porous nanowires have high surface area as well, there are high chances of side reactions
taking place, and thus, accelerating the rate of solid electrolyte interface(SEI) growth or the
polymeric film forming on the surface of the active material as mentioned previously. This
triggers a rapid capacity fade initially, however, in latter cycles, the capacity is very stable
although quite low as shown in Fig. 6b. Ca,Co;,0,; compared to Co,O, does not perform
well in terms of maintaining a stable capacity fade in the initial cycles. [Wu et al.,, 2010]
However, some of Co;O, good electrochemical properties have resulted from combining it
with other good electrical conductors like graphene [Wu et al., 2010]. When electrochemical
properties of only Co;O, nanoparticles were tested, dramatic capacity fade at 50mA/g was
observed — a decrease from around 1000mAh/g at 1% cycle to around 200mAh/g at the 30™
cycle. [Wu et al, 2010]The Ca,Co,,0,; material performs poorly compared to graphite,
which is a traditional anode material used in lithium ion batteries. Although the initial
capacity(541 mAh/g) is high for the layered Ca,Co,,0,; material compared to graphite(372
mAh/g) [Zhang, 2011], the dramatic capacity fade degrades its performance, thus leading to
a much lower capacity compared to graphite in later cycles. However, the problem of
dramatic capacity fade was also observed in silicon, where its high capacity(4200mAh/g)
[Zhang, 2011] was lost in later cycles due to large volume expansion(approximately 400%0)
[Jung, Choi & Han, 2012], and thus ultimately leading to destruction in the crystal structure.
Some have solved the volume expansion problem by curtailing the growth through coating

of the silicon with an oxide based layer like silicon oxide [Wu et al., 2012]. Similar methods



194

need to be developed for the layered transition metal oxide anodes to maintain its high initial

capacity.

7.9 Conclusions

For the first time porous nanowires of a unique phase of calcium cobalt oxide, CayCo,,0.4,
has been achieved through solution based synthesis. SPS was used to consolidate a
nanostructured bulk pellet of Ca,Co,,0,4 and its thermoelectric properties were measured. A
record low thermal conductivity of 1.06 W/mK has been measured at 700K for any calcium
cobalt oxide phase which could be due to the phonon scattering happening at the interfaces
of the porous network of nanowires. Although a record high Seebeck coefficient has also
been measured, its final ZT has been affected due to the low electrical conductivity
compared to its bulk counterpart. It could be that the charge carriers get scattered, but
greater insight was obtained by using the theory of small polaron hopping. The huge
anisotropy attributed with oxides coupled with the large effective mass and activation energy
are the main reasons for the poor electrical conductivity. For further enhancement of
electrical conductivity, doping with elements like Bi and Na have been suggested to decrease
activation energy and effective mass and thus increase mobility. The large Seebeck
coefficient was explained with the generalized Heike’s model and Koshibae ¢ 4/, theory.
[Koshibae, Tsutsui & Maekawa, 2000] Nonetheless, the ZT is the highest at 700 K and it is
another promising thermoelectric material that needs to be researched even further for high

temperature applications.
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Electrochemical characteristics of half-cells of Ca,Co,,0,5 were evaluated at different current
densities or rates. At 100(0.1C) mA/g, a first cycle discharge capacity of around 540mAh/g
can be observed. In the first discharge cycle three unique regions are observed which are
indicative of the subsequent cycling performance. A breakdown of the crystal structure
happens which creates a rapid discharge fade in the initial cycling. However, in subsequent
cycles, this fade stabilizes and starts increasing exhibiting excellent rate cyclability. A test of
different charge current densities indicated good rate performance and the ability to handle

high current stresses. Coulombic efficiencies in subsequent cycles were more than 99%.

Overall investigation into the thermoelectric and battery properties of Ca,Co,,0,4 has shown
that it is definitely a promising material for both applications requiring further research to

increase its performance.
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CHAPTER 8.LITHIUM COBALT OXIDE: A STUDY OF DIFFERENT
NANOSTRUCTURE’S RELATIONSHIP TO ELECTROCHEMICAL
PROPERTIES

The microemulsion method developed in Chapter 7 is used to synthesize different
nanostructure of the traditional cathode material, lithium cobalt oxide (LiCoQ,). Through
varying the annealing temperature and time, porous nanowires and nanoparticles of LiCoO,
are obtained. The electrochemical performances of these different nanostructures obtained
at the respective annealing conditions are evaluated. It is shown that nanoparticles formed at
annealing condition of 700°C, 1.5 hours performs the best, delivering an initial capacity of
around 135mAh/g and exhibiting a capacity of retention of around 93% by 100 cycles at
0.1C. Comparisons are made with the microemulsion synthesized LiCoO, material obtained

at different annealing conditions with those in literature.

8.1 Introduction

Lithium ion batteries, primarily lithium cobalt oxide (LiCoO,), have been a major area of
interest due to its large gravimetric and volumetric energy densities compared to other

batteries which makes them a great candidate for electric vehicles and portable
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electronics.[Nazri & Pistoia, 2004] LiCoO, is one of the most extensively studied cathode
materials, and it is used in cell phones and many small scale technological applications since
its introduction in the market by Sony in 1990’s.Nazri & Pistoia, 2004] One of the
requirements of batteries is to have a long cycle life without any degradation in performance.
Nanostructured electrodes in lithium-ion batteries drastically reduce the diffusion time for
lithium ions, achieving higher capacities and longer cycle times.[Nazri & Pistoia, 2004; Yuan,
Liu & Zhang, 2012; Mosa et al., 2012; Sekizawa et al., 2011; Wu et al., 2012] However, the
oxide-based materials that constitute the cathodes in lithium-ion batteries have proven to be
greatly recalcitrant to forming nanostructures. The solid-state reactions that are typically
employed to produce oxide-based materials, like LiCoO,, in their desired phases are long and
proceed at extremely high temperatures that are not particularly conducive to forming

nanostructures.[Lundblad & Bergman, 1997; Berbenni et al., 2005; Yilmaz et al., 2012]

Alternatives such as hydrothermal reactions fare better and achieve the desired architectures
at considerably lower temperatures.[Dong et al., 2011; Jo et al., 2009] However, the use of
high annealing temperatures eventually destabilizes the nanostructures, greatly diminishing
the utility of the methodology.[Jiao. Shaju & Bruce, 2005] More recent techniques such as
the templating methodology suffer from the converse problem, often producing the
preferred nanostructural morphology of an undesired phase of the material.[Jiao, Shaju &
Bruce, 2005] This combination of characteristics also negatively impacts battery

performance. Moreover, neither of these alternatives is scalable to the industrial scale.
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Microemulsion-based techniques, in contrast, are scalable, proceed at conditions that favor
the formation of desired phases and architectures, and are generalizable to a variety of
materials — for example calcium cobalt oxide, as shown in Chapter 7.[Ganguli, Ganguly &
Vaidya, 2010] Herein, we elaborate a microemulsion-based nanostructuring approach that
we developed to synthesize LiCoO,. Commercial batteries that incorporate LiCoO, cathodes
often deliver about 140mAh/g. Although this power capacity is faitly close to the theoretical
limit achievable by the material, it fades quite rapidly at higher cycle rates.[Zhao et al,,
2008;Jung et al., 2010] Emulsion-based methods using kerosene as the oil phase have been
previously implemented to synthesize nanoparticles of LiCoO,.[Myung et al., 2000; Lu &
Yeh, 2001] However, this method exhibits poor control over the morphology of the
nanostructures that are formed. The microemulsion-based technique used in Chapter 7
exhibits much better control over morphology. In brief, we used cetyltrimethylammonium
bromide (CTAB), a surfactant, to direct the formation of nanowire templates comprising of
lithium and cobalt oxalate. We then annealed the templates under controlled conditions to
finally produce nanostructured LiCoO,. We also observed that the morphology of the
nanostructures was dependent on the annealing temperature and time. The electrochemical
characteristics of the LiCoO, nanowires thus synthesized were also favorable when
compared to similar morphology in literature. In summary, not only are the templating and
annealing conditions much gentler, but altering the surfactant, solvents, and surfactant-to-
water ratio also influences the nanoarchitecture of the material, imbibing the methodology

with an additional parameter for process control.
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8.2 Experimental

8.2.1 Microemulsion-based synthesis procedure

Cobalt nitrate hexahydrate, oxalic acid and 1-pentanol were purchased from Sigma-Aldrich.
Lithium nitrate was purchased from Alfa Aesar, cyclohexane from EMD Millipore and
cetyltrimethyl ammonium bromide from J.T. Baker. Lithium nitrate (LiNO;) and cobalt
nitrate hexahydrate [Co(NOj;),.6H,0] were used as precursors. In a standard microemulsion
synthesis (Figure 1a), an emulsion was produced by vigorously mixing 0.1 mole of cetyl
trimethylammonium bromide(CTAB), a cationic surfactant, with 1.4 L cyclohexane and 60
mlL 1-pentanol for 1 hour. Next, 0.024 moles of oxalic acid in 40 mL of DI water was added
to the stirring solution and mixed for 3 hour. In the final step, 0.02 moles of LiNO; and
0.0034 moles of Co(NO,),.6H,0O in 80 mlL of DI water were added and stirred until the
color of the solution changed from pink to white. Following completion of the reaction, the
solution was centrifuged and a precipitate was obtained and dried at 80°C. The dried pink

precipitate is the precursor as shown in Figure 8.1a.

8.2.2 Post-Annealing Procedure

The precursor was annealed in an open tube furnace at different temperatures and times in a
2-factor, 2-level study. The annealing temperatures chosen were 600°C and 700°C, and the
annealing times used were 1.5 and 3 hours. The tube furnace heating rate was ramped up

from room temperature to 600°C and 700°C at 9.7°C/min and 11.4°C/min, respectively; and
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the temperatures were maintained for the annealing times used in the experiment. The tube
furnace was then allowed to cool down to room temperature. The products were then
washed with DI water three times and then once more with ethanol. Nanowires were
obtained for the annealing condition of 600°C for 1.5 hours. A mixture of nanowires and
nanoparticles was obtained for the other annealing conditions. The products were also
analyzed by X-ray diffraction (XRD) on a Bruker D8 Focus X-ray diffractometer with Cu
K(alpha) source, a scanning electron microscope (Hitachi S-4800 Field Emission
Microscope), an electron dispersive X-ray analysis system (Oxford INCA 250 X-MAX
silicon drift with 80mm collection window on a Phillips CM-100 Transmission Electron
Microscope) and transmission electron microscope(Titan 80-300 kV Environmental

Electron Microscope).

8.2.3 Electrochemical Characterization

The electrochemical characteristics of the products were tested by fabricating coin cells.
LiCoO, was mixed with Super C65 carbon black (TIMCAL Graphite and Carbon) and
Kynar HSV 900 PVDF (Arkema Inc.) in a mass ratio of 80:10:10. Samples containing
mixtures of nanowires and nanoparticles were ground using a mortar and pestle, mixed with
N-methyl-2-pyyrolidone (Sigma-Aldrich) and later vortexed and sonicated. Samples
consisting only of LiCoO, nanowires were not sonicated. The processed mixtures were
coated with aluminium foil with a wet thickness of 145 um. The electrode sheet was dried in

vacuum at 120°C for 1.5 hours. Coin cells with 12 mm diameter were cut and dried in
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vacuum for 2 hours at 120°C and later assembled in an argon-filled glove box. The half cells
consisted of lithium metal as the reference electrode, Celgard 2325 as the separator, and 1M
LiPF, in a mixed solvent of ethylene carbonate, dimethyl carbonate and diethyl carbonate
(1:1:1 volume ratio). The cells were galvanostatically cycled between 3.0 and 4.2V by using a

BST8-MA analyzer (MTI Corporation).

8.3 Results

The XRD patterns for the different annealing conditions are shown in Figure 1b. LiCoO,
prepared at annealing conditions of 600°C contained some impurities of cobalt oxide
(Co;0,). Pure LiCoO, was achieved for the 700°C annealing conditions. LiCoO, is known to
crystallize in two phases — layered «-NaFeO, and spinel-type structure.[Gummow et al.,
1992; Okubo et al., 2007] Moreover, it is difficult to distinguish between the two phases as
the XRD patterns are similar. However, it has been reported that a weak (003) is indicative
of a spinel structure as it represents the stacking of CoO, layers.[Myung et al., 2000; Okubo
et al,, 2007] In Figure 8.1b. none of XRD patterns indicate weak (003) peak, and in
conjunction with peaks representing (101) and (104) planes, it seems that LiCoO,

crystallizes in the layered rhombohedral a-NaFeO, crystal structure.
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A Raman analysis (Figure 8.2.)was also done on the four different annealing conditions. Two
characteristic peaks for the layered LiCoO, can be identified around 486-487cm™ and 596cm®
! for all the annealing conditions. They correspond to the oxygen vibrations involving Co-O
stretching (A,) at around 596cm™, and O-Co-O bending (E,) at around 486-487cm’'. For
the 600°C annealing conditions, two more peaks can be identified around 451cm™ and
608cm’. They are characteristic peaks of low temperature phase of LiCoO, that have
residual impurities of cobalt oxide. This explains the cobalt oxide impurity peaks seen in the

XRD spectrum for the 600°C annealing conditions.
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Figure 8.2. Raman shift of all the different annealing conditions of LiCoO,. The Raman

shift for the 6000C 1.5 hour sample was done at 100x magnification.
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The precursor that was obtained in the post-processing step (Figure 8.1a) was a mixture of
lithium and cobalt oxalate salt. Thermogravimetric analyses (TGA) mimicking the annealing
step for a 700°C, 3hour procedure (where the temperature was increased from room
temperature to 700°C in 1 hour and then held constant for 3 hours) exhibited a sharp drop
in weight as the temperature was increased. An endothermic curve was observed around
100°C which indicates that water may have escaped from the precursor. Two exothermic
curves were observed at around 350°C and 480°C. This result indicates that carbon dioxide
was generated during the annealing step, as shown in Chapter 7 as well. Weight loss was no
longer observed after 660°C and a final endothermic curve at that temperature indicates the
final phase formation of layered pure LiCoO,. The precursor was a hydrate salt of lithium
and cobalt oxalate, where water of hydration and probably carbon dioxide, which could be
generated from the decomposition of the oxalate group, leave during the annealing step, as
indicated by the TGA. At 600°C weight loss is still occurring and the final endothermic
curve is observed much later at around 660°C — which would explain the impurities observed

in the XRD spectrum for the 600°C annealing conditions.

The SEM images of the precursor and LiCoO, for the respective annealing conditions are
shown in Figure 8.3. The precursors are nanowire shaped (Figure 8.3a and b) which act as
templates to form the LiCoO, nanowires for the 600°C, 1.5 hours annealing condition. The
average diameter for the precursor nanowires is around 350nm. The effect of the different

annealing conditions can be seen in Figures 8.3c-f. Porous nanowires of LiCoO, are formed
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for the 600°C, 1.5 hours annealing condition. These nanowires, when looked at closely, are
networks of particles attached together. The porosity observed in these nanowires would
ideally be beneficial because the electrolyte can come into contact with more of the active
material area. However, negative effects are observed during cycling as will be shown later.
Less porous nanowires were observed as annealing temperature and time increased. The
remaining annealing conditions exhibited more of nanoparticles with varying sizes. A
HRTEM image of LiCoO, for the 700°C, 1.5 hours annealing condition is shown in the inset
of Figure 8.3e. A lattice fringe spacing of 0.202 nm is observed which corresponds to the
(104) plane. Energy Dispersive Spectroscopy (EDX) was performed on the nanoparticles
obtained in the 700°C, 1.5 hours annealing condition. In Figure 8.3g the cobalt and oxygen
peaks can be clearly seen and the ratio obtained between cobalt to oxygen is approximately
1:2 which is exactly the ratio in LiCoO,. Lithium cannot be detected under an EDX because

of its low atomic number.
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Figure 8.3. (a) Overview SEM image of the precursor (scale bar 20um). (b) Magnified SEM

image of a single nanowire precursor(scale bar 500nm). (c) SEM image of LiCoO, nanowires

synthesized at 6000C for 1.5h (scale bar 500nm). (d) SEM image of LiCoO, nanoparticles

synthesized at 600°C for 3h (scale bar 3um). (¢) SEM image of LiCoO, nanoparticles

synthesized at 700°C for 1.5h (scale bar 5um), inset showing HRTEM image of LiCoO,



211

nanoparticle (scale bar 2nm). (f) SEM image of LiCoO, nanoparticles synthesized at 700°C

for 3h (scale bar 5um). (g) EDX spectrum of LiCoO, synthesized at 700°C for 1.5h.
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Figure 8.4. (a) Size analysis chart for 6000C, 1.5 hours annealing condition. (b) Size analysis
chart for 6000C, 3 hours annealing condition. (c) Size analysis chart for 7000C, 1.5 hours

annealing condition. (d) Size analysis chart for 7000C, 3 hours annealing condition.
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In Figure 8.4. size analyses of LiCoO, at different annealing conditions is shown. The
nanowires from the 600°C, 1.5 hours annealing condition had particles with narrow size
distribution. The particle size can be controlled relatively well for the nanowire 1iCoO,. For
the remaining annealing conditions a very wide distribution is seen. Controlling the size of
the LiCoO, particles becomes difficult as annealing temperature and time are increased. For
the 700°C, 3 hours there are some particles that reach the micron sized range, but most of

them are in the nanometer range as shown in Figure 8.4d.

To explain the electrochemical tests in a clear and concise manner, the annealing conditions
will be renamed for the remainder of this chapter as follows: 600°C 1.5 hours - Sample 1;

600°C 3 hours — Sample 2; 700°C 1.5 hours — Sample 3; 700°C 3 hours — Sample 4.

8.4 Electrochemical tests

Figure 8.5. is a compilation of electrochemical analyses performed on LiCoO, synthesized
through different annealing conditions at 0.1C. In Figure 8.5a the discharge capacities of
LiCoO, coin cells is shown and it is clear that the Sample 3 coin cell performed the best,
while the coin cell with nanowires obtained at Sample 1 annealing condition performed the
worst. The first cycle capacity for the Sample 3 coin cell is around 135mAh/g, which is close
to the theoretical capacity of LiCoO,, 140mAh/g. This is in stark contrast to the first cycle

capacity of the nanowire LiCoO, which is around 80mAh/g.
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Figure 8.5. (a) Discharge fade plot of the LiCoO, coin cells at 0.1C. (b) Coulombic

efficiency plot of the LiCoO, coin cells at 0.1C. (c) Differential capacity plot of the LiCoO,

coin cells for the first cycle at 0.1C, inset is a magnification of the discharge sequence [the

colors represent the same conditions as shown in (a) and (b)]. (d) Differential capacity plot
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of the IiCoO, coin cells for the twentieth cycle at 0.1C, inset is a magnification of the charge
sequence [the colors represent the same conditions as shown in (a) and (b)]. (¢) Differential
capacity plot of the nanowire (Sample 1) LiCoO, coin cell showing the shift in voltage from
first to twentieth cycle at 0.1C. (f) Discharge fade plot of the nanowire (Sample 1) LiCoO,

coin cells at 0.1C showing the comparison between 80 and 96 weight % LiCoO,.

The first cycle capacity for the Sample 2 and Sample 4 coin cells are very similar, around
120mAh/g. The Sample 4 coin cell does not follow the trend of achieving higher capacity as
annealing temperature and time are increased. To get a better understanding of this

peculiarity, differential capacity curves were created from the voltage versus capacity curves.

The differential capacity curves for the first cycle of the different coin cells are shown in
Figure 8.5c. During the charging sequence a peak is observed around 3.92V for Sample 4
and around 3.918V for the other samples. The peaks are attributed to the extraction of
lithium ions from the hexagonal phase of LiCoO,.[Inaba et al., 1997] The shift detected for
Sample 4 could be due to a possible resistance building up on the surface of the particles.
The two small bumps near 4.06V and 4.18V indicate the occurrence of a phase
transformation. Lithium ions are extracted around 4.06V from the monoclinic phase, and
around 4.18V from the second hexagonal phase.[Song et al., 2009; Kosova & Devyatkina,
2010] During the discharging sequence, the position of the peak for Sample 4 is shifted at

higher voltage (due to the opposite direction) compared to the other coin cells (Figure 4c
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and inset). This could probably indicate that resistance is higher for the lithium ions to get

back into the host structure, hence affecting its final discharge capacity.

To understand the capacity in later cycles, the differential capacity was shown for the
twentieth cycle as well (Figure 4d). In the charging sequence the peaks for the Sample 2 and
Sample 4 are slightly shifted to a higher voltage (around 3.918V) compared to Sample 3
(around 3.916V), however, the Sample 1 coin cell (nanowire) has the largest shift (around
3.926V). This could possibly mean that lithium ions face more resistance to deintercalate
from the host, nanowire LiCoO,, compared to the other coin cells, where nanoparticles of
LiCoO, are used. To see the shift, the differential capacity curves for the charging sequence
of the first and twentieth cycle of the nanowires are shown in Figure 8.5e. The shift to high
voltage is clear for the nanowire LiCoO,. The highly porous nature of the nanowires could
be the reason for the increase in resistance which ultimately leads to the rapid capacity fade
in later cycles. The pores of the nanowires may be getting filled with conductive carbon and
PVDF binder which could lead to increase in side reactions due to the interaction with
electrolyte, and ultimately the creation of additional secondary electrolyte interface (SEI), and
thus increase resistance for extraction of lithium ions. To test the effect of amount
conductive carbon and PVDF binder on the capacity of the nanowire LiCoO,, a coin cell
was created with the cathode containing 96 weight % nanowire LiCoO, with 2 weight %
carbon black and PVDF, each. The performance of the 96 weight % nanowire LiCoO,
compared to the 80 weight % is shown in Figure 8.5f. An increase in capacity of
approximately 18% is observed for the first cycle, while there is not much difference in the

capacity fade behavior. The capacity of the nanowire LiCoO, is still much lower compared
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to the Sample 3 annealing condition. This difference could be due to the nanowire LiCoO,
displaying low temperature electrochemical characteristics where it is not a stable layered
structure and disordering exists between lithium and cobalt ions.[Myung et al., 2000] This

disordering could lead to additional degradation of the capacity.

In terms of best electrochemical performance at 0.1C it is very clear that Sample 4 is the
best. As shown in Figure 8.5b, the coulombic efficiencies are near 99% for the coin cells
except for Sample 1 and Sample 4 coin cells at certain cycle numbers. The low first cycle
coulombic efficiency exhibited by Sample 4 coin cell is explained by the differential capacity
plot. A large spike is observed in the coulombic efficiency for Sample 4 at around cycle
number 95. This was due to a power fluctuation in the laboratory. None of the coin cells had
reached 80% of its initial capacity after 100 cycles. The Sample 2 and Sample 3 coin cells,
had only reached approximately 93% of its initial capacity and it seemed that it would not
reach 80% anytime soon. However, the nanowire LiCoO, and the Sample 4 coin cells, would

reach 80% of its initial capacity very soon.

Comparing material performance with those reported in literature is hard due to varying
factors (battery construction, electrode composition, cell potentials used for testing, etc.)
used in electrochemical evaluation. Nonetheless some distinction is made to get an idea of
the material performance, and comparison is done only with similar parameters that were
used in evaluating our LiCoO, material. In an emulsion-based method with kerosene as the
oil phase[Myung et al., 2000], LiCoO, was obtained at 600°C annealed for 24h. The cell

performance was tested between 3.4 and 4.3V at the slowest rate of 0.1mA/cm’. The initial
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discharge capacity was around 115mAh/g, and by the 20" cycle 70% of its initial capacity
had been reached. In terms of capacity retention, all of our coin cells perform better, and in
terms of delivering the initial discharge capacity except for the Sample 1 coin cell. In a
hydrothermal method", LiCoO, nanoparticles were obtained initially at 200°C and then
further annealed at 700°C for 5h. The cell performance was tested between 3 and 4.5V at the
slowest rate of 0.1C. At 4.2V the first cycle charge capacity extracted from the voltage versus
capacity curve was around 150mAh/g, which when multiplied by the coulombic efficiency
of 86% gives a first cycle discharge capacity of around 129mAh/g. Our 700°C, 1.5h coin cell
delivers a slightly higher first cycle discharge capacity (around 135mAh/g), but the 700°C, 3h
slightly lags behind. Nanowires of LiCoO, were synthesized through a templating procedure
where sequence of calcination steps (maximum temperature of 500°C and time of 3h) and
etching with HF were used.[Jiao, Shaju & Bruce, 2005] The cell performance was tested
between 3.0 and 4.2V at the slowest rate of 30mA/g. The initial discharge capacity of the
nanowires was around 78mAh/g, and around 52% of the initial discharge capacity was
reached by the 50" cycle. Our Sample 1 battery delivers a slightly higher first cycle discharge

capacity of around 80mAh/g, and manages to retain around 83% of its initial discharge

capacity.

Figure 8.6. is a compilation of the high rate studies evaluated on the coin cells. In all the high
rate tests Sample 3 performed the best. For the 1C rate test, shown in Figure 8.6a, the initial
capacity was around 120mAh/g for the Sample 3 coin cell. While the initial 1C rate
capacities for the Sample 2 and Sample 4 were almost similar, the Sample 1 coin cell

petrformed the worst, delivering a capacity of around 78mAh/g. The fade is drastic for all the
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coin cells in the 1C rate test and all of them reach 80% of their initial capacity in less than
100 cycles. The corresponding coulombic efficiencies are shown in Figure 8.6b. All the coin
cells have their coulombic efficiencies around 99% except for the Sample 2 coin cell where

the efficiency is around 97% between cycle numbers 40 to 60.

For the 5C rate study, shown in Figure 8.6¢c, the Sample 3 coin cell performed the best again.
The initial capacity was around 110mAh/g which is quite good at high rates. The nanowire
LiCoO, performed the worst again delivering a very low capacity, while that of Sample 2 and
Sample 4 coin cells delivered capacities less than 100mAh/g. All the coin cells reached 80%
of their initial capacity before 100 cycles. The corresponding coulombic efficiencies are

shown in Figure 8.6d. The efficiencies are around 99% for all the coin cells.

Appropriate comparisons are hard to find for high rate tests. In the hydrothermal method
paper [Jo et al., 2009], mentioned previously, the initial capacity (annealed at 700°C for 5h)
obtained for 1C was 155mAh/g at 4.5V. Since coulombic efficiency’s and voltage versus
capacity curves are not given for 1C rate, the capacity for 1C at 4.2V could not be calculated
for comparison. In another paper [Zhao et al., 2008], high-rate mesoporous LiCoO,
spherical particles were created using carbon nanotubes and a microemulsion-based route.
The cell performance was evaluated between 2.75 and 4.2V at rates of 1C and 5C. The initial
discharge capacity’s at 1C and 5C were around 90 and 80mAh/g. At 5C after 50 cycles, the
capacity retention was around 67%. Comparing these results to our best coin cell, Sample 3,

it does not fare well. Our best coin cell delivers a capacity of around 120mAh/g at 1C and



219

around 110mAh/g at 5C. At 5C, our best coin cell has capacity retention of around 80%

until 80 cycles.

Rate studies were conducted on the coin cells and the results are shown in Figure 8.6e. The
rate test procedure was followed as shown in literature.[Zheng et al., 2010] The charge rate
was kept constant at 0.1C, while the discharge rate was changed every 3 cycles to the
respective rates as shown in Figure 8.6e. The coin cells delivering capacity was tested at high
rates. From the results, it is seen that all the coin cells exhibit modest capacity fade until 2C
rate, after which the fade is drastic at higher rates, especially for the coin cell containing
nanowire LiCoO,. After subjugating the coin cells at high discharge rates, the discharge rate
was changed back to 0.1C, and it is seen that all the coin cells regain their initial capacities.
The corresponding coulombic efficiencies are shown in Figure 8.6f, and all the batteries

exhibit efficiencies near 99%.
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Figure 8.6. (a) Discharge fade plot of the LiCoO, batteries at 1C. (b) Coulombic efficiency
plot of the LiCoO, batteries at 1C. (c) Discharge fade plot of the LiCoO, batteries at 5C. (d)
Coulombic efficiency plot of the LiCoO, batteries at 5C. (e) Different rate tests conducted
on the LiCoO, batteries. (f) Coulombic efficiency plot of the different rate tests conducted

on the LiCoO, batteries.
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8.5 Conclusion

A microemulsion method is demonstrated to synthesize nanowire templates of lithium and
cobalt oxalate salt which forms LiCoO, of various nanostructure formations when subjected
to different annealing conditions. Electrochemical tests were carried out on nanowires and
nanoparticles of LiCoO, synthesized through varying the annealing conditions. The best
performance obtained was from the Sample 3 annealing condition, delivering the highest
capacity, around 135mAh/g, of all the coin cells at 0.1C, and also for the high rate tests.
Nanowires of LiCoO, performed very pootly compared to the rest of the batteries due to
probable blocking of the pores with carbon black and PVDF binder and possibly exhibiting
electrochemical characteristics of low temperature LiCoO,. When compared to relevant
results found in literature, our LiCoO, material performed very well at the respective
conditions. To improve the stability of our best LiCoO, it could be coated with a thin layer
of ALO;. It has been proven that a thin layer of Al,O; can drastically affect performance.
[Scott et al., 2011] In the rate test study the reversible nature of the coin cells were seen

where it could revert back to its initial capacity after being subjugated to high rate currents.
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CHAPTER 9. CONCLUSION AND FUTURE OUTLOOK

Various aspects of the energy story concerning energy generation and storage were covered
in this thesis. Using the two central characters — transition metal oxides and nanostructuring
- important conclusions were drawn from studying various aspects of the respective fields.
Chapters 2 to 4 explained the physics behind thermoelectrics in general, lithium-ion
batteries, and oxide-based thermoelectrics. Chapters 3 and 4 dealt with introducing and
explaining the exciting physics present in transition metal oxides that allow it to be used for

energy generation and storage applications, and an interesting topic to research.

In Chapter 5, key parameters were covered in determining the most effective thermoelectric
materials for production in the near future and for some time to come. The ZT value is the
most important parameter that is mentioned in literature when trying to determine the most
effective thermoelectric material as materials with a high ZT have the highest thermoelectric
efficiency. A need was established to study other parameters apart from ZT. Cost and
abundance were considered when choosing the appropriate thermoelectric material. A
roadmap was laid out to determine the appropriate thermoelectric material. Maximum ZT
values were considered at three temperature ranges. Material cost and abundancy were

visually demonstrated to improve ease of interpretation. Another parameter termed
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efficiency ratio was calculated to give a better understanding into the feasibility of these
materials. Using the aforementioned parameters, a conclusion was reached to finding the
best material for the different temperature ranges. For low, moderate and high temperature
applications, BiSb, B-Zn,Sb; and Al,,Zn,,O were the best materials respectively. This

chapter established the need to study oxide thermoelectrics for high temperature application.

Chapter 6 dealt with studying a traditionally good oxide thermoelectric, strontium titanate
(8rTi0O,), through nanostructuring. The large thermal conductivity of bulk complex metal
oxides such as SrTiO; had set a barrier for the improvement of ZT and the applications of
these materials in high temperature (=1000K) thermoelectric energy harvesting and solid-
state cooling. A self-templated synthesis approach to grow ultrathin SrTiO; nanowires with
an average diameter of 6 nm in large quantity was demonstrated. The thermal conductivity
of the bulk pellet made by compressing nanowire powder using spark plasma sintering
showed a 64% reduction in thermal conductivity at 1000 K and agreed well with theoretical

modelling.

Chapter 7 dealt with studying a new phase of calcium cobalt oxide (Ca,Co,,0,4) as a possible
high temperature thermoelectric material and as an anode in lithium-ion batteries through
nanostructuring. For the first time synthesis of one dimensional porous nanowires of
CayCo,,0,¢ through a novel single source precursor based technique was demonstrated.
Improved thermoelectric properties were observed, where the thermal conductivity was 1.06
W/mK and Seebeck coefficient was 213.3 pV/Kat 700K, which atre the lowest and highest

values, respectively vis-a-vis those reported in literature. Also, electrochemical characteristics
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of Ca,Co,,0, nanowires with lithium metal were evaluated and found to exhibit unique
behavior. A first cycle discharge capacity of around 540mAh/g was obsetved at
100(0.1C)mA/g cycling, followed by rapid fade during the initial cycles, but in subsequent
cycles exhibited excellent rate capability and increasing discharge capacity. Through a unique
single source precursor based technique, porous nanowire structures of Ca,Co,,0,, were

synthesized much lower temperature than conventional solid state techniques.

Chapter 8 was motivated by the successful synthesis of porous nanowires of complex metal
oxide materials demonstrated in Chapter 7. For the first time, the use of a microemulsion
reaction to synthesize different nanostructures of LiCoO, cathode material was
demonstrated. Through varying the annealing temperature and time, porous nanowires and
nanoparticles of LiCoO, were obtained. The electrochemical performances of these different
nanostructures obtained at the respective annealing conditions were evaluated. It was shown
that nanoparticles formed at annealing condition of 700°C, 1.5h performed the best,
delivering an initial capacity of around 135mAh/g and exhibiting a capacity of retention of
around 93% by 100 cycles at 0.1C. It was shown that for good electrochemical properties, a
right balance between nanostructuring, annealing conditions and crystallinity was essential

for materials to reach their true potential.
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Appendix A: Spark Plasma Sintering

Spark plasma sintering (SPS) is one of the newest methods of pressure-sintering techniques
available. It is a process where pressure and electric current are directly applied on a sample.
The application of electric current creates Joule heating that has enough energy to form

dense materials at low temperatures and short sintering times.

A SPS consists of a uniaxial pressure device, in which two electrodes are used as the pressing
punch. The electrodes are connected to an electric pulse generator that sends pulsed direct
current (dc) through the electrodes into the sample. The sample is usually placed in a die,
which is kept in a chamber between the electrodes. The chamber can be in vacuum or filled

with inert gases like nitrogen or argon.

The application of the dc current generates the Joule heating effect on the sample and the
die. This allows elevating the temperature of the sample at higher temperature at lower
heating rates. The individual grains in the sample form a neck that connects to the other
grains due to the high temperature at the surface of the grains. The rapid sintering of SPS
creates a densifying mechanism where grain boundary and volume diffusion are

predominant.

The main advantage of using a spark plasma sintering is the rapidity of the process

compared to conventional techniques. The short processing times and the rapid
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densification limit the grain growth during the sintering conditions that allow maintaining

the nanostructuring characteristics of a nanomaterial.

Pressure

Graphite Die ——» DC Voltage

NanoPowders Inert Chamber

Pressure

Figure A.l. Spark Plasma Sintering Process (Illustration by Gautam G. Yadav).

A.1. References

Hungria, T.; Galy, J.; Castro, A. Spark Plasma Sintering as a Useful Technique to the

Nanostructuration of Piezo-Ferroelectric Materials. Adp. Eng. Mater., 2009, 11, 615-631.
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Appendix B: Coin Cell Assembly

Top Casing

Aluminum foil for Cathode

Separator o Copper foil for Anode

Lithium Metal

o Electrode

Spacer

&—~——>  Spring
I Bottom Casing

80 weight % Active Material + 10 weight % Carbon Black + 10 weight % PVDF Binder

Active Material: Calcium Cobalt Oxide (CagCo1,0,5) coated on Copper Foil
Lithium Cobalt Oxide (LiCoO,) coated on Aluminum Foil

Figure B.1. Coin Cell Assembly Diagram. (Illustration by Gautam G. Yadav)

The electrochemical measurements reported for the respective materials in Chapter 7 and 8
were made on batteries made of coin cells. The coin cell assembly procedure is quite trivial
and is shown in Figure B.1 to assist the reader in visualizing the assembly process. Briefly,
the spring and spacer are used to tighten the coin cells during the crimping process. This
allows in maintaining good contact with the two electrodes. The lithium metal reference

electrode is polished till a bright shiny surface appears on the surface.
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Appendix C: Doping of Strontium Titanate with Lanthanum: Tweaking of

Hydrothermal Method to Produce New Nanowire Morphology

Strontium titanate is quite popular in the field of metal oxide field effect transistors. One of
the major requirements is to use nanowires of larger diameters to assist in transistor
fabrication, and preferably doped with lanthanum (La) to enhance the StTiO, electrical
properties. The hydrothermal method described in Chapter 6 proved inadequate to provide
the two main requirements. Therefore, the procedure had to be tweaked to achieve the

necessary requirements.

The new synthesis procedure is very similar to the old method. The reaction procedure
remains unchanged, except for the reactants and an additional cation exchange step being
added. The first step involves the creation of alkali titanate nanowires followed by reaction
with 0.1M hydrochloric acid(HCI). The reaction with HCI facilitates the cation exchange
between the alkali ion and hydrogen ion to create hydrogen titanate nanowires. The alkali
agent used is sodium hydroxide (NaOH) because sodium is easily exchanged with hydrogen.
In the final step, the hydrogen titanate nanowires react with a new strontium precursoft,
strontium hydroxide, which creates nanowires of the required diameter and length to be

used in transistors.
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C.1. Formation of Sodium Titanate Nanowires

0.2167g of commercially available titanium oxide (TiO,) nanoparticles less than 25
nanometers in size are added to a glass vial containing 4.0320g of NaOH dissolved in 10ml
of deionised (DI) water. The mixture is then thoroughly mixed and sonicated for around 10-
20mins. The contents are then poured into a Teflon liner. The Teflon liner is placed inside
an autoclave and heated at 200°C at atmospheric pressure for 1 day to transform all the
particles into nanowires. After the reaction has ended, the autoclave is allowed to cool down
to room temperature and the contents from the Teflon lined cylinder are transferred to a
plastic tube where they are thoroughly washed with DI water to remove any sodium salts

present.

C.2. Formation of Hydrogen Titanate Nanowires

The sodium titanate nanowires are then transferred to beaker containing 200ml 0.1M HCIL.
The contents are allowed to facilitate cation exchange for around 3 hours. The supernatant is
drawn from the beaker and disposed appropriately in a waste container. The remaining
powder is then washed with DI water 5 times to remove any presence of residue HCI and

sodium salt. The washed powder is then dried at around 70°C overnight.

C.3. Formation of Strontium Titanate Nanowires

The hydrogen titanate nanowires from the previous step are then added to a glass vial
containing with 0.6639¢g of strontium hydroxide octahydrate (St(OH),.8H,0O) dissolved in

10ml DI water. The contents are thoroughly mixed and sonicated for 10-20mins. The
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contents are then poured into a Teflon liner and placed inside an autoclave. The autoclave is
heated at 2000C at atmospheric pressure for 1 day to transform the hydrogen titanate
nanowires to strontium titanate nanowires. After the reaction has ended, the autoclave is
allowed to cool down to room temperature and the contents from the Teflon lined cylinder
are transferred to a plastic tube where they are thoroughly washed with 0.1M HCI and DI

water at least 3 times each, in that order, respectively.

C.4. Results

X-Ray diffraction (XRD) was performed on the intermediate products as well as final
product to check for phase purity and it confirms the full conversion to StTiO;. The XRD
analysis (Figure C.la) showed the transformation from sodium titanate (1) to hydrogen
titanate (2) and finally to strontium titanate nanowires(3). It is hard to index sodium and
hydrogen titanate nanowires to one particular phase as it seems to be a mixture of different
phases. However, a clear trend of cation exchange is observed. The transmission electron
microscope (TEM) analysis (Figure C.1b,c,d) confirmed the formation of the nanowires with
a very narrow diameter distribution. The average diameter for sodium, hydrogen and
strontium titanate nanowires were 74, 113 and 240 nm. Moreover, the TEM image of SrTiO,
reveals that the wires are formed by continuous attachment of individual particles. It is an
interesting morphology that provides the required diameter and length to be used in
fabrication of transistors. The Fast Fourier Transform (FFT) image additionally confirms the

formation of pure SrTiO; nanowires.
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(1) - Creation of Sodium Titanate Nanowires
(2) - Creation of Hydrogen Titanate Nanowires
(3) - Creation of Strontium Titanate Nanowires
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Figure C.1. (a) XRD patterns of SrTiO;, hydrogen titanate and sodium titanate nanowires,
respectively. (b) TEM image of sodium titanate (scale bar, 0.2um). (c) TEM image of
hydrogen titanate nanowires (scale bar, 0.5um). (d) TEM image of SrTiO; nanowires (scale

bar, 0.1um), inset at the top corner is a FF'T image of a SrTiO; nanowire.
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C.5. Doping Reactions with Lanthanum precursors

SfTiO; is electrically insulating, but its electronic properties can be substantially improved
when doped with Lanthanum(I.a) or Niobium(Nb). However, it has been a challenge to
dope the oxide nanowires with the formerly mentioned elements. Doping reactions are
sometimes carried out by mixing the nanowire powder with the respective doping element
precursor and annealing at high temperatures where the doped element enters into the
lattice. This is a highly unwanted step as at high temperatures the nanowires could lose its
morphology. We have overcome this drawback in the new synthesis procedure; where in the
last step of the reaction, lanthanum(III) hydroxide and strontium hydroxide octahydrate are
mixed with hydrogen titanate nanowires to give lanthanum doped strontium titanate
nanowires. The concentration of lanthanum(Ill) hydroxide determines the amount of

lanthanum doped inside the strontium titanate lattice.

C.6. Results

Two doping conditions were tried and they are presented in Table C.1. As stated before,
concentration of lanthanum(IIl) hydroxide determines the final product being formed. It is
clear from the XRD spectrums(Figure C.2 and C.3) that La is inside the lattice of SrTiO;. In
Case 1, a different separate phase of lanthanum strontium titanate is formed; while in Case 2,
a proper doping reaction is achieved where a small percent of La is inside the lattice. In

Figure C.3, magnified images of the respective angles are presented to prove that
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La,,St,,TiO; is the probable final product being formed. At high angles it is noticeable that

the peaks correspond to La, St TiO;,

Table C.1. Relationship between doping reactant amounts and final product formation.

Doping Name Amount of Strontium | Amount of | Product Formed
hydroxide Lanthanum(III)
octahydrate hydroxide
Case 1 0.6639¢ 0.0297¢ La,Sr, , TiO;
Case 2 0.6639¢g 0.0087g La, Sty TiO,4
CASE 1
SrTiO,
E La, Sr,,TiO,
E)
g |
Fgl:
£ -
2 3
2
=

Figure C.2. XRD Spectrum of Case 1 where La, St ,TiO; is formed.
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Figure C.3. XRD Spectrum of Case 2 where it is proved that La,,Sr,,TiO; is formed.

Magnified images of the respective angles are shown below the main XRD spectrum.
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C.7. Conclusion

A new synthesis method has been developed to overcome the drawbacks of the previously
developed method. The new reaction method cuts down reaction time drastically and is able
to achieve the preferred diameter and length of the StTiO; nanowires for transistor
fabrication. Doping reactions have also been conducted with promising initial results. XRD

indicates that doping of La inside the StTiO; lattice is successful.
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Appendix D: Synthesizing of Microplates of Calcium Cobalt Oxide (Ca;Co,0,)

by Molten Salt Method

This method was developed to synthesize the traditional good thermoelectric material,
calcium cobalt oxide (Ca;Co,0O,). Calcium cobalt oxide (Ca;Co,O,) was synthesized using
molten salt synthesis system. Molten salt synthesis is based on the principle that when salts
are heated to their melting points and transformed into the ionic liquid state, a faster reaction
between the two solids ensues. Accordingly, molten salt synthesis methodology using 0.617g
of cobalt oxide nanoparticles (Co;0,), 1.2g of calcium chloride dihydrate (CaCl,.2H,O) and
1.8¢g of calcium carbonate (CaCO;) was performed. Here, the melting point of CaCl, is first
reached, following which the reaction between Co;O, and CaCO; is initiated. To perform
the reaction, the powders were finely ground in a mortar using a ceramic pestle until a
homogenous powdered mixture had formed, following which the mixture was placed inside
an alumina crucible and heated inside a tube furnace according to a very specific temperature
profile indicated below. Completion of the thermal processing results in formation of pure

Ca,Co,0,.

Table D.1. Annealing ramp rates

Temperature (°C) Time(hours)

20 — 250 1.5

250-900 18
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900 10

900-20 Immediately

Initial runs indicated that the mixture must be heated to 250°C to remove any moisture
present in the samples. The temperature then needed to be steadily increased to 900°C
whereat the powders reached their softening points. At 900°C, CaCl, then became a molten

salt and initiated the reaction.

54800 15.0kV x4 .51k SE(M) 10.0um

Figure D.1. Scanning electron image (SEM) of Calcium Cobalt Oxide (Ca;Co,O,).
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Figure D.2. X-ray Diffraction spectrum of Calcium Cobalt Oxide(Ca;Co,O,).
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Appendix E: Growth of Vertically Aligned Cobalt Oxide Nanowires

The synthesis method used in this procedure is not new; it has been used in literature to
grow nanowires of different oxides. The goal of this project was to grow free standing cobalt
oxide nanowires and subsequently infuse calcium, to make calcium cobalt oxide nanowires.
The nanowires of cobalt oxide were successfully synthesized on titanium foil (Ti), silicon
wafers and glass slides. However, infusing calcium into cobalt oxide proved to be difficult
due to the high annealing temperature required to make this happen. The substrates were
not stable at high temperatures and loss in nanowire morphology was seen in some cases.
Nonetheless, this method involved using creative means to create a support to hold the
substrates in position above a certain distance from the reaction solvents to grow the

nanowire vertically. The method is described in detail below.

Titanium (Ti) foil was used as a substrate onto which freestanding Co,O, nanowires were
grown. 10 mmols of cobalt nitrate hexahydrate was first dissolved in 10ml of DI water and
stirred for around 2 minutes. 40 ml of 28wt% of ammonia was then slowly added to the

dissolved mixture and then stirred for approximately 30 minutes.

The reaction was carried out in a petri dish. For the nanowires to be freestanding on the Ti
foil, the foil had to be approximately 1-2mm above the bottom of the petri dish. Intially,
maintaining this distance proved to be an enormous challenge since the foil would float away

when the ammoniated liquid was added to the dish. This problem was eventually addressed
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through the design and fabrication of a glass-based foil suspension system (Figure E.1). The

suspension system can accommodate maximum of 4 Ti foils.

After the Ti foils were placed within the suspension system and the solution of cobalt nitrate
and ammonia was added to the dish, the dish was heated at 90°C for around 14 hours.
During this procedure, the dish was kept covered to prevent any ammonia from escaping

during the reaction.

After the reaction was complete, the Ti foils were recovered from the petri dish and washed
in DI water. The washed Ti foils revealed a dark surface that is indicative of nanostructure
growth. The Ti foils are then dried at room temperature, after which they are heated inside

the tube furnace at 250°C using a thermal progression rate of 60°C/hour for 4 houts.

SEM images indicate that freestanding nanowires have formed on the Ti substrate. (Figure

E.2). The nanowires have an average diameter of 530 nm and are fairly elongated.
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Figure E.1. (Top and Middle Image) Design of the glass system which allowed the Ti foil to
be suspended 1-2mm above the bottom of the petri dish. (Bottom Image) The black part

indicates the Co;O, grown on the Ti foil after annealing it for 4 hours at 250°C.
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Figure E.2. Scanning electron images of cobalt oxide (Co304) nanowires grown on Ti foil.
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