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Preface

For many years, nickel-cadmium had been the only suitable battery
for portable equipments, from wireless communications to mobile
computing. Nickel-metal-hydnde and lithium-ion batteries emerged in the
early 1990s, fighting nose-to-nose to gain customer's acceptance. Today,
lithium-ion battery is the fastest growing and most promising battery
technology. Rechargeable Li-ion cell is the key component in portable,
entertainment, computing and telecommunication equipments offering
high energy density, flexibility and lightweight design. The motivation for
using this technology is the fact that Li is the most electropositive as well
as the lightest metal that facilitates the design of storage systems with high
energy density, good energy-to-weight ratio, no memory effect, long-term
cycling stability and high charge/discharge rate capabilities. The most
advanced batteries available in the market today are Li-ion and Li-ion
polymer batteries. Another important factor affecting the demand for new
battery systems is the shift towards the exploitation of alternating
energy sources to replace the fossil fuel, which is progressively getting
exhausted from the earth. To meet the constantly increasing energy
needs of the developed countries of the world, the utilization of
discontinuous energy sources such as solar power, wind power etc
requires batteries as a storage facility. For this application, batteries
should have the ability to under go large number of deep charge

discharge cycles with high efficiency.
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The advantage of using Li metal was demonstrated in the year
1970 with the assembly of primary Lithium cells. Originally, lithium
metal foil was used as anode and an inorganic intercalation compound
as cathode in secondary Li-batteries, thus exploiting the low weight and
high reactivity of lithium. Safety concerns have led, however, to the
replacement of metallic lithium by a Li-insertion compound. The
discovery of such materials was crucial in the development of
rechargeable Li systems. Thus the concept of Li-ion transfer cells was
proposed to solve the problem of corrosion and thermal run away and
possible explosion. The key to the successful development of a new
generation of lithium batteries depends critically on the creation of new
electrodes and electrolyte materials with composition and
configuration, that offer high power density, long shelf and cycle life,

low cost, and minimal capacity fade and disposal problems.

The current predominant cathode material is LiCoO,, which is
expensive, toxic, possesses limited practical capacity (<140 mAh g—1)
and rates, and suffers from stability problems at elevated temperatures
in the common electrolyte solutions. Consequently, intense research
work on identifying new cathode materials for Li-ion batteries is being
carried out today by hundreds of research groups throughout the world.
The major cathode materials currently being explored are LiMn,Oy,
LiFePO; , LiMn;-,NiiCo,0; , LiMngsNigsO, , LiMn; sNigsO,
LiNi;.MO; (M = a third metal, Co, Al) Li,VO, etc. . LiMn,;0; is
inexpensive and ‘green’ (eco-friendly) in nature. Unlike layered

structured cobalt oxide materials, all atoms in spinel shaped manganese
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oxides are connected via genuine chemical bonds with large channels
in the lattice for Li insertion and hence they have low discharge
capacity and structural stability at moderately high temperature.
However, batteries made of LiMn,04 electrodes show drastic capacity
fading after each charge-discharge cycle which may be due to the
instability of the organic based electrolyte in the high voltage region,
dissolution of Li,Mn;04 electrode in the electrolyte as Mn®" ions and

onset of Jahn-Teller effect in deeply discharged LiMn,04 electrodes.

Recently, it has been recognized that NaSICON (a family of Na
super-ionic conductors) or olivine (magnesium iron silicate) oxyanion
scaffolded structures, built from comer-sharing MOg octahedral (where
M is Fe, Ti, V or Nb) and XO, tetrahedral anions (where X is S, P, As,
Mo or W), offer interesting possibilities. Among them, Lithium metal
phosphates, LIMPO4 (M=Fe, Mn, Co, Ni) have attracted particular
attention due to their high energy density, low cost and good
environmental compatibility of their basic constituents. Moreover,
these compounds display high redox potentials, fast Li" ion transport,
excellent thermal stability, high lithium intercalation potential (not too
high to decompose the electrolyte), and energy density comparable to

that of conventional lithium metal oxides.

Lithium metal phosphates (LMPs) adopt an olivine-related
structure, which consists of a hexagonal closed-packing (hcp) of
oxygen atoms with Li" and M?" cations located in half of the octahedral
sites and P** cations in 1/8 of the tetrahedral sites. The major problem

facing the commercial use of these Lithium Metal Phosphates (LMPs)
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is their poor rate capability, which is attributed to their low electronic
conductivity and slow kinetics of Li diffusion through the interfaces.
Two approaches have been attempted to overcome this problem. One is
to enhance electronic conductivity by coating an electron-conducting
layer around the particles, such as carbon, copper, and silver, or by
doping with guest cations. The other is to minimize particle size by
modifying the synthesis conditions, such as using solution method or
lowering the sintering temperature. In the present work we suggest
another way to improve the electrical conductivity of LMPs (typically
107 - 10" Sm™) by doping them with carbon nanotubes (CNTs) which
have high electrical conductivity (as high as 10° Sm™). We expect these
CNTs to serve as microconductors within and between the grains of

LMPs, thereby increasing the electrical conductivity of LMPs.

Since their discovery in 1991 by S. lijima, carbon nanotubes have
been of great interest, both from a fundamental view point and from
that for various device oriented applications .An ideal CNT can be
thought of as a one dimensional, hexagonal network of carbon atoms
.(graphene) that has been rolled up to make a flawless structure . It is
nearly a one-dimensional form of fullerenes forming a quantum wire
with a large length (up to several microns) and small diameter (a few
nanometers) resulting in a large aspect ratio. The most important types
of CNT structures are single walled nanotubes (SWNTs) and
multiwalled nanotubes (MWNTs). A SWNT is considered as a cylinder
with only one wrapped graphite sheet and an MWNT as a collection of
concentric SWNTs. The length and diameter, and hence properties of
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these MWNTs differ a lot from those of SWNTs. Specifically, MWNTSs
can carry current densities up to 10° - 10" A/em” and have good
thermal conductivity of 3000 W/mK. These properties could be
beneficial in situations where heat dissipation and thermal stability are
important factors. In addition, MWNTs can be used as mechanical

supports because of their high axial strength.

In the present work attempts have been made to study in detail
the thermal, optical, structural and electrical properties of the spinel
structured Li,Mn,04( x=0.8,0.9,1,1.1 and 1.2) and its delithiated form
A-MnO; and the olivine structured LiMPO4 (M=Fe, Ni). The Jahn-
Teller distortion effect on the thermal and optical properties of
Li,Mn,O;4 has been investigated in depth. The effect of MWNTSs on the
electrical, optical, structural and thermal properties of LIMPO4 (M=Fe,

Ni) has also been subjected to detailed investigations.

The thesis is entitled “Lithium Containing Complex metal
oxides and metal phosphates: Investigations on their synthesis and
various characterizations for rechargeable lithium battery

applications” and consists of six chapters.

Chapter -1 gives a general introduction to the subject matter
contained in this thesis. It includes a chronological description of the
development of batteries, commonly used battery terminology, lithium
battery concept, the significance of the materials selected for the
present investigations, and a brief description of the various synthesis

and characterization techniques used. The highlights of the present
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investigations and their future scope are also briefly explained in this

chapter.

Chapter-2 gives an account of the relevant theoretical aspects
used in the present investigations. This includes a detailed description
of the Photo Acoustic Spectroscopy (PAS), Density Functional Theory
(DFT) to analyse the photo acoustic spectra, theoretical aspects of ac
and dc carrier transport properties, the salient features of X -ray
Diffraction (XRD), Transmission Electron Microscopy (TEM) and
Scanning Electron Microscopy (SEM)

Chapter-3 describes the synthesis of spinel Li,Mn;O4 and A-
MnO;, their structural characterization using XRD, SEM and TEM and
a detailed account of the investigations on the influence of lithium
content on the thermal and optical properties of LiMn,Qs. . The thermal
properties of the samples are evaluated from photoacoustic signal
amplitude and phase as a function of modulation frequency in
reflection configuration while information of their electronic band
structure is obtained from the wavelength dependence of the
photoacoustic signal.  The role of lithium concentration and
temperature for the occurrence of Jahn-Teller (J-T) distortion in

Li,Mn;O4is investigated in detail using photo acoustic technique.

The synthesis of olivine LiFePO4 and a detailed account of the
investigations on its structural, thermal, electrical and optical properties
are included in Chapter-4. Structural characterization is done using

XRD, SEM and TEM. The thermal properties of the samples are
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evaluated from photoacoustic signal amplitude and phase as a function
of modulation frequency in reflection configuration while information
of their electronic band structure is obtained from the wavelength
dependence of the photoacoustic signal. In this study, the band gap of
LiFePQq is also estimated from the reflectance spectrum recorded in the
range 300-2000 nm with a view to clear the ambiguity surrounding the
band gap value of this material. The influence of the addition of
MWNTs on the structural, thermal, optical and electrical properties of

LiFePOQs; is also discussed in detail in this chapter.

Chapter-5 includes the synthesis of olivine LiNiPO4 and a
detailed account of its structural, electrical, thermal and optical
properties. As in the case of LiFePO, structural characterization is
done using X-ray diffraction SEM and TEM studies and the thermal
properties of the samples are evaluated from photoacoustic studies. The
band gap of LiNiPO4 is determined using reflectance spectrum
recorded in the range 300-2000 nm. In this material also the influence
of the addition of MWNTs on the structural, electrical, thermal and

optical properties is investigated in a detailed way.

The conclusions drawn from the present investigations are
summarized in Chapter -6.The major achievements of the present

investigations and the scope for further studies are also highlighted.
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Introduction

The present chapter gives a general introduction
to the subject matter contained in this thesis. It includes a
chronological description of the development of batteries,
commonly used battery terminology, description of the
lithium battery concept, the significance of the materials
selected for the present investigations and a brief
description of the various synthesis and characterization

techniques employed.

1.1 A Brief History of Development of Batteries

Among all the power sources that man has invented, batteries find
a commendable position owing to their versatile applications ranging
from medical implants to space applications. Aiming at better power
and life for batteries, researchers all over the globe are searching for
newer and newer materials for battery developments. The invention of
the battery in 1800 paved the way for major advances in the theories of
electric current and electrochemistry. This invention resulted in the

rapid development of both science and technology, making the 19"
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century, the age of electricity. Italian physicist Alessandro Volta gave
the first authenticated description of an electrochemical cell. It was the
introduction of telegraphy that increased the demand of reliable
commercial batteries, capable of sustaining a substantial flow of

electric current, with out much loss in cell voltage.

Fig.1.1 The Voltaic pile

Following the earlier work of his compatriot Luigi Galvani, Volta
performed a series of experiments on electrochemical phenomena
during the 1790s. By about 1800 he had built his simple battery, which
later came to be known as the “Voltaic Pile”(Figure-1.1) This device
consisted of alternating zinc and silver disks separated by layers of

paper or cloth soaked in a solution of either sodium hydroxide or brine.

Experiments performed with the voltaic pile eventually led Faraday
to derive the quantitative laws of electrochemistry (about 1834). These

laws, which established the exact relationship between the quantity of
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electrode material and the amount of electric power desired, formed the
basis of modern battery technology. Various commercially significant
primary cells were produced on the heels of Faraday's theoretical
contribution. In 1836 John Frederic Daniel, a British chemist,
introduced an improved form of electric cell consisting of copper and
zinc in sulfuric acid. The Daniel cell was able to deliver sustained
currents during continuous operation far more efficiently than Volta's
device. Further advances were effected in 1839 by William Robert
Grove with his two-fluid primary cell consisting of amalgamated zinc
immersed in dilute sulphuric acid, with a porous pot separating the
sulphuric acid from a strong nitric acid solution containing a platinum
cathode. The nitric acid served as an oxidizing agent, which prevented
voltage loss resulting from an accumulation of hydrogen at the cathode.
The German chemist Robert Wilhelm Bunsen substituted inexpensive
carbon for platinum in Grove's cell and thereby helped to promote its

wide acceptance.

In 1859 Gaston Planté (1) of France invented a lead-acid cell, the
first practical storage battery and the forerunner of the modem
automobile battery. Planté's device was able to produce a remarkably
large current, but it remained a laboratory curiosity for nearly two
decades. Georges Leclanché's prototype of the zinc-manganese dioxide
system paved the way for the development of the modern primary cell.
The original version of the Leclanché cell was “wet,” as it had an
electrolyte consisting of a solution of ammonium chloride. The idea of

employing an immobilized electrolyte was finally introduced in the late
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1880s leading to the launching of dry-cell industry, which continues to
flourish, even today. The invention of alkaline electrolyte batteries
(specifically storage batteries of the nickel-cadmium and nickel-iron
type) between 1895 and 1905 provided systems that could furnish
much-improved cycle life for commercial application. The 1930s and
'40s saw the development of the silver oxide-zinc and mercuric oxide—
zinc alkaline cells, systems that provided the highest energy yet known

per unit weight and volume.

Shortly before the Second World War mercury primary cell
invented by Samuel Ruben was introduced in the market. At first,
mercury cells were expensive, and due to their small size, they weren’t
used in many applications. With the invention of the transistor in the
1950s, mercury cells found their way into hearing aids and transistor
radios. In the 1950s, the alkaline manganese cell was further refined. At
the same time, smalil cameras with built in flash units were developed
that required high power in a small package. Alkaline cells worked in
this and other new consumer applications so well that, they gained
tremendous popularity. They remain one of the largest portions of
revenue for portable battery sales to this day. Development of the
nickel metal hydride rechargeable cell began in the 1970s, but it was a
long time before hydride alloys could perform well enough to begin
production. Since the late 1980s, the performance of nickel metal

hydride cells has steadily improved, and there may still be room for

further performance enhancement.
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Since mid-century, advances in construction technology and the
availability of new materials have given rise to smaller, yet more
powerful batteries suitable for use in a wide array of portable
equipments. The latest developments in batteries, both primary and
rechargeable, have centered on the use of lithium. Lithium is the
lightest of all metals, has the greatest electrochemical potential, and
provides the maximum energy. Lithium primary batteries were
popularized in the 1970s and 80s. They have replaced the alkaline cell
in most photovoltaic applications and are better suited to military and
scientific applications than any other type. Attempts to make lithium
rechargeable batteries go back to the 1980s. Problems with safety
prevented the commercial use of the technology at that time. Finally
rechargeable cells that wuse lithium metal were abandoned.
Investigations were shifted to the use of lithium ions containing oxides
and phosphates such as LiMn,O4, LiCoO,, LiFePQ4, LiNiPO, etc.
Since then lithium-ion batteries have become the most popular choice
for use in high tech applications such as cellular phones and laptop

computers.

What’s next? Lithium polymer batteries are aiready being
produced in a small scale, and offer the high performance of lithium
combined with unparalleled packaging flexibility. Growing demands
for development and introduction of battery-powered electric vehicle to
keep cleaner environments have greatly stimulate the research on
lithium insertion materials for high-volume, high —energy density,

lithium ion batteries.
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1.2 Battery

A battery 1s a device that converts the chemical energy contained
in its active materials directly into electric energy by means of an
oxidation—reduction reaction. In the case of rechargeable system, the
battery is recharged by a reversal of the process. This involves the
transfer of electrons from one material to another through an electric
circuit. While the term “battery” is often used, the basic
electrochemical unit being referred to as the “cell” (A cell is the basic
electrochemical unit providing a source of electrical energy by direct
conversion of chemical energy. The cell consists of an assembly of
electrodes, separators, electrolyte, container and terminals) A battery
consists of one or more of these cells, connected in series, parallel or
the combinations of these, depending on the desired output voltage and
capacity. Batteries, therefore, are capable of having higher energy

conversion efficiencies.
1.3 Basic Components of an Electrochemical Cell.

Each cell consists of a positive and a negative electrode separated
by an electrolyte solution containing dissociated salts (Figurel.2),
which enable ion transfer between the two electrodes [2]. Once these
electrodes are connected externally, the chemical reactions proceed in
tandem at both the electrodes, thereby liberating electrons and enabling
the current to be trapped by the user. The electrode materials and
electrolyte are chosen and arranged so that sufficient electromotive
force (voltage) and electric current (amperes) can be developed

between the terminals of a battery to operate electrical gadgets. Since

A
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an electrode contains only a limited number of units of chemical energy
convertible to electrical energy, it follows that a battery of a given size
has a certain capacity to operate devices and will eventually become

exhausted. The active parts of a battery are usually encased in a box (or

jacket).
Electron flow
———p
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<« 03
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< - S
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Electrolyte

Fig.1.2. Electrochemical operation of a cell

Battery usefulness is limited not only by capacity but also by how
fast current can be drawn from it. The salt ions chosen for the
electrolyte solution must be able to move fast enough through the
solvent to carry chemical matter between the electrodes in accordance
with the rate of electrical demand. Battery performance is thus limited
by the diffusion rates of internal chemicals as well as by capacity. The
voltage of an individual cell and the diffusion rates inside it are both

reduced if the temperature is lowered from a reference point. If the

7
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temperature falls below the freezing point of the electrolyte, the cell
will usually produce very little useful current and may actually change
internal dimensions, resulting in internal damage and diminished
performance even after it has warmed up again. On the other hand, if
the temperature is raised deliberately, faster discharge can be sustained,
but this is not generally advisable because the battery chemicals may
evaporate or react spontaneously with one another, leading to early
failure. Beyond the technical factors so far discussed, it must be
recognized that commercially available batteries are designed and built
with market factors in mind. The quality of materials and the
complexity of electrode and container design are reflected in the market
price sought for any specific product. As new materials are discovered
or the properties of traditional ones improved, however, the typical
performance of even older battery systems sometimes improves by

large percentages.

Batteries are divided into two general groups: (1) primary
batteries and (2) secondary, or storage, batteries. Primary batteries are
designed to use until the voltage is too low to operate a given device
and then discarded. Secondary batteries have many special design
features, as well as particular materials for the electrodes, that permit
them to be reconstituted (recycled). After partial or complete discharge,
they can be recharged to their original state by dc voltage and current.
While this original state is usually not restored completely, the loss per
cycle in commercial batteries is only a small fraction of 1 percent even

under varied conditions.
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1.4 Principles of Operation of an Electrochemical Cell.

The anode of an electrochemical cell (Figure 1.2) is usually a metal
that is oxidized (gives up electrons) at a potential between 0.5 volt and
about four volts above that of the cathode. The cathode generally consists
of a metal oxide or sulfide that is converted to a less-oxidized state by
accepting electrons, along with ions, into its structure. A conductive link
via an external circuit (e.g., a lamp or other device) must be provided to
carry electrons from the anode to the cathode. Sufficient electrolyte must
be present as well. The electrolyte consists of a solvent (water, an organic
liquid, or even a solid) and one or more chemicals that dissociate into ions
in the solvent. These tons serve to deliver electrons and chemical matter
through the cell interior to balance the flow of electric current outside the
cell during cell operation. The fundamental relationship of electrochemical
cell operation put forth by Faraday in 1834 is that for every ampere that
flows for a period of time, a matching chemical reaction or other change
must take place. The extent of these changes is dependent on the
molecular and electronic structure of the elements comprising the battery
electrodes and electrolyte. Secondary changes may also occur, but a
primary pair of theoretically reversible reactions must take place at the
electrodes for electricity to be produced. For a cell with electrodes of zinc
and manganese dioxide (¢.g., the common flashlight dry cell), one finds
that a chemical equivalent of zinc weighs 32.5 grams and that of
manganese dioxide about 87 grams. The discharge of one equivalent
weight of each of these electrodes will cause 32.5 grams of zinc to

dissolve in the electrolyte to produce Zn ions and 87 grams of manganese
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dioxide to change into a different oxide containing more hydrogen and
zinc ions. Some of the electrolyte also will be consumed in the reaction.
One chemical equivalent of each electrode produces one faraday, or
96,500 coulombs ot current equal to 26.8 amperes per hour. There are a
large number of elements and compounds from which one can select

potentially useful combinations for batteries.
1.5 Battery terminology

The following are the commonly used terms used while dealing

with batteries [2,3].
1.5.1 Active material

Active materials are the chemically reactive materials at the positive

or negative electrodes that engage in the charge and discharge reactions.
1.5.2 Ampere-hours

It is a measure of cell capacity. It is the product of current in

amperes and by the discharge time.
1.5.3 The anode

The electrode at which oxidation reaction occurs is the anode. In
secondary cells, either electrode may become the anode, depending

upon direction of current flow.
1.5.4 The cathode

An electrode at which reduction reaction occurs is the cathode.
The positive electrode is the cathode on discharging and the negative

electrode is the cathode on charging.

10



Introduction

1.5.5 Electrolyte

The medium for movement of ions within the cell is the
electrolyte.
1.5.6 Electrodes

Parts of the cell where the electrochemical reaction occurs are
called electrodes. They normally consist of the active material and the

current collector
1.5.7 Theoretical capacity

The ability of the battery or cell to supply current to an external
circuit is termed as the theoretical capacity. It is determined by the
amount of active materials in the cell. It is expressed as the total
quantity of electricity involved in the electrochemical reaction and is

defined in terms of coulombs or ampere-hours.
1.5.8 Cycle

In a rechargeable battery a cycle consists of a charge followed by

a discharge.
1.5.9 Duty cycle

The pattern for using a battery including charge, overcharge, rest

and discharge is commonly known as duty cycle.
1.5.10 Theoretical energy density

The energy stored in a cell or battery as a function of the weight
or volume is termed as energy density [2,4]. It is often expressed as the

ratio of its power to weight or size .The preferred terminology for this

11
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ratio on weight basis is Watt-hour/kilogram (Wh/kg) or on volume
basis is Watt-hour/litre (Wh/L)

Energy density = !000£ . where W is the equivalent weight
W g=1
of anode and cathode and E the cell emf which is related to tree energy,
AG, of the cell reaction by
AG = -nEF

where n is the number of electrons passed per mole of reactant and F is

Faraday constant.
1.5.11 Shelf life

The length of acceptable performance received from a battery,

measured in years or in charge/discharge cycles.
1.5.12 Open circuit voltage

The voltage of a battery with no load applied to it is referred to

as Open circuited voltage.
1.5.13 Operating voltage

Voltage of a battery under load is its operating voltage.
1.5.14 Primary cell

A cell designed to be used only once, and then discarded.
1.5.15 Secondary cell

A cell capable of repeated use as it uses chemical reactions that
are reversible-, i.e., supplying electrical current to recharge the cell may

restore the discharge energy.

12
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1.6 Different Nomenclature Representing Voltage of a Battery

a.

The theoretical voltage is a function of the anode and cathode
material parameter, the composition of the electrolyte and the

temperature (usually stated at 25°C).

The open-circuit voltage is the voltage under a no-load
condition and is usually a close approximation of the

theoretical voltage.

The closed-circuit voltage is the voltage under a load

condition.

The nominal voltage is one that is generally accepted as
typical of the operating voltage of the battery as, for example,

1.5 V for a zin¢c-manganese dioxide battery.

The working voltage is more representative of the actual
operating voltage of the battery under load and will be lower

than the open-circuit voltage.

The average voltage is the voltage averaged during the

discharge.

The midpoint voltage 1s the central voltage during the

discharge of the cell or battery.

The end or cut-off voltage is designated as the end of the
discharge. Usually it is the voltage above which most of the
capacity of the cell or battery has been delivered. The end
voltage may also be dependent on the application

requirements.

13
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1.7 Thermal Runaway

The loss of the gas barrier in one or more cells of a vented nickel-
cadmium battery can lead to thermal runaway [1]. Loss of this function
allows oxygen, generated in overcharge, to reach the negative plate and
recombine on it. This generates heat. The temperature increase, which
follows, causes the internal cell voltage to decrease. Charge current then
increases exponentially to increase cell voltage to match the charger
voltage. Thermal runaway occurs with the use of a voltage-regulated
charge source on a battery containing cells with a failed gas barrier.
Thermal runaway begins when the failed cells approach overcharge
following recharge. The over- charge current may reach a minimum and
then gradually increases. Voltage inequities may exist at this point unless
all cells are experiencing similar recombination (gas barrier damage).
Oxygen recombination heats up, and begins to increase the temperature of
the failed cell or cells and thus their neighboring cells also unless the
battery is effectively air-cooled. The resulting temperature increase,
however, proceeds slowly due to the large thermal mass involved. It may
take 2 to 4 hours of (nearly) consecutive overcharging for a cell to reach
boiling temperature. If the boiling phase continues long enough, or is
repeated, and the failed cell becomes dry, large inequities in cell voltage
will appear. The voltage across the cell that has boiled dry will increase,
thereby decreasing the charge current and the voltage across the cells that
are still wet with electrolyte. The next event probably will be internal
short-circuiting of the dried-out cell due to very high temperatures and

voltage at the last remaining damp spots with consequent burning of the

14
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electrical separator insulation. The over-charge current then increases
sharply due to cell loss, and the process repeats itself with the next cell to
go dry. Because of extensive heating and boil away times, thermal
runaway may go un detected for many hours following the onset of gas
barrier failure if the use of the system is not consecutive or continuous.
This can confuse the perceived connection between the cause of the gas

barrier damage and the resultant thermal runaway.
1.8 Memory Effect in Batteries

The gradual reduction of both power and capacity of a battery with
cycling in a battery especially in Ni-Cd cell is an added disadvantage. This
effect, sometimes referred to as ‘memory effect, ‘fading,” or ‘voltage
depression,” results from charging following repetitive shallow discharges
where some portion of the active materials in the cell is not used or
discharged, such as in a typical engine-start use [1]. This effect is noticed
when the previously undischarged material is eventually discharged. The
terminal voltage during the latter part of that full discharge may be lowered
a little (i.e. a depression of voltage). The total capacity is not reduced,
however, if the discharge is continued to the lower voltages. This effect is
completely reversible by a maintenance cycle consisting of a thorough

discharge followed by a full and complete charge-overcharge.
1.9 Classification of Batteries

- Electrochemical cells and batteries are identified as primary or
secondary depending on their capability of being electrically recharged.
Primary batteries are not capable of being easily or effectively recharged

electrically and, hence, are used once and discarded. Many primary cells in

15
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which there are no liquid electrolytes are termed “‘dry cells.” The primary
battery is a convenient, usually inexpensive, lightweight source of
packaged power for portable electronic and electric devices, lighting,
photographic equipments, toys, memory backup, and a host of other
applications, giving freedom from utility power. The general advantages
of primary batteries are good shelf life, high energy density at low to
moderate discharge rates, little, if any, maintenance, and ease of use.
Although large high capacity primary batteries are used in military
applications, signaling, standby power, and so on, the vast majority of
primary batteries are the familiar single cell cylindrical and flat button

batteries or multicell batteries using these component cells.

Small Rechargeable battery

Fig. 1.3 Classifications of Battery

16



Introduction

1.9.1 Comparison Data among Various Lithium based Batteries

Battery LiFePO:  LiCo0: LiMnz0s  LiNiPOs | Li{NiCo)0:
Safety Safest | Not stable  Acceptable Safe Not stable
Environmenta - Most Enviro- = Very " Enviro- , Very

D . Green )
| Concern . friendly - dangerous friendly | dangerous
Cycle life | Excellent Acceptable Acceptable Better i Acceptable
Pow?rlwelght [ Acceptable Good Acceptable  Acceptable ; Best
density : 1
Long term Most - . Acceptable | . .
cost l Economic High J' High High High
| Excellent Eecayd ‘Decay | Excellent 20 1
! . beyon ; - 0
Temperature * s qy ) extremely | 5e 1
Range - (20°Cto  fastover 55°C
70°C) 50°C) 50°C 70°C)

1.10 Ion Conductors and their Classifications

According to the ability of carrying electric current at room
temperature solid materials can be classified in to (1) metals
(conductivity ¢ =10% 10% S/cm) (2) insulators (o <10"'® S/cm) and
(3) semiconductors (10*>0 >10"'° S/cm). Solids having mainly
electronic conductivity are the first type; where as solids having
tonic conductivity predominance is the second type. The solid
conductors, having electrons and ions contributing equally to
conductivity, are mixed conductors. The high ion conductivity in
certain solids approach similar values (6 = 1-107S/cm) as in liquid

salt solutions or melted salts. Therefore, such materials are called

17
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solid electrolytes. Their conductivity is caused by a delocalization of
metal ions over an excessive number of free interstitials in an
immobile sublattice. Most of the solids show certain ion localization.
However, in some compound at a certain temperature, a phase
transition is possible, where the localized cation sublattice gets
disordered over numerous interstitials. The conductivity
spontaneously increases by several orders upon the melting of cation
sublattice. Therefore, the term “solid electrolyte” can rather be used
for the identification of a particular state of solid material. However,
many other materials being ion conductors with a lower conductivity
are also often referred to as solid electrolytes. According to Ratner

¢.a] asolid electrolyte exhibits a characteristic ionic conductivity in
tﬁe range lﬁ"ée&icm t0 107 S/cm near ambient temperature. A more
general approach is to use the term of “ion conductor” instead of
using “solid electrolyte”. A schematic representation of the
classification of ion conductors according to chemical composition,
polarity of mobile ions and morphology of solids are shown in
Figure-1.4. The scheme comprises of a wide spectrum of solids

starting from crystalline and ending with amorphous ones.
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Electrolytes

'—J——' Chalcogenides H Oxides ]
AN I Haloides I

..{ Nitrogen based [

Anion conductors ]

Cation Conductors |

| Crystalline Solids I | Non-Crystalline solids |

| Rigidlattice | | soft latice | _inorganic glases_|

I Polymer based materials |

| Glasses H Rubbers, gels I

Fig .1.4 Types of solid ion conductors

1.11 Properties of the Components of a Battery

A solid-state battery consists of three active components as
shown below. The anode is the electropositive half of the cell, typically

a metal, and the cathode the electronegative half. The electrolyte must

19
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be able to transport only a single ionic species, and at the same time be

an electronic insulator so that self-discharge is minimized.

LAnodei Solid electrnlyteJ Cathodew

1.11.1 The Anode

The requirement of high energy density demands a high voltage,
that is, a high-energy change during the anode- cathode reaction. Thus
materials required as the anode are the most electro positive elements

such as alkali metals.
1.11.2 The Cathode

Following are desired characteristics of a cathode material.

a. High energy density
b. High oxidizing power
c. High Electronic conductivity
d. A long cycle life
e. Low equivalent weight
f. Ability to form product reversibly
No reactivity with electrolyte
h. No solubility in electrolyte
i. Low corrosive properties.
More over it is desired that the material be easy to handle

chemically stable, non-toxic and cost effective. The cathode must be

capable of cycling daily with high efficiency for several years. This

20
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dictates that the cathodic reaction must be readily reversible. This in
turn demands that the cathode structure must maintain its structural

integrity in low temperature systems.
1.11.3 The Electrolyte

The electrolytes for use in batteries must exhibit the following

properties.

a. High ionic conductivity
b. Low electronic conductivity

c. Extreme chemical inertness
1.12 Renaissance in the Battery Development

In a society progressively relying more on electricity it is
necessary to have a convenient way of storing this energy. Batteries are
the predominant means used today; where the electrical energy is
readily mobile and is stored as chemical energy. Until recently the
conventional batteries using solid electrodes and aqueous electrolytes
have proved satisfactory for the majority of common applications. For
most portable electrical equipments the traditional primary systems
such as Leclanché and mercury cells have been successful as power
sources. In rural areas, in railways and in telephone systems the well-
established rechargeable batteries such as those based on the lead-acid
or nickel-cadmium batteries have long been employed as sources or
auxiliary power sources. Research and developments in his direction
has been taking place for improvements in efficiency, energy density

and cyclability.

21
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In the last two decades, however, the situation has changed
considerably. Many advances have been made in the battery technology
in recent years both through continued improvement of a specific
electro chemical system and through the development and introduction
of new battery chemistry. However batteries are not keeping pace with
developments in electronic technology, where performance doubles
every 18 months, phenomenon known as Moore’s law. Micro
electronic components are inexpensive and are widely used in the
production of pocket calculators, electric watches, computers, mobile
phones etc. Development of such miniature electronic instruments
demands the evolution of miniature power supplies, which can offer a
much higher energy density and superior discharge characteristics as

compared with those of traditional batteries.

The most important factor affecting the demand for new battery
systems is the shift towards the exploitation of alternating energy
sources to replace the fossil fuel, which is progressively getting
exhausted from the earth. To meet with the constantly increasing
energy needs of the developed countries of the world, the utilization of
discontinuous energy sources such as solar power, wind power etc
requires batteries as a storage facility. For this application, batteries
should have the ability to under go large number of deep charge

/discharge cycles with high efficiency.

Batteries, unlike electronic devices, consume materials when
delivering electrical energy and there are theoretical limits to the

amount of electrical energy that can be delivered electrochemically by

N



Introduction

the available materials. Recognizing the limitations of the battery
materials researchers are focusing on reducing the ratio of inactive to
active components to improve energy density, increasing conversion
efficiency and rechargeability, maximizing performance under stringent
operating conditions and enhancing safety.
1.13 Thin Film Batteries - A Trendsetter in Miniature Power

Sources

The trend of power sources, in accordance with the shrinkage in
the size of electronic devices have shifted from city line to regular
batteries, and the final goal may be miniature power sources. By
preparing electrochemical cells with thin-film architecture, extensive
opportunities arise for their utilization in extremely diverse fields of
technology, where small dimensions, high specific-energy ratings,
reliable performance and long shelf life are required. The main

advantages of thin film battery technology can be listed as follows.

a. Thin films are well accepted for device design,

b. The thinning of layers gives a lower resistance in the
transverse direction in the case of poorly semi conducting

materials,

c. The formation of a thin layer of electrolyte allows us to use

glassy materials with a low ionic conductivity,

d. Some of the main difficulties in the behaviour of the

electrolyte-electrode interface can be avoided,
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e. Thin film batteries are manufactured by the same technique as

currently used in microelectronics industry,

f. The micro battery is manufactured in almost any two-

dimensional shape.

Thin film rechargeable lithium batteries have potentially many
uses as low—current active or standby power supplies. A micro battery
is a system, which can deliver energy in the range of few hundreds of
pAh and can be used as a micro-power source applied to various
devices. The most interesting application of solid-state micro batteries

is in the field of electronic systems.
1.14 Major Events in Secondary Battery Development

Figure-1.5 shows a comparison of the different battery
technologies in terms of volumetric and gravimetric energy density.
The share of worldwide sales for Ni-Cd, Ni-MeH and Li —ion portable
batteries is 23%, 14% and 63% respectively. The use of Lead-acid
batteries is restricted mainly to SLI (starting, lighting and ignition) in
automobiles of standby applications, while Ni-Cd batteries remain the
most suitable technology for high-power applications (for example,

power tools).
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Fig. 1.5 Comparison of the different battery technologies in
terms of volumetric and gravimetric energy density

1.15 The Concept of Flexible Paper Battery

Victor L. Pushparaj (Rensselaer Nanotechnology Center, NY, USA),
Pulickel M. Ajayan (Rensselaer Polytechnic Institute Troy, NY, USA)
et.al have recently demonstrated the design, fabrication, and packaging
of flexible carbon nano tube (CNT)—cellulose-RTIL (room temperature
ionic liquid) nanocomposite sheets, which can be used in configuring
energy-storage devices such as super capacitors, Li-ion batteries, and
hybrids [9,10]. The intimate configuration of CNT, cellulose, and RTIL
in cellulose helps in the efficient packaging, operation, and handling of
these devices. The discharge capacity and performance observed here
compare well with other flexible energy-storage devices reported The
robust integrated thin-film structure allows not only good

electrochemical performance but also the ability to function over large
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ranges of mechanical deformation and record temperatures and with a
wide variety of electrolytes. These self-standing flexible paper devices
can result in unprecedented design ingenuity, aiding in new forms of
cost-effective energy storage devices that would occupy minimum

space and adapt to stringent shape and space requirements.

Uniform films of vertically aligned thin-walled multiwalled
nanotubes (MWNT) are grown on silicon substrates by using a thermal-
chemical vapor-deposition method Unmodified plant cellulose
dissolved in RTIL is infiltrated into the MWNT to form a uniform film
of cellulose and 1-butyl, 3-methylimidazolium chloride ([bmIm][Cl])
embeddmg the MWNT. After solidification on dry ice, this
nanéconposite is immersed in ethanol to partially or completely extract
excess RTIL and dried in vacuum to remove residual ethanol. The
resulting nanocomposite paper that forms the basic building unit is
peeled from the substrate for use as the super capacitor. The
nanocomposite paper (CNT cellulose-RTIL) shows excellent
mechanical flexibility. The paper can be rolled up, twisted, or bent to
any curvature and is completely recoverable. The nanocomposite paper,
which can be typically a few tens of microns thick, contains MWNTSs
as the working electrode and the cellulose surrounding individual
MWNTs, as well as the extra layer as the spacer and the RTIL in
cellulose as the self-sustaining electrolyte. Two of the nanocomposite
units bonded hack-to-back make a single super capacitor [11,12]
device. The thin lightweight (15mg/cm?) design of the device results

from avoiding the use of a separate electrolyte and spacer, generally
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used in conventional super capacitors. The use of RTIL electrolyte (3
wt/wt % of cellulose in RTIL) makes the device environmentally
friendly. In a final package, operating devices can be fabricated by

laminating multiple stacks of individual nanocomposite layers.

Postage —stamp sized super capacitor has a voltage of almost
2.5V.Stacking sheets of the paper increases the voltage, and increasing
its size increases the power stored. The paper battery has enough power
to light LED and is extremely biocompatible, so it could be used as

power supplies for devices implanted in the human body.

The fabrication of the flexible Li-ion battery based on the
nanocomposite paper consists of RTIL-free nanocomposite as cathode
and a thin evaporated Li-metal layer as anode with Al foil on both sides
as current collectors. Aqueous 1 MLiPF6 (lithium hexaflouro
phosphate) in ethylene carbonate and dimethyl carbonate (1:1 vol/vol)
is used as the electrolyte. As with the super capacitor, this battery also
uses the excess cellulose layer in the nanocomposite cathode as the
spacer, without the use of any stand-alone spacer. The charge-
discharge cycle voltages of the battery are measured between 3.6 and
0.1 V, at a constant current of 10 mA/g. A large irreversible-capacity
(~ 430 mAN/g) is observed during the first charge—discharge cycle and
further charge—discharge cycles resulted in a reversible capacity of 110-

mAh/g .The battery devices operates under full mechanical flexibility.

In recent years, super capacitors coupled with batteries have been

considered as promising hybrid devices (82,83) to combine with the
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best features of a battery and a super capacitor. This battery and super
capacitor devices could be integrated in parallel to build hybrids, as
reported for conventional hybrids. In this case, the battery segment of

the hybrid 1s used to charge the adjoining super capacitor.
1.16 Rechargeable Lithium- ion Battery Concept

For today’s information rich, mobile society rechargeable Li-ion
cells are indispensable as they are the key component in the portable,
entertainment, computing telecommunication equipments. In most of
the modem electronic equipments Li-ion batteries are the systems of
choice, offering high energy density, flexibility and lightweight design.
The motivation for using this technology is the fact that Li is the most
electropositive as well as the lightest metal that facilitates the design of
storage systems with high energy density. The most advanced batteries
available in the market today are Li-ion and Li-ion polymer batteries
[1,13,14]. The advantage of using Li metal was demonstrated in the
year 1970 with assembly of primary Li cells. Owing to their high
capacity and variable discharge rates, they could rapidly find
applications as power sources for portable electronic devices such as
watches, calculators and even in implantable medical equipments.
Originally, lithium metal foil was used as anode in the secondary
Li-batteries, and an inorganic intercalation compound as cathode, thus
exploiting the low weight and high reactivity of lithium. (Metallic
lithium is highly reactive with oxygen, making it a difficult material to
handle). Safety concerns have led, however, to the replacement of

metallic lithium by a Li-insertion compound. The discovery of such
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matertals was crucial in the development of rechargeable Li systems.
By 1972 the concept of intercalation compounds and its potential use
were clearly defined [2,3,4]. Thus the concept of Li-ion transfer cells
was proposed to solve the problem of corrosion and thermal run away

and possible explosion.

The invention of a new type of electrolyte based on lithium
compounds dissolved in an ion conducting polymer cast as thin film
made it possible to make all-solid state electrochemical batteries. This
was the trigger for the lithium —polymer concept [13]. Today, these
batteries generally incorporate a carbon based Li-compound or
polymer-gel electrolyte. In this way active lithium is always present as

an ion rather than as a metal.

1.17 Material Strategy for the Rocking Chair Battery

A lithium ion battery is comprised of three main components, a
cathode, an anode and the electrolyte. The cathode material is a lithium
metal oxide, while the anode is usually carbon. The electrolyte material
can be an organic liquid containing dissolved electrolyte salts or a
polymer electrolyte. Research is being carried out globally on
developing all these three components. The present work however is

focused on cathode materials and their innovations.

A lithium ion rechargeable battery is known as a rocking chair
battery due to the two-way motion of lithium ions. The lithium ions are
transported between the anode and the cathode through the electrolyte.

During charging the lithium ions undergo deintercalation from the



Chapter -1

cathode in to the electrolyte, simultaneously lithium ions intercalate
from the electrolyte in to the anode. Intercalation is the process of
inserting lithium ions into the structure of the electrodes.
(Electrochemical reactions consisting of electron and lithium ion
insertion into/extraction from a solid matrix with out much destruction
of the core structure are calied topotactic reactions and the materials for
which such reversible reactions proceed are called insertion
compound). During discharge the intercalation and deintercalation,
reverse. The shift in charge, due to Li’ movement during charging and
discharging is compensated by electron flow through the external
circuit. The topotactic Li-intercalation mechanism is the basis for the
material’s application as an electrode in a rechargeable battery. It is
believed that Li is fully ionized in most lithium-metal oxides and
donates its electron to the host without much affecting them. This
substantial charge transfer to the anion is responsible for the voltage
difference between oxides and sulphides. This makes it possible to
control the band filling of the host material by varying the Li content
electrochemically. In electrochromic applications, band filling is used
to adjust the electronic and optical properties. Ionic relaxation, as a
result of Li interaction, causes non rigid-band effects in density of

states (DOS) of these materials [1-3,74]

Figure (1.6) shows schematically an electrochemical lithium cell.
Two electrodes, the anode and cathode, are separated by an electrolyte.
The electrolyte allows transfer of Li ions between the anode and

cathode but does not allow for any electron transport. In most
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applications the electrolyte is liquid, although glasses and solid
polymers are being investigated as more versatile alternatives. The
equilibrium voltage difference between the two electrodes, also referred
to as the open circuit voltage (OCV), depends on the difference of the

Li chemical potential between the anode (here Li metal) and cathode

cathode anode

M (X))~

V(x)= ¥

F is the Faraday constant and z is the charge transported by
lithium in the electrolyte. In most nonelectronically conducting
electrolytes z=1 for Li intercalation. For a battery, a large chemical-
potential difference between cathode and anode is desirable as this
leads to a high OCV.
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Fig.1.6 Dynamics of the Li-ion rocking chair battery
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1.17.1 Reaction Mechanism

In lithium ion cells metallic lithium is substituted by insertion
materials so that the safety and cycle life of the cells are remarkably
improved. The reactions at both positive and negative electrodes
consist of electron and lithium ion insertion in to/extraction from solid
matrices with out the destruction of the core structure. The cathode
materials are air stable 3d-transition metal compounds (say LiMn,;Oy)
and anodes are usually carbon materials. The cells are fabricated in
discharged state, so that the freshly prepared cells cannot deliver
electricity. On charging, electrons and Li- ions move from positive to
negative electrode storing electricity in the solid matrix. After charging
the cells can deliver electricity while moving back the lithium ions. In
other words, the cells are operated with lithium-ion shuttling between
positive and negative electrodes. Hence the insertion materials are

extremely important in developing the Li-ion batteries.

Lithium has got low density (0.53 g cm™), lightweight, low
electro negativity, good conductivity, high electrochemical equivalence
and high electron /atom mass ratio. Because of these features, lithium
has become the preferred choice for the active element of anode, which,
on discharge functions as an electron donor.

Anode:
xLi = xLi' + xe¢ (Discharge)

where Li" enters the electrolyte, and the electron exits the anode to the

external circuit to power the load.
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Ideally, an electrolyte would have electrical properties of a liquid
and mechanical property of a solid. Such a material would serve both as
electrolyte and separator and endow the battery with mechanical
flexibility, a property unattainable in cells with conventional liquid
electrolytes. So in this case, electrolyte must be an ionic conductor
capable of solvating Li* ions. Because lithium is more
electropositive than hydrogen, electrolyte must be non- aqueous and
aprotic. A representative formulation is a solution (1:1 by volume)
of ethylene carbonate and propylene carbonate containing a suitable
lithium salt (at a concentration of about 1M) such as lithium
hexaflourophosphate (LiPFg) i.e. electrolyte must be a lithium salt
dissolved in liquid/polymer gel. Non-aqueous phosphate electrolytes
have to be employed since Li decomposes water. For safety, a
separator made of a polyolefin such as micro-porous polypropylene
is placed between the electrodes. If the electrolyte temperature
exceeds a certain value, separator melts closing the pores, and

current ceases to flow.
Cathode:

At the cathode, Li" engages in an electron transfer reaction that
decreases the chemical potential of lithium relative to its value in the
anode: on discharge, the cathode functions as an electron acceptor. In
commercial cells, cathode active material is a lithiated transition metal

oxide (TMO) such as lithium manganese oxide, which reacts according to

xLi + xe + LiMn,O; = Lij,MnyO4 (Discharge)
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If the battery is to be rechargeable, the reactions must be
reversible; ie if the load in the external circuit is replaced with a power
supply, it should be possible to run the reaction at the cathode and

anode in reverse.

1.18 General Characteristics of Lithium Rechargeable Batteries

Rechargeable lithium batteries operating at room temperature
offer several advantages compared to conventional aqueous

technologies, including

a. Higher energy density (up to 150 Wh/ kg, 400 Wh/L)
b. Higher cell voltage (up to about 4 V per cell)

c. Longer charge retention or shelf life (up to 5 to 10 years)

These advantageous characteristics result in part from the high
standard potential and low electrochemical equivalent weight of lithium
metal [1]. Ambient-temperature lithium rechargeable batteries, on the
other hand, do not have the high-rate capability (because of the lower
conductivity of the aprotic organic or inorganic electrolytes that must
be used because of the reactivity of lithium in aqueous electrolytes) and
in some instances, the cycle life of conventional rechargeable batteries.
In addition, rechargeable lithium batteries that use lithium metal as the
negative electrode present potential safety problems, which are more
challenging than those with primary lithium batteries. This is due to a
three- to five fold excess of lithium, which is required for these types of
cells in order to obtain a reasonable cycle life, and to the reactivity of

the high-surface-area lithium that is formed during cycling.
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There is another type of rechargeable ‘‘lithium’ battery,
however, which uses a lithiated carbon or other intercalation material
for the negative electrode in place of lithium. The absence of metallic

lithium in these lithium-ion batteries minimizes these safety concerns.

1.19 Advantages and Disadvantages of Rechargeable Lithium
Batteries Operating at Ambient Temperature

The advantages and disadvantages of rechargeable lithium
batteries operating at ambient temperature are summarized as follows.
1.19.1 Advantages

a. High energy density and specific energy
b. High voltage

c. Good charge retention, low self-discharge rate

1.19.2 Disadvantages
a. Low cycle life with metallic lithium systems

b. Relatively poor high-rate performance (compared to

conventional aqueous rechargeable batteries)

c. Relatively poor low-temperature performance (compared to

conventional aqueous rechargeable batteries)
d. Capacity fading (with some systems)
¢. Potential safety problems with metallic lithium systems

A number of different battery systems have been investigated by
various teams all over the world for the development of lithium

rechargeable batteries in order to achieve the high specific energy and
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charge retention that lithium batteries can offer without sacrificing
other important characteristics, such as specific power and cycle life,
while maintaining safe and reliable operation [1]. The rechargeable
lithium batteries are generally characterized by a high cell voltage,
good charge retention, higher specific energy but poorer high-rate
performance, and poorer cycle life than conventional aqueous
rechargeable batteries. Rechargeable lithium metal batteries, because of
their many potential advantages, have been considered for use in a wide
variety of applications. Because of the reactivity of lithium and the
possibility of safety problems, emphasis also has been placed on
achieving safe operation under normal and abusive conditions .For
these reasons, too, commercialization of rechargeable lithium batteries
has been limited. They have been introduced into the market only on a
limited scale and in small cell sizes. Coin-type batteries have been
commercially available for use in low power portable applications and
as memory backup. Small cylindrical cells, using a lithium metal
anode, have been marketed briefly for consumer electronic applications
but were withdrawn when safety problems arose. Rechargeable lithium
metal batteries (including ambient-temperature as well as high-
temperature types), because of their high energy density, have been
investigated for applications requiring larger size cells and batteries as,
for example, electric vehicles. More recently, the lithium-ion type
battery has been introduced into the consumer market, again in small
cylindrical and prismatic sizes for camcorders, cell phones and other
portable electronic devices. The lithium ion battery became the

dominant rechargeable lithium system during the 1990s.
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1.20 Lithium Insertion Compounds

An insertion compound is a host structure that can accommodatc
mobile guest ions together with their charge compensating clectrons.
These guest species can be added or removed (i.e. the concentration of
the guest in the insertion material can vary) in conjunction with redox
processes normally involving a change in oxidation-state of transition
metal ions {4]. Under alkali metal insertion, the alkah metal ions donate
their outer s-electron to the electronic energy levels of the host. Here
two factors are to be considered. (1) The availability of sites in the host
and (2) the positions of the energy levels in the host. Several structure
types can serve as host materials, typically 2-D hosts like LiCoO, and
3-D hosts like LiMn;0O4, LiFePO4, and LiNiPO4. In a topotactic
reaction, the structure of the host is changed only by atomic
displacement; the reaction does not involve a diffusive rearrangement
of the host atoms. Moreover, the guest species in such a reaction may
be neutral, an electron donor, or an electron accepter. In other words, an
insertion compound is an ionic and electronic conductor, and the intake
or release of electrons compensates for a change in guest-ion

concentration.

In a Li-ion battery Li" is the guest ion and a transition —metal-
Oxide (TMO) is the most attractive candidate as the host. Phosphates,
sulphates and arsenates of transition metals are also suitable as host
material in the intercalation process. The alkali metal ions donate their

s-electrons to the electronic energy level of the host. Here the
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availability of the sites in the host and the position of the energy levels

in the host must be taken into account.

Fig. 1.7 (a). Two-dimensional layered host with -NaFeO, -type
structure.
(b). Three-dimensional framework host with cubic
spinel AB,O, —type structure.

For transition —metal oxides the positive guest Li" occupy sites
surrounded by negative oxygen ions. The guest ions strive to stay as far
as possible from the transition metal ions. The sites available to the Li-
ion are determined by the host structure. Due to the higher potential vs.
Li/ Li" ratio giving a high specific energy and excellent reversibility,
TMO's are found to be the most attractive candidate for insertion

electrode (15).
1.21 Classification of Insertion Compounds

Insertion compounds can be classified according to their crystal
structure, chemical composition and morphology. The composition of
the host lattice consists of transition metal Chalcogenides; spinel
related, layered and 3D. There are numerous transition metal oxides

that ex_ist as separate group of Chalcogenides; layered and tunnel type,
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three dimensional, spinel type LixM,O4 (M=Ti, V, Mn), layered
Li,MO,; (M=Co, Ni, Mn) and so on. Several conjugated organic
polymers have been found to have good electronic conductivity. They
can exhibit host properties. Examples of such conducting type
polymers are thin electro-polymerized electrode films of polyaniline
and ploypyrrole [16]. Lithium forms alloys with carbon (graphite,
coke), Al, Sn etc., which can also be treated as intercalation
compounds. Since 1990, such alloys have found application as anode
materials in lithium ion (rocking chair) rechargeable batteries. Use of
insertion material for negative electrode solves the problems connected
with the appearance of lithium dendrites (due to reactivity with
electrolyte) and subsequent degradation of lithium electrode during
cycling. However, due to the application of carbon morphology, a
fraction of 20-40% of lithium, located at the cathode (e.g. LiMn,O,)
trreversibly reacts in the passivation layer formed on the carbon anode
surface. A scheme of classification of insertion compounds is shown in

Figure-1.8.
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Fig. 1.8 Scheme of classification of insertion compounds

1.22 Properties Expected for Insertion Electrodes in a Li-Ion Cell

The following are the criteria required for intercalation

compounds to be chosen as electrodes for a Li-ion battery [16].

a. Must be an intercalation host for lithium

b. Large value of Gibbs free energy (AG) for the total cell reaction

to provide a high voltage.
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¢. Limited change in AG over the useful range of inserted Li-ions

to ensure a stable operating voltage.

d. Low Fermi level and Li+ site energy which enable high open-

circuit voltage
e. Low molar volume to get high volumetric energy density

f. Electrode potential should not vary significantly with lithium

content (i.e. cell voltage varies little with state of charge)

g. Minimal changes in the host network to ensure good reversibility
(i.eto sustain high rates of lithium intercalation and

deintercalation)

h. Light host structure, which is able to accommodate a significant

amount of Li-ions to provide a high capacity

i. Good electronic and ionic conductivity to provide high rate

capability.

J.  Chemically and structurally stable over the whole voltage range
and insoluble in the electrolyte (i.e. to aveid co-intercalation of

solvent)
k. Non-toxic and inexpensive
1. Easily fabricated into electrode
m. Intrinsic safety and environmental acceptability (green nature).
1.23 Distinguishing Features of Li-ion Batteries

The overwhelming need for lightweight and compact sources of

portable electricity has resulted in a massive international effort for the
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development of radically new rechargeable batteries. The considerable
technological impetus in this area comes from three main sources;
consumer electronics (e.g. mobile telephones), electric vehicles and
implantable medical devices (e.g. the artificial heart). The introduction
ot the world’s first commercially successful rechargeable lithium
battery represented (by Sony in 1990) a revolution in the power source

industry. Following are the essential features of Li-ion cell [17].

a. High operating voltage.

b. Compact, light weight and high energy density.
c. Fast charging potential.

d. High discharge rate.

e. Wide range of operating temperature.

f. Superior cycle life.

g. Excellent safety.

h. Low self discharge.

1. Long shelflife.

3. No memory effect.

k. Non-polluting.

1.24 Phospho Olivines-A Breakthrough in Lithium ion
Battery Technology

The standard Li-ion battery has been the leading energy storage

material since the mid 1990°s but a new breed of lithium ion batteries is
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being investigated, with a view to producing batteries that are cheaper,
less toxic and electrochemically superior. The conventional nickel
cadmium/cobalt batteries are toxic and they experience a detrimental
memory effect. Cobalt is one of the primary constituents of standard
cathodes for lithium batteries. Cobalt has a low abundance leading to
high cost. Metals such as Mn could provide a cheaper alternative.
Cobalt is also a heavy metal that can cause cumulative poisoning.
Lithium cobalt batteries have an extra cost associated with a necessary
protection circuit to ensure safety. Thus there is a significant drive in
industry and research, to develop batteries with materials that are non-

toxic and less expensive.

Possible alternative to lithium cobaltate include LiNiO,,
LiMn,04, LiFePO, and other oxides. LiNiO; is a layered compound
that has been investigated as a possible cathode material. This
compound has the same structure as the lithium cobaltate compound,
but due to its poor thermal stability it undergoes a structural change on
heating, which causes an undesired reduction in its conductivity.

Therefore, LiNiO; is not currently practical as battery material.

LiMn,0, system undergoes structural change upon cycling [18).
The capacity fading of the lithium manganese oxide system is
prominent. It is reported that this compound has an initial capacity of
120mAh/kg, but by the 100™ cycle the capacity falls to about 60%. The
resulting capacity fade can be improved by partial substitution with
cobalt. A lithium manganese cobalt oxide [Liy (Mn;.«Coy) 0O,] has been

practiced but is difficult to prepare and also have a poor cycle life. Thus
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these compounds are not at the forefront of the new generation of

lithium battery cathode materials.

The recent developments in the Li-ion battery technology include
the introduction of newer cathode materials such as the conductive
lithium Phospho-olivines LiFePO4, LiNiPOs etc by Padhi,
Nanjudaswamy and Goodenough [19]. The lithium transition metal
phosphates are emerging as materials of interest due to their low
material cost, high energy density, safety and non-toxicity. But these
materials have low electron conductivity. A dramatic increase in
conductivity can be achieved through structure control [20]. This new
breakthrough in  identifying  electrically  conductive  and
“environmentally green” Phospho-olivines has evoked great interest in

the research world.

The electrically conductive Phospho-olivines can be used for
applications in safer and high power rechargeable Li-ion batteries [21].
The applications include power sources for hybrid and electric vehicles

and implantable medical devices as well as back-up power.
1.25 Multi Walled Carbon Nano Tube (MWNT) as Additives

One of the drawbacks in Li -ion battery hindering the widespread
applications is the insufficient electric capacity. Carbon materials such
as carbon micro beads (MCMB) and graphite have been used for the
anode instead of lithium metal foil mainly due to safety considerations
although the theoretical capacity (372mAh/g} of carbon-based

secondary Li ion battery is much lower than lithium metal. A host of
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experiments have been conducted to enhance the capacity by adopting
hard carbon, modified graphite carbon and metal oxide compounds as
the anode electrode. Although the electric capacity increased to a
certain extent, some obstacles such as irreversibility and constant

discharge voltage still need to be overcome.

The very good electronic conductivity, mechanical and thermal
stability of carbon nano tube can be exploited for enhancing the
performance of lithium ion batteries. The unique properties of carbon
nano tubes include, one dimensional, and well-graphetized structure
with a central hollow core. Thus, it is expected that the discovery of
MWNTs provide an opportunity to improve the electrochemical
properties of the secondary Li ion battery. Since their discovery in 1991
by Iijima carbon nanotubes have been of great interest, both from a
fundamental point of view and for future applications [22]. The most
eye-catching features of these structures are their electronic,
mechanical, optical and chemical characteristics, which open a way to
future applications. These properties can even be measured on single
nanotubes. For commercial application, large quantities of purified

nanotubes are needed.
1.25.1 Fullerenes

Fullerenes are large, closed-cage, carbon clusters and have
several special properties that were not found in any other
compound before. As is the case with numerous, important
scientific discoveries, fullerenes were accidentally discovered. In

1985, Kroto and Smalley found strange results in mass spectra of
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evaporated carbon samples [23,24]. Herewith, fullerenes were
discovered and their stability in the gas phase was proven. The
search for other fullerenes had started. Since their discovery by
lijima and coworkers, many researchers all over the world have
investigated carbon nanotubes. Their large length (up to several
microns) and small diameter (a few nanometers) result in a large
aspect ratio. They can be seen as the nearly one-dimensional form
of fullerenes. Therefore, these materials are expected to possess
additional interesting electronic, mechanic and molecular
properties. Especially in the beginning, all theoretical studies on
carbon nanotubes focused on the influence of the nearly one-

dimensional structure on molecular and electronic properties.

Many exotic structures of fullerenes exist: regular spheres,
cones, tubes and also more complicated and strange shapes. Single
Walled Nanotubes (SWNT) can be considered as long wrapped
graphene sheets (Figure-1.9). As stated before, nanotubes generally
have a length to diameter ratio of about 1000 so they can be
considered as nearly one-dimensional structures. Multi Walled
Nanotubes (MWNT) can be considered as a collection of
concentric SWNTs with different diameters. The length and
diameter of these structures differ a lot from those of SWNTSs and,

of course, their properties are also very different.



Introduction

Fig.1.9: Some SWNTs with different chiralities. The difference in
structure is easily shown at the open end of the tubes. a)
armchair structure b) zigzag structure c) chiral structure

1.25.2 Special Properties of Carbon Nanotubes

Electronic, molecular and structural properties of carbon
nanotubes are determined to a large extent by their nearly one
dimensional structure. The most important properties of CNTs and their

molecular background are stated below.

a. Chemical reactivity. The chemical reactivity of a CNT is,
compared with a graphene sheet, enhanced as a direct result of
the curvature of the CNT surface [25]. Carbon nanotubes
reactivity is directly related to the pi-orbital mismatch caused
by an increased curvature. Therefore, a distinction must be
made between the sidewall and the end caps of a nano tube.
For the same reason, a smaller nanotubes diameter results in
increased reactivity. Covalent chemical modification of either

sidewalls or end caps has shown to be possible. For example,
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the solubility of CNTs in different solvents can be controlied
this way. Though, direct investigation of chemical
modifications on nanotubes behaviour is difficult as the crude

nanotubes samples are still not pure enough.

Electrical conductivity. Depending on their chiral vector,
carbon nanotubes with a small diameter are either semi-
conducting or metallic. The differences in conducting
properties are caused by the molecular structure that results in
a different band structure and thus a different band gap. The
differences in conductivity can easily be derived from the
graphene sheet properties [26]. The resistance to conduction is
determined by quantum mechanical aspects and was proved to

be independent of the nanotubes length [27,28].

Optical activity. Theoretical studies have revealed that the
optical activity of chiral nanotubes disappears if the nanotubes
become larger [29]. Therefore, it is expected that other
physical properties be influenced by these parameters too. Use
of the optical activity might result in optical devices in which

CNTs play an important role.

Mechanical strength. Carbon nanotubes have a very large
Young’s modulus in their axial direction. The nanotubes as a
whole is very flexible because of the great length. Therefore,
these compounds are potentially suitable for applications in

composite materials that need anisotropic properties.
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1.25.3 Potential Applications of CNTs

a.

Energy storage. Graphite carbonaceous materials and carbon
fiber electrodes are commonly used in fuel cells, batteries and
other electrochemical applications. Advantages of considering
nanotubes for energy storage are their small dimensions,
smooth surface topology and perfect surface specificity. The
efficiency of fuel cells is determined by the electron transfer
rate at the carbon electrodes, which is the fastest on nanotubes
following ideal Nemstian behaviour [28] Electrochemical
energy storage and gas phase intercalation will be described

more thoroughly in the following chapters of the report.

Hydrogen storage. The advantage of hydrogen as energy
source is that its combustion product is water. In addition,
hydrogen can be easily regenerated. For this reason, a suitable
hydrogen storage system 1s necessary, satisfying a
combination of both volume and weight limitations. The two
commonly used means to store hydrogen are gas phase and
electrochemical adsorption. Because of their cylindrical and
hollow geometry, and nanometer-scale diameters, it has been
predicted that carbon nanotubes can store a liquid or a gas in
the inner cores through a capillary effect. It is reported that
SWNTs were able to meet and sometimes exceed this level by
using gas phase adsorption (physisorption). Another

possibility for hydrogen storage is electrochemical storage. In
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this case not a hydrogen molecule but an H atom is adsorbed.

This is called chemisorptions.

Lithium intercalation. The basic principle of rechargeable
lithium batteries 1s electrochemical intercalation and
deintercalation lithium in both electrodes. An ideal battery has
a high-energy capacity, fast charging time and a long cycle
time. The capacity is determined by the lithium saturation
concentration of the electrode materials. For Li, this is the
highest in nanotubes if all the interstitial sites (inter-shell van-
der Waals spaces, inter-tube channels and inner cores) are
accessible for Li intercalation. SWNTs have shown to possess
both highly reversible and irreversible capacities. Because of
the large observed voltage hysteresis, Li-intercalation in
nanotubes is still unsuitable for battery application. This
feature can potentially be reduced or eliminated by

processing, 1.e. cutting, the nanotubes to short segments.

Electrochemical super capacitors. Super capacitors have a
high capacitance and potentially applicable in electronic
devices. Typically, they are comprised two electrodes
separated by an insulating material that is ionically conducting
in  electrochemical devices. The «capacity of an
electrochemical super cap inversely depends on the separation
between the charge on the electrode and the counter charge in
the electrolyte. Because this separation is about a nanometer

for nanotubes in electrodes, very large capacities result from
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the high nanotube surface area accessible to the electrolyte. In
this way, a large amount of charge injection occurs if only a
small voltage is applied. This charge injection is used for

energy storage in nanotubes super capacitors [30].

Conductivity in CNTs. Electron transport in metallic CNTs
is ballistic of nature, which means that electrons move with a
much higher speed than expected on the ground of thermal
equilibrium. Ballistic transport can only occur in strictly
confined semi-conductor regions and is totally determined by
material properties. Electron transport in semi-conducting
CNTs is far more complicated due countermand scattering,
influences of charges at the electrode interface and adsorbed
gasses. Therefore, conductivity in semi-conducting CNTs is
usually described in classic physical laws of diffusivity [26].
Diffusive charge transport means that electron motion can be
described with an effective mobility p .In case of ballistic
transport, the average free path / of an electron is relatively
short (~ 2 nm.) compared with the ballistic transport situation

(/ ~ 10 pm).

1.26 Methods of Synthesis of Experimental Samples

1.26.1 Hand mortaring

The most commonly used approach to reduce particle size is to

grind the substance using mortar and pestle, but mechanical mills also

do a fine job. Mortar and pestles are usually made from agate or

ceramics. Agate is suitable for grinding hard materials. When

51



Chapter -1

aggregation effects are severe, adding a chemically inert liquid such as
acetone, which does not dissolve the material may help to prevent

excessive conglomeration.

In the present work grinding of material by hand with an agate
mortar and pestle has been used for mixing and particle size reduction
of small amounts of materials (less than 20 g). For getting homogeneity
in mixing acetone is used as a mixing medium. For many a small- scale
studies, hand- mortaring is perfectly adequate for reducing the particle
sizes of powder samples. The successive grinding and mixing are done
for a maximum of two hours for each batch of samples. Usually two
stages of hand mortaring are adequate for the synthesis of the material.

A facemask should be worn to prevent fine dust inhalation.
1.26.2 Solid-state reaction

Solid-state reaction is done by mixing the pre-dried precursors in
the exact (stoichiometric) ratio to get a desired target product. To get
the starting materials close to each other for mixing a homogeneous
phase of final product, it is common to grind the and mix using
mechanical milling techniques first. Alternatively, the precursors may
be dissolved to give a homogeneous solution, which is stirred
continuously and evaporated to dryness. Then the solid remaining is
mechanically milled to yield a very homogeneous powder ready for

conversion in to a final product.

Once the homogeneous precursor is obtained, it is placed into a

furnace and heated to a suitable temperature for hours. Waste gases will



Introduction

be generated and released. Chemicals will interact to form final
product. Commonly, this material may be ground finely again and then
put into the furnace a second time .the second sintering allows the
crystals to form and grow in size. Some times powder materials are
hydraulically pressed in to pellets to increase the inter activity between

the powder grains and form a higher quality final product.

The spinel LiMn,O; is prepared and sintered in a muffle furnace
in air. While the phospho olivines LiMPO, (M=Fe,Ni) are prepared in a
specially designed tubular furnace as shown in Figurel.10 for thermal

decomposition under inert atmosphere.

n: "% : iy
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Water Citeulation Sysrem
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T
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Frnace !
Coutroller Liguid Parafin

Fig.1.10. Arrangement for the synthesis of LiMPO,(M=Fe,Ni)
in an inert atmosphere
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1.26.3 Sintering

Sintering commonly refers to processes involved in the heat
treatment of powder compacts at elevated temperature, in the temperature
range where diffusion mass transport is appreciable. Successful sintering
usually results in a dense polycrystalline solid. However sintering can
proceed only locally, (i.e. at contact points of grains), without any
appreciable change in the average overall density of a powder compact
.The principal goal of sintering is the reduction of compact porosity. The
sintering process is usually accompanied by other changes within the

material, some desirable and some undesirable.
On sintering the largest changes occur in
a. Strength, elastic modulus
b. Hardness, fracture toughness
c. Electrical and thermal conductivity
d. Permeability of gases and liquids
e. Average grain number and size
f. Average pore size and shape

g. Chemical composition and crystal structure
Sintering is a very widely used, but complex phenomenon.

1.27 Characterization Techniques
127.1 X-Ray Diffraction analysis

X-ray diffraction is an extremely important technique in the field

of material characterization to obtain information on atomic scale from
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crystalline and amorphous materials. The discovery of X-ray diffraction
by crystals in 1912 by Max von Laue and its immediate application to
structure determination in 1913 by W.L Bragg and his father W.H
Bragg paved the way to determine crystal structures of metal and
alloys, minerals, inorganic compounds, polymers and organic materials.
When materials are irradiated with X-rays they get diffracted and the
manner of diffraction reveals the structure of the crystal [75,76]. At
first this tool was used only for the determination of crystal structure.
To day the method is applied not only to crystal structure
determination, but also to such diverse problems as chemical analysis
and stress measurement, to the study of phase equilibrium and
measurement of particle size, to the determination of orientation of one

crystal or the ensemble of orientations in a polycrystalline aggregate.

Many factors affect the quality of powder diffraction data and the
quality of the specimen used in a powder diffraction experiment is one of
them. Poorly prepared samples will inevitably lead to additional efforts to
repeat from the beginning .On the other hand, a high quality sample for
powder diffraction may take longer to prepare, but this will be time well
spent. The true powder diffraction pattern can only be obtained from
specimen containing an infinite number of individual particles realizing an
infinite number of orientations in the irradiate volume. In other words, the
particles in the specimen should have a completely random distribution of
crystallographic orientations of grains with respect to one another. This is
usually achieved by reducing the average particle size. Another very

effective approach to increase both the number of particles in the irradiated
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volume and the randomness of their orientations is to spin the specimen

continuously during data collection.
1.27.2 Electron beam techniques for characterizations

When a sample is irradiated with electrons the incident electrons are
absorbed, emitted, reflected or transmitted and can, in turn cause light or X-
ray emission. An electron of energy Ei incident on a sample (figurel.11)
surface causes emission of electrons from surface over a wide range of
energies. Usually three groups of electrons are distinguished. First group
shows a maximum electron yield. The interaction of an electron beam with
a solid can lead to the ejection of loosely bound electrons from conduction
band. These are the secondary electrons with a lower range of energies.
Auger electrons are emitted in an intermediate energy range. Back-scattered
electrons that have undergone large angle elastic collisions leave the sample
with essentially the same energy as the incident electrons. These electrons
can be focused, deflected, and accelerated by appropriate potentials. They
can be efficiently detected and counted. Their energy and angular
distributions can be measured, and they do not contaminate the sample or
the system.An electron microscope utilizes an electron beam to produce a
magnified image of the sample [77-81]. There are three principal types of

electron microscopes

a. Scanning
b. Transmission and

¢. Emission.

All analytical techniques are based on similar principles. A primary

electron, ion, or photon beam causes backscattering or transmission of the
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incident particles or the emission of secondary particles. The mass, energy,
or wavelength of the emitted entities is characteristic of the target element or
compound from which it originated. The distribution of the unknown
parameter can be mapped in the x-y plane and frequently also in depth. Each
of the techniques has particular strengths and weaknesses, and frequently
more than one method must be used for unambiguous identification.
Differences between the various techniques include sensitivity, elemental or

molecular information.

In the scanning and transmission electron microscope, an electron
beam incident on the sample produces an image, while in the field -
emission microscope the specimen itself is the source of electrons.
Scanning electron microscopy (SEM) is simtlar to light microscopy
with the exception that electrons are used instead ot photons and the
image is formed in a different manner. A detailed description of this

method is given in Chapter-2

Emission .
+ Auger Electron Spectroscopy (AES) g Rdluhgn . , ory
+ Scanning Electron Microscopy (SEMD

9,1

o
// /
e /
Absorption I
¢ Electron Beam Induced Current Transmission
{EBIC) ¢ Transnuission Electron Micsoscopy (TFM)

Fig. 1.11 Electron beam characterization techniques
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In the present work SEM images are obtained using JEOL JSM
- 6380 LV (JEOL Inc., Tokyo, Japan), operating at a voltage of 30 KV.
TEM images are acquired using JEOL JEM 1200 EX 11 (JEOL Inc.,
Tokyo, Japan), maintained at a voltage ot 120 KV.

1.27.3 Photoacoustic technique as a characterization tool
1.27.3.a Photothermal science

Photothermal (PT) science encompasses a wide range of
techniques and phenomena based upon the conversion of absorbed
optical energy into heat. Although the initial absorption processes in
many materials are very selective, it is common for atoms or molecules
in excited electronics states to lose their excitation energy by a series of
non-radiative transitions that result in a general heating of the material.
The main components of a photothermal system are an excitation
source, a modulator, a detector and a signal processor with a display
system. The modulated light beam absorbed by the sample generates
modulated heating in and around the sample, giving rise to the various
PT effects such as temperature rise, pressure change, refractive index
gradient etc. Depending on the specific PT effect being probed [31], PT
techniques are classified into Photopyroelectric (PPE) technique or
Calorimetric technique (temperature rise} [32-45], Photoacoustic
technique (pressure change) [46-48], Probe beam deflection or Mirage
technique (Refractive index gradient) [49-51}, Photothermal
Radiometric technique (infrared emissions) {50-51] etc. The PPE signal
(PT signal in general) not only carries information regarding the

absorbed light energy which is the basis of their application in
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absorption spectroscopy, but also contains details regarding the thermal
properties of the sample

1.27.3 b. Thermal, Electronic and Optical Characterization using PA
Technique.

For the past few decades, photoacoustic technique has been
emerging as a powerful tool in the thermal, electronic and optical
characterization of materials whether solids, liquids or they are gases
[52-66]. Photoacoustic technique is based on an effect originally
discovered by Bell in 1880, where a chopped light impinging on a solid
surface enclosed in a cell produces an acoustic signal within the cell.
The reason for this acoustic signal generation is the fact that afier the
absorption of light by the sample, non-radiative de-excitation processes
convert a part or all of the light absorbed by the sample into heat.
Hence, a periodic or chopped excitation results in a periodic heat
generation in the sample, which diffuses into the surrounding gas. This
periodic flow of heat into the gas produces pressure fluctuations in it
resulting in periodic sound or acoustic signal. This periodic acoustic
signal can be detected by a microphone and the signal output from the
microphone can be recorded as a function of the wavelength of light
used or as a function of the chopping frequency depending on the

application [52-66].

It is being extensively used as a spectroscopic tool because of its
relative advantage over other conventional spectroscopic techniques, in
that it can be applied to any type of sample in general. This is due to the

fact that scattering poses less difficulties in Photoacoustic Spectroscopy
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(PAS) unlike other conventional spectroscopic techniques since the
amount of signal generation is directly dependent on the amount of
light absorbed. Due to the same reason, absorption spectra of opaque
samples can also be accurately obtained. The PA signal recorded, as a
function of wavelength will be the optical absorption spectra of the
sample under investigation because the magnitude of the acoustic
signal produced in the photoacoustic cell is proportional to the amount
of heat emanating frém the solid absorber, provided that non-radiative
processes dominate in the dissipation of the absorbed light energy.
Suitable normalization procedures remove the spectral characteristics

of the excitation light source [52-65].

On the other hand, the PA signal obtained as a function of the
chopping frequency is used in obtaining the thermal and electronic
parameters like carrier diffusion coefficient, surface recombination
velocity etc of the materials since the chopping frequency is related to
the heat generation and propagation. In the case of semiconductors,
heat generation under the irradiation with an intensity modulated light
beam arises due to three processes namely thermalisation due to intra
band transitions of photo-generated carriers, nonradiative bulk
recombination and surface recombination due to inter band transitions
of photo-generated carriers. All these different mechanisms finally
result in the creation of heat energy, which is then transferred to the
lattice through the creation of phonons, and which of these generation
mechanisms is dominant in a PA signal depends on the frequency of

excitation and de-excitation i.e. the chopping frequency [61,62]. The
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heat propagation is described in terms of the thermal wave propagation

having a wavelength 271 where p is the thermal diffusion length given

by \/——:; , a being the thermal diffusivity and f'the chopping frequency.

1.28 Portable Radiometer for Band Gap Measurement

Portable spectroradiometers or radiometers, as they are generally
known, are extensively and commonly used instruments in studying
Earth Science, especially vegetation, soil, minerals, etc [67] Due to
these applications, the radiometers are made compact with accessories
for in situ measurements, such as different fields of view lenses from 1
degree to 10 degrees and/or a fiber-optic bundle with a 25 degree field
of view. Besides these lenses, there are also other fore-optic accessories
such as reduction tubes and remote cosine receptors in order to increase
the freedom of collecting the light reflected from the object under
investigation. This gives the added advantage of choosing the area of
light collection, helping to perform in situ measurements, and making
the measurement precise. These measurements are often done with the
sun/halogen lamp as the excitation source, and the reflected light from
the object under investigation is collected. This collected light from the
object is projected on to a holographic diffraction grating where the
wavelength components are separated and measured by detector(s). The
detectors commonly used to detect the visible and near-infrared (Vis-
NIR) portion of the collected light are512-channel silicon photodiode
arrays with an order separation filter or 1024 <128 (or 64) charge-

coupled device (CCD) arrays, and the short-wave infrared (SWIR)
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portion of the spectrum is acquired using two scanning spectrometers in
the ranges 900-1850 nm and 1700-2500 nm, with the controlling
software accounting for this wave length overlap. Unlike the Vis-NIR,
each SWIR spectrometer has only one detector, which is exposed to the
different wavelengths of light as the grating oscillates (at a period of
200 ms, i.e., 100 ms/scan). Data is recorded and saved very quickly (in

less than one second).

The radiometer gives flexibility in the size of the samples to be
studied since there is no restriction on the upper limit and the lower
limit can be down to as little as 1 mm x1 mm in size. Temperature
dependence of the band edges in semiconductors is of great interest in
electronic and opto electronic applications. [68-70] However, the shift
is small and can be observed only with high resolution techniques; for
example, the shift in band gap of silicon when the temperature changes
from 300 K (room temperature) to 370 K is about 0.01 eV and so the
shift occurring in the band edges will be very small for small
temperature changes. Although the spectrophotometers available have a
spectral resolution of 1 nm, the use of a radiometer that has the same
spectral resolution will give the added advantage of in situ
measurements. Hence, another way of rating the performance of a
radiometer is by looking at the accuracy and resolution of the spectra
while looking for shifts in band edges of semiconductors with change
In temperature. In this regard, the advantage of varying the temperature
during measurements is that the temperature of the sample can be

varied easily (for example, coarse measurements can be done by
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placing the sample in an ice bath or on a hot plate) as the size of the
sample holding apparatus or heating/cooling apparatus does not matter
since the sample is placed outside the instrument, contrary to the other
techniques in which the sample is mounted inside a sample holder in
the instrument. Band gap measurement of semiconductor nano particles
is of immense interest due to their structural and electronic information
carrying capability. This technique can act as a powerful tool for this

application [71-73].
1.29 Motivation for the present investigation

The work presented in the thesis is centered around two important
types of cathode materials, the spinel structured LixMnyO4 (x
=0.8to1.2) and the phospho —olivine structured LiMPO; (M=Fe and
Ni). The spinel system Li,Mn,Os, especially LiMn, 04 corresponding to
x=1 has been extensively investigated to understand its structural
electrical and electrochemical properties and to analyse its suitability as
a cathode material in rechargeable lithium batteries. However there is
no reported work on the thermal and optical properties of this important
cathode material. Thermal diffusivity is an important parameter as far
as the operation of a rechargeable battery is concerned. In Li,Mn;Os,
the electronic structure and phenomenon of Jahn-Teller (J.T) distortion
have already been established theoretically and experimentally. Part of
the present work is an attempt to use the non-destructive technique
(NDT) of photoacoustic spectroscopy to investigate the nature of the
various electronic transitions and to unravel the mechanisms leading to

the phenomenon of J.T distortion in Li,Mn,0Oj4.
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The phospho-olivines LiMPO,; (M=Fe, Ni, Mn, Co etc) are the
newly identified, prospective cathode materials offering extremely high
stability, quite high theoretical specific capacity, very good cyclability
and long life. Inspite of all these advantages, most of the phospho —
olivines especially LiFePOs and LiNiPOs show poor electronic
conductivity compared to Li,Mn;0,, leading to low rate capacity and
energy density. In the present work attempts have been made to
improve the electronic conductivity of LiFePO4 and LiNiPOy by adding
different weight percentage MWNT It is expected that the addition of
MWNT will enhance the electronic conductivity of LiFePO,; and
LiNiPO, with out causing any significant structural distortions, which

is important in the working of the lithium ion battery.
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Theoretical Aspects

Tis chapter gives an account of the
fundamental theories of the experimental tools and their
implementation, for the characterization of the materials
under investigation in the present work. This includes a
detailed description of the photo induced changes that
occur during the photon —matter interaction which forms
the basis of the Photoacoustic (PA) Technique, Density
Functional Theory (DFT)} to analyse the photo acoustic
spectra, determination of electrical properties from ac and
dc conductivity measurements and the fundamentals of X -
ray Diffraction (XRD), Transmission Electron Microscopic
(TEM) and Scanning Electron Microscopic (SEM)

investigations.

2.1 Introduction

In the present work, photoacoustic technique has been used as a
tool for spectroscopic measurements on the samples, which gives
insight into the electronic band structure and its modifications with
varying sample compositions and also the thermal transport properties.

Spectroscopy is the measurement and interpretation of electromagnetic
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(EM) radiation absorbed or emitted when the molecules, atoms or ions
of a sample move from one state to another. The laser based

spectroscopic techniques can be divided into
a. Absorption measurement method
b. Radiative transition technique

c. Non radiative transition technique

The absorption method is the basic and the simplest approach and
by using this technique, information regarding the optical properties and
composition of the sample can be obtained by varying different parameters
such as intensity, wave length, etc. of the light beam that passes through or
gets reflected from the sample [1-4]. There are, however several instances
where these techniques are inadequate even for clear, transparent
materials, where one has to measure a very weak absorption. This
problem occurs for all forms of matter. Over the years various techniques
have been developed to overcome this difficulty, such as derivative
spectroscopy, which also seems to be generally inadequate. In addition,
there are substances, both organic and inorganic, that are not readily
amenable to the conventional transmission or reflection modes of optical
spectroscopy. These are usually highly light-scattering materials, such as
powders, amorphous solids, gels etc. There are a number of materials that
are optically opaque and have dimensions that far exceed the penetration
depth of the photons. Extemal parameters such as surface quality,
influence of stray light etc have a pronounced effect on the accuracy of the
conventional absorption measurements. The situation will be much more

worse in the case of solids, powders etc, especially if the sample is highly
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scattering or reflecting. In such situations emission measurements are
more appropriate and will give more information about the sample. The
non-radiative relaxation of photo - excited state usuaily results in heating
of the sample. The liberated heat energy not only carries the information
regarding the absorbed energy but contains details regarding the thermal
properties of the sample as well. The group of methods based on the
measurement of photo induced heating of the sample is called photo
thermal (PT) methods [5-7]. The thermalisation of a sample as a result of
non-radiative relaxation brings about changes in many parameters such as
density, pressure, refractive index, infrared emissions etc. The various
effects produced by light induced heating (photo thermal effects) and their

detection techniques are given in table-2.1.

Table 2.1 Common detection techniques used in photothermal

spectroscopy
Th;;?:;::::"c Measured Property Detaction Technigque
Temperature Calorimetry
: Pyroelectric technique
Temperature §
Infrared Emission . Photothermal Radiometry
Pressure Acoustic Wave Photoacoustic Spectroscopy
Refractive Index PTLens
P T Interferometry
Density Surface Deformation P T Deflection
P T Refraction
P T Ditfraction
- Surface Deflection

The branch of photothermal spectroscopy based on the pressure

wave measurement is known as Photoacoustic (PA) technique [8-21].
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During the past four decades, Photoacoustic spectroscopy (PAS) has
been developed to study those materials that are unsuitable for the
conventional transmission or reflection methodologies. PAS is
different from the conventional techniques chiefly in that the
interaction of the incident optical photons with the material under
investigation is studied through a direct measure of the energy absorbed
by the material since the photoacoustic signal generation directly
depends on the amount of energy absorbed. The various photothermal
methods are depicted in figure 2.1

Fig. 2.1 Different types of photothermal signal generation

In Photoacoustic Technique, the sample is illuminated by an
intensity modulated light source. The modulation can be achieved using
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mechanical chopper, acoustoptic modulator, electroptic modulator etc.
for continuous wave sources. When the incident photons are absorbed
by the sample, internal energy levels within the sample are excited and
upon subsequent  de-excitation, all or part of the absorbed photon
energy is  transformed into heat energy through non-radiative de-
excitation processes. This periodic heat flow (owing to the periodic
excitation by intensity modulation), produces pressure fluctuations
resulting in sound or acoustic signal. In gas samples, the detection can
be done using a sensitive microphone, whereas in the case of liquid
samples the resulting stress signals are detected using piezoelectric
detectors. In the case of solid samples, two kinds of detection schemes
are possible, viz. indirect detection and direct detection. In the indirect
detection, the heat released by the solid sample causes pressure
fluctuations in the surrounding air which can be detected by a sensitive
microphone. In the direct detection scheme, a piezoelectric detector
attached to the sample will measure the stress signal generated as a
result of the modulated heating. The signal output from the microphone
or the piezoelectric detector can be recorded as a function of the

wavelength of light used or as a function of the chopping frequency.

Photoacoustic technique is, much more than just spectroscopy. It
can be used to measure the absorption or excitation spectrum, the
lifetime of excited states and the energy yield of radiative processes.
These are all spectroscopic measurements. On the other hand, it can
also be used to measure the thermal properties, thickness of layers and

thin films and perform a variety of other non-spectroscopic
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investigations. Thus photoacoustic studies can be performed on all
types of materials — inorganic, organic and biological and on all states

of matter.
2.2 History of Photo Acoustic Effect

The photoacoustic effect in both nongaseous and gaseous matter
was discovered by Alexander Graham Bell in the year 1880. He
showed that the solar radiation, dispersed with a prism and chopped at
an audio frequency is absorbed by different materials to varying
amounts depending upon the wavelength, and produced varying audio
signals [22,23]. One of the transmitters developed by Bell called
photophone consisted of a voice-activated mirror (which was activated
by sound waves), a selenium cell and an electrical telephone receiver.
The intensity-modulated sunlight was then focused onto a selenium
cell. Since electrical resistance of selenium varies with the intensity of
light falling on it, the voice-modulated beam of sunlight resulted in

electrically reproduced telephonic speech.

Bell demonstrated that the photo acoustic effect in solids was
dependent on the absorption of light and that the strength of the
acoustic signal was in turn dependent on how strongly the incident light
was absorbed by the material. He concluded that “The nature of the
rays that produces sonorous effects in different substances depends
upon the nature of the substances that are exposed to the beam, and that
the sounds in every case are due to those rays of the spectrum that are
absorbed by the body”. Bell thus correctly deduced the intrinsic optical

absorptive dependence of the photo acoustic effect.
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Though Bell had prophesized the scope of his novel observation,
after the initial flurry of interest generated by his original work,
experiments with the photoacoustic effect remained almost in a
dormant state for nearly 50 vyears. This was mainly becausc the
experiments were difficult to perform since the investigator’s ear had to
serve as the signal detector. After the advent of microphones,
Veingerov of Leningrad was able to observe this effect in gaseous
samples. Between 1950 and 1970 the photoacoustic gas analyzer
employing a conventional light source gave way to the more sensitive
gas chromatographs and the spectrograph was overtaken by the more
versatile infrared spectrophotometer. During this period, the
photoacoustic effect was primarily employed to study vibrational life
times and other aspects of radiation less de-excitation in gases. The
advent of lasers in the early 1970’s paved a new way in the photo
acoustic spectroscopy of gaseous samples. The application of this
technique was effectively and efficiently extended to liquids and solids
only after the successful formulation of a general theoretical model by

Rosencwaig and Gersho (R-G) in the mid seventies [8-10].

Subsequent developments in the theoretical aspects of
photothermal phenomena are mere extensions of modifications of R-G
model. A modification to the R-G theory by McDonald and Wetsel in
1978 by taking into account the contribution from thermally induced
vibrations in the sample is somewhat intriguing. The most widely used
model for describing photo acoustic effect in condensed sample in a

gas—microphone cell was originally developed by Rosencwaig and
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Gersho in 1976[10]. It is valid for acoustic wavelengths much greater

than the dimensions of the sample and gas column.
2.3 Photo Induced Processes

The absorption of photons by atoms or molecules will result in a
series of processes or effects in a material [5,6]. The excited level may
loose its energy by radiative processes, such as spontaneous or
stimulated emission, and by non-radiative processes, which mainly
results in heat generation. If the photon energy is high enough, direct
photochemical changes may take place. Destructive changes may take
place at very high power densities of the incident light. A schematic
representation of various photo-induced processes and main channels

of photo-induced changes that occur in condensed matter is given in the

following figure 2.2.
Photochemical
P processes
E-
< Radiative
relaxation
~-
Absomption (hv) .
~ Nonradiative
— relaxation
]
L=l S
E,

Fig 2.2 A Schematic representation of photo-induced processes

In the figure E, and E; represent the energies of the lower and

upper levels and
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E»;-E; = hv is the energy of the absorbed photon. The absorbed

power in the sample I is in accordance with
Lis = lo [t-exp ((xL)] = o<,lL (n

with «L. <<1. Here I, and L are the incident light intensity and the

sample length respectively and oc is the absorption coefficient.

Now, the absorbed energy will be liberated through radiative,
nonradiative or chemical processes and each of these processes has

specific quantum yield [24]

If n,, n, and nyc are the quantum yields of radiative, nonradiative
and photochemical processes respectively, the total quantum yield of

all the channels of de-excitation is given by
e+ tnpe=1 2)

Accordingly, the intensity I of the laser radiation, absorbed

over all these channels is
Iabs = Ir + Inr +Ipc ................................ (3)

where It = nlabs , Ine = Noelabs @and e = npe Ly are the amounts of energy
liberated through the radiative ,nonradiative and photochemical
processes respectively.

Measurement of the energy absorbed or that released through any
of these relaxation channels facilitates the study of various properties

and related parameters of the sample.
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2.4 Theory of Photoacoustic Effect by Rosencwaig &Gersho

The Rosencwaig-Gersho theory is a one dimensional heat flow
model for the analysis of the production of a photoacoustic signal in a
cell [8]. According to R-G theory with gas—microphone detection, the
signal depends on the generation of an acoustic pressure disturbance at
the solid—gas interface. The generation of the surface pressure
disturbance, in turn depends on periodic temperature at the sample-gas
interface. The formulation of R-G model is based on the light
absorption and thermal wave propagation in an experimental
configuration as in figure 2.3. Here a cylindrical cell of length L and
diameter D is considered. Assume that the length L is small compared
to the wavelength of the acoustic signal. The sample is considered to be
in the form of a disk having diameter D and thickness /. The sample is
mounted so that its front surface is exposed to the gas (air) within the
cell and its back surface is a poor thermal conductor of thickness /.
The length /; of the gas column in the cell is then given by l,= L-/- /.
Further assumption 1s that the gas and backing materials are not light
absorbing. Let k;, pi;, C;, and o; represent the thermal conductivity,
density, specific heat and thermal diffusivity respectively of the
material i. Then a; = (/2;)"? is the thermal diffusion co-efficient and
t=1/a; is the thermal diffusion length of the material. i can take
subscripts s, g and b for solid, gas and backing material respectively,®
denotes the chopping frequency of the incident light beam in radians

per second.
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Assume that the sinusoidally chopped monochromatic light with

wavelength A is incident on the solid with intensity

= (/2 L1+ Cos O e (4)

The main source of acoustic signal arises from the periodic heat
flow from the solid to the surrounding gas. The periodic heating causes
the boundary layer of gas to expand and contract periodically. This can
be thought of as the action of an acoustic piston on the rest of the gas
column, producing an acoustic pressure signal that travels through the
entire gas column. The displacement of the gas piston due to the

periodic heating can be estimated using the ideal gas law,

Y Gu
&(t) = 27wg ?frit—) = \/;'éf; expl:j(a)t - %Jj} ................................ (5)

where the average dc temperature of the gas boundary layer is set as the
dc temperature at the solid surface, To= ¢ + 6y, ¢ being the ambient
temperature at the cell walls. Assuming that the rest of the gas responds
to the action of the piston adiabatically, the acoustic pressure in the cell
due to the displacement of the gas piston can be obtained from the
adiabatic gas law PV’ = constant, where P is the pressure, V is the gas
volume in the cell, and 7 the ratio of the specific heats. Thus the

incremental pressure is

X
I

PO="9v="05) s (6)
0 1g

o1
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where Py and Vj are the ambient pressure and volume respectively and

-3V is the incremental volume. Then from equations (5) & (6)

sP(1)=Q exp[j(wt - %H ................................ (7)

P

where Q= ———
\/ElgagTo

The actual physical pressure variation is given by the real part of
SP(t) and Q specifies the complex envelope of the sinusoidal pressure
variation. The ac temperature distribution 8 is calculated by solving the
heat diffusion equations. Rosencwaig and Gersho solved the one

dimensional heat diffusion equations assuming no lateral heat flow.

The one dimensional heat diffusion equations in the three regions

can be written as

Boundary layer of

Sample /“S o Gas (Air)

Backing
material _| / / -«
F’ - { _nchl:ient
I i - F

‘__—__

A

T I | T >

-(Itly) -1 0 Iy

Fig.2.3 Schematic representation of photoacoustic experimental
configuration

o0, _ 1 39y

, < x<-l Regionlll....ooooveeiiiannnnn (1)
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2
_a___?_.g b ?.‘/_’g ,0< x<-, Regionl ... (1)
azz Ofg ot
824/). 1 Op, .
s Z_A;S__Aexp(ﬂx)[l.yexp(j(a] ,-1< x <0 Region Il.. (ii1)
2 o, o
ot S
where A = Alon
2k,

Here ¢ is the temperature and 1 is the light conversion efficiency.
The real part of the complex-valued solution @(x, t} of the above
equations is the solution of physical interest and represents the
temperature in the cell relative to the ambient temperature as a function
of position and time. Thus, the actual temperature field in the cell is

given by
T (x,t) = Re[o(x, )]+ ¢

where Re denotes "the real part of " and ¢ is the ambient (room)

temperature.

The complex amplitude of the periodic temperature distribution,

0 at the solid-gas boundary (x=0) is given by

G=

Ay [(r ~1fp+ I)ex}{osz)— (r+1o- Dexd- asz)+ ng ~exti- ) -
ZkS(ﬁz - o-sz) (g + IXb + l)exdasl)— (g - 1Xb _ 1)cx;{— Gsl) .......

k,a, £%e

where b=

, r:(l—j)zi and o, =(1+j)as.

s 5 5 § a §

o4



Substituting for 6
PLF,
0= o0

= X
Y 2 2
2~ zks/gagTO(ﬂ -0 )

[(r1)(b+1)exp(asz)(,—fl)({)_l)ex;{_ o I+ 2b-exd- )

(g + le + l)exp{asl)— (g - IXb - l)ex;{— as[J

Thus, equation (8) can be used to evaluate the amplitude and
phase of the acoustic pressure wave produced in the cell by
photoacoustic effect. It can be observed that interpretation of the full
expression for dP(t) is difficult because of the complex expression of Q.
Some physical insight can be gained if certain special cases according
to the optical opaqueness of solids are examined. For each category of
optical opaqueness, three cases according to the relative magnitude of
the thermal diffusion length i, as compared to the physical length / and

the optical absorption length pg can be considered.

. bz
Defining, ¥ = 00 S e aaaen 9
& zfzzgro ©)

CASE I: Optically Transparent Solids (ug >1)
1. Case Ia : Thermally Thin Solids (u>>1 ; p>>pg)

We can set e™ = 1-8, ¢ =1 and k!> 11in equation (8) and

hence we obtain

0- (l—‘i)ﬁ(ﬂ’-]y ................................ (10)

Zag kb
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Thus the acoustic signal is proportional to B/ and varies as f'. In
addition, the thermal properties of the backing material come into play

in the expression for Q.
2. Case Ib: Thermally Thin Solids (u>1 ; p<pp)

Here we can set exp (-B)) = 1-B/, ¢ = 1¢ o and k!l <1 in
equation (8).
Then Q=(l———!)ﬂ[#—b]‘{ ............................... an
2a k
g b
This equation is identical with equation (10) and hence the

acoustic signal behaves in the same fashton.
3. Case Ic: Thermally Thick Solids(u>1 ; (,<<pp)

In this case we set exp (-B) = 1-B/, € =0 and It} <<1 in
equation (8)

Now Q= -_;Eg’—[%&]y ............................... (12)
24

s

The acoustic signal is now proportional to Py, rather than B/.
This means that light absorbed within the first thermal diffusion
length contributes to the signal, although light is being absorbed
throughout the length of the solid. Moreover, s being less than the
thickness /, thermal propertics of the backing material will not
influence the signal. Here the signal varies as 7 with the

modulation frequency.
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CASE II: Optically Opaque Solids
Case Il a: Thermally Thin Solids (1,>>1; y>> pg)

In equation (8), we sct exp (-p/) =0, ™ =1 and Ir|>>1

Then we obtain 0 = () Y e (13)
2a‘g kb

Here the photoacoustic signal is independent of B, which is valid
for a perfect black absorber. The signal depends on the thermal

properties of the backing material and varies as 1/f.

Case II b: Thermally Thick Solids (1<l ; p> pip)
We set exp (-B/) = 0, €% =0 and lr|>1in equation (8)

Weobtaing == Ay (14)
2ag ks

Though equations (13) & (14) are similar, in the present case
there is no contribution from the thermal properties of the backing

material.
Case II c: Thermally Thick Solids (p,<<l; pu,<pg

We set exp (-B)) = 0, ¢ =0 and Ir| <1 in equation (8). Then we

obtain

0 :ﬂ{ﬁ}( ............................... (15)
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The photo acoustic signal will be proportional to Bus. The signal
is independent of the thermal properties of the backing material and
varies as T>2.A theoretical analysis of the photoacoustic effect applied
to different cases has been discussed and can be applied to the study of

any kind of sample.

The photo acoustic measurements can be done in two different
configurations (1) by heat reflection configuration and (2) by heat
transmission. The photo acoustic cell can be designed for the two
configurations. In the reflection configuration, the microphone is
situated above the sample surface. Hence the temperature distribution
at x = 0 is to be determined. In the case of heat transmission
configuration, the temperature distribution at x = -1 has to be
determined as the microphone is situated below the sample. In the
above theoretical description, x = 0 case is solved and the different
expresstons for special cases are obtained for this particular case. For
the heat transmission case, the expressions for the special cases will be
different as the temperature distribution corresponding to x = -/ will be

used in the calculations.

The above analysis is based on the assumption of no lateral heat
flow. However, if there exists a lateral heat flow, then three
dimenstonal heat diffusion equations have to be solved for obtaining

the temperature distribution.

The heat diffusion equations in the three layers can be written as
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8%r, 0T, 9T, 1 oT
g + — g + g e, (1&)

a2 ror 2 ag ot

for the gas in front of the sample with «, being the thermal diffusivity

of air (gas).

82T5+18TS+62TS _ 1o, o
or2 r or g% ag ot kg

where the second term on the right hand side represents the source term

as the sample absorbs light and acts as the source of heat
withQ = ]0777,6 exp(— ﬂxXl+exp( ja)t)). n is the light to heat

conversion efficiency, [ the absorption coefficient at the excitation
wavelength, ks is the thermal conductivity of the sample and o is the
thermal diffusivity of the sample.

2 2
Ty 10T, 0Ty 1 oy

1
ot ror  gr ag ot

for the backing (atr).
The boundary conditions are

T,(z=0,6)=T,(z=0) ,

. BTS(z=O,t)=k 3T (z=0,1)
g 0z & oz
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Tg(z =—1,t)= Ts(z =-11),

oT(z=-11)  0Tglz=-L1)

TR TR T

If the heating beam is Gaussian of power P and 1/¢° radius is ‘a’

then the source term Q can be written

a a

2
Q(r, z,t) = é}%; exp[— %%] exp(/?z)(l + exp( J a)t))

2.5 Thermal Diffusivity Measurement using Photoacoustic
Technique

2.5.1 Heat Conduction in Solids

Heat conduction is a process in which heat is transferred from
one part of the sample to another as a result of a temperature gradient.
Mainly there are two mechanisms by which thermal transport is taking
place in a solid [24-27].

a. The heat conduction due to charge carrier motion which is

termed as electron or hole heat conductivity (k) and

b. The heat conduction due to lattice vibrations or phonons (ki

When a temperature gradient is built up in a substance the energy
gradient is transmitted in such a manner that energy is transmitted from

an atom, which oscillates with more intensity to an atom which

oscillates with less intensity.
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The total heat conductivity k =k.+k

In this k; is related to the elastic properties of the solid and k. to
the charge carrier concentration. In metals k.>>k; and in dielectrics
k>>ke. In semiconductors k. strongly depends on the composition and

on the temperature.

When a semiconductor is irradiated with an optical radiation of
suitable energy, in addition, photo generated carrier recombination will
also contribute to the heat transport. Free carrier generation resulting
from the light absorption occurs when the incident photon energy is
greater than the band gap energy. The photon is absorbed in this
process and excess energy Epn - Eg is added to the electron and hole in
the form of kinetic energy. Now the non-radiative recombination of
these carriers will result in the form of heat to the lattice [12,13].
Another form of non-radiative recombination process is the surface
recombination. Surfaces and interfaces of semiconductors usually
contain a large number of recombination centers because of the abrupt
termination of the crystal, which leaves a large number of electrically
active dangling bonds. In addition, surfaces and interfaces are likely to
contain more impurities. The surface recombination is also an interband
recombination process and excess energy is ultimately transferred to
the lattice as heat. Trap assisted recombination is also one among the
recombination mechanisms. Apart from this there exists an
instantaneous thermalisation component, which arises from intra band
interaction of excited electrons with the lattice. This process is an after

effect of excitation of electrons to the higher levels in the conduction
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band. Such hot electrons will come back to the minimum of the
conduction band by imparting the excess energy to the lattice. This
thermalisation takes place in pico seconds and hence is known as

instantaneous thermalisation.
2.6 Thermal Conduction by Phonons

The transmission of heat can be conveniently explained by
considering phonon gas transport. In every region of space there are
phonons traveling in all directions, much like the molecules in a gas.
The advantage of using this gas model is that many of the concepts of
the kinetic theory of gases can also be applied here. The thermal

conductivity is given by

k =cvly/3

where c is the specific heat per unit volume v is the speed of the particle
and l,,, its mean free path [26]. The only difference in solids is that phonons
replace the molecules so that the velocity and mean free path now refer to
phonons instead of gas mclecules. The thermal conductivity k will be
determined by the nature of the mean free path, since ¢ is constant at high
temperatures and varies as T° at low temperatures and v is almost a
constant. Here 1, is the average distance the phonon travels between two
successive collisions. This in turn is determined by the scattering
mechanisms. The important scattering mechanisms are (1) scattering due
to phonon-phonon interaction (2) scattering by imperfections such as
impurities and dislocations and (3) boundary scattering caused by collision

of phonons with the extemal boundaries of the sample.
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The phonon-phonon collision becomes more pronounced at high
temperatures, at which the atomic displacements are large and this
gives rise to harmonic coupling between phonons, causing their mutual
scattering. In this region the mean free path is inversely proportional to
the temperature (1, « 1/T). This is reasonable, since the larger the value
of T, the greater is the number of phonons participating in the collision

process.

Crystal imperfections such as impurities and defects also can
scatter phonons because they partially destroy the perfect periodicity,
which is the very basis of the concept of a freely propagating lattice
wave. This scattering may be due to (1) point defects and/or due to (2)
dislocations. Thus the random distribution of different isotopes leads to
a decrease in thermal conductivity. For instance a substitution point
impurity having a mass different from that of the host atom causes
scattering of the wave at the impurity. The greater the difference in
mass and the density of impurities, the greater is the scattering and the
shorter the mean free path. This gives rise to a decrease in the value of
thermal conductivity there by reducing the thermal diffusivity of the

sample.

Though various techniques are available for the measurement,
the photo acoustic technique has proved to be the most efficient
and convenient tool for the measurement of thermal diffusivity.
The detected signal is strongly dependent upon the interplay of the
sample’s optical absorption coefficient for the incident radiation,

the light into heat conversion efficiency, as well as how heat



Theoretical Aspects

diffuses through the sample. The dependence of the photo acoustic
signal on the absorption coefficient allows one to perform
spectroscopic studies, where as the fact that the signal is
proportional to the light into heat conversion efficiency means that
it is complementary to other photo induced energy conversion
processes. Thus the photo acoustic signal can be used for obtaining
the information concerning the non-radiative de-excitation

processes.
2.7 Significance of Thermal Diffusivity Measurement

The photoacoustic process depends not only on the optical
properties of the sample but on its thermal and geometric parameters
and in some cases on its elastic properties as well. The thermal
diffusivity « is of direct importance in heat flow studies as it
determines the rate of periodic or transient heat propagation through

a medium.

Jean Fourier has derived the basic law defining the propagation of

heat in a one-dimensional homogeneous solid as [26-30].
0Q/ot = -kAT/0x this is known as Fourier equation.

This equation implies that the quantity of heat 6Q conducted
in the X-—direction of a uniform solid in time Ot is equal to the
product of the conducting area A normal to the flow path, the

temperature gradient 0T/0x along the path and thermal conductivity

k of the material.

93



Chapter -2

Formal definition of thermal diffusivity arises when deriving an
expression for a transient temperature field in a conducting solid from
Fourier equation. The equation describing the temperature field in a

homogeneous, linear conducting solid with no internal heat source is
VT = 1/ 8T/8t

Here « is the thermal diffusivity, which is related to the thermal
conductivity (k), density (p) and specific heat capacity c of the material

as
o« =k/pc

The thermal diffusivity o is expressed in m%/s. Because of its
controlling effect and common occurrence in heat flow problems, its
-determination is often necessary and knowledge of the thermal
diffusivity can in turn be used to calculate the thermal conductivity.
Changes in the thermal parameters such as thermal conductivity can be
used to monitor changes within a material. The significance of < is
evident from the above relationship. The reciprocal 1/ expressed in
sm? is a measure of the time required to heat up a material to some
temperature level. Therefore, the ratio of heating times for two
materials of the same thickness will be inversely proportional to the
thermal diffusivity values. Thus o« is a significant thermodynamic

parameter that determines the heat diffusion in bulk as well as thin film

samples.
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Fig. 2.4 Schematic diagram of the PA experimental arrangement

2.8 Density Functional Theory

The analysis of the PA spectra is based on Density Functional
Theory and its approximations for prediction of electronic band
structure. Density functional theory is one of the most popular and
powerful quantum mechanical approaches to matter and is being
successfully applied for the calculation of band structure of solids,
binding energy of molecules etc. It is highly versatile owing to the
generality in its fundamental concepts and the flexibility in
implementing them. The two core elements of DFT are Hohenberg-
Kohn (HK) theorem and the Kohn-Sham (KS) equations [31-34].
The HK theorem states that given a ground state density ny (r) it is

possible to calculate the corresponding ground state wave function
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Wo(r),r2,...1n). This means that yg is a functional of ny and hence all
the ground state observables are functional of ng too. The ground
state wave function should also minimize the energy and for a ground

state density ng(r), this requirement can be written as

E,o= min (¥|T+U+V|'¥), where E,, denotes the ground state

Y—ng

energy in potential v(r). This implies that for a given density ny(r), the
ground state wave function g is that which reproduces this ng and
minimizes energy. If the density is different from the ground state
density ny(r), then the wave functions y that produce this density n are

different from the ground state wave function yo In this case the

functional can be defined as E,[n]= lIrJnin (Y|IT+U+V|¥). The
—n

functional £,/n/ is minimized by the ground state density ng and its
value at minimum is £, . In the Kohn Sham approach, it does not work
exclusively in terms of particle density but with special kind of wave
functions (single particle orbital). Though DFT will look like a single
particle theory, many body eifects will be included via the so-called
exchange correlation functional. With the exchange -correlation

functional, the energy functional can be written as

Eln}=T[n]+Uln]+V[n]=T,[{g [n[]+ U, [n]+ E_|n]+ ¥[n]

The kinetic energy functional 7/n] is decomposed into a part
representing Kinetic energy of non-interacting particles of density n,
Ty/n] and the remainder is T./n]/ where c represents correlation and s

represents single particle. Uy is the Hartree energy and ¢ is the Kohn

96



Theoretical Aspects

Sham orbital. E,, contains the differences between T-T; and U-Uy. E,,
is known as the exchange correlation energy and is often decomposed
into E, + E., where E, is due to Pauli’s principle and E 1s due to the

correlations.

There are basically three distinct types of approximations
involved in a DFT calculation. The first one is the interpretation of the
KS eigen values and orbitals as physical energies and wave functions.
The second approach is numerical and concerns methods for actually
solving the differential equation where the major problem arises in the
selection, of the suitable basis functions. There is a fundamental
dichotomy between the methods that work with the fixed basis
functions that do not depend on the energy and methods that employ
energy dependent basis functions. Fixed basis functions are used in
plane wave expansions, linear combination of atomic orbitals (.LCAO)
approximations, orthogonalized plane wave etc and methods using
energy dependent functions are the APW (augmented plane wave) or
the Korriga/Kohn/Rostoker [35,36] approaches. However, this
distinction becomes less clear-cut with the linear methods in which the
energy dependent basis functions are linearized around some fixed
reference energy like in Linear Muffin Tin Orbital method (LMTO)
[37-40] and Linear Augmented Plane waves approach (LAPW)[40-43].
The third type of approximation involves constructing an expression for
the exchange correlation energy functional E.[n] which contains the
many body aspects of the problem. There exists different functional for

the local functional, Thomas-Fermi approximation (TF) [44] Local
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Density Approximation [LDA][32], Local Spin Density Approximation
[45] etc, semi local or gradient functional [Generalized Gradient
Approximation (GGA)[46] and Gradient Expansion Approximation
(GEA)[47], non local functional (hybrids, orbital functional such as
meta-GGA, EXX and SIC and integral dependent functions such as
ADA [34].

2.9 Electrical Properties of Polycrystalline Materials

Electrical conductivity measurements are extensively used for
investigating the mechanism of charge transport in materials in addition
to probing structural defects and internal purity of crystalline solids.
The investigations carried out till date on a variety of materials describe
their electrical conductivity in terms of electrons/holes, ions, polarons,
impurities, defects, vacancies etc. Most of the battery materials
available show special property of storing and dissipating electrical
energy when subjected to electric fields. In the case of materials of
interest in the present work, LiMPO4 (M=Fe, Mn, Ni, Co) olivine
phosphates, it has been recently reported that the electron transport
mechanism is by means of small polarons [48]. The concept of small
polaron model has been detailed in several articles [49,50]. When
charge carriers like electrons or holes are present in a polar crystal, the
atoms in their environment will be polarized and displaced and produce
a local lattice distortion. The ion displacement becomes more
pronounced as the charge carriers become more and more localized.
The carrier lowers its energy by localizing into such a lattice

deformation and becomes self trapped. This quasi particle formed by
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the electron and its self-induced distortion is called a small polaron if
the range of lattice distortion is of the order of lattice constant. These
charge carriers can be either electrons or holes in LiMPO,. Since the
hopping process dominates the electrical transport in this material, the
dielectric measurements will provide a useful knowledge on the
polaron dynamics because a hopping process of polarons has a high
probability of involving a dielectric relaxation that contains several

significant parameters in the elucidation of the polaron dynamics {51].
2.10 AC Conductivity

The theory involved for the evaluation of a.c conductivity from
dielectric constant values is as follows. Any capacitor when charged under
a voltage will have some loss current due to ohmic resistance or
impedance by heat diffusion [52]. For a parallel plate capacitor of area of

cross-section A and plate separation d the a.c conductivity is given by

Gac

J
== 1
E 8y,

where J is the current density and E is the electric field intensity. But
the electric field vector is related to the displacement vector D of dipole

charges and the complex permittivity of the material € as

Ezg ............................... (2)
€

For a parallel plate capacitor the electric field vector E is related to the

applied a.c voltage ¥ =V, exp{jwt) as
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V
E—-J ............................... 3)

Since the current densityJ =C—:g where q:-%:% (provided by

Maxwell’s equation), where Q is the charge in coulombs due to a

potential difference V volts between the capacitor plates. Hence,

dg d Ve, edV ¢

:———:—-———_——V' ............................... 4
o a ) T aaTa @

Substituting for E and J from equations (2) and (4) we get
Ogqe =8O
Since permittivity is a complex quantity, it can be written as

£=¢ — je¢ then

O 4e =ja)(g' —jg”)=jco£’ FOE e, (6)

Neglecting the imaginary term in the conductivity equation we can
write

n

Cam€ W e, N

In a dielectric material there will be some power loss because of
work done to overcome the frictional damping forces encountered by
the dipoles during their rotation. In an ideal case of a.c field the
charging current Ic and loss current I; will be 90° out of phase with the
voltage. But in most of the capacitors due to the absorption of electrical

energy some loss current, I will also be produced, which will be in
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phase with the voltage [52,53]. Charging current, Ic, and loss current,

I, will make angles 8 and 8 respectively with the total current 1.

A

L

Fig. 2.5 Vector diagram of current component

Generally, sind is called the loss factor but when 9 is small then
sin 8 = 8 = tand. But the two components £'and €” of the complex

dielectric constant, g, are frequency dependent and given by

e = Do (8)
Eo

& =DoSMC )
Eo

From equations (8) and (9) we obtain the loss factor as

and =" e (10)
£

From equation (10) and (7) we modify the expression for a.c
conductivity as

O = @ tand &
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If £ is the frequency of the applied field, e the relative
permittivity of the material and &, the permittivity of free space, then ®

=2nf, and & = g8,

Hence from the dielectric loss and dielectric constant, a.c

conductivity of the samples can be evaluated using the relation
Gac = 2 £1aNdELE, e (12)

Considerable progress has been made by Cole and Cole in
utilizing complex plots to explain the dielectric behavior and carrier
transport mechanisms in a wide range of solid state materials
[52,54,55]. The ac conductivity of a material depends on the dielectric
property as well as its capacitance. The variation of ac conductivity
with frequency indicates its dispersion, which is attributed to the
presence of space charge in material. The behavior of ac conductivity is

expressed on the basis of Jonscher’s universal power law [56].

olw)=0o d{u[ﬁ_]n} where oy 1s frequency independent part
11

Y

appearing at high frequency and @y corresponds to the crossover
frequency separating dc regime from the dispersive conduction
(hopping frequency) and the frequency exponent n lies between 0 and

1. The ac activation energy can be obtained by plotting the hopping

frequency @y and temperature using the relation, o, = o, exp(— %J .
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2.11 DC Conductivity

By Ohms law, V = /R where ¥ is the voltage, / the current and R
the resistance. ¥ = EL where F is the electric field and L the length and
1 =JA where J is the current density and 4 the arca of cross section.

Hence,E=—J—E£=Jp, where p i1s the resistivity. In other

words, J = £ =oF , where o is the dc electrical conductivity. The dc
Yol

conductivity measured as a function of the temperature can lead to the

information regarding the activation energy from the Arrhenius relation

O'(T)=g7—?—exp(—%j where £, is the activation energy and T the

temperature.
2.12 X-Ray Diffraction Analysis

According to Bragg, X-rays behave as if they are reflected by
planes of atoms in a crystal and when a beam of X- rays is allowed to
fall on a crystal surface at some angle 6, each atom there in acts as a
source of scattered radiation of the same wave length. Thus when X-ray
beam strikes a crystal surface at an angle 8, a portion is scattered by the
layer of atoms at the surface and the unscattered portion of the beam
penetrates to the second layer of the atoms, where again a fraction is
scattered and the remainder passes on to the third layer. The cumulative
effect of this scattering from the regularly spaced centers of the crystal
is nothing but diffraction of the beam, which is almost similar to

diffraction of visible radiation by a reflection grating.



Chapter -2

~J
S

hkl 3

hkl

hkl

Fig. 2.6 Crystal diffraction

William Henry Bragg and his son William Lawrence Bragg
developed a useful relationship between the wavelength of X-rays and
the spacing between the lattice planes. As the atoms in a crystal are
orderly arranged, a beam of X-rays can be reflected from a plane of

atoms similar to the reflection of light from a plane mirror {57,58].
The most important requirements of diffraction are

a. The spacing between the layers of atoms must be roughly the

same as the wavelength of radiation

b. The scattering centers must be distributed in a highly regular

manner.

By considering a beam of monochromatic X-rays which strikes a
set of parallel and equidistant planes called lattice planes or Bragg’s
planes in the crystal structure at an angle 8 (glancing angle) scattering
occurs as a result of interaction of radiation with atoms located at

different points at various planes. Bragg obtained a formula given by,
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Zdhklsine =nA

where n is the order of reflection dyy the inter-planar distance of the

crystal and A the wave  length of X-ray used.

The X-ray diffraction technique can be conveniently employed
for the identification and characterization of solids. For elements and
compounds, crystallizing in the simple crystal systems such as cubic,
tetragonal, hexagonal etc., the Bragg’s law enables determination of

unit cell parameters with relative ease.

In the X-ray diffractometer, the X-ray source, the specimen and
the detector are so arranged to obey Bragg’s law. In our set-up (model
1710 Rigaku), filtered copper k, radiation is used for diffraction. The
wavelength of radiation 1s 1.5414 A°. The accelerating potential
applied to the X-ray tube is 30kV and the tube current is 20mA. The
sample can be scanned from 0° to 90° and the X-ray diffraction pattern

(intensity of diffracted beam versus 20) of the sample can be recorded.
2.13 Scherrer Formula

The powder method is a widely used experimental technique for
the determination of grain size. Here we make use of the Scherrer

formula given by,

t=0.94/B Cos 6
where B i1s the full width at half maximum (FWHM) of the most

intense diffraction peak and 0, the corresponding angle.
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The basic principle underlying the powder technique is that, since
millions of tiny crystals in the powder have completely random
orientations, all possible diffractions will be available for Bragg
reflection to take place [57,58]. Such reflections will take place from
many sets of parallel planes lying at different angles to the incident X-
ray beam. Moreover; each set will give not only first order reflections
but higher order reflections as well. Since all orientations are equally
possible, the reflected rays will form a cone whose axis lies along the
direction of the incident beam and whose semi vertical angle is twice
the glancing angle for that particular set of planes. For each set of
planes, and for each order, there will be such a cone of reflected X-rays.
Their intersections with a photographic film set with its plane normal to
the incident beam form a series of concentric circular rings. Radii of
these circular rings are recorded and the film can be used to find the
glancing angle and hence the inter-planar spacing of the crystalline

substance.

In the powder method the intensity of the reflected beam can also
be recorded in a diffractometer, which uses a counter in place of the
film to measure intensities. The counter moves along the periphery of
the cylinder and records the reflected intensities against 20. Peaks in
the diffractometer reading correspond to positions where the Bragg
condition is satisfied. From the XRD pattern of the powder sample we

can calculate the lattice parameter using the formula
A

hkl = .
2sind
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and cubic lattice constant

a=d B +k 1

The porosity of the samples can be calculated as

X — Raydensity — apparentdensity
X — Raydensity

Porosity =

Where X- ray density =n (Molecular Mass/ N) (1/Volume of unit cell)

n = number of molecules per unit cell.

N = Avogadro number.
2.14 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) provides a means to
investigate the surface morphology of the sample. The SEM is a
microscope that uses electrons instead of light to form an image. It
provides a high resolution and depth of the field images of the sample
surface (so closely spaced specimens can be magnified at much higher
levels). The SEM has allowed researchers to examine a much bigger

variety of specimens.
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Fig. 2.7 Schematic diagram of SEM

The scanning electron microscope has many advantages over
traditional microscopes. The two main improvements over
conventional optical microscopes are (1) it can magnify a sample up to
x10° and (ii) it improves the depth of field resolution by a factor around
300. Because the SEM uses electromagnets rather than lenses, the
researcher has much more control in the degree of magnification [59].
All of these advantages, as well as the actual strikingly clear images,
make the scanning electron microscope one of the most useful

instruments in research today.
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Figure 2.8 Production of secondary electron

The sample is placed inside the microscope’s vacuum column
through an air- tight door using a load lock facility. Air is pumped out
of the column using a combination of different pumps like rotary, turbo
molecular or diffusion pumps. A beam of electrons is produced at the
top of the microscope by an electron gun. The electron beam follows a
vertical path through the microscope, which is held within the vacuum.
The beam travels through electromagnetic fields and lenses, which
focus the beam down toward the sample. Once the beam hits the
sample, electrons and X-rays are ejected from the sample. Detectors
collect these X-rays, backscattered electrons, and secondary electrons
and convert them into a signal that is sent to a screen similar to a
television. This produces the final image. A schematic diagram of SEM

is shown in figure 2.7.
2.14.1 Sample Preparation for SEM

Because the SEM utilizes vacuum conditions and uses electrons
to form an image, special preparations must be done to the sample. All

water must be removed from the samples because the water would
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vaporize in the vacuum. All metals are conductive and require no
preparation before being used. All non-metals and insulator samples
should be coated with gold in order to improve the surface
conductivity. This prevents the accumulation of negative surface
charges, which might interact with the secondary electron. This process
is carried out using a device called a “sputter coater”. The sputter coater
uses an electric field and argon gas. The sample is placed in a small
chamber that is at a vacuum. Argon gas and an electric field cause an
electron to be removed from the argon, making the atoms positively
charged. The argon ions then become attracted to a negatively charged
gold foil. The argon ions knock gold atoms from the surface of the gold
foil. These gold atoms fall and settle onto the surface of the sample

producing a thin gold coating.
2.15 Transmission Electron Microscopy (TEM)

Transmission electron microscopy was originally used for highly
magnified sample images. Later, analytical capabilities such as electron
energy loss detectors and light and X-ray detectors were added to the
instrument and the technique is now known as analytical transmission
electron microscopy (AEM). Transmission electron microscopes are, in
principle, similar to optical microscopes; both contain a series of lenses
to magnify the sample. The main strength of TEM lies in its extremely
high resolution [59,60].

Transmission electron microscopy is a microscopy technique
whereby a beam of electrons is transmitted through thin specimen ,

which interacts with the specimen as it passes through it. An image is
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formed from the electrons transmitted through the specimen, magnified
and focused by an objective lens and appears on an imaging screen, a
fluorescent screen in most TEMs, plus a monitor, or on a layer of

photographic film, or to be detected by a sensor such as CCD camera.

Fig. 2.9 Schematic diagram of transmission electron microscope.

Electrons are usually generated in an electron microscope by
thermionic emission from a filament, usually tungsten, or by field
emission [59,60]. The electrons are then accelerated by an electric
potential (usually 100-400kV) and focused by electrostatic and
electromagnetic lenses onto the sample. The beam interacts variously

with the sample due to differences in density or chemistry. The
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transmitted and forward scattered electrons form a diffraction pattern in
the back focal plane and a magnified image in the image plane. The
beam that is transmitted through the sample contains information about
these differences, and this information in the beam of electrons is used
to form an image of the sample. The electrons that remain in the beam
can be detected using a photographic film, or fluorescent screen .So
areas where electrons have been scattered in the sample can appear

dark on the screen, or on a positive image due to this scattering.

The three primary imaging modes are bright-field, dark-field, and
high-resolution microscopy. Image contrast does not depend very much
on absorption, as it does in optical transmission microscopy, but rather
on scattering and  diffraction of electrons in the sample. Images
formed by transmitted electrons are bright-field images and images
formed using a specific diffracted beam are dark-field images. Few
electrons are absorbed in the sample. These electrons lead to sample
heating. A stationary, parallel and coherent electron beam passes
through the sample in TEM forming a magnified image in the image

plane, which is then simply projected on to the fluorescent screen.
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Chapter @)

Structural Thermal and Spectroscopic
Characterization of Spinel Lithium
Manganese Oxide ( LiMn:04)and its
de-lithiated form (\-MnQ>)

This chapter discusses the synthesis of
spinel Li,Mn,0O4 and A-MnQO; as well as a detailed account of
the investigations on these samples including the influence of
the lithium content on the thermal and optical properties of
LiMn,0y4. Structural characterization is done using X-ray
diffraction (XRD), SEM (Scanning Electron Microscopy) and
TEM (Transmission Electron Microscopy). The thermal
properties of the samples are evaluated from photoacoustic
signal amplitude and phase as a function of modulation
frequency in reflection configuration while information of
their electronic band structure is obtained from the
wavelength dependence of its photoacoustic signal. The
presence of Jahn Teller (J-T) active Mn’* in LiMn;O4 makes
it viable for Jahn-Teller distortion and hence, the effect of
lithium concentration as well as temperature for its

occurrence are studied.
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3.1 An Introduction to Li,Mn,0,

For many years, nickel-cadmium had been the only suitable
battery for portable equipments, from wireless communications to
mobile computing. Nickel-metal-hydride and lithium-ion batteries
emerged in the early 1990s, fighting nose-to-nose to gain customer's
acceptance. Today, lithium-ion battery is the fastest growing and most
promising battery technology. Rechargeable Li-ion cell is the key
component in portable, entertainment, computing telecommunication
equipments offering high energy density, flexibility and lightweight
design [1-3]. The motivation for using this technology is the fact that Li
is the most electropositive as well as the lightest metal that facilitate the
design of storage systems with high energy density, good energy-to-
weight ratio, no memory effect, long-term cycling stability and high
charge/discharge rate capabilities. The most advanced batteries
available in the market today are Li-ion and Li-ion polymer batteries.
Another important factor affecting the demand for new battery systems
is the shift towards the exploitation of alternating energy sources to
replace the fossil fuel, which is progressively getting exhausted from
the earth. To meet with the constantly increasing energy needs of the
developed countries of the world, the utilization of discontinuous
energy sources such as solar power, wind power etc require batteries as
a storage facility. For this application, batteries require the ability to
undergo large number of deep charge /discharge cycles with high

efficiency.
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The advantage of using Li metal was demonstrated in the year
1970 with the assembly of primary lithium cells. Originally, lithium
metal foil was used as anode and an inorganic intercalation compound
as cathode in secondary Li-batteries, thus exploiting the low weight and
high reactivity of lithium. Safety concems have led, however, to the
replacement of metallic lithium by a Li-insertion compound. The
discovery of such materials was crucial in the development of
rechargeable Li systems. Thus the concept of Li-ion transfer cells was
proposed to solve the problem of corrosion and thermal run away and
possible explosion. The key to the successful development of a new
generation of lithium batteries depends critically on the creation of new
electrodes and electrolyte materials with  composition and
configuration, that offer high power density, long shelf and cycle life,

low cost, and minimal capacity fade and disposal problems.

A lithium ion rechargeable battery is known as a rocking chair
battery due to the two-way motion of lithium ions, i. e. between the
anode and the cathode through the electrolyte (Figure 3.1). During
charging the lithium ions undergo deintercalation from the cathode into
the electrolyte and intercalation (process of insertion) of lithium ions
from the electrolyte into the anode and vice versa during discharging.
Electrochemical reactions consisting of electron and lithium ion
insertion into/extraction from a solid matrix with out much destruction
of the core structure are called topotactic reactions and the materials for
which such reversible reactions proceed are called insertion

compounds. These insertion materials comprise the electrodes of Li ion
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batteries for better safety and cycle life of the cells. Usually, the
cathode materials are air stable lithium metal oxides (LMO) and anode
electrodes are carbon materials. The cells are fabricated in discharged
state, so that the freshly prepared cells cannot deliver electricity. On
charging, Li ions move from positive (cathode) to negative electrode
(anode) storing electricity in the solid matrix and on discharging the
cells can deliver electricity by the return of lithium ions to the cathode.
In other words, the cells are operated with lithium-ion shuttling
between positive and negative electrodes. Hence these insertion

materials (electrodes) are extremely important in developing the Li-ion

batteries.
Charge Discharge
.
Current
Collector
Insertion
Separator Cathode

Fig. 3.1 Shows the Li-ion rocking chair battery
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The conventionally used LMO cathode is LiCoO;, which acts as
the source of Li ions that carries the electric charge through the
electrolyte [1,4]. However, LiMnyOj is widely recognized as a potential
substitute for LiCoO, and is used in high energy density batteries for
high power cell applications [1, 3]. It is exploited very much as a
battery cathode in lithium ion cells due to its availability, non-toxicity,
and least environmental hazards (eco-friendly ‘green’ nature){1,3,5-10]
besides cheapness compared to its counterpart materials like LiCoO;
and LiNiO,;. The possibility of cycling 0.8 Li per Mn,Os unit
electrochemically from its core spinel structure corresponding to a
complete utilization capacity has prompted its usefulness in terms of
charge-discharge control when employed as cathode in Li-ion batteries.
Moreover and more importantly, the high rate capability of the Mn-O
system could be advantageous not only for discharge, but also for rapid
recharge of the cell. The above features have recently occupied a place
of pride among the battery manufactures to utilize the spinel LiMn,;04

as a Li" source electrode for practical high voltage Li-ion technology.

Interest in the spinel LiMn;O4 as electrode in rechargeable
lithium-ion batteries stems from the fact that the lithium ions can be
removed (de-intercalated) and reinserted (intercalated) into this
compound topotactically [11-13]. This spinel can de-intercalate Li’
ions at 4.2 volts becoming A-MnQ, (spinel structure) and intercalate Li’
ions at approximately 2.9 V to yield LiMn,O4. The good voltage

regulation during cycling, the excellent electro-chemical reversibility,
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and the theoretical specific capacity (148 mAh/g) make the spinel

LiMn»O4 an attractive cathode material.

Moreover, unlike laycred structured cobalt oxide materials, all
atoms in spinel shaped manganese oxides are connected via genuine
chemical bonds with large channels in the lattice for Li insertion and
hence they have low discharge capacity and structural stability at
moderately high temperature [1]. However, batteries made of LiMn,O4
electrodes show drastic capacity fading after each charge-discharge
cycle which may be due to the instability of the organic based
electrolyte in the high voltage region, dissolution of Li,Mn,04
electrode in the electrolyte as Mn®" ions and onset of Jahn-Teller effect

in deeply discharged LiMn,O; electrodes [11].
3.2 Structure of LiMn,0,

The compound LiMn,;O4 belongs to the normal spinel structure
with a general formula AB,O4. There are eight occupied tetrahedral (or
A) sites and 16 occupied octahedral (or B) sites in a unit cube (Figure
3.2). In the LiMn,;O, spinel, the Li ions occupy tetrahedral sites [13]
each surrounded by 4oxygen ions; the Mn ions bccupy octahedral sites,

each surrounded by six oxygen ions.

Here the oxygen anions form the face centered cubic packing. For
every 4 oxygen anions there are four octahedral sites and eight
tetrahedral sites. Out of these twelve, only three are needed to fill the
cat ions of the above formula. In the normal spinel structure, A cat ions

are in the tetrahedral voids and B are in the octahedral voids.
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The spinel phase of LiMn;O4 belongs to the Li-Mn-O system that
has been studied in detail as an insertion electrode for secondary
lithium cells. In the system the lithium ions occupy the 8a tetrahedral
interstitials and manganese cations occupy 16d octahedral interstitials
of a cubic close packed array constructed by the oxygen anions located
at the 32e positions of the Fd 3m space group [13,14] [In a crystal,
point group symmetry operations can be combined with translational
symmetry elements provided they are compatible. Such combinations

are called space groups]

(1) Tetrahedral A site (b) Octahedral B site

Fig. 3.2 Cubic spinel structure of LiMn,0,
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Fig. 3.2a The spinel-like structure with MO octahedral and Li atoms
taking tetrahedral positions

The spinel structure of LiMn,04 is composed of MnOg octahedral
framework (Figure3.2a) within which there are tetrahedral channel sites
for Li to occupy [15]. Lithium being a light element can be easily
inserted into or taken away from the structure without causing any
structural changes. This aspect makes LiMn>O4 an important material
from the point of application as electrode material in rechargeable

lithium batteries.

The electronic structure of any material is arguably its most
important signature, which is responsible for most of its properties
and dependent on several factors including its crystal structure and
bond formation. Since the Mn-ion is in octahedral symmetry, the
electronic structure of LixMn,04 compound is governed by a strong
hybridization between the Mn d and O p atomic orbitals where its

d,andd , ,atomic orbitals directly overlap with the p., py and p. .
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orbitals of oxygen along the octahedral directions. This o overlap
creates the e, bands, of which the bonding band, e”g, has a
predominant oxygen p-character and the antibonding band, e, has a
predominant metallic d-character. The remaining d.,, d,. and d,:
orbitals point away from oxygen and have only a minor x overlap-
giving rise to the nonbonding f;, bands. In LixMn;O4 spinels, the
Fermi level Ef lies within the nonbonding ¢;, bands. Similarly, the
overlap of oxygen-p with Mn-p and oxygen-p with Mn-s gives rise
to ¢, and a;, bands, respectively. There is considerable amount of
intermixing between ebg, t;, and a;; bands and are collectively
known as O 2p bands because of their predominant oxygen-p
character [16,17,32]. The band gap of Li\Mn;0;4 is reported to be
around 1 eV [17]. However, there are also other absorption peaks
apart from the fundamental absorption edge [18,19] Berg et al have
derived that when a cubic crystal undergoes a tetragonal JT
distortion as in LiMn,O;, their electronic structure gets modified in
the form of splitting up of each Mn #,, and Mn e‘g band into two
[20]. Another challenge in the study of Li transfer in LMOs is its
effect on the band structure of LMO [21]. In the rigid band picture,
Li intercalation into LMO raises the host Fermi level due to band
filling of the host material. On the contrary, in the non-rigid band
picture, Li intercalation does not affect the host Fermi level, but its
density of states translates to lower energies due to electron transfer

from lithium to oxygen [17].
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3.2.1 Layered Lithium Metal Oxide Li,MO;

The layered LiMO2 are traditional cathode materials that have
been thoroughly studied experimentally and theoretically. The layered
structure can be envisioned as two interpenetrating fcc lattices, one
consisting of oxygen, and the other consisting of altermating (111)
planes of Li and Transition Metal (TM) ions (Figure.3.3) [22]. In the
R3m space group the Li and the metal ions remain fixed in the ideal
rock salt positions, but the whole (111) oxygen planes may relax in the
(111) direction giving rise to different slab spaces that affect lithium

mobility.

Fig. 3.3 The layered structure with MO, octahedral and lithium atoms.

3.3 Lithium Extraction / Insertion Mechanism in the Spinel
LiMn204

The compound LiMn;Oy is a stable phase in the middle of the
discharge curve of A-MnQO,. On further reduction, the material converts
into Li;Mn;04 [23]. The phases and phase transitions during reduction
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from A-MnO, to LiMn,Os; have been the focus of debate in many
publications [24]. From LiMn:O4 to LizMnpOy, there is a distinct first
order phase transition. When Li ions are inserted into the spinel host
structure, they occupy the octahedral lé6csites. Since this site is face
sharing with the 8a tetrahedra, the Li ions in the tetrahedral site are
instantly displaced into the vacant 16c site, causing a first-order phase
transition. When the Mn®" (d*) concentration increases, Jahn-Teller (JT)
distortion also occurs with a gain in energy equal to € (Figure.3.4) The
crystal symmetry decreases from cubic(c/a = 1.0) to tetragonal (c¢/a ~
1.16); this imposes a large strain on the individual spinel particles, that
ultimately results in electromechanical grinding; the reversibility of this
phase transition is poor [24,40]. However, it has been shown in recent
studies that significant strain effects and nano-sized regions are introduced
into the LiMn,O4 material by ball milling and possibly partial oxidation,
resulting in a good utilization of the material on Li insertion to Li;Mny04
[24,41]. Figure 3.4 shows a schematic representation of the splitting of the
Mn 3d orbital in Mn’* (d*). The situation is quite different during the
removal of Li from the LiMnm,O4 structure; the unit cell volume decreases
gradually and isotropically as the Li-ion concentration decreases. The
removal of Li from LiMn,O4 occurs through a two - step reaction around
4V ;two potential plateaus can be discerned in the curve, separated by 100-
150mV. Rigorous studies have also shown that the material goes through
at least one two-phase region during charge /discharge [23,24]. The
structure of these intermediate phases are not yet determined, but single-
crystal studies have shown that super structures may occur in the upper

part of potential curve (23, 24,44).
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Fig. 3.4 --Schematic representation of the splitting of the Mn 3d
orbital in Mn** (d*).
3.4 Synthesis
3.4.1 Li,Mn,0,

A large number of methods are available for the preparation of
LiMn;O; spinel. In this work stoichiometric LiMn,O; is prepared by
direct solid-state reaction of Li;CO; (99.99%pure) and MnCOs
(99.99% pure) in the molar ratio 10:40 [25]. The reactants are pre-dried
at 200°C in separate crucibles for 5 hours. The de-hydrated reactants
are weighed out using an electronic balance. Then the reactants are
mixed thoroughly and finely ground under acetone in an agate mortar.
The organic solvent acetone in this mixture gets evaporated off. The
mixture is then calcined at 600°C for 12 hours to get rid of CO,. After
cooling to room temperature the mixture is again ground under acetone
in the agate mortar. The sample so obtained is pelletised with a load of
5 T. The compound is then sintered at 800°C for 24 hours in air and
cooled to room temperature at about 0.33°C/min [26]. Similarly
Lig sMn;O4, Lig oMn;Oy4, Li; jMnyOy, Lij ;2MnyO4, samples are prepared
by changing the molar ratio of Li;CO; and MnCO;, to 8:40, 9:40 .11:40
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and 12:40 respectively. The chemical reaction, taking place can be

written as

2Li2CO3 +8 MI’ICO:; +301 — 4LiMll204 + IOCOZ

The grinding and sintering are repeated until the product obtained
is a fine-grained material of micrometer size. The compound obtained
is characterized immediately after synthesis by X-ray diffraction
analysis [model: 1710 Rigaku]. The phase purity of the material was
confirmed by the XRD analysis.

| LhCOs I l MnCO;, l

Mix Li;
Mn=1:4
In acetone

Calcined at 600°C
For 12 hours

Reground
And sintered
At 800°C for
24 hours

Fig.3. 5 Route map of the synthesis of LiMn,0,
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3.4.2 A-MnO; Spinel

A-MnO, spinel is prepared by chemical delithiation from
LiMn,04 [25]. For this, LiMn,Oy is treated with a solution of HC1-H-O
(1:33V/V) and stirred for Shours at room temperature using a magnetic

stirrer arrangement.

The lithium composition and lattice constant of A-MnO, depend
not only on the kind and concentration of the acid solution used, but
also on the synthesis conditions of the original LiMn,;Oj4, such as

sintering temperature and cooling rate.

The precipitate is filtered and washed several times with distilled
water and dried. The structural analyses of both the samples are done by X-
ray diffraction. The samples are pelletised by applying different pressures.

A temperature above 800°C may affect the structural stability
of the spinel. Moreover, the final product may contain impurity
phases, irregular morphology and larger particle size. High
calcination temperature may affect the cycling properties and reduce
its electro-chemical features. In general, for the battery applications,
it is believed that single phase products with good crystallinity,
homogeneity, uniform particle morphology with submicron size
distribution and high surface area are considered as the most desired
ones in order to achieve higher electrode activity. The synthesis of
single-phase products demands lower synthesis temperatures in

order to accomplish the above features.
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A chemically synthesized sample has several advantages over an
electrochemically prepared sample since (a) it has no additives, such as a
binder or carbon, which must be treated as impurities in the analysis (b) the
experiment can be performed rapidly because there is no need for cell
construction and the subsequent charge-discharge processes. However, a

very long time is required to get a sample to the equilibrium state.

3.5 Characterization of LiMn,0, & A-MnO,
3.5.1 X-Ray Diffraction Analysis

The XRD spectra are initially recorded for fine powdered samples of
both LiMnyO4 and A-MnO; to identify them. The intensified planes are
marked on the pattern. Figure3.6 shows the XRD diffraction pattern of
LiMn, 04 spinel sintered at 800°C. The analysis confirms the formation of
the spinel structure without any impurity phase. Considering the intensities
and positions of the peaks we observe a good agreement between the
results and those reported by other workers [14,16,40].

The XRD spectrum of this sample contains at least 8 peaks, well
in agreement with the spinel structure of LiMn;O4. From the XRD
pattern of the powder sample the lattice parameter is calculated. The
lattice parameters vary slightly corresponding to the variation in the d

values of LiMn,04 and A-MnQO; as expected.

Table 3.1 Lattice constants of LiMn,0O4 and A-MnO,

Sample d (111)plane (A°) a(A")
LiMn:0s | L4 8.282

A-Mn0: t 4.694 _ 8.149
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The porosity of the samples can be calculated as

Porosity = [X ray density-Apparent density]/ X ray density
Where X- ray density = n (Molecular Mass/ N)(1/Volume of unit cell)
n = number of molecules per unit cell. N = Avogadro number.

In the present case n = 8. The apparent density of the sample is

obtained by dividing the mass of the pellet by its volume.

A single phase of cubic spinel with the space group Fd3m has been
confirmed by XRD analysis. The cubic lattice constant of LiMn,O4 based
on the (111) peak is calculated as a = 8.282 A° corresponding to d =
4.782 A° .The A-MnO, obtained is also well indexed by the single phase of
the cubic Fd3m with lattice constant 8.129 A °. The particle size is almost
the same as the pristine LiMn,Oy spinel [14]. The grain size is calculated
as 0.251um. Results indicate that the product obtained immediately after
preparation has gained the single- phase spinel structure with out any
residual impurities observable from XRD measurements. The sharp peaks
indicate the increase in crystallinity and ordering of local structure and

release of lattice strain

The XRD pattern of A-MnO; shows a remarkable reduction in
intensity and slight broadening of the spinel peaks .The cubic lattice
constant obtained was a = 8.1294A° corresponding to d = 4.694A°
based on the (111) peak. These results show that there is a reduction in
the crystallinity of the material. The mass loss due to lithium extraction

is reflected in the smaller value of lattice parameter obtained. The XRD
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studies have shown that each material is composed of a single phase

with out the presence of detectable LiMnOs, which often contaminates
the spinels with high Li/Mn ratios [12].

Fig. 3.7 Crystal structure of LiMn,0,
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3.5.2 Electron Microscopy

To measure the physical grain size of the spinel product, the SEM
and TEM analysis are carried out. Figure 3.7.1 (a) and (b), show the
TEM and SEM of the spinel LiMnOy4.It reveals the formation of
spherical grains of micron-sized nature (average grain size being less
than 1um). A nearly pore-free state is evident from the micrograph. The
grains are almost connected and ensure the high surface area. This
feature is an essential criterion for an electrode material for the high

energy Li-ion rechargeable battery.

(a) TEM image of LiMn,0, (b) SEM image of LiMn,0,

Fig 3.7.1 (a and b) Typical TEM and SEM images of the spinel
sintered at 800°C

3.6 Influence of Lithium Concentration on the Structural,
Thermal and Optical Properties of Li,Mn,0,

The XRD spectra of LiyMn;04 (x=0.8, 0.9, 1, 1.1, 1.2) are
shown in Figure 3.8. It is observed from XRD data of Li,Mn;04 that
when x changes from 0.8 to 1.2 the cell volume is found to be almost
a constant, as the position of the diffraction peaks does not change
with x. In fact, the cubic lattice constant for LiMn,O4 is determined

as 8.242 A and its cell volume is 5.599x102% m?. The additional
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peaks appearing for Li, ,Mn,O4 and Li; 2Mn,O, can be ascribed to
the appearance of tetragonal structure, as a structural distortion, in
the cubic structure. Moreover, in the case of Li; ;Mn;Oj4 unlike that
of Li;2Mn,04, these additional peaks are not easily observable
except for a few small humps on the spectra, because the structural
distortion due to the tetragonal structure is relatively small in
Li; iMnyO4.

J EMAVA-A*JLMLAAW
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angle 26 (degrees)

Intensity (arb. units)

Fig. 3.8 XRD spectra of Li;Mn;04 with x=0.8 as A, 0.9 as B, 1.0
asC, 1.1 asD and 1.2 as E are shown.
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3.7 Thermal Properties of Li,Mn,0,

Information about the thermal properties of LiMn,O4 is of
paramount importance since its limited Li cycling and storage
performances at elevated temperatures is a key issue in its commercial
use [26, 27,28]. Moreover, one of the major issues confronting the
development of Li ion batteries for Electric Vehicles and Hybrid
Electric Vehicles is the risk of thermal runaway under abusive
conditions due to the large rise in temperature at the electrodes or in the
electrolyte [1]. Besides, knowledge of the thermal properties such as
thermal diffusivity, specific heat and thermal conductivity can throw
light on the structural properties of LixMn;O4 materials. The
fundamental quantity that enters into heat transfer situations, not at
steady state, is thermal diffusivity, which is a measure of how quickly a
body can change its temperature, which increases with the ability of the
body to conduct heat (thermal conductivity) and decreases with the
amount of heat required to change the temperature of the body (specific
heat). Therefore, these three parameters are of vital importance in the
context of devices under actual operating conditions when subjected to
a thermal load.

3.7.1 Determination of Thermal Diffusivity of Li\Mn;04 using PA

Technique

The thermal diffusivity values are obtained using Photoacoustic
(PA) technique with a homemade PA cell employed in reflection
configuration as mentioned in chapter 2. Light beam from a 20 mW

He-Ne laser (632. 8 nm) is modulated using a mechanical chopper (SR
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540), which is allowed to fall on a sample that is fixed to the PA cell.
The modulation frequency is varied from 5 Hz to 400 Hz and the
corresponding modulated pressure signal generated is detected by a
commercial condenser microphone. The output signal from the
microphone is fed to a lock-in-amplifier (SR 830) through a pre-
amplifier (SR 550). All the instruments are computer controlled using
the RS-232 port of a PC. The experimental setup is standardized using
commercially available Si wafer whose thermal diffusivity is calculated

to be 0.81x10* m’s™" which is in perfect agreement with the standard

values.
Modulated
Window Light

Gas 1 d

Microphone YVYVY "
Sample |

Gas (backing)
4 =

Fig .3.9 Schematic diagram of the PA cell arrangement
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Fig. 3.10 The experimentally obtained and theoretically fitted
amplitude and phase varnations of LiMn,O; with
Frequency are given

Figure 3.10 shows the variation of amplitude and phase for
LiMn,0, with frequency and the fitted theoretical curve obtained using
chi-square minimization for determining thermal diffusivity. The
frequency range used in fitting is only from 50Hz to 400 Hz, in order to
avoid any bad response of microphone in the low frequency region. For
determining the temperature distribution at the sample surface, which is
used to calculate the pressure variation inside the PA cell, the complex
three dimensional (3D) heat diffusion equations are solved instead of
the much simpler one-dimensional case. This is done taking into
account of the spot size (~4mm) used in the experiment and thereby
avoiding any error that can arise from the 3D effects while fitting the

amplitude and phase for determination of thermal diffusivity [29]. The
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3D effect on the PA signal for various spot sizes is shown in Figure
3.11 for the case of LiMn;Os.

< 8.0x107 4+
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Z20x107]
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_ o, » 3D4mm
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=52 _oeass |
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Fig. 3.11 The variation of PA amplitude and phase with respect to

frequency for LiMn,O,, plotted using 3D heat diffusion
equation for different beam diameters (4 mm and 10
mm) and using 1D heat diffusion equation.

Though in the amplitude plot, there is no clear difference between
1D and 3D theory, in the phase plot the difference is evident. It is observed

that for larger spot sizes, the 3D curves converge towards the one-

dimensional case. Since we are simultaneously fitting both amplitude and

phase plots for obtaining thermal diffusivity, in order to minimize the error

in thermal diffusivity values while fitting the data due to limited spot size,
we have used the 3D thermal diffusion equations. The thermal diffusivity
values of LiyMn,0, (x=0.8,0.9,1,1.1,1.2) for various values of x are
tabulated in Table 3.2 (as per the Figures3.13a, 3.13b, 3.13¢, 3.13d,and
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3.13e) and their variation is shown graphically in Figure 3.12 for better
understanding. It can be seen that thermal diffusivity of LiMn,Oy, i.e. x=1,
is the highest among the group of Li\Mn;O4 samples considered in the
present study, with the diffusivity value monotonically decreasing with an

increase or decrease in x values.

Table 3.2 Thermal diffusivity values of Li,Mn;Q,, with x=0.8, 0.9,
1.0, 1.1 and 1.2 are given

LiosMn0s LiasMn20s LiMn20s Lin M0 Lir2Mn20s

Thermal  Diffu- | 400,001 | 086:0012] 094£0.015] 081:0.012| 061001
sivity (10°* m¥/s)

091 / \

NE | -

]

S

;;; 08+ / °

é [

8 071

«

E

[

= 0.6 .

08 09 10 L1 12
Lithium Content (x) in Li Mn,O,
Fig. 3.12 Variation of thermal diffusivity with respect to Li
content in Li;Mn,Oy
The heat generation and transport mechanisms in Li,Mn,O,4 can be
explained on the basis of those in semiconductors due to the fact that

LiMn;0; is a small-polaron semiconductor since the e, electrons on Mn**
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ions are trapped in local lattice relaxations and, as a result, their mobility
carries an activation energy [30]. The heat generation due to absorption in
semiconductors when irradiated with an intensity modulated light beam
arises due to three processes namely thermalisation (time scale of the order
of pico seconds) due to intra band transitions of photo-generated carriers,
nonradiative bulk recombination and surface recombination due to inter
band transitions of photo-generated camriers. All these different
mechanisms finally result in the creation of heat energy, which is then
transferred to the lattice through the creation of phonons. At low
modulation frequencies of photothermal experiments, the contribution to
the heat flow by the bulk and surface recombination mechanisms is
negligibly small and hence the photoacoustic signal, obtained in this
experiment, which employs low modulation frequencies, is solely due to
the thermal wave component of the phonon-assisted heat conduction
process [39]. This phonon assisted heat conduction is adversely affected
by phonon-phonon interactions, phonon scattering by imperfections and at
boundaries. Moreover, recent studies on LiMn;O4 have shown that the
phonons due to the vibrational modes of LiMn,04 are due to the complex
movements involving all the atoms of the crystal structure rather than due
to individual LiO, tetrahedron vibrational modes and MnO, octahedron
vibrational modes [32].

From the fact that thermal diffusivity value of LiMn,O, is the
maximum among Li,Mn,O,; samples, it can be inferred that the crystal
structure is less distorted at x=1for Li;Mn,0;, because thermal diffusivity

value can be treated as a direct measure of phonon group velocity and
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phonon scattering. That is, the higher the phonon scattering, the lower will
be the phonon group velocity and hence the lesser will be the therma]
conductivity and diffusivity values [26]. The delithiated form of
LixMn;04, A-MnO,, is considered to be an ionic crystal having Mn* i,
tetravalent state. On the other hand, it has been observed that Li* ip
LiMn;0, is fully ionized which demands a reduction in the valency of Mn
from 4 to 3.5 which is believed to be achieved by reducing 50% of Mn**
ions in A-MnO; to Mn’" ions. In fact, LiMn;O4 can be considered as
LiMn**Mn*" O, with an equal number of isotropic Mn*"O, octahedra and
Jahn-Teller-distorted Mn**O, octahedra [17]. In Li,Mn,O,, for x<I, Li
cations are on 8a tetrahedral sites, Mn cations on 16d octahedral sites and
O anions on 32e positions which give rise to a cubic spinel structure. In
fact, LixMn,O4 can be represented by a supercell as [(Lig)® (Mnye)'*
(032)3 ze] with clear representation of the number and position of each type
of atom in it[31]. An important feature of the spinel structure is that each
8a tetrahedron shares all four faces with 16¢ octahedra. The maximum
tetrahedral-site occupancy is 50% as in LiMnyO4 which corresponds to
x=1 and brings more structural symmetry to this structure compared to
Li,Mn,O;, with x<1. However, when x>1, in addition to the 8a tetrahedral
sites, the vacant 16c octahedral sites also get occupied with Li ions [27]
which can be represented in the supercell model as [(Lis)™ (Liy)*™
(Mg)'® (03,)"2%] with y taking values from 1 to 8. This is consistent with
our observation that the.deviation in the XRD pattern from the cubic spinel
structure starts around x=1 as shown in Figure 3.8 It is quite evident in the
XRD pattern that for x=1.1 and 1.2 in Li,Mn,Q4, additional peaks at 168’
and 34.5°, other than that of cubic spinel structure, appear. It is supp°5ed
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that these extra peaks correspond to the Li occupancy of tthe Octz.‘h ed;:
- rerstitial 16¢ sites in addition to the 8a octahedral sites, suggestmgt .
the crystal structure is in slightly mixed phase. The filling upp of Va"a‘j}t o
ites by Li ions along with the complete transfer of Li ions from ga s ehen
16¢ sites results in the tetragonal structure of LiMn;O,. Therefor® ¥ )
(<1 in LiMn:O4, less than 50% of the available 8a sites ar-e £illed PY ™
ions and when x>1, in addition to the 8a sites, 16 ¢ interstitial sit€S are also
occupied with Li ions, both effects causing a reduction in Symﬂ"etry and
are sources of defects. The phonon scattering and a subsequert decreas® .Of
phonon group velocity decreases with crystal symmetry and increasc® with

with
defects. Thus, it can be argued that the crystal structure of Li XMﬂZO“

) which
maximum symmetry and minimum defects is that with x=1 |
rma
corresponds to LiMn,04. Therefore, it is quite evident why the€ the L
. ot Li

diffusivity of LiMnyOy is greater than other samples in the rang®

content studied in this work.

Dy . ation
The cause of reduction of thermal diffusivity upon Li deinte* cal

of LiMn,O, is attributed to the increase in phonon scattering due fo
reduction in crystal symmetry [26). From the results, it can be deduced
that the thermal diffusivity of LiMn;Oj is the maximum among Li=M"27*
(0<x<1.2) and decreases steadily as the Li concentration decre®> &g-and
reaches a minimum for A-MnO; [42]. The variation in thermal di fT%
values with Li content is significant due to the fact that during t}3€ actoal
Operation of a Lj ion battery, thermal diffusivity of the LiyMn,O, € athode

A . _ ermal
Will be increasing with respect to its Li content. In other words, P

vity

i ing Li
diffusivity of Li battery cathode (A-MnO;) will be increasing qus¥i"8
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intercalation, which happens during Li ion battery discharging. Similarly,
thermal diftusivity of Li ion battery cathode (LiMn,O4) decreases during
Li ion battery charging as Li is deintercalated from it.
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3.8 Jahn-Teller Distortion Studies on Li,Mn,0y

In the late 1930's Jahn and Teller published a group- theoretical
(symmetry based) theorem. It states, “For non-linear molecules, a
nuclear configuration which begets an orbitally decgenerate occupied
state 1S unstable with respect to one without such orbital
degeneracy.”[33]. Empirically, it is found that formally octahedral or
tetrahedral d° complexes are highly distorted and, to a slightly lesser

extent, the same is true of high spin octahedral d* species also.

As mentioned aboveLiMnyO, has cubic spinel structure (space

group Fd Im ), with Li ion on 8a tetrahedral sites, Mn on 16d
octahedral sites, and O ions on 32e positions, as the stable phase at
room temperature [18,19,26,34]. However, the cooperative Jahn-Teller
(JT) distortion in LiMn,O4 occurring below 290K, which disfigures its
cubic phase with tetragonal phase, is an order to disorder, first-order
type phase transition [34,35]. This lattice instability due to the JT
distortion together with a subsequent volume increase upon Li
intercalation into LiMn,Oy4 occurring at these not so low temperatures
leads to its fracture with a probable loss of electrical contact with the
current collector on repeated cycling or over discharging and is a major
problem with the commercial use of LiMn,Oy4 spinel. In fact, LiMn,O4
can be equivalently represented as LiMn’*Mn*"O, with an equal
number of isotropic Mn*"0, octahedra and JT-distorted Mn3+04
octahedra because only the high spin Mn’" favors dynamic JT
distortion. It is also observed that addition of metallic dopants (M) such

as Co, Ni etc can reduce the amount of JT distortion in Li;M,Mn;.,O4
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due to the reduction in the number of Mn> ions because of their
substitution by M ions [36]. Moreover, Li,M,Mn,,O; has been
reported to have a better cycle life compared to LiMn,O4. At room
temperature, JT effect is pronounced only when the concentration of
Mn’* ions exceeds that of Mn*" ions by a critical value. i.e. when
x>1.08 [23]. Therefore, in LiMn,Qy, where the number of Mn** ions
equals that of Mn*" ions, JT distortion is absent at room temperature.
However, JT distortion is found to occur in LiMn,O4 below the
transition temperature, around 290 K [34,35]. The appearance of JT
distortion in Li,Mn,O4 with x>1.08 is due to the maximum occupancy
of about 50% of 8a tetrahedral sites which is the case with LiMn,0O4
and further addition of Li ions as in Li; jMn,O4 results in the filling up
of 16¢ octahedral sites causing a tetragonal distortion to the cubic

structure.

Thermal diffusivities of LigoMny;O4, LiMn,O4 and Li; ;MnyOy,
polycrystalline pellets above and below Jahn-Teller transition
temperature, i.e., at 298K and at 280K respectively, are determined
using photoacoustic techniques in the reflection configuration. The
experimental setup is the same as mentioned previously in the chapter2.
The low temperature measurements are done by keeping the PA cell in
an ice bath inside a thermocole box and the temperature is allowed to
stabilize prior to the measurement. During the measurement (20
minutes approximately per scan) the temperature shows a fluctuation of
only one degree, which will not affect the measurement as the samples

are well below the transition, point 290K.

150



Structural Characterization of LiMn;O;,.

Figures 3.14 and 3.15 show experimentally obtained and
theoretically fitted curves of amplitude and phase vanation of LiMn,O4
with frequency at room temperature (298 K) and at low temperature
(280 K) respectively. In order to account for the 3 dimensional (3D}
effects due to the limited spot-size of the excitation beam (~4mm), the
complex 3D heat diffusion equations are solved for determining the
temperature distribution at the sample surface, thereby avoiding errors
on thermal diffusivities [29]. Simultaneous fitting of the amplitude and
phase data minimizes error on the calculated thermal diffusivities. The
thermal diffusivities of LixMn,O4 at room temperature (as per
figures3.13b and3.13d) and at low temperature {as per figures 3.16 and
3.17) are shown in Table 3.3 and are graphically shown in figure 3.18
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Fig.3.14 The experimentally obtained and theoretically fitted
amplitude and phase variation of Li,Mn,04 (x=1) with
frequency for 298 K.
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Fig.3.17 The experimentally obtained and theoretically fitted
amplitude and phase vanation of Li,Mn,0, (x=1.1) with
frequency for 280 K.

Table 3.3 Thermal diffusivities of LigoMn,O4, LiMn,O; and
Li; 1 Mn,0O4 above and below JT transition temperature

| LiosMn:0s | LiMmOs | LitsMnz0s

. .. 4 2
Thermal Diffusivity (107 ms) 4 66,0012 0.94£0.015 | 0.81+0.012
at 208 K

. . 4 2 i '
Thermal Diffusivity (107 ms) | 4 21 001 | 07520017  0.44+0.006
at 280K :
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LiooMny04, LiMn;O4 and Li; ;MnO4 In LiMn,O4, where the number
of Mn’* ions equals that of Mn*" ions, JT distortion is absent at room
temperature and occurs below the transition temperature, around 290 K
[19,35]. At room temperature, JT distortion is pronounced only when
the concentration of Mn®* ions exceeds that of Mn*" ions by a critical
value (when x>1.08)[23] which is the case with Li; ;Mn;O4.This JT
distortion will strengthen with decrease in temperature and will be
completed around 70 K [23]. Therefore, Li; ;Mn,O4 can have more
distortion at 280 K than at 298 K compared to LipsMn,O; and
LiMn,Os. In the case of LipsMn,O;4_ although the number of Mn>* ions
is less than the number of Mn** ions, there is a small shift in the value
of thermal diffusivity when the temperature is lowered. This is not
expected as it has been proved that for x=0.5, JT distortion does not
exist even below the transition temperature [35]. This could be due to
the fact that, compared to x=0.5, the number of Mn®* ions in
Lip9Mn,O4 is not considerably less than the number of Mn** ions and
hence JT distortion is likely to happen. This explains the different
reductions in thermal diffusivities of LigoMn,04, LiMnyO4 and
Li; ;Mn,O4 below the transition temperature.
3.9 Studies on Optical Absorption Spectra of Li,Mn,O4

using Photoacoustic Spectroscopy

Optical absorption spectra of Li,Mn,O4 are obtained using
Photoacoustic (PA) technique with a homemade PA cell employed in
reflection configuration. For the absorption spectra measurements, the
experimental setup used is the same as that for the thermal diffusivity
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measurements, with the He-Ne laser being replaced by 250 W quartz
tungsten halogen lamp. A monochromator attached to the output side of the
tungsten halogen lamp selects the wavelength of excitation at a resolution of
Snm. The excitation beam is modulated at a constant frequency of 10 Hz.
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Fig.19 The d-Orbital splitting

The PA spectra of Li\Mn,04 samples are shown in Figure 3.20. It
may be noted that the PA spectrum is given in terms of wavelength in
order to facilitate good visibility of the absorption peaks and also since the
signal is recorded in linear steps of wavelength. The resolution of the
measurements is restricted to 5 nm (0.02 eV at 575 nm) for having a good
signal to noise ratio. The appearance of peaks in the absorption spectrum
and their shift, if any, with respect to Li content of Li;Mn;O4 can be
ascribed to the influence of cell volume and cell structure on the electronic
structure and band formation. This is due to the fact that the electron
density of states of Li,Mn,0; is related to the volume of the unit cell of the
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crystal. Though in most of the studies, it has been observed that the cell
volume of Li;Mn;O4 is proportional to x, it has been theoretically
predicted that the cell volume change of Li,Mn,O, on Li intercalation can
be either positive or negative depending on the value of x in Li;Mn,O4
[16,23 37]. When Li is added to Li,Mn;04, one of the tendencies of the
lattice is to expand because of the decrease in Mn valency from 4 to 3
causing a lowering of the Mn-O bond order. However, the coulomb
attractive interaction between Li* and O anion can lead to a decrease in the
cell volume, especially at higher Li content. These two opposing

tendencies determine the cell volume change upon Li intercalation.
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Fig.3.20 Absorption spectra of Li,Mn,O4 with x=0.8 as LM08, 0.9
as LM09, 1.0 as LM10, 1.1 as LMI11 and 1.2 as LM12 are
shown. The various absorption peaks are marked as A, B,
C, D, E and F whose energy values are given in Table 3.4
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Before going into the detailed analysis of the absorption spectra
and identification of the peaks, the various bands present in LixMnO4
are outlined. As mentioned in section 3.2, the Fermi level Ef of
Li,Mn,04 spinels lies within the partially filled nonbonding ¢;, bands
[6,17,38,39]. The overlap of oxygen-p with Manganese-p and oxygen-p
with Mn-s gives rise to ¢;, and a,, bands, respectively. However, there
is considerable amount of intermixing between ebg, t;, and a;, bands
and are collectively known as O 2p bands (figurel9) because of their
predominant oxygen-p character [17,18].

In order to fully explain all the absorption peaks of Li;Mn;04, a
schematic view of the electronic density of states of the corresponding
spinel structure presented by Grechnev et al using Full-Potential Linear
Muffin-Tin Orbital (FP-LMTO) method is shown in figure 3.21
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Fig 3.21 Schematic diagram of the electron density of states of
LiMn,O; as given by Grechnev et al [6] is shown. The
relevant band peaks of O 2p, Mn ty,, Mn €’y and Mn €',
are marked and their corresponding energies are given in
Table 3.4a.
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The band energy corresponding to zero eV represents the Fermi
level, which resides in Mn ty, band. The bands lying above Mn t,, band are
the lower Mn €', Mn €'y, and the upper Mn e'g Mn € g, bands. It is
noteworthy that the density of states of O 2p and Mn t,, bands have a few
sharp peaks and their identification with the corresponding energy values
are given in Table 3.4. The Arabic numerals in this table are used to

facilitate the identification of their position in the electron density of states.

Table 3.4 Energies corresponding to the various peaks in the
electron density of states of Li,Mn,O4, according to
Grechnev [6] et al are given

Band . 1 | 2 3 ' 4 5 6 ! 1 | 8

)

Peak  02m . 02pm | O2pu }Mntzu Mntim i Mit Mne*y | Mne*
| ' T :

Er‘l:\r,?v 28 18 | 14| 0 | 045 06 ! 1418 27

Table 3.5 gives the observed peak values of the absorption spectra of
LixMn,04 samples and the association of their origin with the corresponding
electronic transitions between the various peaks of electron density of states,
given in Table 3.4 indicating their energy differences. It may be noted that,
many transitions between the band peaks have coinciding energy, thus
reducing the number of observable absorption peaks. Further, it is evident
that there is no absorption peaks appearing in the photon energy range 2.2
eV — 2.5 eV in the case of Li,Mn,O,, with x<1, where the crystal structure is
assumed to be purely spinel. It is remarkable that all the observed absorption
peaks have a one to one correspondence with the theoretically presented
electron density of states by the FP-LMTO method by Grechnev et.al [6].

However, it can be seen that there are small differences between the
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experimentally observed absorption peaks and the theoretically predicted
ones, which may be due to the band structure differences of Li;Mn;O4 from
LiMn;0O4 and also may be due to deviations from the exact compositional
stoichiometry of the samples. Moreover, the overall behavior of the
absorption spectrum of pelletised LiMn,O,4 powder in the present study is
similar to the spectrum calculated by Grechnev et al except the
manifestation of a few peaks in our spectrum [6]. However, if closely
observed one can see that there are some undulations in that theoretical
curve of Ref 6. Moreover, the absorption curve obtained by Kushida et al in
Ref: 20 for LiMn,O4 thin film using transmission spectroscopy is also
similar to the present spectrum and the small difference in the two spectra
may be due to the difference in the physical nature of the samples, thin film
in Ref 20 and pelletised powder in the present case.

Table 3.5 Experimentally determined energies of absorption
peaks of Li,Mn,O, and the corresponding band
transitions with energy values are given

. LinaMn20s | LiosMn20s | LiMnz20s | LisyMn20s | Lii2Mnz0s

A) Mn t2g-Mne'y 790 nm 750 nm 770 nm 775nm ;790 nm
(1.416eV) {157eV) (1.62eV) (1.61eV) | {1.60eV) ‘ {1.57 eV}
B) 0 2p=-Mn t2g . 720nm 700pm  740om ' 740nm | 745nm
(1.8 eV) (1.72eV)  (1.78eV)  (1.68eV] " (1.68eV) (1.66eV)
C) 0 2pMn tz ' 645n0m ' 640nm | 660 nm ; 670 nm 665 nm
206 (192eV) ; (1.94eV)  (188eV)  (1.85eV) | (1.87eV)
D) 0 2p-Mn tzg ' 545mm  575nm ' 575nm | 585nm 530 nm
[(22eV) (2.28eV) :(2.17eV) | (217eV) | (2.12eV) | (2.10eV)
E) 0 2p-Mn tzgm 495nm : 480 nm 485 nm ] 495 nm | 475 nm
(2.6eV) (250eV) (2.58eV) (2.55eV) (2.50eV)  (2.60eV)

F) Mn thl'Mn e.gu (2.7 GV),
0 2p-Mn t20:(2.8 eV} & O
2p-- Mne'q (2.8 -3eV)

435 nm 454 nm 410 nm 430 nm 440 nm
{285¢eV) (2.73eV) ({3.02eV) (2.88eV) (2.82eV)
|
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There is only a negligible shift in the positions of the peaks as x varies
though there are a few peaks appearing in the energy range 2.2 eV — 2.5 ¢V
for LixMn;O4, with x>1. Some of those additional peaks are the peaks at
520 nm (2.38 €V), at 550 nm (2.25 eV) and the cluster of peaks between
470 nm and 490 nm, occurring in the case of Li;;Mn;O4 The following
explanation is proposed for not observing any considerable shift in the peak
as well as for the additional peaks occurring for x>1. As mentioned before,
the shift in peaks is controlled by the cell volume changes as the x value
changes. However, in the present study where x changes from 0.8 to 1.2 the
cell volume is found to be almost a constant, which is quite obvious from
the XRD data of Li,Mn,Oy4 as the position of their diffraction peaks does not
change with x. In fact, the cubic lattice constant for LiMn,Oj is determined
as 8242 A’ and its cell volume is 5.599x10%® m’. The additional peaks
appearing for Li; ;Mn,04 and Li; 2Mn,04 can be ascribed to the appearance
of tetragonal structure, as a structural distortion, in the cubic structure.
Moreover, in the case of Li; jMn,O; unlike that of Li;;Mn,0,, these
additional peaks are not easily observable except for a few small humps on
the spectra, because the structural distortion due to the tetragonal structure is
relatively small in Li; ;MnyO4. It may also be noted that the electron density
of states comresponding to the tetragonal state has more peaks than the
corresponding spinel state [34]. Since, the Mn=0 bond length remains
almost a constant for the various Li,Mn,O,4 samples, the only possibility for
deviation in the absorption spectra for higher Li content is the change in the
shape of the crystal structure from pure cubic spinel shape for low Li
content samples to a mixture of cubic spinel and tetragonal phases in the

case of higher Li content Li,Mn,O4 samples which fully validates our

162



Structural Characterization of LiMn:Os. ..

observation from the XRD data that the crystal phase is not pure spinel, but

a mixture of cubic and tetragonal structures.

3.10 Studies on Optical Absorption Spectra of LiMn,0, and
A-MnO, using Photoacoustic Spectroscopy

Optical absorption spectrum of LiMn,Oy is compared with that
of A-MnO; and are shown in figure 3.22. The absorption peaks in the
figure is marked as I, II, etc. for LiMn,O4 and I, II’, etc. for A-MnO,,
which can be related to the band structures of LiMn,O4 and A-MnO,.
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Fig. 3.22 The normalized PA spectra of LiMn,0y (solid lines) and
A-MnO; (dashed lines) are shown. The transitions are
represented in roman numerals for LiMn,O4 and primed
roman numerals for A-MnO,.
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In order to explain the absorption spectra of LiMn,O4 and A-
MnO; ,the electronic structure of cubic spinel LiMn,O4 determined by
Grechnev et al using full-potential linear muffin-tin orbital( FP-LMTO)
approach[34] and its possible modification due to Li deintercalation,

taking into account of change in cell volume and chemical effect of Li

are shown in figure 3.23
A EFE
~ 1=390nn R
V=515mm F

Density of States

v

0 Energy (eV)

Fig. 3.23 Schematic diagram of the electron density of states of
LiMn,0;, (solid lines) as given by Grechnev [6] et al
and that of A-MnQ, (dashed lines) are shown. The
relevant band peaks of O 2p, Mn ty,, Mn e'g, and Mn
e'gu are marked as A, B, C, D, E and F, and possible
transitions along with their transition energies in
wavelength are shown.
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Structural Characterization of LiMn;Oy.

The electronic structure of LiMnyO4 is governed by a strong
hybridization between the O p and Mn d states, giving rise to the O 2p
bands with a considerable amount of intermixing between ebg, t;, and
a;; bands and having predominantly oxygen-p character, and Mn d
bands consisting of the nonbonding #;, bands and the antibonding e*g
bands with a predominant metallic d-character. The e‘g bands comprise
the higher energy Mn e'gu band and the lower energy Mn e'gl band.
Along with the strongly hybridized Mn-3d/ O-2p levels, there exists a
relatively weak hybridization between Li-2p/O-2p levels. When Li is
deintercalated from LiMn,Qs, the crystal cell volume decreases from
8.284 A’ to 8.1294 A° as observed from XRD data, due to the decrease
in Mn-O distance that results in an increase in its bond order. This
stronger interaction between Mn and O brings down the energy of
bonding band ebg, thus stretching the lower side of O 2p bands towards
lower energies without affecting its higher energy side and pushes up
the energy of its antibonding counter parts Mn e‘g‘, and Mn e*gl bands
[8,17,34]. On the contrary, the upper side of the O 2p bands stretches
out to higher energy values upon Li deintercalation due to the decrease
in oxygen ionicity from -1.07- to -0.87, terminating the existing
Li-2p/O-2p hybridization.[8] This increase in energy of Mn e‘gu and
Mn e'gl bands and increase in energy of the upper side of O 2p bands
upon Li deintercalation is shown in figure 3.23. Energy of the non-
bonding ¢;; band which houses Fermi level Ef is unaffected due to Li

deintercalation.
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The group of transitions, II, IV, V, VI and VII originating from
transition betweens O 2p and Mn t;, bands is labeled as Group 1 and
the set of transitions III and VIII, which artses due to transitions
between Mn ty, - Mn e*gu bands and Mn ty; - Mn e*gl bands is labeled as
Group 2. The third set, Group 3, containing only transition I originates
from O 2p - Mn €', band transition. These peaks are identified in the
spectrum of LiMn,Os, given in figure 3.22. It can be seen that Group 1
peaks of LiMn,O4 are red-shifted {(move towards higher wavelength
side of the spectrum) by about 0.2 eV (30nm at 425 nm) upon Li
deintercalation, which is due to the increase in bond order upon Li
deintercalation. On the contrary, the second set of peaks of LiMn,Oy,
Group 2, is blue shifted (move towards lower wavelength side of the
spectrum) by a small amount, upon Li deintercalation which is due to
the change in ionicity of oxygen. The absorption peak due to transition
[ also shifts towards lower energy side alike Group 1, but by a lower
amount, 0.17 €V (20 nm at 380 nm). This transition, I, has 2 opposing
effects acting on it arising from the effects affecting Groups 1 and 2.
Group 1 tends to move towards the low energy side and Group 2
towards the higher energy side, upon Li deintercalation in LiMn,O,.
However, the effect on Group 1 is much stronger than that on Group 2,
resulting in a shift in peak [ that follow the behavior of Group 1.

3.11 Effect of Jahn Teller Distortion on the Spectra of

Li,Mn,0,

The low temperature measurements are done by keeping the
PA cell in an ice bath inside a thermocole box and the temperature

is allowed to stabilize prior to the measurement. During the period
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of measurement (45 minutes approximately) the temperature
showed a fluctuation of only 1.5 °C. Figure3.24 shows the phase
plot of LiMn,0O4 at 298 K showing the constancy of phase in the

measurements
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Fig. 3.24 Phase plot of LiMn,O, at 298 K

Figures 3.25, 3.26 and 3.27 show the PA spectra of
LigoMn,04, LiMn,04 and Li; ;Mn,04 at two temperatures, 298 K
and 280 K which are respectively above and below the JT phase
transition temperature. The x and y scales of these three figures are
purposefully adjusted to be the same to facilitate a good comparison

between the graphs.
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Fig. 3.25 Normalised PA Spectrum of LissMn,O4 at 298 K (a) and 280 K (b)
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Fig. 3.26 Normalised PA Spectrum of LiMn,;O4 at 298 K (a) and 280 K (b)
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Fig. 3.27 Normalised PA Spectrum of Li; ;Mn;O4 at 298 K (a) and 280 K (b)

The spectra of LiMn,O4 and Li; ;Mn,O4 at 280 K appear to be
significantly different from their corresponding spectra at 298 K. This
is evident from the appearance of two broad absorption peaks for
LiMn,O4 and Li; iMn,O4 at 280 K, one near 500 nm and another near
800 nm, which are absent in their spectra at 298 K. The PA spectra of
Lig sMnyOy4 at 298 K and 280 K show only a minor difference with each
other with a modification of the general shape of the absorption curve
in the wavelength range 500 nm — 800 nm. However, there is no
appearance of any new absorption peaks, one near 500 nm and another
near 800 nm, when the temperature of Li ¢Mn,Oj is lowered to 280 K,
as in the case of LiMn,04 and Li; ;Mn,O4 These effects are explained

on the basis of the predominant JT tetragonal distortion in cubic
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LixMn,04 which brings forth a modification in their electronic

structure.

Berg et al have derived that when a cubic crystal undergoes a
tetragonal JT distortion, as in LiMn,O4 and Li; (Mn,Q4, their electronic
structure gets modified in the form of splitting up of each Mn ¢,, and
Mn e*g band into two [16,17]. This splitting causes the small absorption
peaks of LiMn,O4 and Li; ;Mn,04 at 298 K, between 550 and 700 nm,
whose origin is already attributed to O 2p - Mn ¢, electronic
transitions, to shift to both higher (blue shift) and lower (red shift)
energies at 280 K and results in the appearance of two new absorption
peaks, one around 500 nm and another around 800nm as shown in
figures3.26and 3.27. This shifting of peaks is not a constant for all the
absorption peaks because of the difference in their origin. The shift will
be more for a transition involving Mn #,, and Mn e’, bands compared to
that between O 2p and Mn 1,, bands, because in the first case both the
bands are shifted due to JT distortion and in the second case only Mn
1;; band is shifted. If we assume that the centre of the peaks between
550 and 700 nm is at 625 nm, then the JT distortion causes it to get blue
shifted by 125 nm to the peak around 500 nm and red shifted by 175
nm to the peak around 800 nm. Hence the absorption peaks are both
blue and red shifted as can be observed in Figures 3.26 and 3.27which
are respectively for LiMn,Os4 and Li;Mn,O4. Moreover, the
modification of the absorption spectrum is most dramatic in the case of
Li; iMnOs which conforms to the previous discussion about its

plentitude of Mn®" ions.

170



Structural Characterization of LiMnz0q. ..

3.12 Conclusions

Li,Mn,04 (with x=0.8,0.9,1,1.1, andl1.2) bulk samples are
prepared by solid-state reaction technique and A-MnO- is obtained by
chemical de- lithiation of LiMn,O,.Structural characterization of these
samples is carried out using XRD, SEM and TEM techniques. From the
XRD investigations it is seen that in Li,Mn,04 samples the cell volume
remains almost a constant when x changes from 0.8 to 1.2.This is
because the position of the diffraction pattern does not change with x.
The additional peaks appearing for x=1.1 and x=1.2 can be ascribed to
the presence of tetragonal structure as a structural distortion in the
cubic phase. SEM and TEM investigations reveal the formation of
micrometer sized (nearly 2.5pum) spherical grains, which are almost
connected ensuring high surface area. This feature is a highly desired
characteristic for the materials to be used as a cathode in high-energy

lithium ion rechargeable batteries.

The thermal properties of the samples are analyzed from
photoacoustic signal amplitude and phase as a function of modulation
frequency in reflection configuration. The thermal diffusivity of
LiMn, 0, is significantly higher than the rest of the group and the value
decreases monotonically as the lithium content changes from x=1 in
Li,Mn,04.The present work points to the fact that the thermal
diffusivity value of LiMn;O4 cathode and hence its heat dissipation
capability is not a constant in time during the operation of LiMn,;04
based Li-ion battery. This observation of the variation of thermal

diffusivity with lithium content in Li,Mn;O4 can shed light on the heat
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propagation mechanism in LiMn;O4 cathodes and may lead to
addressing the thermal stability issues related to LiMn,O,4 based Li- ion

bafteries.

From the wavelength dependence of the photo acoustic signals,
information about the electronic band structure of the samples has been
obtained. The peaks obtained in the absorption spectra of the samples
can be associated with the electron density of states determined by FP-
LMTO method by Grechnev et al, which provides a strong
experimental verification of these calculations for the first time. The
modification of the electronic band structure of LiMn,O4 upon de-
intercalation of lithium to form A-MnQO; has been investigated using
photo acoustic spectroscopy. These investigations reveal that upon
lithium de-intercalation of LiMn,;Oy4 the effect of change in oxygen
ionicity is stronger than the effect of cell volume change for modifying

the electronic band structure of LiMn,O, around its Fermi level.

Other significant observations of the present study include the
evidence of Jahn-Teller (JT) distortion in Li,Mn,O4 samples, probed by
photo acoustic technique. In LixMn,O4 samples the effect of lithium
concentrations as well as temperature for promoting the occurrence of
Jahn-Teller distortion is studied for the first time using the photo
acoustic technique. These investigations establish the fact that the
substantial Jahn-Teller distortion observed in LiMn,O4 and Li; ;Mn;O4

is due to the higher Mn’* {ons content in these materials.
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( Chapren @)

Structural Thermal Spectroscopic
and Electrical Characterization of
Phospho - Olivine LiFePO+ and Effect
of Carbon Nano Tubes as Additives

Tiis chapter deals with the synthesis of olivine LiFePO,
and a detailed account of its structural, thermal, electrical and optical
properties. Structural characterization is done using X-ray diffraction
(XRD), SEM (Scanning Electron Microscopy) and TEM (Transmission
Electron Microscopy). The electrical transport properties are determined
using impedance spectroscopy. The thermal properties of the samples are
evaluated from photoacoustic signal amplitude and phase as a function of
modulation frequency in reflection configuration while information of their
electronic band structure is obtained from the wavelength dependence of its
photoacoustic signal. Diffuse reflection spectroscopic technique has been

used to evaluate the band gap of this material.

LiFePOy has many advantages when selected as cathode material in
rechargeable lithium ion batteries as detailed in the first chapter. Inspite of
these advantageous aspects the poor electrical conductivity of the material
is the main hindrance for its commercial applications. In the present work
attempts have been made to improve the electrical conductivity of LiFePOy
by adding small amounts of Multi Walled Carbon Nano Tubes
(MWNT).Subsequently, the influence of this addition on the structural
thermal, optical and electrical properties of LiFePOyhas also been studied

in detail.

177



Chapter -4

4.1 Introduction

Olivine lithium metal phosphates, LIMPO, (M=Fe, Mn, Co, Ni)
have attracted particular attention due to their high energy density, low
cost and good environmental compatibility of their basic constituents,
Moreover, these compounds display high redox potentials, fast Li* ion
transport, excellent thermal stability, high lithium intercalation
potential (not too high to decompose the electrolyte) and energy density

comparable to that of conventional lithium metal oxides [1-6].

Lithium metal phosphates (LMPs) adopt an olivine-related
structure, which consists of a hexagonal closed-packing (hcp) of
oxygen atoms with Li* and M?* cations located in half of the octahedral
sites and P> cations in 1/8 of the tetrahedral sites as shown in Figure
4.1[7-10]). This structure may be described as chains (along the c
direction) of edge-sharing MQg octahedra, which are cross-linked by
the PO4 groups forming a three-dimensional (3-D) network. Tunnels
perpendicular to the [001] and [100] directions contain octahedrally
coordinated Li* cations (along the b axis) which are mobile in these
cavities. These compounds generally crystallize in the orthorhombic
(Pnma space group) system [11, 12]. In phospho-olivines, all of the
oxygen ions form strong covalent bonds with P*>* to form the PO>
tetrahedral polyanions and stabilize the entire three-dimensional
framework. This guarantees stable operation at higher temperatures and
extreme safety under abusive conditions, which adds greatly to the

attractiveness of the olivine-type cathode [13-15].
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Fig. 4.1 Polyhedra representation of the structure of LIMPO,, with
arrays of Li-ions (green) along b axis, nearly co-planar
MO (brown) octahedra and PO, (purple) tetrahedra.

The major problem facing the commercial use of these Lithium
Metal Phosphates (LMPs) is their poor rate capability, which is
attributed to their low electronic conductivity and slow kinetics of Li
diffusion through the interfaces. Two approaches have been attempted
to overcome this problem. One is to enhance electrical conductivity by
coating an electron-conducting layer around the particles, such as
carbon [16-17], copper [18] and silver [19], or by doping with guest
cations [20]. The other is to minimize particle size by modifying the
synthesis conditions, such as using solution method [21] or lowering the
sintering temperature [2]. In the proposed work we suggest another way to
improve the electrical conductivity of LMPs (typically 107 - 107 Sm™) by
doping them with carbon nanotubes (CNTs), which have high electrical
conductivity (as high as 10° Sm™). We expect these CNTs to serve as
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micro conductors within and between the grains of LMPs, thereby

increasing the electrical conductivity of LMPs.

Currently, research is being conducted throughout the world
targeting the application of carbon nanotubes as materials for use in
transistors [22-31] and fuel cells. Advantages of considering nanotubes
for energy storage are their small dimensions, smooth surface topology
and perfect surface specificity. The energy capacity of any battery
including Li-ion battery is determined by the lithium saturation
concentration of the electrode materials. For Li, this is the highest in
nanotubes if all the interstitial sites (inter-shell van der Waals spaces,
inter-tube channels, and inner cores) are accessible for Li intercalation.
Zhao et al have investigated the possibility of achieving the lithium
capacity of the nanotubes corresponding to the stoichiometry of LiC,,
which is considerably improved compared to the graphite anode (LiCs)
[32]. Experimentally, lithium capacity of the nanotube can be
significantly increased up to the stoichiometry of LiC; by ball milling
nanotubes into the fractured structure or chemically etching them to the
short segments. Lithium can easily diffuse not only to the exterior but
also to the interior of such nanotubes through the created defects with
at least nine-sided rings or their open ends [33,34]. Nishidate et al [35]
have applied the density-functional theory to study energetics of Li ion
adsorption on single-walled carbon nanotubes (SWNTSs) using both the
local-density approximation (LDA) and the generalized-gradient
approximation (GGA) for the exchange-correlation energy function
[36].
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LiFePO; is prepared by solid-state reaction technique and its optical,
thermmal, and electrical characternistics are studied. X ray Diffraction, SEM
and TEM are employed for the crystal structure analysis. The optical and
thermal properties are investigated using photoacoustic technique as
described in Chapter 3. Information about the electronic band structure
and band gap is obtained from the PA absorption spectra. The electronic
band structure obtained experimentally is compared with already existing
theoretical models based on Density Functional theory (DFT) with
relevant approximations and suitable choice of basis functions [40]. The
electrical properties are investigated using complex plane impedance
analysis and dc conductivity measurements. These measurements will give
information regarding the different relaxation phenomena in the material
due to the contribution from the bulk, grain boundaries and material-

electrode interfaces.

In order to improve electrical conductivity of LiFePQ, varying
percentage by weight of MWNTs are added to LiFePOs.Consequently the
influence of this addition on the structural and electronic band structure of
this material is verified. Photoacoustic measurements (both frequency scan
and wave]éngth scan) are performed for determination of the thermal
properties and the absorption spectra, which can be correlated with the
structural and electronic band structure modifications.

4.2 Synthesis of LiFePO,

The LiFePOs phospho-olivine samples are prepared as
microcrystalline powder by solid state chemical reaction between

Li;COs3;, (NH4);HPOs; and FeC,042H,O (99.9%pure) [1]. The
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intimately ground stoichiometric amounts of reactants are calcined at
300 °C - 350 °C to drive away the gases. The mixture is then reground
and pelletised at a load of 5T. The pellets thus obtained are sintered in
argon atmosphere at 750°C for 24hours.The compound obtained is
characterized immediately after synthesis by X- ray diffraction analysis
(Model: 1710 Rigaku) for phase purity and crystal structure. The X ray
diffraction (XRD) pattern obtained for LiFePQy is shown in the figure
4.2. The peaks obtained conform well to those already reported [2].
Different weight percentages of Multi walled carbon nanotubes
(MWNT) of 10 to 20nm diameter are added to LiFePO, and are mixed
well in an agate mortar for 2 hours. The powders are pressed into
pellets of 13mm diameter and 1.5mm thickness using a hydraulic press.
The pellets are then heat treated at 350°C for Shours in flowing Argon.
The samples are then cooled to room temperature. Figure 4.4 shows the
TEM images of the pure and doped (1% MWNT) LiFePO4. TEM

image clearly shows the presence of carbon nano tubes.
4.3 Structural Characterization

The XRD spectra of pure and doped LiFePO4 are shown in
Figure 4.3, where all the spectra seem to be exactly the same.
However, on a closer look, it may be observed that XRD spectrum of
2% MWNT added LiFePOj4 has broader peaks than the corresponding
peaks of pure LiFePOQ,, which is ascribed to the structural distortion of
its olivine structure. Though unobserved due to the fundamental limit
of detection of XRD, it is believed that adding MWNT to LiFePO4

distorts its crystal structure for all concentrations of MWNT. The
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TEM image of pure LiFePO4 given in figure 4.4 reveal an average
particle size of 150 nm and that of one percent MWNT doped
LiFePO4 (Figure 4.4b) manifests an average MWNT length of 200
nm. Correspondingly, SEM images, shown in figures 4.5a and b
demonstrate an increase in packing density of LiFePOy in accordance
with MWNT concentration. This may be due to the attachment of
LiFePOy particles to nanotubes as observed in TEM images shown in
Figure 4.4b. It can be seen that MWNT is present outside the LiFePO,
grains too. These MWNT having very high electrical conductivity can
function as bridges between various LiFePOy particles thus enhancing
the bulk conductivity of the material. Furthermore, it is possible to
identify the doped samples from their physical appearance alone,
because the pink color of pure LiFePO; darkens with the addition of
MWNT.

Intensity (Avbitrary Units)
8

20 (degrees)
Fig.4.2 X-ray diffraction spectrum of LiFePO,

183



Chapter -4

800__ MWNMWW
400 - LiFePO +2.0% CNT
2 600
g Eip LiFePO,+1.5% CNT
E 500 -
< 250 - LiFePO,+1.0% CNT
1200 -
LiFePO,
600 -

15 20 25 30 35 40 45
Angle 20 (degrees)

Fig. 4.3 XRD spectra of pure and MWNT doped LiFePO,

(a)
Fig.4.4 TEM images of (a) pure LiFePO, and (b) 1% CNT doped LiFePO4

184



Fig. 4.5 SEM images of (a) pure LiFePO; and (b) 1% CNT
doped LiFePO,

4.4 Experimental Verification of Electronic Band Structure
of LiFePO, and its Modification upon Carbon Nanotube
Doping by Photoacoustic Spectroscopy
Optical absorption spectra of LiFePO,4 are recorded using PA

spectroscopy. The influence of MWNT on absorption spectra of

LiFePO; is also studied. The experimental setup used for recording the

PA spectra is the same as the one explained in chapter 3.The

normalized PA spectrum of LiFePOj is as shown in Figure 4.6 and the

peaks involved are tabulated in table 4.1. The spectral features
exhibited can be explained on the basis of the electronic band structure
transitions occurring above the band gap, which is estimated to be
below 1 eV [40-46]. Although Zhou et al [46] reported a band gap of

3.7 eV recently; it is still a subject of controversy due to the limited

range of the spectrum displayed (250 nm-550 nm) in their work.

Moreover, figure4.6 shows considerable absorption in the whole range

of the present measurement, 1.5 ¢V - 3.5 eV and hence this

measurement also contradicts the 3.7 eV band gap demonstrated by
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Zhou et al. However, it may be noted that, due to the limited
wavelength range of measurement (1.5 eV — 3.5 eV), the exact value of

band gap cannot be determined from the recorded PA spectrum.
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Fig.4.6 The PA spectrum of LiFePO,

Table 4.1 Energy values of peaks identified in the PA spectrum

Peaks a b ] d
Ener 1.55eV 203eVv 2.79 eV 30eV
% . (o0om  B11nm) | (444nm) {413 nm)

In LiFePO,, Fe ions being in the octahedral environment of the
O” ions, 3d bands of the Fe are split into states of tzg (three fold) and e,
(two fold) symmetries. According to Xu et al, the Fermi level lies in the
t¢ spin down band and in the gap of the spin up bands with t,g’ TengT,
tzgI lezgo‘L being the possible electronic configuration [40]. There exists
an energy gap between the 3d up spin and 3d down spin bands as well

as between the down spin levels tng' and ezgi. The spectral features
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observed in the figure 4.6 complies well with the density of states
calculated on the basis the above electronic band structure. The recent
work by Hunt et al [40,65] utilizing Resonant Inelastic X ray Scattering
(RIXS) also agrees well with the DOS prediction by Xu et al {40,41].

Table 4.2 Comparison between absorption peaks experimentally
obtained and theoretically predicted with the
corresponding electronic transitions

Transitions Experimental {eV) Literature-
ot | 185 [ 15
o', e’ 203 207045
Bon - 20" | 2.79 2,6-2,7 “o
S e I .
tZolT' tZoln o togu - o, 3.0 3,0 1404165
82y - Lo, B2u - B2gu ’ )

Four major spectral features denoted by arrows i.e. the half peak
around 1.5 eV, a jump in absorption around 2.03 eV, a small peak
around 2.79 eV and the absorption features in and around the range 3
eV are discussed. All these peaks correspond to the transitions between
the 3d spin up states tngeng and the 3d spin down states tzg¢ and ezg‘L
above the Fermi level. The peak around 1.5 eV corresponds to the
transition from ezguT spin up state below the Fermi level to upper level
of tzgmi (m denotes the middle level and u represents the upper level).
The surge in absorption around 2.03 eV could possibly be due to

J'amd

different transitions like ezguT to the two levels of tzgl’ (i.e. togm
tzgui) lying above the Fermi level having slightly different energies. The
small peak at 2.79 eV can be attributed to the transition from ezguT

(upper level of spin up band eng) to lower level of spin down band
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ezgﬁ. The absorption peak around 3 eV can be due to various
transitions, from lower level of the spin up t;, band, tzng to the middle
level of the spin down t, band, tzgml, from the upper level of spin up ty,
band, tng, to the upper level of the spin down t;, band, t;zgui and from
upper level of the spin up band ezguT to the upper level of the spin down
band ezgui. For the sake of clarity, these transitions are tabulated in the

table 4.2. Please note that u, m and | subscripts denote upper, middle

and lower levels.
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Fig. 4.7 Shows a comparison between the PA spectrum of pure
LiFePO, and spectra of LiFePO, having 0.5%, 2% and
8% of MWNT as additives.

Figure 4.7 depicts the modification of the absorption spectrum of
LiFePO4 upon addition of MWNT. The major difference between the
pure and MWNT added samples are in the region of 550 nm - 800 nm
(1.5 eV — 2.25 eV). As the concentration of MWNT increases this
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region becomes relatively flat with almost equal absorption through
out, suggesting a broad absorption in these regions. Besides, the major
jump in the absorption around 2 €V, seems to be decreasing with
increase in MWNT concentration or rather this could be due to the fact
that as the absorption in the region 600nm-800 nm increases, the
amplitude of the jump is reduced. Moreover, the peak around 1.5 eV
(i.e 800 nm) is suppressed as the doping concentration increases. We
propose that these observations could possibly be due to a combination
of two phenomena while MWNT is introduced in LiFePO4 namely the
coulomb interaction between the MWNT and the transition metal ion
Fe in LiFePOy4, which broadens the already existing energy levels and
introduction of defect states in the energy gap between spin up and spin
down 3d bands. These two phenomena create room for almost
continuous absorption as the concentration of carbon nanotube reaches
8%, throughout the entire excitation wavelength.

4.5 Electrical Properties of Pure and MWNT Doped
LiFePO,

Electrical conductivity measurement is an extensively used tool
for investigating the mechanism of charge transport in materials in
addition to its potential use for probing structural defects and internal
purity of crystalline solids. The investigations carried out till date on a
variety of materials describing their electrical conductivity in terms of
electrons/holes, polarons, impurities etc give the electrical conduction a

firm footing. Most of the battery materials available show dielectric
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property and show the special property of storing and dissipating

electrical energy when subjected to electric fields.

In the case of LiFePOs, it has been recently reported that the
electron transport mechanism is by means of small polarons [47]. The
concept of small polaron model has been detailed in several articles
[48,49]. When excess charge carriers like electrons or holes are present
in a polar crystal, the atoms in its environment will be polarized and
displaced and produce a local lattice distortion. The ion displacement
becomes more pronounced as the charge carriers become more and
more localized. The carrier lowers its energy by localizing into such a
lattice deformation and becomes self trapped. This quasi particle
formed by the electron and its self-induced distortion is called a small
polaron if the range of lattice distortion is of the order of lattice
constant. These charge carriers can be either electrons or holes in
LiFePQ,. Since the hopping process dominates the electrical transport
in this material, the dielectric measurements will provide useful
information on the polaron dynamics, because a hopping process of
polarons has a high probability of involving a dielectric relaxation that
contains several significant parameters in the elucidation of the polaron

dynamics [50-53].

It is observed that the electrical conductivities, both ac and dc
conductivity, of MWNT added LiFePO, is directly related to the
MWNT concentration. The observed improvement of electrical
conductivities (dc conductivity) upon adding MWNT shown in Figure

4.8 is substantiated on the basis of complex impedance analysis.
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Fig. 4.8 DC conductivity is shown as a function of MWNT concentration

As mentioned earlier LiFePO, is regarded as a small polaron
semiconductor similar to other Li-ion battery cathode materials such as
LiMn,O4, where its electronic conductivity is associated with charge
carrier hopping [54-57]. The loss tangent plots also do not show any peak,
thus associating their dielectric behavior to hopping of charge carriers
[56]. The dispersion curves of the real and imaginary parts of the complex
dielectric constant for the doped and undoped LiFePOy, are shown in figure
4.9. The shape of the curves of all the samples calls for ‘charge carrier’
behavior to be cited, instead of ‘dipolar’ behavior, as the dominant cause
of their dielectric response [58]. These charge carriers, typically ions or
hopping electrons, dominate the conducting and dielectric response by
moving freely in extended trajectories, thus producing ‘giant
polarizabilities’. From the observation of Low Frequency Dispersion
(LFD), a term used to identify dielectric behavior due to electron hopping,
in LiFePOs, it can be deduced that the electrons here are not frec due to
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their ability to bring forth dielectric phenomena at frequencies below the
microwave range [58,59]. The dispersion curves of ac conductivities of

doped and pure LiFePOy are shown in figure 4.10.
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Fig. 4.10 Dispersion curves of ac conductivities of MWNTdoped
and pure LiFePO,
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This frequency dependent ac conductivity behavior is a signature
of the in homogeneities present in disordered solid materials. The onset
of frequency dependent conductivity behavior measuring the lowest
effective jump frequency of the hopping carriers, corresponding to their
longest waiting time at a lattice site [59,60], shifts towards the high
frequency side depending on the MWNT concentration. This jump
frequency is inversely related to the free energy barrier (related to ac
activation energy) and hence we can conclude that MWNT doping
reduces the free energy barrier of the lattice thus favoring the electronic
conduction process in MWNT doped LiFePO,. Applying Jonscher’s
universal power law [60] to the frequency dependent ac behavior, the
hopping frequencies are calculated and are given in Table 4.3 .It is
evident that there is a sudden surge of hopping frequency value upon
one percent doping with MWNT and this increase continues for higher
doping concentrations. The diffusion coefficient of carriers is the
product of hopping length squared and hopping frequency [61].
Therefore, it is possible to assign a direct correlation between electrical
conductivities, both ac and dc parts and the electron diffusion

coefficient and hence the hopping frequency.

Table 4.3 Hopping frequencies are given as a function of MWNT
doping concentration

MWNT doping 1
. 0 percent 1percent ' 1.5percent @ 2 percent
concentration ‘ g

Hopping Frequency | 18.9 KHz | 1.21MHz 3.6 MHz 8.12 MHz
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Dielectric response due to carrier hopping can also be described on
the basis of quasi-DC conduction (q-DC) model of Dissado and Hill,
where the transport of charged particles is assumed to be along defined
paths such that the longer the displacement of the charge, the lower the
number of paths available or equivalently the more difficult the transport
becomes [62]. The power law exponents, given in Table 4.4, calculated
independently from dielectric constant and ac conductivity dispersion
curves are found to coincide in accordance with the theory [63]. The
power law exponent, n reflects the extent of binding between the charge
transported (electron in the present case) and its counter charge (ion here).
MWNT doping decreases the power law exponent except in the case for
1% MWNT doping. Therefore, it may be argued that MWNT doping, by
and large reduces binding interaction between the electrons and the ions of
the lattice thereby increasing the electronic conductivity of the material.
The characteristic frequency defined as the frequency below which the
charged particles become free of their locality ensuring movement to
longer distances, obtained from dielectric constant dispersion curves,
increases in accordance with the MWNT concentration as is the case for
hopping frequency and conductivities. Hence, it may be envisaged that the
addition of MWNT frees the electrons from their locality, contributing
positively to the ac and dc conductivities of LiFePOj.

Table 4.4 Power Law Exponent, n is given as a function of MWNT
doping concentration

MWNT doping .
 concentration o O percent 1 percent 1.5 percent ] 2 peit_:ent
Power Law Exponent, n | 0.61 071 060 0.30
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The Nyquist plot obtained for LiFePO,, shown in figure 4.11 is
similar to that reported by Delacourt et.al [64]. It may be noted that
the dielectric properties of the samples under study are measured
only in the frequency range 10° - 10" Hz because the sample’s
resistance is too law to give a measurable dielectric behavior in other
frequency ranges. This limitation in the frequency range restricts the
manifestation of the expected complete semicircle for the Nyquist
curve. Following the arguments of Delacourt et al, at room
temperature, the only contribution to the curve for LiFePOy is
expected from the bulk conduction in LiFePO4 [64]). When the
MWNT concentration is 1%, the crest of the semicircular Nyquist
curve shifts towards high frequencies and with a higher
concentration of 1.5% of MWNT, this trend continues and the crest
of the semicircle is seen. When the MWNT concentration becomes
2% the Nyquist curve reaches still higher frequencies and hence the
other side of the semicircle is seen here. It is obvious that as the
MWNT doping concentration increases the material tries to have
more contribution from the grain boundaries to electrical
conduction. This may be due to the increase in the presence of high
conducting phase (MWNT) outside the grains to reduce the cross-

grain resistance, which is confirmed by TEM analysis.
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Fig. 4.11 Nyquists plots for pure and MWNT doped LiFePO;

Hence, from the foregoing discussion it is clear beyond doubt

that MWNT doping to LiFePO4 improves its ac and dc electrical

conductivity.

4.6 Band Gap Confirmation of Phospho Olivine LiFePO,
and Effect of Carbon Nano Tube on its Electronic Band

Structure

The attempts of several workers by different approaches based on

Density Functional Theory (DFT) for a complete understanding of

electronic structure of LiFePO,, have led to a notable controversy

regarding the band gap as mentioned earlier [11,40-46,65,66] and the

electronic structure of the material. Although, most of researchers have

agreed to a band gap between 0 and 1 eV [11,40-45,65] a recent work
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by Zhou et al has reported a value of 3.7 eV calculating it using
Generalized Gradient Approximation (GGA) +U computation and
proved it using a Diffuse Reflectance Spectrum (DRS) in a limited
wavelength range 250 nm-550 nm [46,66]. An attempt to resolve this
dispute can shed light on the density of states and hence on the

electronic band structure.

In this study, we have estimated the band gap of LiFePO, from a
reflectance spectrum recorded in the range 300-2000 nm to clear the air
of ambiguity surrounding the band gap. We have also assigned the
peaks, which agree well with the density of states calculation of Xu et
al [40,41] and electronic structure prediction using Resonant Inelastic
X-ray Scattering (RIXS) by Hunt et al [65]. We have also doped
LiFePO, with 0.5%, 1% and 2% MWNT with a view to improving its
electrical conductivity. MWNTs are well known for its high electrical
and thermal conductivities along with many other highly desirable
properties [22-32]. The influence of doping MWNT on the electronic
band structure of LiFePQy is also studied.

The reflectance spectra are recorded using a portable radiometer,
Field spec™ in the range 300-2000 nm with a spectral resolution of
1nm. A tungsten halogen lamp (150W) is used as the excitation source.
The reflected light was collected using a fibre optic bundle having an
acceptance angle of 25 degrees provided along with the instrument
[67]. This implies that the distance between the sample and the fibre
bundle determines the collection area. The stray light is avoided using a

black background. The spectrum of the excitation lamp used is first
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recorded using a teflon piece and is then normalized from the sample

spectra to obtain the reflectance.

The diffuse reflectance spectrum of LiFePO, is as shown in figure
4.12. The onset of the linear increase of reflectance can be correlated with
the tail of the absorption spectrum [68,69] and using this definition the
band gap is estimated to be 0.83 eV where the reflectance reduces roughly
by 45%. This is well in agreement with the calculated band gap range of
Xu et al [40,41]. However, Zhou et al [66] has recently reported a band
gap of 3.7 eV for LiFePO, from diffuse reflectance spectra in the range
200 nm-550nm with a mention that no significant change has been
detected till 2000nm which is contradictory to spectrum shown in figure
4.12. Moreover, in the spectrum reported by Zhou et al, the maximum
reflectance is only about 25% which itself, is low. Figure 4.13 shows the
range 2.75eV-4eV (450 nm-300 nm) of our spectrum and it can be clearly
seen that the reflectance is considerably small in this range compared to
the rest of the spectral range suggesting high absorption at these
wavelengths. In addition, the dip at 1.55 eV should correspond to an
absorption peak, which is highly unlikely for being an excited state

absorption at these power levels of excitation light beam.

The dips at 0.91eV, 1.25 eV, 1.55 eV, 2.eV, 2.5eV and 3.6 €V in
the reflectance spectrum are likely to correspond to various allowed
transitions which can be explained by Density of States (DOS)
calculated by Xu et al [40,41] and also agrees well with the DOS
calculated using Resonant Inelastic X ray Scattering (RIXS) by Hunt et
al [65-69]. The energy values corresponding to the dips in the
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reflectance spectrum are correlated with DOS prediction by these
calculations and are tabulated in table 4.5. (note that the subscript / , m

and u together with g denotes lower, middle and upper respectively).

Figure 4.14 shows the spectra recorded by doping LiFePO,; with
0.5%, 1% and 2 % of MWNT. The doping has affected considerably
the spectral rangel1200 nm-2000 nm (~1eV-0.62eV), where the overall
reflectance reduces progressively as the doping concentration increases.
Moreover, the dip observed at 0.91 eV vanishes completely. We
propose that these observations could be possibly due to a combination
of two phenomena while MWNT is introduced in LiFePO,4 namely (i)
the coulomb interaction between the MWNT and the transition metal
ion Fe in LiFePOy4, which broadens the already existing energy levels
and (ii) introduction of defect states in the energy gap between spin up
and spin down 3d bands and in between the tng' and ezgi 3d spin down
bands. Hence the disappearance of the spectral feature at 0.91 eV and
the overall reduction in the reflectance could be attributed to the
additional levels formed in between the tsz and ezg‘L 3d spin down

bands forming almost a continuum when the doping reaches 2%.

Figure 4.15 shows the expanded graph in the visible region in order
to have a clear understanding of changes in this region due to doping. The
reflectance peak at around 680 nm (~1.8eV) in LiFePQy is suppressed and
when the doping concentration is 2%, the region is almost flat. In other
words, the prominent dip around 790 nm (~1.55 eV) is disappearing as the

doping concentration reaches 2% and the overall reflectance is

199



Chapter -4

considerably reduced. This implies that on doping with MWNT, additional
energy levels are not only formed between the tzgl and ec_.,gi 3d spin down

bands but also in the gap between 3d spin up and spin down bands.
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Fig. 4.13 Variation of reflectance with energy in the range
2.75eV-4eV (450 nm-300 nm)
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Table 4.5 Comparison between absorption peaks experimentally
obtained and theoretically predicted with the
corresponding electronic transitions

Transitions | Experimental (eV) Literature value(eV)
tho €2g° 0.91 0.95 404163
tzgll_ezguf 125 R 124[404 e
engT_vtzgm 1.55. e i 148 o

Ceptnt 200 ; 20M0Me

T ez;f_ezgﬁ L 25 B _..i N 26 waen
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4.7 Thermal Characterization of LiFePQ, using Photoacoustic

Technique

There is an undiminishing demand for reliable measurements of
thermal properties of a vast range of materials especially battery
compounds in use today. The magnitudes of the thermal conductivity,
specific heat, thermal diffusivity etc. of materials subjected to all types
of conditions are required for making computer models that have
become a bed-rock of the modern design process. Original thermal
property measurements are required for new materials, and many of the
long used materials, it is advisable to develop new techniques for
determination of many of their important properties. This is particularly
true of thermal diffusivity/thermal conductivity which can vary
considerably with composition and microstructure produced in a
material during specific production process. The determination of the

thermal properties has become an important well-established
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application of photo thermal science. The ‘laser flash’ technique, a
photo thermal method, is nowadays an internationally recognized
standard method for thermal diffusivity determination. As this
technique is a non-destructive test method it is well accepted by
scientists worldwide. Also it has an added advantage of the usage of

very small amount of material.
4.7.1 Thermal Diffusivity of Pure and MWNT Doped LiFePO,

As mentioned in chapter-2, thermal diffusivity (a = k/pc) whose
magnitude is determined by the ratio of thermal conductivity k to
thermal density, which is the product of specific heat ¢ and density p, is
a thermal parameter, which determines the rate of heat diffusion in a
medium. The “bulk” (solid samples) of this variation is a reflection of
the variation in the thermal conductivities of the materials rather than
their specific heats or densities. In the present work the thermal
diffusivity values are obtained using Photoacoustic (PA) technique with

a homemade PA cell employed in reflection configuration.

The experimental setup is the one described in detail in Chapter 2
and 3.Figure 4.16 shows the variation of PA signal amplitude and phase
of pure LiFePO, with frequency and the fitted theoretical curve
obtained using chi-square minimization and figures 4.17 and 4.18
shows the variation when 0.5% andl % of MWNT are added to
LiFePO,. Figure 4.19 shows the variation in thermal diffusivity due to
the addition of MWNT in different concentrations. The dots represent
the experimental data and the line represents the theoretical fit to the

experimental data according R - G theory [37-39,70]
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Table 4.6.Thermal diffusivity of Pure and MWNT doped LiFePO4

I

Lerts MWNT MWNT

Thermal diffusivity | 0.43e-4m’s’ | 0538 e-4 m's’ 0.709¢-4 m’s’

i LiFePOs + 0.5% | LiFePOs + 1.0 %
:

The heat generation and transport processes in LiFePO4 can be
explained on the basis of those in semiconductors since it is a small
polaron semiconductor [47]. The heat generation due to absorption in
semiconductors when irradiated with intensity modulated light beam
arises due to three processes, namely, thermalisation due to intraband
transitions of photogenerated carriers, and nonradiative bulk
recombination and surface recombination due to interband transitions

of photogenerated carriers. All these different mechanisms finally result
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in the creation of heat energy, which is then transferred to the lattice
through the creation of phonons. At low modulation frequencies of
photothermal experiments, the contribution to the heat flow by the bulk
and surface recombination mechanisms is negligibly small and, hence,
the photoacoustic signal, obtained in this experiment, which employs
low modulation frequencies, is solely due to the thermal wave

component of the phonon assisted heat conduction process [70].

In LiFePOy the thermal diffusivity shows an increase from its
respective intrinsic values (0.43 cm’s’) on addition of various
percentages of MWNTs. This could be due to the high thermal
diffusivity of MWNTs (~tcm®s™) [71]. The increase in the thermal
diffusivity may also be an indication that the addition of MWNTSs to
LiFePO4 does not cause any change in the original lattice structure and
the crystal symmetry. We support this argument using a well-known
fact that any lattice distortion due to dopants or change in size of atoms
will scatter the lattice phonons thereby reducing the thermal diffusivity
[72]. The TEM picture of LiFePO,; doped with MWNTs shown in
figure 4.4 also supports this fact. Hence, we propose that in these
samples there is only a physical mixing of MWNTs and the addition

has not affected the crystal lattice structure.
4.8 Conclusions

LiFePO4 phospho olivine micro crystalline sample has been
successfully prepared by employing solid state reaction technique and
detailed investigations have been carried out on its structural, thermal,

optical and electrical propreties. The modifications of these properties
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upon the addition of different percentages by weight of MWNT to
LiFePQ, are ivestigated. The addition of MWNT with a view to
improving the poor dc conductivity of LiFePOy4 has resulted in an
enhancement of dc electrical conductivity by three orders of magnitude
for 2% addition of MWNT. One of the important outcome of the
present investigation is the resolving of the dispute about the band gap
of LiFePO4 based on the DRS and PAS. The present investigation
clearly establishes a band gap of 0.83eVfor LiFePO, in contrast to the
value ot 3.7¢V obtained by Zhou et al. A band gap of less than 1eV
has also been thoretically established by Xu et al.
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(Chaprer @)

Structural Thermal Spectroscopic

and Electrical Characterization of
Phospho - Olivine LiNiPOs+ and Effect of
Carbon Nano Tubes as Additives

A detailed account of the synthesis and various
characterisation of lithium nickel phosphate (LiNiPOy) form the essence of
this chapter. The material is prepared by solid-state chemical reaction.
Structural characterisations of LiNiPQOy both in pristine and MWNT doped
Jorms are done using X-ray diffraction (XRD), SEM (Scanning Electron
Microscopy) and TEM (Transmission Electron Microscopy). The thermal
properties of olivine LINiPOy are determined by photoacoustic technigue in
reflection configuration. The photoacoustic signal amplitude and phase are
simultaneously fitted using Rosencwaig-Gersho theory by solving three
dimensional heat diffusion equations for obtaining the thermal diffusivity.
The influence of adding various percentages by weights of MWNT to
LiNiPOy is also investigated. Information of their electronic band structure
of LiNiPOy is obtained from the wavelength dependence of its photoacoustic
signal. Reflectance spectrum of LINiPOy is recorded in the energy range 0.5
eV-3.5 eV. The dips in the reflectance spectra, which correspond to
absorption peaks, are identified with various electronic transitions in
accordance with existing theoretical predictions of its electronic band
structure. The modification of the reflectance spectra on addition of various
percentages by weights of multiwalled carbon nanotubes is explained on the
basis of the formation of defect states. The dc electrical conductivity studies
are also carried out in LINiPO4 and the effect of the addition of MWNT on
the dc conductivity is also investigated.
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5.1 Introduction

The pioneering work of Goodenough and co-workers in 1997
recognized phospho-olivines (ABPOy) as promising positive electrode
material for use in lithium ion rechargeable batteries. The potential of
LiMPO, (M=Fe, Ni, Mn, Co) compounds for battery applications is the

driving force for selecting LiNiPO; for the present investigation.

Lithium phosphates possess good chemical and thermal stability
for technological applications they are now in the forefront among all
other solid-state electrodes. Environmentally green and economically
viable electrodes are the need of the hour. In these context LiNiPOy
posses all these qualities, except the required range of electronic
conductivity. Inspite of good cyclability and low cost it has inherently
low electronic conductivity. In the present study attempts have been
made to improve the electronic conductivity of LiNiPO4 by adding

MWNTs in different weight percentages.

The large family of compounds of the ABPO4 type (A and B
being mono- and divalent cations, respectively) exhibits different
frameworks depending on the relative size of the A and B ions, for
example, arcanite-, trydimite-, or olivine-type structures. For the A ions
of small size, as in the case of Li", the resulting compounds, lithium
transition metal phosphates (LiMPO4 with M= Fe, Ni, Co, Mn) adopt
the olivine-like (Mg,SiQO4) structure containing high-spin M**ions.
These phosphates exhibit a variety of structural features, the most
prominent of which is the existence of tunnels in which small ions can

move freely, a property that makes them potential hosts for the
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insertion and extraction of ions. As a result of their high capacity, good
thermal stability, and environmental benignity, these compounds have
been proposed as alternative electrode materials for rechargeable

lithium-tion batteries.

The crystal structure of LiNiPO4 is made up of two types of
polyhedra, distorted NiQOg octahedral units that are corner shared and
cross-linked with the PO, tetrahedral oxo-anions forming a three-
dimensional network with tunnels that are occupied by Li ions along
the (010) and (001) directions. In this network, nearly close-packed
oxygen ions can be found in hexagons with Li and Ni ions located at
the centre of octahedral sites. [1]. LiNiPOy has high redox potential [1-
5,7}, good thermal stability and high specific capacity but suffers from
a serious setback, low electronic conductivity in the range from 10~ '°
S/em to 107> S/cm, limiting its rate capability and, hence, their device
applicability [8-11]. Though the source of the low electronic
conductivity is controversial, many reports claim a correlation between
the electronic conductivity and band gap. Various models have been
proposed to calculate its electronic band structure where the electronic
band structure and the band gap predict LiNiPOy4 to be an insulator or a
semni metal [3, 6, 12-14].

A schematic representation of the olivine structure is shown in
Figure5.1. As a result of this typical structural configuration, it is
believed that the strong covalent PO, unit tends to reduce the covalency
of the M-O bond, modifying the redox potential for the M?*?* couple

and thus producing a useful potential for lithium extraction and re
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insertion. Various research groups using both experimental and
theoretical methods have studied different aspects, such as synthesis,
structural and vibrational properties, electrochemistry, and magnetism,
of LIMPO4 [12-14].

4¢ Ni>0Qq

4 PO,

da LiO,

Fig. 5.1 Schematic representation of the olivine-like structure
showing the three-dimensional network formed by cross-
linked NiOg and PO; polyhedra.

5.2 Synthesis of LiNiPO,

The LiNiPO4 phospho-olivine is prepared as a microcrystalline
powder by solid-state chemical reaction. The precursors used are
LiCOs, (NH4):HPO, and NiO (99.9%pure). Stoichiometric amounts
of reactants are mixed and ground in an agate mortar. The well
ground mixture is pre-sintered at 120°C for 12hours and reground
adding acetone for homogeneity in the mixture. The mixture is then

heated at 500 °C for 4hours to drive away the gases. The
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decomposed mixture is cooled and ground. The powder sample so
obtained is pelletised at a load of ST and is sintered in air at 800°C
for 24hours.These pellets are then cooled to room temperature.
MWNTs by different percentage of weights are added to LiNiPO4
powder and mixed well. The mixtures are pelletised and are heated
at 350 degrees for 5 hours in flowing Argon atmosphere. The
compound obtained was characterized immediately after synthesis
by X- ray diffraction analysis (Model: 1710 Regaku). The phase
purity of the material was also confirmed by XRD analysis. The

chemical reaction can be written as follows.

2NiO + 2(NH,);HPO, +Li;CO; 800°C 2LiNiPO, + ANH;+CO,+3H,0

5.3 Structural Characterisation

Figure 5.2 shows the X- ray Diffraction (XRD) spectrum of
LiNiPO,. It agrees well with the already reported XRD spectrum of
LiNiPO, confirming the single-phase olivine like structure [8, 23]. The
lattice parameters of LiNiPO, calculated from XRD pattern are
a~=9.96A", b~=5.82A" and c~= 4.64A° which are well in agreement
with the existing reports [24, 25]. Figure 5.3 shows the X-ray
diffraction patterns of olivine LiNiPOs;, MWNT, and the nano
composites of LiNiPOy, with different weight percentages of MWNT.
From the XRD spectrum it is seen that the olivine structure of LiNiPOy
is slightly distorted (indicated by peak broadening) upon the addition of

MWNTs for all concentrations.
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Fig. 5.2 X-Ray Diffraction Patterns of Olivine LiNiPO,

LINIPO,+ 1.5% MWNT M
& lA,\..Jk JL_.._J-
LlNIPO‘¢1RMWNT n
LiNIPO‘ODE% MWNT FH H
utipo‘ H H

INTENSITY (arb. unit)

ANGLE (20))

Fig. 5.3 X-Ray Diffraction Patterns of Olivine LiNiPOy4, Multi
Walled Carbon Nanotubes, and the nano composites
of LiNiPO,, with different weight percentages of
MWNT.
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(a) (b)

Fig. 5.5 SEM images of (a) pure LiNiPOj4 (b) 1% MWNT doped LiNiPO4

The TEM result of LiNiPOy (figure5.4) indicates the presence of
well-defined microcrystalline particles. The corresponding SEM image
(figure5.5) exhibit crystallites of the order of a few hundred
nanometres. It is consistent with the observations of XRD spectrum
where the patterns indicate the formation of well-crystallised particles
with average size of 0.2pum from Scherrer's formula. The TEM result of
MWNT doped LiNiPOs show the presence of carbon nanotubes of

average length 200nm and is seen outside the LiNIPO, grains also.
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These MWNTs having very high electrical conductivity can act as
connecting wires between various LiNiPOy particles.
5.4 Diffuse Reflectance Studies on Pure and MWNT added

LiNiPO,

As mentioned earlier lithium orthophosphates of transition metals
belong to a class of polyanions with a rather complex olivine structure.
Recently, LiNiPO4 has attracted a great deal of attention because of its
potential as a low-cost cathode electrode material for Li-ion batteries.
Unlike the layered compounds LiCoQO; or LiNiO;, , which have been
used as electrodes in Li-ion batteries, the electronic structure and the
magnetic properties of lithium orthophosphates have not been studied
in detail and remain controversial. Yamada and co-workers have made
systematic studies on various properties of LIMPO, compounds. They
have also reported a calculation of their electronic structures using the
linear augmented plane wave method within the local spin-density
approximation (LSDA) In an earlier report, Yong Nian Xu et.al
suggested that LiFePO; may be a half metal with 100% spin
polarnization. However, experimental conductivity measurement on pure
polycrystalline samples showed extremely low conductivity that is
typical of an insulator. This is tentatively explained as due to the
extremely large electron effective mass in the Fe-3d bands. Earlier
Santoro and Newnham have suggested that the magnetic structure for
the lithium orthophosphates is antiferromagnetic and the interaction
between the magnetic ions is that of super exchange type. It is possible

that LIMPO,4 poly anion compounds fall into the category of Mott
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insulators in which intra-atomic correlation is sufficiently strong to give
an insulating band structure. In other words, it may not be sufficient to
use the LSDA theory to calculate the electronic structures of these
compounds. Recently, it has also been reported that LiCoPO,; and
LiNiPO4 may have interesting magneto electric properties unique to

lithium orthophosphates.

Spectroscopic measurements above the band gap energy of a
material can help in understanding possible allowed electronic
transitions in the material [21,28-31]. In the present work we have
recorded the reflectance spectrum of LiNiPOjy in the wavelength range
0.5 eV- 3.5¢V, which exhibits dips (corresponding to peaks in
absorption) from 0.7eV. Based on the reflectance (absorption)
characteristics, we can have correlation with existing electronic band
structure predictions of Xu et al [15,27]. Moreover, we have added few
percentages by weight of MWNT to LiNiPO4 with a view to improving
the electronic conductivity. The influence of this addition on the

reflectance spectra is also investigated.

Diffuse reflectance spectrum is recorded using a portable spectro
radiometer (Field SpecTM), the details of which are published
elsewhere [22]. Tungsten Halogen lamp (250W) is used as the light
source. The radiance of the sample is recorded in a black background
and is normalized with the radiance of a Teflon piece for removing the
spectral features of light source, for obtaining the reflectance spectrum.

Figure 5.6 shows the reflectance spectrum of LiNiPOs.
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Fig.5.6 The reflectance spectrum of LiNiPOj,.

The dips in the reflectance spectrum should correspond to peaks
in the absorption spectrum. The onset of the linear increase of
reflectance can be correlated with the tail of the absorption spectrum
[26] and using this definition the band gap is estimated to be roughly
0.7 eV. The different peaks can be correlated with transitions between
different 3d levels of Ni ion. Ni ions being in an octahedral
environment of O® ions, the 3d bands of Ni are split into states of ty,
(three fold) and e, (two fold) symmetries. The band gap obtained
supports the fact that the Fermi level lies in the t;; spin down band and
€y spin down band [17, 26]. Hence the possible electronic
configuration could be tzgﬁezgﬂ, tzg”ezgu’ since the number of 3d
electrons in LiNiPO, is 8. The reflectance spectrum exhibits three
broad peaks in the ranges, 0.7¢V-1.27eV, 1.3 eV-2.29 eV and 2.4eV-

3.4 eV. These peaks are correlated with various allowed transitions
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(Table 5.1) in accordance with the density of states prediction by Xu et

al [15,27] though one to one correspondence of different transitions

could not be drawn due to broadness of the peaks.

Table 5.1 Correlation with vartous allowed transitions in accordance
with the density of states prediction by Xu et al [15,27]

ENERGY RANGE (eV)

TRANSITIONS

0.7-1.27

to’—> ezmi (0.7 eV}
ez — ez (0.858V)
tngl—) eZgIL(leV)
too¥—> ez’(1.18V)

tz#—-) ezg-*ﬂ.ZeV)

1.3-2.29

togm' > 824" (2.266V)
tan'—> 25" (26V)

o2 —> e’ (2eV)
t2s'—> ez’ (1.6eV)
ez — ezq” (1.5eV)

tzgm’—> 200" (1.35 gV)

24-34

tg —> e20°(2.45 eV)
tw’ —> €2004(2.5 V)
tom' —> 820" (2.75 eV)

t —> e200" (2.95 eV)
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Fig. 5.7 The reflectance spectra of MWNT added LiNiPO,

Figure 5.7 shows the changes in the reflectance spectra of
LiNiPO4s when 0.5% MWNT and 2% MWNT are added and are
compared with that of the pure LiNiPO4. The major changes on
addition of various percentages by weights of MWNT occur in the
region of 0.5eV to 0.75 eV, where there is considerable absorption in
the case of MWNT mixed samples compared to pure LiNiPO,. This
could be due to formation of defect states in the gap between the ty,
spin down bands and the e, spin down bands.

5.5 Studies on Electronic Band Structure of LiNiPO, and its

Modification upon MWNT addition by Photoacoustic
Spectroscopy

In chapter 2 we have discussed the Rosencwaig-Gersho theory
(R-G theory), which gives a satisfactory explanation to the generation

of photo acoustic effect in condensed media. Here we have recorded the
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optical absorption spectrum of LiNiPO, are using PA spectroscopy.
The experimental arrangement is the same as the one that mentioned in
the previous chapter. The influence of addition of MWNT on
absorption spectrum of LiNiPOy is also studied. The normalized PA
spectrum of LiNiPQOy is shown in Figure 5.8 and the peaks involved are
tabulated in Table 5.2. The spectral features exhibited can be explained
on the basis of the electronic band structure transitions occurring above
the band gap, which is estimated to be below 1 eV [27] Moreover,
figure 5.8 shows considerable absorption in the whole range of the
present measurement, 1.5 eV — 3.5 eV. However, it may be noted that,
due to the limited wavelength range of measurement (1.5 €V ~ 3.5 eV),
the exact value of band gap cannot be determined from the recorded PA
spectrum.

The Ni ions in the LiNiPOs olivine are in the octahedral
environment of the O ions. The 3d bands of Ni are split into states of
typ (three fold) and e, (two fold) symmetries as explained earlier in the
DRS studies. According to Xu et al, the Fermi level lies in the ty; spin
down banq and in the gap of the spin up bands [27] with tzgﬂezgﬂ,
tgg”ezgm being the possible electronic configuration. There exists an
energy gap between the 3d up spin and 3d down spin bands as well as
between the down spin levels tzgi and ezg{ The spectral features
observed in the figure 5.8 agree well with the density of states

calculated on the basis of the electronic band structure by Hunt et al

[32] and DOS prediction by Xu et al [27].
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Here five spectral features denoted on the spectrum are discussed.
All these peaks correspond to the transitions between the 3d spin up
states tngeng to the 3d spin down states tzgi and e;ggi above the Fermi
level. The peaks around 1.6 eV —1.62 eV may be due to the transition
from tzg-€2gui, t2gm!- €20y  While the small absorption around the 1.75
eV can be possibly due to the transition e€gt. €2¢u. The cluster of small
peaks in the range 2.57eV-2.64eV can be attributed to tzg1. €510, togm?-
€2g1l, tagu™- €2gul. The transitions trgmt. €2gul, bait- €250l contributes to the
peak in the range 2.9¢V-3eV. (Here u, m and 1 subscripts denote upper,

middle and lower levels). These transitions are tabulated in Table 5.2.

The modification of the absorption spectrum of LiNiPO,; upon
addition of MWNT 1is given in figure 5.9. We have chosen three
different concentrations to show the variation. As we introduce
MWNT, there is an increase in total absorption as the PA amplitude
shows an increase with increase in concentration of MWNT. As the
concentration increases from zero to 2% MWNT, it starts exhibiting a
continuous absorption in the range 1.5 to 2 eV. The range 2¢eV to 2.5
remains the same in 0.5 %MWNT, with just increase in PA amplitude
in thel.5eV to 2 eV range and hence there appears a dip in the region
2eV to 2.5 eV. This dip starts decreasing as the concentration of
MWNT increases. The PA amplitude increase in 1.5eV-2eV range can
be due to the introduction of defect states between the Fermi level and
the lower ey, There can also be introduction of defect states between
the ezgli« and eggui and transitions take place to these states. Hence, it

can be concluded that as the concentration of MWNT increases,
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number of defect states between the Fermi level and the lower ez

increases.

Table 5.2 Transitions of LiNiPO; [Comparison between
absorption peaks experimentally obtained and
theoretically predicted with the corresponding
electronic transitions]

Transitions Experimental (aV) Literature (aV)
tzg) €290}, togmi- €2gu | 1.6-1.62 1.6
22511 €290 1.75 1.7
t2get- 21l 2 2.07
togt. @20, togmt- 21, L2t 2, 2.57-2.64 286
tzgm?- @200}, tzgit B2g0) 2.9-3 2.9-3
0.0085
2.58 eV
0.0080 o
0.0075 -
S o0.0070 -
E]
= 1
g 0 0065 -
s
o
0. G060 —
0.0055
0 0050 T v T T T v T

1.5 2.0 2?5 ) 3.0 35
Energy (eV)

Fig. 5.8 The PA spectrum of LiNiPO,
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Fig 5.9 Comparison between the PA spectrum of pure LiNiPO‘1 and the
spectra of LiNiPO, doped with 0.5%, 1% and 2% of MWNT
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Fig.5.10 Theoretically estimated electronic transitions in LiNiPO4
by Xu Y —N et.al& Hunt et.al
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5.6 Thermal Properties of Pure and MWNT added LiNiPO,

The thermal studies of pure and MWNT added lithium nickel
phosphate at room temperature are presented here. The low electronic
conductivity of the phospho olivine LiNiPOs has prompted us to add
additives such as MWNT to enhance the transport of electrons through the
boundaries of the grains. So it is customary to study the variation of thermal
properties of such composites. The thermal properties of these materials are
basically determined by their composition and structure. It is the rate of heat
diffusion that essentially determines the thermal resistance and performance
of a battery, thereby the efficiency. In the case of a battery thermal
accumulation causes thermal induced stresses in the material, which in tum

causes, catastrophic failure and deterioration of the cycle life.

The thermal diffusivity values of LiNiPO, are obtained using PA
technique with a homemade PA cell employed in reflection configuration
[30,32]. Light beam from a 20 mW He-Ne laser (632.8nm) modulated
using a mechanical chopper (SR 540) is used as the excitation beam and is
allowed to fall on the sample that is fixed to the PA cell. The modulation
frequency is varied from 10 to 400Hz, and the corresponding modulated
pressure signal generated is detected by a microphone (Bruel and Kjaer).
The output signal from the microphone is fed to a lock-in amplifier (SR
830) through a preamplifier (SR 550). All the instruments are computer
controlled using the RS-232 port of a personal computer. The
experimental set up is standardized using a commercially available Si
i

wafer whose thermal diffusivity is calculated to be 0.81 x 104 m? s s
which is in perfect agreement with the standard values.
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Figure 5.11 shows the variation of PA signal amplitude and phase
of pure LiNiPO; with frequency and the fitted theoretical curve
obtained using chi-square minimization and figures 5.12 to 5.14 show
the variation when 0.5%, 1 % and 1.5%of MWNTs are added to
LiNiPO,. The dots represent the experimental data and the line
represents the theoretical fit.
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Fig. 5.11 The experimentally obtained and theoretically fitted
amplitude and phase variation of LiNiPOswith

Frequency
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Fig.5.12 The experimentally obtained and theoretically fitted
amplitude and phase variation of [LiNiPO, +0.5%
MWNT] with Frequency
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Fig. 5.13 The experimentally obtained and theoretically fitted
amplitude and phase variation of [LiNiPO;+1%M
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Fig.5.14 The experimentally obtained and theoretically fitted
amplitude and phase variation of [ LiNiPO4+1.5%
MWNT] with Frequency
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Fig.5.15 Variation of thermal diffusivity with respect to MWNT
content in LiNiPOy

Table 5.3 Thermal diffusivity of Pure and MWNT added LiNiPO,

LiNiPOs +  LiNiPOs + 1.0 | LiNiPOs + 1.5
| O5%MWNT . %MWNT ' %MWNT

Thermal | o coggeq mis' | 0.653e4 s’ | 0.744ed s’ | 0.82e4 nfs’
Diffusivity : |

LiNiPQs

The variation of thermal diffusivity with different concentration
of MWNT is tabulated in table 5.3. It is seen from table 5.3 that the
thermal diffusivity of LiNiPO4 is increasing from its intrinsic
value(0.51cm’s™") with increase in concentration of MWNT. The
variation of thermal diffusivity due to this addition is shown
graphically in figure 5.12. This increase could be due to the high
thermal diffusivity of MWNTSs (~lcm?s™)
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The thermal diffusivity normally decreases when a material is
doped because it affects the crystal lattice, enhances phonon scattering
and thereby reduces the thermal diffusivity. However, here the MWNT
mixing does not seriously affect the lattice of LiNiPOy4 for these
concentrations as seen in the case of LiFePO4. Lattice effect is
negligible compared to the physical mixing involved. The XRD
pictures (figure5.3) also support this argument where only a slight
broadening of peaks occurs for higher concentrations. In TEM
(figure5.4) and SEM (figure 5.5) images we can observe the connecting
wire nature of MWNT. Thermal conductivity of MWNT is extremely
high. The interconnected net provides an efficient way to heat transport
processes across the composite by electrons and therefore enhances the
heat diffusion mechanism. An increased thermal diffusivity (thermal
conductivity) reduces thermal accumulation in the specimen and a
consequent increase in the resistance against thermally induce fracture
enhances the applicability of the composite in the battery industry.

5.7 Influence of MWNT on the DC Electrical Conductivity
of LiNiPO,

In LiNiPOj electron transport mechanism is by means of small
polarons [11,30-32]. As mentioned in chapter 4, when excess charge
carriers like electrons or holes are present in a polar crystal, the atoms
in their environment will be polarized and displaced and producing a
local lattice distortion. The localized carrier lowers its energy by
getting trapped into such a lattice deformation. These charge carriers

can be either electrons or holes. Since the electrical transport in this
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material is dominated by hopping process, MWNT addition reduces the
free energy barrier of the lattice thus favoring the electronic conduction
process in MWNT added LiNiPOj as in LiFePO,.

It is observed that the dc electrical conductivity, of MWNT added
LiNiPOy is directly related to the MWNT concentration. The MWNT
having very high electrical conductivity can function as connecting
wires between LiNiPOj, particles. This is evident from the TEM images
also. The MWNT is present out side the grain boundaries as well.
These two factors enhance the bulk conductivity of LiNiPOy4 and bring
about a nine order of increase in the conductivity when 2% of MWNT

is added to the pristine LiNiPO;.
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Fig 5.16 Variation of DC conductivity with percentage weight
of MWNT measured at room temperature
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5.8 Conclusions

The salient features of the electronic band structure of LiNiPOy
are experimentally established based on the DRS and PA
investigations. The modification of the reflectance spectra and photo
acoustic spectra on adding various percentages by weight of MWNTs
points to formation of defect states between the Fermi level and the
lower ey,i. The addition of MWNT considerably enhances the room
temperature dc electrical conductivity of LiNiPO4.The highlights of the
present investigations include the strong correlation between the
experimentally observed electronic band structure characterization and
the already existing theoretically predicted ones and the considerably
large enhancement of dc electrical conductivity of LiNiPO, (about nine
order with the addition of 2% MWNT). We haven’t observed any
evidence for lattice modifications of LiNiPO4 due to the addition of
MWNT and further investigations are required for the confirmation of

any lattice modifications.
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Conclusion and Future Challenges

Tie conclusions drawn from the present
investigations are summarized in this chapter. The significant
outcomes of the present study are highlighted. The prospects

Jor further investigations in this direction are also discussed.

Conclusions

In recent years, the search for high energy density cathode
materials for applications in rechargeable lithium ion batteries has
captured special attention and momentum among the research
community across the world. Li-ion batteries are the market fore
runners due to their compact size, higher energy densities and power
source stability to above 500cycles. Due to the high reactivity of
metallic lithium, attempts have been made to use lithium based poly
crystalline oxides or phosphates as electrodes for use in Li-ion

rechargeable batteries.

241



Chapter -6

Thermal wave physics has been an active area of research as it
has created basis for several new and revolutionary measurement
technologies. All the photothermal techniques are based on the
detection of the thermal waves generated in the specimen after
illumination with pulsed or chopped optical radiation. Photoacoustic
technique, which is based on the generation and propagation of thermal
waves and subsequent effects in the specimen as well as in the coupling
medium, allows the evaluation of many of the material parameters,

which are hard to measure using conventional techniques.

Over the past two decades, many researchers all around the world
have paid much attention to the thermal characterization of cathode
materials both in pure and doped forms with a special emphasis on the
influence of doping on the fundamental properties of these materials.
These investigations are extremely important as a thorough
understanding of the fundamental properties such as thermal diffusivity
and its variation with doping are essential for getting a better insight
into the physical processes tacking place in these materials. Even
though, a large amount of research material has been published on the
structural, electronic, electrochemical and magnetic properties of
lithium based battery materials (oxides and phosphates) reports on their
optical and thermal properties are quite scarce. The reason for the
scarcity of studies on the optical properties may be due to the fact that
these materials are optically opaque and most of the optical absorption
spectroscopy studies rely on the transmission technique. In the present

work we have employed Photoacoustic Spectroscopy (PAS) for
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determining the optical absorption spectra of LiuMn;O4 and LiMPO,
(M=Fe, Ni) due to its unique advantage of directly measuring the
amount of light absorbed by a material. It possesses zero-base line
advantage, which means that signals are generated only if there 1s an
optical absorption event. Moreover, scattered light, which presents such
a serious problem in conventional spectroscopic techniques, presents no
difficulties in PAS.In this context; PAS is a good tool for the evaluation
of thermal diffusivity of compound semiconductors such as battery

materials, which show semiconducting properties in its pristine form,

In spite of the existence of several photothermal techniques,
photoacoustic technique has gained wide popularity due to the
simplicity of experimental setup and the possibility of simultaneous
measurement of thermal and transport properties with good accuracy.
Photoacoustic phase measurement is an excellent approach to
investigate the heat transport mechanism as well as electronic transport
propreties. In the present work, measurements carried out on LiMn; O,
LiFePO; and, LiNiPO4 reveal the effectiveness of open cell
photoacoustic technique determine various optical and thermal

parameters of poly crystalline semiconducting samples.

The currently used cathode material for commercialized lithium
ion battery is LiCoQ,, which is expensive, toxic, possesses limited
practical capacity (<140 mAh g—1) and rates, and suffers from stability
problems at elevated temperatures in the common electrolyte solutions.
Consequently, intense research on identifying new cathode materials

for Li-ion batteries is being carried out today by hundreds of research
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groups throughout the world. Other alternatives for LiCoO2 are the
spinel system LiMn;O4 and the phospho olivines LiMPO, (M= Fe, Mn,
Co, Ni etc). Lithium metal phosphates, LIMPO, (M=Fe, Mn, Co, Ni)
have attracted particular attention due to their high energy density, low
cost and good environmental compatibility of its basic constituents.
Moreover, these compounds display high redox potentials, fast Li” ion
transport, excellent thermal stability, high Lithium intercalation
potential, and energy density comparable to that of conventional

lithium metal oxides.

In the present work the spinel system Li,Mn,O4 (x=0.8 to 1.2)
and phospho olivines LIMPO,4 (M=Fe,Ni) have been investigated with
special emphasis on elucidating their optical and thermmal behaviour
using PAS. For the LiyMn,04 spinel system the theoretical prediction
of the electronic structure by Full-Potential Linear Muffin-Tin Orbital
(FP-LMTO method) has been experimentally verified for the first time
employing photo acoustic technique. The variation of thermal
diffusivity with changing x values in Li,Mn,;04 is extensively studied
to explain the influence of lithium concentration on the thermal
properties which, has been correlated with the structural asymmetry
and defects in Li,Mn;O4_In the optical absorption spectrum recorded in
the visible range, six prominent absorption peaks associated with the O
2p-Mnty, O2p - Mne;and Mn ty; - Mn e, band transitions for
LixMn,04 with x<I, are observed experimentally for the first time

substantiating the electronic structure predicted by FP-LMTO method.
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Photo acoustic technique has also been used to understand the
Jahn-Teller distortion in LiMn20s. PA spectra of LiyoMn;Oy,
LiMn,O4 and Li; ;Mn,O4 at two temperatures, 298 K and 280 K, which
are respectively above and below Jahn-Teller phase transition
temperature, 290 K, are determined. The spectra of LiMn,O4 and
Li; ;iMn;O; below the transition temperature are found to be
significantly different from their respective spectra above the transition
temperature. However, the PA spectra of LigoMn;O4 at both these
temperatures show only a minor difference between each other
compared to the changes occurring in LiMn,O4 and Li; ;Mn;O4. These
effects are explained on the basis of the predominant JT tetragonal
distortion in cubic LixMn,0O4 with a high Li content, which brings forth
a modification in their electronic structure. JT distortion is substantial
in LiMn,04 and Li; ;Mn,O4 due to their higher Mn** ions content than
in Lig MnyO4.

The thermal diffusivity values of LixMn;04 determined using PA
technique at two temperatures, 298 K and 280 K, above and below their
Jahn-Teller phase transition temperature (290 K) show a drastic
reduction from their corresponding room temperature values. The
percentage of reduction in the thermal diffusivity of Li,MnyO4
increases with their Li content. These effects are associated with the
reduction in crystal symmetry due to structural deformation by Jahn-
Teller distortion observed in LiMn;O4 below the transition

temperature.
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A comparison of the optical absorption spectra of cubic spinel
LiMn,O4 and its delithiated form A-MnO, determined using
photoacoustic spectroscopy show shifts in the absorption peaks upon
de-intercalation. The observed shifts are explained on the basis of non-
rigid band model suggesting a change in oxygen ionicity during lithium
de-intercalation. These results show that, upon lithium deintercalation
of LiMn, 04, the effect of change in oxygen ionicity is stronger than the
effect of cell volume change for modifying the electronic structure of

LiMn;0, around its Fermi {evel.

The experimental investigations on LiFePO,4 for understanding
the electronic band structure based on the optical absorption by
photoacoustic spectroscopy points to a much reduced band gap than put
forward by Zhou et al. This conclusion is based on the fact that the
excitation wavelengths are well below 3.7 eV and there is considerable
absorption in the whole wavelength range of excitation (1.5 eV -3.5
eV). Any possibility of excited state absorptton can be ruled out taking
into account the power levels used for excitation and hence the
resulting peaks in the absorption spectra should be due to transitions
taking place above the band gap which agrees well with the electronic
band structure predictions by Xu et al. These observations also suggest
that the band gap should be lower than 1.5 eV. The modification of the
optical absorption spectra upon introducing various weight percentages
of MWNT into LiFePO4, with a view to improving the electronic
conductivity of the latter, is also studied. Two mechanisms, namely

the coulomb interaction between the transition metal ion of LiFePO4
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and MWNT and the formation of defect states while MWNT is

introduced into LiFePOQy are proposed for explaining this modification.

An improvement in the electronic transport properties and
thereby in the de and ac electrical conductivities is observed on doping
LiFePO4 with MWNT. This enhancement of electrical conductivity is
substantiated using SEM, TEM and impedance spectroscopy
techniques. TEM images exhibit the adhesion of LiFePOj particles to
MWNT and SEM images reveal the dependence of packing density on
MWNT concentration. Impedance spectroscopic analysis is primarily
carried out using Bode plots, Nyquist plots and AC conductivity plots.
The Bode plots manifest the characteristics of low frequency
dispersion, for pure and doped LiFePOys, pointing to electron hopping.
The increase in critical frequency involved in low frequency dispersion
with an increase in MWNT content implies a reduction in the electron
locality upon MWNT doping. The dispersion curve of ac conductivity
reveals the increase in electron hopping frequency with MWNT
content. Based on these extensive analysis we suggest that the
conduction mechanism in pure LiFePO, solely due to bulk conduction
while in MWNT doped LiFePOQ,, in addition to bulk conduction there
could be contribution from conduction across grain boundaries whose

strength is directly related to the MWNT content.

The diffuse reflectance spectra of LIMPO4 (M=Fe, Ni) recorded
in the energy range 0.5 eV-3.5 eV give primary evidence of the
electronic band structure. The dips observed in the diffuse reflectance

spectra of LIMPO,4 (M=Fe, Ni) can be correlated to absorption peaks.
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These peaks are  identified with various electronic transitions in
accordance with existing theoretical predictions of their electronic band
structure. The modification of the reflectance spectra on addition of
various percentages by weight of MWNTs is explained on the basis of

the formation of defect states.

The thermal parameters of LiMPO,; (M=Fe, Ni) are determined
for the first time using the well-known photoacoustic technique. The
increase in thermal diffusivity of LiFePO4 and LiNiPO,4 on addition of
MWNTs can be attributed to the high thermal diffusivity of the
MWNT. The addition of MWNT brings about appreciable
enhancement of the electrical conductivity of LiFePQ,4 and LiNiPO4
without disturbing the lattice symmetry of these materials. Hence
MWNT doped LiFePO, and LiNiPO4 offer excellent prospects of

applications as cathode materials in rechargeable lithium ion batteries.
6.1 Highlights of the Present Study in a Nutshell.

a. The electronic structure of LiyMn,O4 predicted by Full-
Potential Linear Muffin-Tin Orbital (FP-LMTO) method is

experimentally verified for the first time.

b.  The present work could solve the dispute about the band gap
of Li FePOy4 from the photo acoustic and diffuse reflectance

studies.

c. The electronic conductivity of the phospho olivines
LiFePO4 and LiNiPOs could be enhanced considerably by

adding small amounts of MWNT without causing any
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structural distortion. This aspect is quite significant as far as
the battery applications of these materials are concermned and
points towards the high prospects of applications of MWNT
doped LiFePO, and LiNiPO,; as cathode materials in

rechargeable lithium ion batteries.

6.2 Future prospects

a.

In the present investigations the non-destructive technique
of photo acoustic spectroscopy has been efficiently
employed to investigate the thermal and the optical
properties of three important cathode materials LiyMn,O4
(x=0.8, 0.9, 1, 1.1, 1.2) and LiFePO4 and LiNiPOy. It would
be interesting to carry out photo acoustic measurements on
LixMn,O, system during the charge — discharge cycle which
might provide valuable insight into the Lithium dynamics

within the system.

With the Lithium phosphates the studies could be extended
to nano crystalline samples with particle size around 10nm.
Solgel synthesis techniques of LiFePO, and LiNiPOy in the
presence of the complexing agent citric acid can be
employed to get nano crystalline samples of these
phosphates with very good electronic conductivity in the
range of a few Siemens/cm. The reduced particle size and
improved electronic conductivity can enhance the energy
density and rate capability and also guarantee long term

cyclability for these cathode materials.
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