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CHAPTER 1: INTRODUCTION
When considering electrical storage devices, lithium-ion batteries represent the cutting edge
of technology in providing superior performance with widespread and efficient applications in various
different platforms. The lithium-ion battery generally falls within the family of rechargeable batteries
governed by a mechanism where lithium ions move from a negative electrode to a positive electrode
during the course of usage or discharge. During a state of charging, on the other hand, lithium ions move

from a positive electrode to a negative electrode.

Negative Terminal Posttive Terminal Negative Terminal Positive Terminal

Electrolyte and Separator Electrolyte and Separator

Figure 1: Schematic Diagram of a Lithium lon Battery



The schematic diagram of a battery and its operating principle is shown in Fig. 1. There are three
primary components which include the negative electrode, positive electrode, and the electrolyte. The
negative electrode or anode of the lithium-ion cell is comprised of carbon. The positive electrode or
cathode is generally constituted by a metal oxide. Finally, the electrolyte is a lithium salt in an organic

solvent.?

When considering the cost of lithium-ion batteries based on its structural properties and
constituents they are often more expensive when compared to alternatives such as nickel cadmium
(NiCd) and are generally more fragile. Despite these potential drawbacks, lithium-ion batteries operate

over a wide range of temperatures and enjoy higher energy densities.

Lithium-ion batteries with a LiCoO, cathode and carbon anode were introduced by SONY in
early 1990s? At the time of its introduction, the lithium-ion battery offered advantages in high-energy
density, increased power, and long service life making them appropriate for several applications in the
realm of consumer electronics including mobile phones, laptops and power tools. The material
comprising the cathode in lithium-ion batteries is known as lithium cobaltite which falls under the
LiCoO; series. This family of compounds consists of a condensed network of oxygen and lithium atoms
along with a transition metal (M) which occupies ordered and alternating layers between the planes. The
compounds that fall within the LiCoO, series, such as lithium cobaltite, represent a lamellar-type rock-

salt structure.



Despite the common use of cobaltite in the construction of cathodes in lithium-ion batteries,
the inclusion of other viable elements ought to be considered. In terms of prevalence, iron (Fe) is a
rather attractive option as is often used to build significantly sized batteries in providing power in
appropriate applications such as electric vehicles. In terms of abundance, iron is exceeded only by
aluminum, silicon, and oxygen within the Earth’s crust. As a testament to its practicality, the earliest
record of iron used by man dates back to at least 2000 BC®. Unfortunately, despite its variety of uses,
iron and its derivatives have been ineffective as constituents for electrode material in lithium-ion
batteries. When considering Fermi energy in regards to a lithium anode, iron-based oxides containing
O% as an anion yields Fe*/ Fe® resulting in redox energy that falls too low to be feasible. When
considering the Fe**/ Fe**couple, the redox energy falls to close to thresholds regarding Fermi energy.
The issue of extremes when considering iron for lithium-ion batteries makes its use problematic. The
thought process regarding the use of iron in lithium-ion batteries based on different cathode materials
informs an overall discussion of various lithium-ion strategies. There are three fundamental strategies in
regards to cathode materials and include lithium cobalt oxide, lithium manganese oxide, and lithium iron
phosphate types. Evaluating each strategy is important in weighing potential pros and cons to determine
the most expedient proposal. The strength of lithium cobalt oxide lies in its high energy density but is
hampered by safety concerns. An advantage of lithium manganese oxide has been its use in high-
demand applications and has exhibited increased effectiveness over previous lithium strategies. One of
the disadvantages of lithium manganese oxide has been its poor performance in high temperature
conditions. Finally, when evaluating lithium iron phosphate, it has been found to have the best safety
characteristics, long cycle life lasting up to 2000 cycles, and considerable accessibility. In addition,
lithium iron phosphate has been found to be capable in meeting the demands of high discharge
requirements in a variety of applications such as military use, electrical vehicles, power tools, mobile

devices, and solar energy systems.



Lithium iron phosphate for electrochemical energy storage device applications was first
proposed and demonstrated by John Goodenough's research group at the University of Texas in 1996°.
The discovery of LiFePO, was mainly due to its applicability as a cathode material for rechargeable
lithium batteries. The work by Goodenough’s research group opened up the door to a new lithium iron
phosphate battery with cells large enough for use in greater-demand applications, such as hybrid cars.
Furthermore, the research has expanded the field of battery consumption with claims of potentially

being "the largest cells of their kind in the world."

In addition to the advantages of larger-scale batteries with lithium iron phosphate, another
advantage lies in the assimilation of phosphates as the cathode material resulting in greater, positive
safety characteristics. Phosphates are extremely stable in short circuit conditions and are capable of
withstanding high temperatures without decomposing. Building upon the use of safer phosphates, most
lithium-ion batteries also use organic solvents as the electrolyte. The most commonly used organic
solvent being LiPFs (lithium hexafluorophosphate) which contributes to overall lower electrical
resistance® typically mixed with carbonates. Because of its low cost, characteristics of non-toxicity, high
levels of abundance, excellent thermal stability, safety characteristics, good electrochemical
performance, and high specific capacity (170mA-h/g) the use of iron has gained considerable market

acceptance’. The key barrier to commercialization was its intrinsically low electrical conductivity.



The electrical conductivity problem has been the focus of attention of many researchers.
Reducing the particle size and effectively coating the LiFePO, particles with conductive materials such
as carbon has been considered to improve the electrical conductivity of the material. In addition, doping
with metal ions and related approaches were also seems to be helpful®. The approaches involved cations
consisting of materials such as aluminum, niobium, and zirconium. Approaches based on synthetic route
modifications were also considered in the literature. It was shown that the conductivity improvement
was due to the presence of nanoscopic carbon originating from organic precursors during synthesis®.
Products using the carbonized and doped nanophosphate materials are now in high volume mass
production by A123Systems and other companies. Investigating the viability of the lithium iron
phosphate battery further, it has been found to shares many advantages and disadvantages with other
lithium ion battery chemistries. Some of the drawbacks using LFP batteries include rapid charging of the
lithium-ion battery. Such a mechanism may result in the lithium-iron phosphate shortening the life span
or partilar batteries as compared to traditional trickle charging. Reserves of lithium may also be a
concern as estimates in the year 2015 are projected at 30,000 tons'®. Another drawback in the use of
lithium-iron phosphate is its specific energy (energy/volume) where a new LPF battery is somewhat
lower as compared to a new battery. Battery manufactures across the world are currently working to find
ways to maximize the energy storage performance while concurrently reducing the considerable size and
weight associated with using lithium iron phosphate™. Another cause of concern involves scenarios
where LFPs are “deep cycled” or discharged below a threshold of 33%. If this occurs too early in overall
battery life, lithium iron phosphate based batteries have been found to fail prematurely. A “break-in
period” or series of 20 cycles in order to acclimate the battery is currently recommended by some

distributors.



Ultimately, the disadvantage of lithium iron phosphate cells as compared to lithium cobaltite
cells in lithium-ion batteries lies in lower average voltage and energy density levels. Yet, this
disadvantage of lithium iron phosphate is counterbalanced over time by a slower rate of capacity loss.
When compared with other lithium-ion polymer batteries or standard lithium-ion battery chemistries
such as LiCoO; (cobalt) or LiMn,O, (manganese spinel), lithium iron phosphate exhibits an overall
greater calendar life'?. Typically after a full year of use, a LiFePO, cell and LiCoO, cell will have
approximately the same energy density around average levels. The difference lies in going beyond a

full-year of use where lithium iron phosphate cells is likely to have higher energy density levels.

After considering these preliminary perspectives in the feasibility of lithium iron phosphate
cells for potential use in lithium ion battery, it is also important to recognize possibilities that go beyond
viability and venture into the realm of potential advantages. Further analysis of structural and
morphological properties of lithium iron phosphate along with other applications is necessary to make
such a case. Building upon the strength of past research findings through experimental approaches,
greater understanding of lithium iron phosphate could lead to greater efficiency and effectiveness in

meeting modern-day demands and potentially opening the door for future directions.



CHAPTER 2: MOTIVATION AND SIGNIFICANCE
2.1 Cathode Material

Cathode materials are typically oxides of transition metals, which can undergo oxidation to higher
valences when lithium is removed ** **. Large compositional changes results to phase changes during the
time of charge neutrality. Therefore, the stable crystal structures must be used over wide range of
composition. During charging most of the lithium is removed from the cathode. However, during
discharging the electrons from anode reduces the transition metal ions in the cathode when lithium is
inserted into the cathode material. LIMPO, class of cathode materials with the olivine structure (Pnma),
in which phosphorous occupies tetrahedral sites, the transition metal (M) occupies octahedral sites and
lithium forms one-dimensional chains along the [0 1 0] direction **. The phosphate most commonly used
for the cathode is LiFePO,, which delithiates to FePO, as the Fe*? is oxidized to Fe**'®. Some iron ions
occupy lithium sites, which results in the formation of lithium ion-vacancies to maintain charge
neutrality **°. There is a miscibility gap between FePO, and LiFePO,%, so the delithiation occurs by
growth of a two-phase front rather than a continuous change in lithium content ??°. The formation of a
two-phase mixture establishes a fixed activity, which results in a relative flat discharge profile (i.e. the
voltage remains relatively constant during discharge) 2’. Electronic conduction in LiFePO, occurs by
small polaron hopping ?® and is relatively low (10°cm™) for pure LiFePO,%. Conductivity can be
improved by heat treating to increase the hole conductivity phase ¥ is generally needed for satisfactory

performance 3.



A critical factor for its electrochemical performance is represented by the low electronic
conductivity *2. Lithium ion requires simultaneous passage of electrons between the two sites. The ionic
diffusivity is limited by the low electronic diffusivity if ionic conductivity is higher than the electronic
conductivity. Lithium ion insertion in lithium iron phosphate results in the co-existence of two phase
formation (i.e. non-continuous). However, Mc. Kinnon and Hearing found it is not possible to
distinguish between two diffusion models based on continuous or non-continuous process of lithium ion

removal or uptake *.

The process of diffusion is still in discussion. Based on the theoretical expression Manro
Pasquali and Pier Paolo Prosini described the Fitting of the voltage-Li ion insertion curve of LiFePO,in
a solid medium. Also the different discharge stages were theoretically obtained from the polarization

curve resulting in good agreement at high discharge rate.

LiFePO, crystallizes in the space group of the olivine structure as shown in the Figure 2. In the
bc plane the FeOg octahedra sharing forms the layers which are linked together by PO, tetrahedral unit.
The lithium ions are located between the Fe-O layers that are blocking for the Li diffusion in the space
left by the PO, units. Yet the b and c directions are not equivalent, and the energy barrier that the Li has
to overcome to move from one unit cell to the next one is 0.55 eV along the b-direction, compared with
2.89 eV along the c-direction **. In practice, the Li-ions will move along the path that requires a
minimum energy, so that they will “slalom” in the b-direction®. The motion is then one-dimensional.
This information, however, is not sufficient to understand the ionic conductivity in the
lithiation/delithiation process, because the motions of neighboring Li ions are correlated. This
correlation is best shown by the fact that the solid solution LixFePO, does not exist under “normal”

conditions in particles that are large enough so that size effect are negligible *.



>

(=3

Figure 2: Tunnel structures of (left) lipscombite, Fe; 33PO4OH, and (right) olivine, LiFePO,4, showing the
FeOg octahedra, PO, tetrahedra, and the one-dimensional tunnels in which the lithium ions reside *’



2.2  Cathode Performance and Composite Cathodes
The operating voltages and capacities of LiFePO,****** and LiC0o0,"™* with a charging voltage
of 4.2V and discharging current of 1C shows the operating voltage for LiCoO; is higher than for

LiFePOy. The narrow voltage range of LiFePOyis a due to the formation of a two-phase mixture.

The combination of two a composite electrode can be used to improve performance >*. For
example the addition of LiFePOy to other electrode, including LiC00255’56, Li (Lig.17 Mng sg Nig s )025 6
and Li(Nig»s Mng3; Cog, )0, > improves capacity retention during cycling and performance at high
discharge currents. Similarly, a phosphate surface treatment can improve capacity > or performance

after cycling’” of oxide electrodes.

2.3  Effect of Doping

The performance of cathode materials can be improved by doping, but due to interrelations
between doping and microstructure and morphology, the doping effects can be complicated. Carbon is
commonly added to cathodes to more effectively utilize the active cathode materials, especially at high
discharge rates. Carbon additions improve the performance of LiFePO,***'** which has a relatively low
electrical conductivity. The effectiveness of carbon additions depends on the amount and type of carbon
used. A thin carbon layer can provide a path for electrons without blocking access for Li ions % .
Graphite carbon generally provides higher conductivity and thus higher rates capacities at larger
discharge rates, so carbons with large sp»/ sps ratios are generally preferred °%°. The particular shape is

70-76

also important as nano-scale fibers and high surface area forms of carbon, such as acetylene black

7778 have been shown to be effective in improving cathode performance.
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Improvements in rate capability have been achieved and reported in many research papers > |

® and

including mixing in fine particles®, particle size control * , doping with a conductive metal ion®
carbon coating *’. Different kinds of carbon coating methods are used to increase the electronic
conductivity of LiFePO,. These methods contain the post synthesis ** by co grinding and co firing with

899 to produce coated particles. With larger amounts of carbon and

organic or polymeric addictives
decrease volumetric energy density the rate capability increases. On the other hand, the structure and
amount of carbon content will strongly influence the electronic conductivity of LiFePO4/C composite
materials. Therefore, to avoid decreasing the volumetric energy density, the amount of carbon should be
kept low and more efficient. The LiFePO4/C composite material which have a continuous and dispersive
nano-carbon network show high electronic conductivity and rate capability °'. The morphology studies
of LiFePO4/C composite materials were conducted using a field emission scanning electrons microscope
(FE-SEM, JEOL, and JSM-6340F). The transmission electron microscope bright image and EELS
mapping are used to find the microstructure and nano-carbon channels of pure LiFePOsand composite

LiFePO,’'. From the TEM bright field image and EELS mapping, the LiFePO4/C powder shows

continuous, dispersive nano-carbon network.

2.4 Scope and Significance of the Present Work

Understanding the electronic behavior, electrochemical reactions and charge transport in the
LiFePO, cathode material is of paramount importance. The ability to tailor the properties so as to
optimize battery performance requires a detailed fundamental understanding and manipulation of
electronic properties of LiFePO,. The present work was, therefore, performed on LiFePO,
microcrystalline material to understand the electrical and dielectric properties and various conduction
mechanisms at various temperature ranges. Impedance spectroscopy (IS), which is a major part of this
work, is an important analytical method to determine the independent transport parameters such as

electronic/ionic conductivities, diffusion coefficients, and rate constants for electrochemical reactions in

11



LiFePO,4. Impedance spectroscopy requires knowledge about different conduction processes and
physical origin of all processes contribute to the total impedance. In addition, impedance analysis is the
best tool to determine the contributions of grain boundaries and bulk of the grains to the electronic
conduction. The individual contributions can be conveniently separated by using appropriate analytical
and equivalent circuit models. Specific capacity of LiFePO, critically depends on the factors such as
electronic conductivity, diffusion of Li* ion in the olivine structure, preparation method and the powder
structure. Microstructure, chemical composition and operating temperature are the important factors,
which influence the charge, discharge capacity and rate performance of LiFePO,. The obvious relevance
of the work is, therefore, to examine the frequency and temperature dependent AC and DC electrical
properties of LiFePO, material. Also, to the best of our knowledge, there are no existing reports on the
detailed studies on the temperature and frequency depended dielectric, impedance and AC conductivity
of microcrystalline LiFePO, and the correlation between these electronic properties is missing.
Therefore, such an investigation using combined AC and DC electrical conductivity measurements is
expected to contribute significantly to our current understanding of the conduction process and
associated mechanisms in LiFePO4. The results obtained are presented and the effect of temperature and
frequency on conductivity, dielectric properties and the conduction mechanisms of LiFePO, are

discussed in this thesis.
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CHAPTER 3: EXPERIMENTAL DETAILS
3.1 Synthesis

LiFePO,4 was prepared by the solid state reaction method. The starting materials were Li,COsg,
FeC,04.2H,0 (99.99%) and NH4H,PO4 (99.99%). These materials were ground in a mortor pestle for
one hour, have been first ball milled during 1 hr 30 min. and then heat treated in a tube furnace under
argon flow for 8 hr. at 800 °C. For the electrical measurements the powders were made into pellets

which were then sintered at 800 °C in air.

3.2 Scanning Electron Microscopy (SEM)

3.2.1 PRINCIPLE OF OPERATION

When electron beam falls on the sample the weakly bond electron from sample surface get
ejected and produce the secondary electrons. Secondary electrons are of low energy it can be easily
detected by the detector to produce the SEM image of the sample surface. Low energy of secondary
electron it get influenced by the electromagnetic field. To avoid the charge built on sample surface is

proper conducted using Copper tapes. The Hitachi 4800 SEM employed in this work in shown in Fig. 3.

13



Figure 3: Hitachi S-4800 Scanning Electron Microscope

3.2.2 OPERATION/ WORKING

In SEM electron thermionically emitted from tungsten cathode filament are drawn to an anode
(Fig. 4). Electron beam energy ranging from 0.5 KeV to 40 KeV canbe employed. Two condenser lenses
in vacuum chamber are used to focus in very small surface area of 1 nm to 5 nm in diameter. High
energy electron beam hits the sample; the high energy electron beam loses it energy by random

scattering and absorption. The low energy electron is called as secondary electrons. Due to their low

14



energy, these electrons originate within a few nanometers from the sample surface. The secondary

electron is detected by the detector to shows the SEM image.

FElectron Gun

- Electron Beam

Anode

: _;‘,m ‘l;' } Magnetic lens

Backscattered Electron Detector

D Secondary Electron Detector

Specimen

Figure 4: Working principle of SEM

3.3 Crystal Structure

A Bruker D8 Advance X-Ray diffractometer (XRD) (Fig. 5) has been used for the structural
characterization. The crystal structure, preferred crystallographic information (if any), crystallite size,
and the phases were determined from XRD patterns. In XRD technique the material is irradiated by the
parallel beam of X-ray, which gets diffracted from the atomic lattice structure of the film which act as a

three dimensional lattice causing the x-ray to diffracted at specific angle.

15



Figure 5: Bruker D8 Advance X-ray diffractometer

The diffracted x-rays beam provides several information about the film crystallography and
inter-planar atomic distance ‘d’ between the two planes of the film. Angle 0 are used to calculate the

inter-planar atomic distance of the film using Bragg’s law:
nA=2d sin 6 1)

Where A = wave length of X-ray, d = inter planar distance and 6 = Bragg’s angle.

All the measurement was made ex-situ as a function of growth temperature. XRD pattern were recorded

using CuKa radiation (A=1.54056A) at room temperature.

16



3.4 Electrical Conductivity

For conductivity measurement, fine powder of LiFePO,4 was pelletized between thin layers of
ultra fine graphite powder. The electrical measurements were made in a home built apparatus. The
sintered LiFePQO, pellet was mounted between two spring-loaded electrodes in an evacuated
conductivity setup (vacuum of 107 Torr). The ac impedance data, |Z| and phase angle were recorded

using a HP4192A impedance analyzer over the temperature range of 300473 K.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Structure
The X-ray diffraction patterns obtained for LiFePO, are presented in Fig. 6. The calculated
pattern after the Rietveld refinement carried out using the GSAS program®” is also shown in Fig. 6. The
wrp (weighted refined parameter) and the y* (goodness of the fit) values of the fitting are 0.03 and 1.00,

respectively.

—— Observed
—~ = —— Calculated
S o —— difference

(211)
(311)

Intensity (arb. units)

20 30 40 50
20 (degrees)

Figure 6: XRD pattern of LiFePO4

18



LiFePO4 was found to form in the Pnma space group with olivine-type structure without any
impurity phase. The calculated values of the lattice constants are a=10.4093 (+0.002 A) A, b=6.0500
(£0.002 A) A and ¢=4.7315 (£0.002 A) A, which are in close agreement with that of the reported
values.” The Li-O and Fe-O bond lengths in the LiOg and FeOg octahedra are found to be 2.18 A and
2.22 A, slightly larger than the reported values. The small expansion in the lattice can be viewed as a
prominent Jahn-Teller distortion of the lattice coupled to the orbital moment (L) of Fe*'/ Fe’" ion. The
refined atomic fractional coordinates are given in Table 1. The results obtained by Rietveld refinement
are satisfactory, as suggested also by the reliable values of the discrepancy factors wrp (5%) and ¥’

(1.00) values.

Table 1: Refined atomic position values of LiFePO,.

X (x0.002 Y (£0.002 Z (x0.002
Atom ) . .
A) A) A)
Li 0 0 2345
Fe 0.2822 0.2500 0.9747
P 0.0948 0.2500 0.4182
01 0.0967 0.2500 0.7427
02 0.4571 0.2500 0.2060
03 0.1655 0.4646 0.2847
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The SEM image of LiFePO4 compound is shown in Fig. 7. Uniform size and shape of the particles
are clearly seen from the SEM image. Presence of Fe, P and O ions are confirmed from the EDX

analysis (Fig. 7).

0 .\

Intensity (arb. units)

Fe
Fe
TN A

012 3 456 7 8 910
Energy (keV)

Figure 7: (a) High resolution SEM image of LiFePO4 powders. (b) EDX spectra of LiFePO4, indicating
the presence of Fe, P and O elements. Li ion was not identified by the instrument.
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4.2  Electrical Impedance Analysis

The impedance of LiFePO4 was measured in the frequency range 10 Hz - 13 MHz (at 300 — 473
K). The frequency variation of the real part of impedance (Z) at selected temperatures for LiFePOy is
shown in Fig. 8. The decrease in the value of Z" with increasing frequency indicates that the
conductivity of the LiFePOy increases as the frequency increases. This can be attributed to the increase

in hopping of electrons between the localized ions. Z” is seen to decrease with increasing temperature in

LiFePO4.

300
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250 | ® 443 K
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Figure 8: Frequency variation of real part of impedance (Z2’) of LiFePO4 at different temperatures
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Impedance of a polycrystalline material can be expressed as®*

Z=7+jZ = R+_i
Jo @

where 1/R 3)
~ (1/R?)+w?C?

S _ —aC
1/ R? + »*C*?

and

(4)

R, C, and o represents resistance, capacitance and angular frequency, respectively, and j=\/—1.
Here in these equations, the unit for real (Z”) and imaginary (Z°") parts of impedance and resistance R is
ohm (Q) and that of capacitance C is Farad (F). It has been reported97 that, with increasing temperature,
lithium ion loss occurs in LiFePO4 due to the following reactions. Li reacts with oxygen (O;) or H,O
and forms Li,O or LiOH and stoichiometry of LiFePO,4 changes in small amount. Therefore, with

increasing temperature electronic conductivity increases due the increase in Li loss, hence Z” decreases.

Figure 9 shows the variation of imaginary part of impedance (Z°") as a function of frequency at
different temperatures. Z'" is seen to decrease with increasing temperature due to the decreasing loss in
the resistive part of the sample. Z'~ decreases with increasing frequency and exhibits broad Debye
peaks, which is an indicative of the existence of relaxation processes in this material.”**® Asymmetric
nature of the Debye peaks observed is a characteristic of the distribution of relaxation process and
relaxation time in LiFePO4. Observation of Debye relaxation peaks in the imaginary part of complex
impedance at low frequencies is due to the presence of the space—charge relaxation which is associated

. . . . . . 94-96
with the charge carriers in connection with the oxygen vacancies.
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According to Koop’s theorygg, space charge polarization occurs when the material contains hetero-
structures or different regions (grain and grain boundaries). At low temperatures electrical conductivity
in LiFePOy is mainly due to the short range hopping of electrons or polarons. Space charge polarization
at low frequencies and temperatures occurs due to the following reactions. High mobility oxygen
vacancies are trapped at the electrode (LiFePOy pellet) surface and they travel with faster rate when the
external AC field is applied leading to the space charge effect. Debye peaks occur when the hopping
frequency of electron becomes equal to the frequency of the external applied electric field. With the

increasing temperature, Debye peaks are seen to move in the higher frequency side (Fig. 9).

m 433K
S0 - e 443 K
I . L 453 K
40 v 463K
- - 473 K
G 30 % ‘s
mo | .
= 20}
'N |
10r M
' -
Or
O 1 2 3 4 5 6 7 8

log (f) (Hz)

Figure 9: Frequency variation of imaginary part of impedance (Z’’) of LiFePO4 at different
temperatures
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The shifting of these peaks to higher frequency side can be attributed to the increased electron hopping
rate in LiFePO,4.The plots of the real (Z) versus imaginary (Z ') parts of impedance (Cole-Cole plot) at
various temperatures are shown in Fig. 10. Incomplete semicircle was observed at room temperature due

to the high resistance values at low frequencies.

At temperatures above 330 K, single semi-circle is observed at various temperatures for LiFePO,. For

polycrystalline LiFePO,, impedance Z can be expressed as**

=R, + _t

° jaC, ©)

where R, (Q) and C, (F) represents the resistance and capacitance of the grain. The value of R, was
obtained from the diameter of the semi circle and C, was calculated using the relation ®RC = 1, at
maximum Z" point in semicircle. The calculated value of R, and C, values at different temperature are
listed in Table II. R, value is found to decrease from 252 to 91 k Q (1 Q) with increasing the
temperature from 433 to 453 K. C, value increases from 1.01 to 2.48 10® F with increasing the
temperature from 433 to 453 K. Straight line on the low frequency side is due to the electrolyte—
electrode polarization at the blocking electrodes. Amin and Maier’’ have reported that impedance
spectra of LiFePOy at various temperatures consist two depressed semi-circles corresponds to bulk grain
and grain boundary conduction. Resistance due to the grain boundary conduction is large compared to
the bulk grain and the conduction is due to electronic conductivity. In the present case, single semicircle
in observed at various temperatures and it is usually assumed to account for the intrinsic bulk grain
contribution to Ry and C, due to the predominant contribution from grain. The contribution from the
grain boundary to the resistance and capacitance is not observed in the present case. The relaxation time

T, (ms) at different temperatures (Table II) are calculated from the relations
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1
7Tq =— =RyC
0 g 979
(6)
14 Is found to decrease from 0.254 to 0.225 ms with increasing temperature from 433 to 453 K. With

increasing temperature, in the presence of oscillating field electron hops with faster rate between two

localized ions and it takes lesser time (relaxation time) to come back to its original state.

Table 2: Resistance, capacitance and relaxation time values corresponds to bulk grain of

LiFePOy at different temperatures

Temperature
Ry (kQ) Cq (10®F) g (MS)
&)
433 252 1.01 0.254
443 172 1.54 0.264
453 91 2.48 0.225

Semi-circles obtained for the LiFePO, can be represented by a RC electric circuit shown in Fig. 11,
and analytically explained by Egs. (4). Representation of sample through an electrical analog circuit is
very helpful in representing the electrical features of the sample. In this circuit, a resistance represents a
conductive path and a given resistor in a circuit might account for the bulk conductivity of the sample.
Also the capacitances will be generally associated with space charge polarization regions. The
equivalent circuit consists of a constant phase element (CPE), acting as a blocking double layer

capacitance in series with the parallel combination of bulk resistance (R,) and capacitor (C).
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Figure 10: Cole-Cole plot of LiFePO, at different temperature
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Figure 11: Equivalent circuits of LiFePOy, at different temperatures
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4.3  Electrical (DC) Conductivity

Temperature dependent dc conductivity of LiFePO, is shown in Fig. 12. The Ino vs 1000/T plots
(Fig. 12) indicate a slope, which is characteristic of the electrical conduction through an activated
process. Temperature dependent conductivity is due to both hopping of electrons and charge transport

via excited states which can be expressed as*®

-E —-E -E
o= A exp [kB—%]JF Ao exp[kB—ij+ Ag exp[kl_%—?j+ )

where E; is the activation energy for intrinsic conduction and E,, Es,...are the activation energies needed
for hopping conduction. A;, Az, Az are constants and kg is the Boltzmann constant. Activation energy
(E,) calculated from the Ing vs 1000/T plot is 0.44 eV. Maier et.al'® have reported E,=0.43 eV, which is
mainly due to the electronic conductivity in LiFePO,. In the present case, the E; value (0.44 eV)
confirms that the conduction process in LiFePO, is due to the electronic and not ionic conduction. The
dc electrical conductivity and E, values obtained in the present case are in close agreement with those
calculated from the first principle calculations and experimental reported values that account for the
electronic transport to a polaron or electron hopping process. 0103104195 |5 aqdition, anti-site defect is
reported in LiFePO, concerning Li* and Fe** interchanged between two nonequivalent octahedral
sites.'® Interchange of Li and Fe ions or a Li vacancy owing to the anti site disorder is responsible for
the hopping process. From first principle calculation and experimental observation, Xu et.al ** have
reported that the conduction in updoped LiFePQ;, is n-type and the low conductivity value is due to the

large electron effective mass and less overlap between the Fe 3d orbitals due to lager Fe-Fe distance.
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Figure 12: The relation between Inodc and 1000/T of LiFePO4
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4.4  Electrical (AC) Conductivity
The frequency dependence of real part of electrical conductivity (o,;) Of LiFePO, at different
temperatures is shown in Fig. 13. The total conductivity of LiFePO, can be expressed by the

relationship®%°

otot =00 (T)+o(w,T) ®)

The first term o (T) of Eq. (7) represents the dc conductivity due to the band conduction,
which is frequency independent. The second term of the equation is pure ac conductivity due to the
electron hoping. Conductivity is seen to increase with increasing temperature as well as the frequency.
At higher frequencies, the conductivity shows dispersion and as temperature increases the frequency at
which the dispersion becomes prominent moves to higher frequency region. With increasing frequency
and temperature, the hopping increases and correspondingly the conductivity increases. At 423 K while
log(oa) ~ -6.08 Scm™ at low frequencies (100 Hz), log(cs) increases to ~ -5.38 Scm™ at higher
frequencies (13 MHz). Observed conductivity values in the present case are well agreeing with that of

reported values. "’
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Figure 13: Frequency variation of AC conductivity of LiFePO4
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4.5 Dielectric Properties

Complex permittivity (e*=¢’- ie” where ¢” and €" are the real and imaginary parts of the dielectric

function) of LiFePO, has been calculated from the impedance data by using the following expression:'

& =——— 9)

where Z* is the complex impedance. Cy = gy4/d, is the capacitance of the empty cell. 4 and d are the
area of the plate and thickness of the sample, respectively. The frequency variation of the real part of the
dielectric constant (¢") at different temperatures for LiFePOy, is presented in Fig. 14. It can be seen from
the figure that the dielectric constant decreases with increasing frequency. The values of ¢ (100 Hz) at
433 K and 473 K are 4.6 and 5.7 respectively. Increase in ¢ with temperature can be explained as
follows. The thermal energy, at sufficiently higher temperatures, liberates more localized dipoles and

aligns to the field direction leading to an increase of the polarization as well as €".

The dispersion of & with frequency can be explained based on the contributions from various
sources of polarizations. The larger value of € at lower frequencies, perhaps, could be due to all the
contributions (i.e, atomic, electronic, ionic, interfacial and grain-boundaries).”*”® The decrease (and
disappearance finally) in ionic and orientation polarizability with increasing frequency may be
responsible for the decrease in ¢ at higher frequencies.'® Since more than one ion (O, Li" and Fe’"
ions) contribute to the relaxation process, the data were fit to the modified Debye’s function that
considers the possibility of more than one ion, contributing to the relaxation. The observed dispersion of

the dielectric constant can be modeled using the equation:'"’

(10)



where ¢’ is the real part of the dielectric constant, €, is the dielectric constant at 13 MHz, 1 is the mean

relaxation time and o is the spreading factor of the actual relaxation times about the mean value. The
fitting of the experimental data (at 433 K) to this model yield T = 0.259 ms for LiFePOy. It should be

noted that this value is in agreement with the relaxation time value obtained from the Cole-Cole plot.
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Figurel4: Frequency variation of real part of the dielectric constant of LiFePO4 at different temperatures
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Figure 15 shows the logarithmic variation of imaginary part of permittivity (¢'") as a function of

frequency at various temperatures. Conduction loss can be related to dc conductivity o4 by the

following equation: '*®

O-dc

& =—%
vz, (11)

€ is found to be decreases with increasing frequency. As temperature increases, the conductivity oy
increases and hence € also increases. There is no resonance peak observed for LiFePO, at various
temperatures. Resonance peak takes place when jumping frequency of the localized charge carriers

becomes approximately equal to that of the applied AC field.”” Dielectric losses arise if the polarization

lags behind the applied alternating field.
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Figure 15: Frequency variation of imaginary part of the dielectric constant of LiFePO4 at different
temperatures
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

Phase pure, microcrystalline LiFePO4 was synthesized. Temperature and frequency dependent
ac and dc electrical conductivity studies of LiFePO, indicate that the transport properties arise
predominantly due to the electronic conduction. Frequency variation of the dielectric constant (¢"), Real
(Z') and imaginary part (Z'") of impedance shows the dispersion and the existence of relaxation
processes and their distribution in LiFePO4. Temperature variation of dc electrical conductivity (oyc)
(273-573 K) follows the Arrhenius relationship. Activation energy (E,) calculated from the Inogc vs
1000/T plot is found to be 0.44 eV, indicates the electronic conduction is predominant in LiFePO,4. A
modeling or computer simulations of the interfacial phenomena and the associated electrical properties
could provide a more detailed account of electrical properties of LiFePO,4 and related materials. This

aspect opens the scope for future work.
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