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ABSTRACT

A simulation model for electrochemical impedance spectroscopy (EIS) of pristine
LiFePO, (LFP), doped with various concentrations of Ni such as LiNi g3Fe 97PO4
(LFNP3), LiNi.05F€0.95PO4 (LFNPS) and LiNi_()7F€0,93PO4 (LFNP7) in place of Fe
has been developed in COMSOL Multiphysics. The model was studied under
constant frequency domain perturbation using AC current impulses of 5-10 mA
in frequency range 10kHz-10mHz. The simulated model parameters, which
depict ideal conditions were varied one at a time, and then, two at a time to bring
them close to experimental performance as extracted from experimental data.

Among all the undoped and Ni doped LFP samples, lithium iron phosphate doped
with 3% Ni i.e. LiNi ¢3Fe97PO4 comes close to 92% of the theoretical predicted
yield [55], which translates to a maximum electrode state of charge of 0.9-0.92.

The dielectric constant of pristine LFP, LFNP3 LFNPS5 and LFNP7 is dependent
on frequency of operation and affects the capacitance of electrode as the
frequency domain perturbation is investigated.

At low level of doping, the electrochemical performance improves, but on
increasing the doping content of Ni more than 5 %, the resistances increase
beyond that of pristine LPF.



Chapter 1

Introduction

1.1 Background
Energy has a central role in all human activities. Despite the advancements in

energy generation, the energy sector is still struggling to get a robust, high
density, portable and scalable solution for energy storage in required form
factors, from small scale like smart watches to big scale such as cars/ hybrid
electric vehicle. The energy consumption has gone up dramatically in past
few decades as shown in figures 1.1 and 1.2 below:
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Fig 1.1 World Energy Consumption by Source[l],
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1.2 Battery

A battery is a collection of cell or cell assemblies and, cell is an electrochemical
unit which comprises of a negative electrode, a positive electrode, a separator,
and an electrolyte. Electricity is said to be generated due to a series of chemical
reactions which take place because of involvement of chemical species of the
electrodes and electrolyte. Thus, "any device which is capable of generating
electrical energy by transforming chemical energy can be defined as a battery".
When an external load is connected, the electrons move from the negative
terminal in the direction of the positive terminal, which results in generation of
an electric current. This current can be used to power a light bulb, computer,
electric vehicles, clocks, mobile phones, and several other electronic devices [,
A battery is unable to produce electricity if the electrode material is consumed
completely as the separated charges may no more be available. As a result only,
a limited amount of power may be available in the battery. However, a lot of
batteries can be refurbished by altering the course of flow of electrons by means
of a different source of power, these are known as rechargeable batteries. The
reversal of electrochemical processes inside the battery, restore the positive and
the negative electrode to their original state and the battery can be used again, this

process is called charging.
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Figure 1.3 Working principle of a Battery 2



1.2.1 History of Rechargeable Batteries

In 1859, Gaston Planté, conceived the idea of the first rechargeable (aka
secondary) battery. The first lead acid cell prototype included sulfuric acid and a
reel of two sheets of lead. Passage of reverse current through it results in the
restoration of the reaction mechanism. Camille Alphonso Faure improved the
design in 1881 by replacing the spiral sheet with plates. A plate was formed by
devising a network of lead, embedded with lead oxide. This resulted in a scalable

production chain and wide-spread use into automobile industry 4],

In 1970's, Nickel-hydrogen battery were developed by "COMSAT for
communication satellites". Nickel-metal hydride (NiMH) batteries came into
existence in the later years. The rechargeable batteries being an affordable and
smaller alternative to nickel-hydrogen cells were very well received by
consumers. In 1912, G.N. Lewis experimented with Lithium batteries and they
struck the market in 1970. The first Lithium-ion battery was developed by Asahi
Chemical of Japan. Lithium ion battery is rechargeable and is more stable
adaptation of Lithium battery. In 1991, commercialization of the first Lithium-
ion battery was done by Sony [®!. Lithium polymer battery were introduced in

1997, which stored the electrolyte in a solid polymer composite 1.

e © o A

LITHIUM 10N BATTERY
AECHARGEABLE

NP-20
8.7V 630mAR

yFouTnuRRe BRR

Fig 1.4 A lithium ion rechargeable battery [*!



1.3 Lithium-ion Battery

Being the lightest metal in the periodic table, Lithium possesses highest
electrochemical potential and delivers largest specific energy per weight.
"Although using Lithium metal as an anode in the rechargeable batteries provided
extraordinarily high energy densities, unwanted dendrites growth on anode
during cycling became a major issue with such batteries, as it resulted into
electrical short." With the volatility of metallic lithium, the research studies
provided a solution using "Lithium-ion". When Sony commercialized the first
"Lithium-ion battery" in 1991, "Lithium-ion battery" became the fastest growing

battery in the industry.

Lithium-ion battery are most commonly used in consumer and home electronics.
Even though their specific energy is lower than the Lithium-metal, they are
significantly safer when used within the specified limits of voltage and current
ratings. Over the years, the reduced manufacturing cost, increased specific energy
and, the absence of toxic elements has made Li-ion the most desirable
rechargeable battery for portable applications, satellite application, heavy
industries and electric vehicles. Also, when paralleled to other batteries under
same category, such as nickel-cadmium or nickel-metal hydride, "Lithium-ion
batteries don't suffer from memory effect, show minimal self-discharge (5-10°0)
and, have very high energy density." Lithium-ion batteries possess a theoretical
voltage of 4.1 V and practical voltage of 3.7 V with a longer life period (10004-
cycles) compared to nickel-cadmium (1.2 V, 500 cycles) and nickel-metal

hydride (1.4 V, 600 cycles) [°.
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1.3.1. History of Lithium-ion Battery

Research to develop the batteries which used lithium compounds in place of
lithium, for safety concerns, began. In 1974-76, Besenhard, discovered and
proposed "the application of reversible intercalation in graphite and intercalation
in cathodic oxides". Samar Basu's experiment demonstrating intercalation of
lithium 1n graphite, resulted in development of LiCs electrode at Bell labs in 1977.
In 1979, John B. Goodenough invented the Lithium-cobalt-oxide battery. "This
battery used LiCoO; as the positive electrode and lithium metal as the negative
electrode." This laid the foundation to the prospects of using stable and efficient
materials as negative electrodes instead of Lithium-metal. A variety of ternary
compounds, such as LiMnOy4, LiMnOs, Lithium-Copper-oxide and Lithium-
nickel-oxide, were also identified along with lithium-cobalt-oxide in the later
years. Rashid Yazami explained the reversible lithiation in graphite using a solid
electrolyte. These graphite electrodes discovered by "Yazami" are the universally
accepted electrodes used in Li-ion batteries. In 1983, "John. B. Goodenough et
al" exploited manganese spinel as a promising positive electrode for lithium-ion
batteries. The use of spinel electrodes in commercial batteries started from the
year 2013. The prototype cell using LiCoO; as the positive electrode and a carbon
rich material in which lithium ions could be fitted was assembled in 1985. John

Goodenough also established that higher voltages could be achieved when poly-
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anions such as sulfates are used as the positive electrodes. "The first commercial
Lithium-ion battery was introduced by Sony and Asahi Kasei in 1991"1, Over
the years, LiFePO,, lithium-metal phosphates (olivine), lithium-nickel-
manganese-cobalt-oxide and several other materials were recognized to be
successfully implemented as positive electrodes. In recent years, graphite as the
anode material has also been replaced by silicon, Lithium-titanate (LTO),
tin/cobalt alloys etc. There are several ongoing researches to find low voltage
anode materials without compromising the energy stored per unit volume. "The

current global lithium-ion battery production capacity is marked at 28 GWh" -

11]

1.3.2. Construction of a Lithium-ion battery

Like any standard battery, a lithium-ion battery is also composed of a positive
electrode, a negative electrode, electrolyte, separators and casings. The positive
electrode in a conventional lithium-ion battery is a metal-oxide such as LiCoO,
or LiFePO4. The negative electrode consists of porous carbon (commonly
graphite) and the electrolyte is a lithium salt dissolved in organic solvent (usually
1:2 EC:DMC : LiPFs). The electrochemical characteristics of the electrodes
reverse between the anode and the cathode conditional to the current direction.
The separator used is usually a micro perforated sheet of plastic which prevents
the positive and the negative electrodes to come in contact and allows ions to pass
through it. The outer case is made of metal which comes with a pressure sensitive

vent because of the pressurized battery 13141,



1.3.3. Electrochemistry

Lithium-ions move in and out of the electrodes through the process called
intercalation/insertion (lithiation) and de-intercalation/extraction (de-lithiation).
"When the battery undergoes charging, the positively charged lithium ions move
from the positive electrode towards the negative electrode through the electrolyte
while the electrons move in the same direction via an external circuit".
Implantation of these lithium ions in the negative electrode occurs by a process
known as lithiation or intercalation. While discharging, oxidation at the negative
electrode occurs and the electrons and lithium-ions move towards the positive
electrode via an external circuit and electrolyte, respectively. This process of
removal of lithium ions is known as de-intercalation. While discharging,
oxidation, defined as the electrons loss, occurs at the negative terminal while
reduction which may be defined as electron benefit occurs at the positive
terminal. This passage of positive ions from anode to the cathode causes a current
to flow within the circuit. Similarly, charging results in oxidation at the positive
terminal and reduction at the negative terminal and the applied overvoltage

induces a charging current within the circuit [15-17].

Charge Discharge

Electrons Electron
' Load Load l

Cathode Separator Cathode Separator Anode

Fig 1.6. Ion flow in lithium-ion battery while charging and discharging. 1'%/



At positive electrode, the reaction which occurs is:
Co0O,+ Li*+ e= LiCo0O, 1.1

And at the negative electrode:

LiCc = Cg+ Lit+e 1.2

The overall reaction occurring in a Lithium-ion battery

LiCs + CoO, = Cg+ LiCoO, 1.3

Even with excellent rechargeable properties, lithium-ion batteries suffer from
various losses during the first intercalation/de-intercalation process. Formation of
resistive film around particles during the first charging and discharging is
considered to be one of the major losses that occurs in the Li-ion batteries. This
SEI coating forms due to "interaction between the electrode materials and the
electrolyte". It provides electrical insulation, and increased ionic conductivity and
also prevents intercalation of solvent into the electrode. Lithium-oxide, lithium-

fluoride, and semi-carbonates together constitute the SEI.



1.3.4. Electrode materials

The materials that fulfil the criteria of having good electrical conductivity,
decent ionic conductivity, reversible capacity, long cycle life, high diffusion rate,
cost effective, and non-toxic, are considered as suitable electrode material for

lithium-ion batteries !'*] .

1.3.4.1 Cathode

A desired cathode material for a lithium-ion battery is the one which has "a high
discharge capacity, high energy capacity, long cycle life, high power density, low

self-discharge, sufficiently high voltage and non-hazardous".

The first layered transition metal oxide cathode to be discovered was LiCoO2
by John B. Goodenough and continue to be used in most of the commercial Li-
ion batteries *!1. With cobalt and lithium ions occupying alternate layers of
octahedral sites and cubic closed packed oxygen atoms, the compound has a
hexagonal symmetry. LiCoO2 (LCO) has a very high and desired theoretical
volumetric capacity of 1363 mAh-cm?. Additionally, it also possesses a specific
capacity (theoretical) of 274 mAh-g'. It also possesses other desirable
characteristics such as superior cycling performance, more voltage discharge and
reduced self-discharging. LCO has a sloping potential profile in lithium half cells
and below the voltage of 4.2V vs. Li/Li", almost lithium ions are partly removed
which results in high specific capacity ?!: 1. Higher capacities could be attained
using LCO as a cathode material but it also steers structural instability due to de-
intercalated LixCoO2. Being a limited resource, cobalt costs very high and this
makes LCO cathodes expensive. LCO cathodes also possess lowest thermal
stability compared to other transition metal oxide cathodes. At temperatures of

over 200 °C, LCO cathodes suffer from thermal runaway due to exothermic
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reactions between organic materials and released oxygen. This sets a limitation

on the use of LCO as the cathode material 2%,

Table L. 1. Specific capacity, volumetric capacity and average potentials of Intercalation
cathode materials 123!

Crystal Compound Capacity per Specific Average
Structure unit Volume capacity V(z{t]&;ge
(mAh-cm?) (mAh-g)
Layered LiTiS, 697 225/210 1.9
LiCoO» 1363 274/148 3.8
LiNiO; 1280 275/150 3.8
LiMnO, 1148 285/140 33
LiNi0.33C00.33Mn0.330; 1333 280/160 3.7
LiNig.sC000.15A1 050: 1284 279/199 3.7
Li;MnOs3 1708 458/180 3.8
Spinel LiMnOg4 596 148/120 4.1
LiCo0,04 704 4.0
Olivine LiFePO, 589 170/165 34
LiMnPO4 567 171/168 3.8
LiCOPO4 510 167/125 42
Tavorite LiFeSO4F 487 151/120 3.7
LiVPO4F 484 156/129 4.2
1.3.4.2 Anode

Lithium metal, despite of highest capacity (3860 mAh-g™), is not preferred as

an anode material because of dendrite formation leading to short circuit, thermal

runaway, and other safety issues. Several efforts have been made to develop

suitable anode materials with enhanced energy and power density without

compromising with capacity, long cycle life, and ease of lithium-ion diffusion **

23], Carbon based materials such as, carbon nanotubes (CNT), graphene, porous
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carbon etc. have been probed for high capacity and improved performances. Non-
carbon materials that have been investigated as anode for secondary batteries
include silicon oxide (Si10), silicon (S), germanium (Ge), tin (Sn), and transition
metal oxides. The major limitations for selection of anode materials are poor
electron transport, capacity fading, high volume expansion and minimal value of
coulomb efficiency, These limitations are overcome by nano-structuring the

materials for effective use as anode 22"
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Fig 1.7 : Capacity vs Li/Li* potentiall®’/

Incorporating nanotech in lithium-ion battery development workflow results
in substantial increase in capacity and elevated flux of lithium-ion across
electrolyte and electrode interface. Reduction to nanoscale from bulk, leads to
increased surface area which provides lithium storage at more functional sites
and lithium diffusion rate increases due to decreased path length. The various

innovative anode materials can be categorized into following types *°!:

(a) Intercalation and de-intercalation materials (carbon based materials,
titanium dioxide, and LTO) (Details below).

(b) Alloy and de-alloy materials such as Silicon, Tin, Aluminium, and
Tin Oxide,
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(©) Conversion materials such as oxides of transition metals, MS,

(Metal sulphides), MP (Metal Phosphides), and MN; (metal nitrides) .

Intercalation/de-intercalation materials

Due to their good reversibility of lithium intercalation/de-intercalation,
abundance in nature, stability in electrochemical and thermal environment,
carbonaceous anode became commercially viable almost two decades ago, Since
carbon displays electrical and chemical activity towards electrolytic solution at
very low value of potentials, carbon coating on active materials prevent the active
electrode material degradation as well as capacity fade upon charging and is
charging and lessens the electrolyte's decomposition producing a thinner solid
electrolyte interface film over the electrode P!, Being chemically stable, Carbon
coating provides protection against HF corrosion and surface oxidation in ease of
nanostructured active materials. When graphite is carbon coated, it reduces the
degradation of electrolyte and does not allow any electrolyte species to intercalate
into the graphene layers. Similarly, carbon coating the LTO electrodes, helps
reduce electrolyte decomposition. For silicon and germanium anodes, carbon

coating led to improved battery performances [*!-3%,

In carbon based materials, a single Li-ion intercalates with carbon atoms,
six in number, resulting into a lithiated compound LiCs. Carbon based materials
can be categorized into two types: soft carbon (graphitic) and hard carbon. In
graphitic carbons, unidirectional piling of the crystallites is observed where as in
hard carbons, they have a disordered orientation. With large graphite grains, soft
carbons can attain their theoretical capacity (372 mAh-g!). But due to the low
value of the reversible capacity, they have their application limited to low power
devices such as mobiles and laptops etc. 3 34, The major drawback of using
graphitic carbon as an anode material is that propylene carbonate (electrolyte)

tends to intercalate along with the Li-ions and causes exfoliation and capacity
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fading. Also during lithium insertion, graphitic carbon experience strain in their
crystal structure which results in decreasing the cycle life of the cell. Surface
coating with amorphous carbon helps achieve superior coloumbic efficiency. The
various commercially available graphites are Massive Artificial Graphite (MAG),
Mesocarbon Microbead (MCMB), and carbon fiber-vapor grown (VGCF) etc.
Development of nano-fibers, porous carbon, CNT, and graphene as a suitable
carbon derived anode material is under research. These materials are expected to
impart novel properties and increase the energy storage capacity of the secondary

batteries [3>331,

Hard carbons having disordered orientation tend not to undergo exfoliation upon
lithiation. Compared to the soft carbon they possess much higher theoretical
capacity (500 mAh-g") in the potential range 1.5V vs. Li/Li*. Due to random
alignment of graphene sheets in hard carbon, nanovoids are present in between
them which permits reduced and identical volume expansion in every direction.
However, these voids lead to slow diffusion of Li-ions and thus inferior rate
capacity. Low tap density and initial coulombic efficiency are considered to be
the major drawbacks associated with hard carbon anodes. Coating of hard carbon
with a fine film of metal film or soft carbon improves the coloumbic efficiency

and the capacity to store lithium. Enhanced rate capability (approx. 4.11x107

2
cm . .
— ) and cycle life were observed when nano-porous hard carbon materials were

synthesized *7-**1.Carbon nanotubes (CNT) produce superior results when used
in association with other active anode materials, because of their extraordinary
thermal and mechanical stability, adsorption, electronic conductivity, and
transport properties. SWNT's can achieve theoretical capacity reaching up to
1163 mAh-g! for LiC, compound. This is because the lithium ion diffuses into
stable surface sites of quasi graphitic layers, as well as within the tube. Certain
nanostructured materials or oxides (MxOy: M = Cr, MO, Mn, Cu, Ni, and Fe)

when coupled with carbon nanotubes, improve the serviceability of the battery
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and its storage capacity of the lithium ions. Synthesis of such hybrid anode
materials result in CNT's which reduces the changes in volume observed during
the discharge cycle and charge cycle processes. Fan et al. stated that "CNT's with
a coating of Fe;O, displayed a capacity of 800 mAh-g™ for 100 charge-discharge

cycles and also improved rate capability" [,

With superior properties like high mechanical strength, high values of charge
mobility and surface area, along with good electrical conductivity it makes a very
significant anode material to be used in Li-ion batteries. When several layers of
graphene is taken into account, the amount of absorbed lithium is significantly
huge and therefore, and as a consequence the capacity associated with the Li,Cg
stoichiometry is 780 mAh-g™ and 1116 mAh-g"! with LiC,. Li,Cs is formed when
lithium 1on interacts and get absorbed on both the faces of the graphene sheets.
LiC,; results when lithium is trapped in a covalent bond of a benzene ring. Pan et
al. reported graphene sheets synthesized using low temperature pyrolysis,
reduction process of hydrazine and electron beam irradiation. The graphene
sheets when analysed electrochemically, established and displayed high
gravimetric capacity ranging from 790 to 1050 mAh-g.

XAl Pl
=T I LiOg
A rads or TiOg
It Ty T -
' .‘-l_._.“_‘l‘ " LI
. ‘ .
Graphite Li4T1504,

Figure 1.8. Crystal structure of lithiated graphite and LTO!*"
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Another important intercalation/de-intercalation anode material are titanium
based oxides i.e. Lithium titanium oxide (LTO/ LisTisO;,) and titania (TiO,).
These most important characteristics of these materials which make them suitable
anode materials are inexpensive, non-toxic, nominal volume change upon
charging and discharging and extended cycle life. Compared to their counterparts
they have low theoretical capacity and electrical conductivity. However, with size
reduced to nanoscale, these materials show improved capacity, longer cycle life,
and efficient rate capability. The main reason of stability of these anodes is the
'zero strain' intercalation mechanism LTO. Lithiation/de-lithiation in LTO anodes
causes very small volume change as a result they are considered to be 'zero strain'
materials. The SEI formation in LTO anodes is also inhibited because of the high
equilibrium potential voltage of approx. 1.55V vs. Li/Li* that permits the
operation marginally above 1 V. LTO anodes are also considered to be
tremendously safe. The cause for its high potential prevents Li dendrite
formation. Consequently, they are considered suitable for high power, low energy

and high cycle life lithium-ion batteries /> V.

Table 1.2. Comparison of characteristics of different anode materials [43]

Material D (cm?s ) De-lithiation Lithiation Volume change
potential (V) potential (V)

Graphite 10-11-10°17 0.1,0.14,0.23 |0.07,0.10, 0.19

LTO 10-12-10°1 1.58 1.55 0.2%

Silicon 10-13-10-1 0.34, 0.57 0.05, 0.21 270 %

Germanium | 10712-10-10 0.5, 0.62 0.2,0.3 240 %

Tin 10-16-1013 0.58,0.7,0.78 0.4, 0.69 255 %

Li,O 5x10712--5x10°1° IN/A IN/A IN/A
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Chapter 2

Literature Review

Lithium iron phosphate (LiFePO,) is arguably the most famous member of
olivine-type lithium-metal phosphates i.e. LIMPO,4 (M = transition metal). Padhi
et al. proposed the electrochemical extraction of lithium from LiFePOy4 in 1997
44,45, 46,471 Olivine structured LiFePO, (LFP) belongs to Pnma space group with
orthorhombic lattice structure. Phosphor atoms in PO4> unit occupies tetrahedral
4c sites while iron cations in FeOg and lithium cations present in LiOg octahedral

[46,48] T FP unit cell contains four units

units occupies 4c and 4a sites, respectively
of LiFePQO, with 28 atoms in total *”. The lattice parameters are given as a=10.33
A, b=6.01 A, c=4.69 A with a volume of 291.2 A3 The oxygen atoms shared
by the FeOg octahedron presents at the corner in the bc plane and PO, forms a
zigzag structure while being present on edges. Phosphate unit (PO,4) shares the
edges with two LiOg and one FeOg octahedron. LiOg grows as a linear chain along
the b axis (i.e. [010] direction) in which Li ions present at octahedral sites as
shown in Figure 2.1 474741 The entire LFP framework is stabilised by the strong
covalent bonding between phosphorus and oxygen in PO4*" tetrahedral structural

unit. The presence of strong covalent bonds make it difficult to remove oxygen

atoms from the structure which thus guarantees the excellent thermal stability
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even up to 400 °C as compared to the layered cathode material such as LiCoO,

o [44,49

which starts to decompose at 250 1. In such a structure, edge shared LiOg

forms a one-dimensional tunnel which contains mobile lithium ions %, The
strongly bonded phosphorous, oxygen and transition metal linkage tunes the
M3*/M?** redox potential to practical and stable voltage plateau [°!). However, the
presence of such strong covalent bond is also responsible for poor electronic
conductivity in pristine LFP . It has been reported that in olivine structure,
oxygen atoms show slightly distorted hexagonal close packed (hcp) arrangement

e [47°9.521- This deviation from ideal hcp arrangement has

from the actual structur
been correlated with Coulomb repulsion between cation-cation across the shared

edges 53 541

Figure 2.1: Crystal structure of olivine LiFePOy [45]

Rakesh Saroha et al *° have performed experimental analysis of LFP and Ni
doped LFP. The various ratio of Ni were mixed/doped in LiFePO,4 to make it as
partial replacement of site in LFP as well as whole Fe to make it LiNiPO4 as

complete substitution of Ni and the properties were analysed. LFNPx. i.e.
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LiNiFe,«PO4 was synthesised by wet milling method. For electrochemical
studies, Conductive carbon, polyvinylidene difluoride (PVDF) was mixed in
70.00:15.00:15.00 weight ratio in N-methyl-2pyrrolidinone (NM2P) and then
coated on an aluminium foil current collector. Electrochemical Impedance
spectroscopy has been performed in frequency range 0.01 Hz to 10* Hz at SmV
peak voltage amplitude. Out of these, the 3% ratio, i.e. LFNP3 was found to be
the best case with an experimental yield confirmed to be of 92% of theoretical
value. Average particle size was found to be around 50nm. The decrease in grain
size results in enhanced electrochemical performance, because the diffusion

length, diffusion coefficient and relaxation time are related as:

L =+/Dt 2.1
Thus, a small decrease in L will result in decrease t, hence, superior
electrochemical performance. LFNP3 has low AC and DC resistance (~500 Q)
551 The nyquist plot contains a semicircle for high frequency region whereas the

low frequency region is a straight line.

D.P. Abraham et al [*) modelled a 1D lithium battery with LiNigsC0o.15Alp.050>
as cathode and performed electrochemical impedance spectroscopy in 10 mHz to
10kHz range of applied AC voltage, against a graphitic anode. 4 parameters ,
namely , positive particle radius, positive electrode double layer capacitance,
Diffusion coefficient were varied and best fit data was obtained corresponding to

experimental data obtained by Abraham et al®®

Thi Hang, La. et al 7! studied Nickel Doped lithium iron phosphate and studied
its electro-chemical properties. Thus reporting significant performance

improvements in the battery performance.

Rosaiah, P & Padarti®® Studied Electric and dielectric properties of Nano
crystalline LiFePO4 over a frequency range of 1 Hz — 1 MHz at different

temperatures and the electrochemical characteristics of LiFePO4 in aqueous
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region.. They found that the conductivity was proportional to temperature in
accordance with Arrhenius relation with an estimated E, = 0.44 eV (7x107%°J).
Also, the authors analysed dielectric properties in light of complex dielectric
permittivity. And thus, the behaviour of complex permittivity as a function of
frequency and temperature was analysed. Authors found variation of permittivity

by an order of magnitude over the frequency range.

M. Schonleber et all® derived the fundamental impedance of a LIB electrode [*”

and additionally, the theoretical expected behaviour of charge-transfer and solid-
state diffusion on the state of chargel®¥. The derived impedance model has of an
RC-element signifying charge-transfer, a Finite-Length Warburg element
equivalent for diffusion in the electrolyte and a Finite-Space Warburg element for

solid-state diffusion.

Y.-J. Lv et all®® prepared LiFePO, cathode sample with a powder-to-ball weight
ratio of 1:0.04 which was mostly composed of particles of size ~50nm.
Electrochemical tests indicated that the sample thus synthesised had a discharge

capacity of 125 mAh-g~ !, [¢0]

L. Dimesso et al 6! reported that the structural, electrochemical and
morphological properties of nickel doped composites of Lithium of form
LiNi,PO, are strongly dependent upon the Nickel content. The X-ray
diffractograms of showed formation of LiNiPO,4 phase with Li;Nis(P,O7), and
Li4P,0O7 . The specific capacity of the composites increased, reaching a peak

value of 122 mAh-g !, [61]

J.P. Meyers et al %2l developed a model by taking into consideration, a porous
electrode without the limitations imposed by solution-phase diffusion. The
impedance response of a single particle with intercalation was derived by solving
a set of governing equations. These equations describe solid-phase diffusion

inside the particle, charge-transfer and double-layer charging at the surface, and
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an open-circuit potential which is a function of intercalant concentration. The
model also assumed that the intercalating particle has an insulating film

surrounding it.

H. Schichlein et al 3! measured electrochemical impedance spectra at single
cells for studying the polarisation at electrode-electrolyte interfaces. The single
cells were based on a 0.15 um thick, 8 mol % Yt doped zirconia substrate (8YSZ)
with a size of 50 mm x 50 mm %], The electrical impedance of planar single

SOFC elements was measured under realistic working conditions.
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Chapter 3

Battery Modelling

3.1 Current Balance

The Lithium-Ion Battery Interface in COMSOL defines the current balance in the
electrolyte, the current balances in the electrodes, the mass balance for the lithium

salt, and the mass balance of lithium in lithium-ion batteries (441,

The electrolyte in battery should be a binary electrolyte, containing lithium

cations (Li") and anions (An").
The physics interface in COMSOL solves for five dependent variables:

* s, the electric potential,

e ¢ , the electrolyte potential,

* A ¢ ssim, the potential losses due to a solid-electrolyte interface (SEI), the
film forming on electrode particles

e ¢, the concentration of Li in the electrode particles, and

e ¢, the electrolyte salt concentration.

Assuming electro-neutrality, two variables, ¢; and c are defined in the electrolyte
and pore electrolyte. Here ¢; denotes both the Li" concentration and the An
concentration. The electrolyte domain equations deal with the conservation of

current and the salt mass balance:
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201RT al :
V. (—01V¢l + GIZ: (1 + al:cl) (1-t¢t,)VIn cl) =l + @) -3.1
(9c) itot+Q
% + V. (—GlDlVCl) = Rl - (%) ty -3.2

Where f'is the activity coefficient for the salt, t. the transport number for Li" (also
called transference number), o; denotes the electrolyte conductivity, ii the sum
of all electrochemical current sources, and Q; denotes an arbitrary electrolyte
current source. In the mass balance for the salt, € denotes the electrolyte volume
fraction, D) is the electrolyte salt diffusivity, and R, ;s the total Li* source in the

electrolyte.

If o is electrical conductivity, then, in the electrode, the current density, I, is

defined as

i = —o,Vs 33
The conservation of current in electrode is expressed as

Vig = —ltor + s 3.4
Where Qs the arbitrary current source term.

The state-of-charge variable for the solid particles in lithium electrodes is denoted

‘soc’. This is defined as

soc = -3.5

Cs,max

For lithium insertion electrode reactions, equilibrium potentials E, are usually
dependent on soc. The electrode reaction occurs on the particle surface and
lithium diffuses to and from the surface in the particles. A continuity equation

can depict the mass balance of Li as:

dcs
a_ct = V. (—Dscy) 3.6

Where D is the diffusion coefficient for lithium in cm?-s™.
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3.2 Film resistance

An additional potential losses in the electrodes can be attributed to a resistive
film that might form on the solid particles this is also called solid-electrolyte
interface,or, SEI). For including this film resistance in model, a variable for the
potential variation arcoss the film, A¢ s, film, is introduced in the physics

interface. Then,according to ohm’s law,

Ads ritm = LtotRritm 37

where Ram (Q-m?) is a generalized film resistance. This potential contributes to
the activation over-potentials, nm, for all electrode reactions in the electrode,

which yields

Nm = d)s - Aqbs,film - ¢l - Eeq,m 73] -3.8

If the thickness and conductivity of the film are known, the resistance can be

written as:

So +As [74]

Reym = -39

Ofilm

where s 1s the reference/initial film thickness, As the electrode thickness change,

and G5m the conductivity (S/m) of the film.

3.3 Initial Charge Distribution in The Battery Cell

The number of parameters in battery models are many but especially setting the
charge distribution in the cell, i.e. the intercalating species concentration in each
electrode material, is not always straight forward since it often requires more
detailed information than just cell voltage and capacity. It is, however, possible
to compute the initial charge distribution taking into account that initially, when
no current is applied on a battery cell and no sources of polarization apply, it is

only the difference between the positive and negative electrode material
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equilibrium potentials that dictates the cell voltage. Two constraints can be set up

with the battery cell capacity and voltage as inputs for this computation:

From law of conservation of charge, the battery cell capacity, Qceno (C), is equal

to the sum of the charge of cycle-able species, Qcycl, In positive and negative

electrodes.
chll,O = Qcycl,pos + Qcycl,neg 73] 3.10
The capable species charge in an electrode is defined as :
Qcycl,electrode = Csavg,electrode fQS FesdQ -3.11

Where, & denotes the electrode volume fraction and s avg,cyclelectrode 1S the local

average cycle-able species concentration defined as:

Cs,avg,cyclelectrode = Csavg,electrode — SOCminCsmax -3.12

The electrode potential is constant in each electrode and the difference between
the electrode potentials is equal to cell voltage.

_ Jpods  Jo bsd0 oo

E =
Cell,O J‘Qd Q Q

J Qavg d

Initially, when no polarization is present in the cell, the expression is equal to

difference in the open-circuit potential of the electrode materials, Ecq:

= 75
Eceuo = Eeq.pOS(SOCpos,O) ~ Eeqneg (Socneg,O) 7] -3.14

The cell voltage is restricted to the open-circuit potential of the electrode

materials and the cell voltage should be set within the following range:

Eeq,pos(socmax) - Eeq,neg (Socmin ) < Ecell,o < Eeq,pos (Socmin) - Eeq,neg (Socmax) -3.15
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The expression for the electrode volume fraction in each electrode is given by:

Qhostelectrode,0 [75]

- Asoc.C. FdQ
fﬂelectrode smax

€s

Where Qhost electrode0 (C) 1S the amount of active host material, Asoc is the allowed

state-of-charge window of the electrode material.
3.4 Electrode Kinetics Equations

For an electrode reaction, the activation over-potential, denoted 1, is defined as

follows:

n=¢s— ¢ — Eeq 73] -3.17

where E¢q denotes the equilibrium potential.

3.4.1 Butler-Volmer!®

The most general expression is of Butler-Volmer type [*4):

, . agFn —acFn
e =t (0 (452) — e (<52)

where o, and o, denote the cathodic and anodic charge transfer coefficient

respectively.
For small overpotentials (n << RT/F) and the expression is a linearized Butler

Volmer expression and is usually referred to as the low-field approximation

lioc = Lo ( RT
3.4.2 Limiting Current Density

The steady-state rate of electrode reactions never exceeds the rate at which

reactants and products can be transported to and from the electrode surface. When
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explicitly including mass transport in a model, this dependence is typically

described by a concentration dependent kinetics expression as described below :

.. aqFn
Lioc = lo (Cr exp (7)) -3.20

3.5 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a valuable method to
investigate electrochemical systems such as batteries. For a battery, where
potential perturbations of varying frequency are applied on an electrode, the

impedance response can give critical insights in battery processes as:

e Capacitance, electrochemical reactions, and local resistances which are
short time-scale processes affect the impedance at high frequencies. [4!]
e Whereas, at low frequencies, diffusion in the electrolyte and active material

particles (i.e. , large time-scale processes) contribute to the impedance. !

3.6 Non-Linear Battery Impedance Model

Due to its accuracy and non-damaging effects, Electrochemical impedance
spectroscopy (EIS) is a very feasible and also the most preferred method for
obtaining the impedance characterization of Li-ion batteries, For EIS, a
sinosuidally varying potential at different frequencies, but fixed peak-to-peak
voltage is applied across the battery terminals, the output response is a function

of frequency and can be studied using any frequency domain analysis tools!*?],

For low frequencies, the resistances dominate over other transient elements such

as capacitances, thus, impedance spectroscopy looks like a straight line with a
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constant slope. In the mid-frequency region, the RC equivalent for battery comes
into play and the impedance spectroscopy mimics the phasor plot of a RC circuit,
which is a depressed semicircle in first quadrant. This is caused by the charge
transfer reaction at the electrode surfaces. For the high-frequency region, the
impedance spectroscopy forms a small curve and intersects with the abscissa axis.
The high-frequency region reflects the battery’s inductance and ohmic resistance.
The electrical equivalent model thus consists of three parts to represent the
physical and electrochemical reaction processes inside the battery. The
conductive resistance. And a capacitance connected in parallel with a resistance
for each electrode to simulate the double layer capacitance and Interfacial

resistance. [65:66]

Cathodic Interfacial Anodic Interfacial
Resistance, R) Resistance, R

+ Conductive e
Resistance, Ry

Double Layer Double Layer
Capacitance, Cy — Capacitance, Cg

Figure 3.1: Equivalent circuit model of battery [67,68]

3.7 NYQUIST PLOT

Nyquist plots are representation of frequency dependent entities such as
impedance, voltage gains, system transfer functions in complex plane in polar co-
ordinates %7 Nyquist plots are essential in complex frequency analysis. A lot of
information can be readily derived from a Nyquist plots such as loss tangent, DC

and AC responses. The impedance in polar form can be represented as, where Z’
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is Real(Z) (resistance) and Z’° is imaginary part of impedance (capacitive

reactance).
7 =Zye' 321
Zo=1Z"+iZ"| 322
0 = tan~! (Z_”) 3.23
ZI
_ZII
fm
f
Ro Ro+ R £

Fig 3.2: A sample Nyquist plot of lithium ion battery

In this simulation and modeling study, the material data was taken from given
default materials in the program libraries, the experimental material data of
Rakesh Saroha et al ! for LFP and Ni doped LFP as cathode materials and
Abraham et al [ for graphitic carbon-based anode. Moreover, for
electrochemical impedance spectroscopy analysis for pristine LFP and Ni doped
LFP data simulation, experimental data of Rakesh Saroha et al ° has been used
from raw dataset.
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Chapter 4

Theoretical modelling and simulation of
LFP & Ni doped LFP

4.1 Introduction

In this study, we have developed a simulated model by altering the parameters
and materials in the frequency domain perturbation study of Lithium- ion
Battery from the batteries module available in COMSOL Multi-physics. The cell
geometry is a one-dimensional model set up, which is close enough to simulate
a coin cell, due to the inherent symmetry of the cylindrical structure of cell. The
present investigation aims to reproduce the results of Rakesh Saroha et al 5],
using simulation methodology, which would be able to help and predict other
properties of the cell assembly. The processes of charge and mass transport in
solid and solution phase has been included in the constituted model. These
processes include the electronic conduction, charge transport of ions in the
electrodes & the electrolyte. The kinetics of porous electrode are intended for
potential achieved at the time of equilibrium for material within the spherical
particles. The model developed for this study has porous electrodes of LFP and
Ni doped LFP in 1:1 EC:DMC celectrolyte against another graphitic carbon

electrode.
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The graphitic carbon electrode material is the unaltered version of the default
material available in COMSOL multi-physics. The properties of EC: DMC 1:1
were taken from product data sheets available on vendor website product

listings.
4.2 Model Definition and Parameters

Fig 4.1 shows the model setup with all components and materials.

The geometry node consists of the physical definition of various parts of the
battery. The materials node consists of the materials used in the model, and
the Li-lon Battery node consists of the various parameters in the battery such

as the applied potentials and the intercalation properties of materials.

4 — Battery Model (comp1)
= Definitions
4\ Geometry 1
*—* Negative Electrode (i7)
*—= Seperator (i2)
: Positive Electrode (i3)
Form Unien (fin)
4 :% Materials
2= Carbon - Negative (mat1)
2% Electorlyte EC:DMC (mat2)|
25 LNxF(1-x)P (mat3)
4 7] Lithium-lon Battery (liion)
®— Electrolyte 1
2~ No Flux 1
2~ |nsulation 1
2— |nitial Values 1
4 — Porous Electrode 1
®— particle Intercalation 1
®— Porous Electrode Reaction 1
— Porous Matrix Double Layer Capacitance 1
4 — Porous Electrode 2
2— particle Intercalation 2
®— Porous Electrode Reaction 2
— Porous Matrix Double Layer Capacitance 2
— Separator 1
— Initial Values 2
—= Electric Ground 1
—= Electric Potential 1
— Additional Porous Electrode Material 1

Ps

Fig 4.1 Model Setup —COMSOL Multiphysics
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The positive electrode is a porous LENPx (x denotes % of Ni doped in LPF)
custom material and the negative electrode consists of LiCs where carbon is
in graphitic form. During discharge, the porous electrode acts as the cathode
and the current collector is the contact of the metallic tab, modelled here as
exchange current density probe. The material and current balances in the
lithium-ion battery are defined and solved using the model. A fourth
independent variable for the particle radius is used to solve the insertion of
lithium inside the particles in the positive electrode. The parameters used in
the making of the model are listed below. The input values in the model were
taken from the global parameter list as well as the material list of the model .
Some parameters were also calculated using the experimental data, namely,
electrode area, dielectric constant, conductivity, diffusion coefficients. The
physical parameter of the coin cell such as the dimension of the electrodes,
separator, and volume fraction were provided as an input in the model along
with the electrode current. Some of these are:

1. Volumetric capacitance of electronic conductor in positive electrode
2. Film resistance positive electrode and negative electrode
3. Current collector area
4. Active material particle radius positive electrode
5

. Exchange current density positive electrode

Probes to collect data from the model for above parameters were defined as

shown in figure 4.2.

4 :E Definitions:
a= Variables 1
5 Reference Electrode (RE) Probe
Exchange current density (var1)
Double-layer capacitance (var2)
Film resistance (var3)
” Vol. double-layer cap. pos. electronic conductor (vard)
Jdu Integration 1 (intop 1)

BB R R

Fig 4.2 Probe Setup



4.3 Parameter Variation

Four parameters, which might change due to construction, testing and
fabrication processes were varied in a parameter sweep study, which was
subsequently fed into a frequency domain perturbation study.

These four parameters are:

Particle radius positive electrode (50-100 nm)*

Double layer capacitance on positive electrode ( 0.293 - 1 F/m?)*/
Exchange current density (155-200 A/m?)

Positive electrode film resistance. (2.8x107 —2.8x10° Q — m?)

e

- For a total of 8 cases.
* indicates the values calculated from Rakesh Saroha et al 1>,
A Value of Dielectric constant from Rosaiah et al P®!

The study was then fed into an optimisation study that compares the data
obtained from different parameter sweeps and tries to fit it with experimental
data from Rakesh Saroha et al %],

Table 4.1 Parameter table for COMSOL Output

¥ Parameters

ad Name Expression Value Descr‘iption

rp_neg S5e-7[m] SE-7Tm Active material particle radius negative electrode
rp_pos 2.4911e-7[m] 24911E-7m Active material particle radius positive electrode
A_cell 32e-4[m*2] 0.0032 m* Current collector area

Rfilm_pos | 2.848e-3[m~2/S]  0.002848 Q.m* Film resistance positive electrode

L_neg 115e-6[m] 1.15E-4 m Thickness negative electrode

L_pos 35e-6[m] 3.5E-5m Thickness positive electrode

L_sep 50e-6[m] SE-5m Thickness separator

Table 4.2 Parameter Variation Table

» )
Parameter name Parameter value list

i0_pos (Exchange current density positive electrc ¥ | 180 200 180 180 180 180
cdl_pos (Double layer capacitance positive elect ¥ ||0.2393 0.2393 0.5 0.2393 23.93 0.2393

4

2.8e-3 2.8e-3 2.848e-3 1e-5 2.8e-3 2.8e-6
2.557e5 2.557e5 2.557e5 2.557€5 1ed 2.557€5
rp_pos (Active material particle radius positivee v | 2.4911e-8 2.4911e-8 2.4911e-8 2.4911e-8 4e-8 4e-8

Rfilm_pos (Film resistance positive electrode)

4

cdlvol_cs_pos (Volumetric capacitance of electrc

32
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4.3.1 Current interface and Double layer capacitance setups

The secondary and tertiary current distribution in porous electrodes as set
up as shown in figure

Kinetics expression type:
Porous Electrode Lithium insertion

Anodic transfer coefficient:

o, 05

Cathodic transfer coefficient:

Tertiary Current e 0.5

Current Distribution
Distribution

Secondary

Anedic rate constant:

k, k_neg
Cathodic rate constant:
Show equation assuming: k. k_neg

Study 1, Frequency-Domain Perturbation Electrolyte reference concentration:

ldi =i, 0= - b= A fim )Cal Slel [Hmalfnt3)
= E aFn -0 PN
* Porous Matrix Double Layer Capacitance Nloc Slo| EXP| =g | ~8XP| —p—
Electrical double layer capacitance: . - a 2 G
3 : 7 FPN
Cu cdlneg i =l e e e L
- L.ref,
Double layer area: T
L L\m\tlng current aenslty
Particle based area
¥  Active Specific Surface Area
~ Stoichiometric Coefficient
Active specific surface area:
Number of participating electrons: R O
n 1
Stoichiometric coefficient: {7 Stoichiometric Coefficients
Vi 0 Number of participating electrons:
Vo =n+ Y+ n 1
electrode double layer electrolyte electrolyte double layer Staichiometric coefficients:
— W W W W A Y 1
ie + XS +Y WAS: = X WS + X VdSatre Li+
VR <0 Vp>0 Ve 1
Vo =0+ V+
Calculation of double layer area Dolvodox + pe = B v gRed
based on particle radius il Vred >0

Fig 4.3: Double layer capacitance, Secondary and tertiary current setup



4.4 Results and Discussion

4.4.1 Parametric study results

34

Different Parameters of cell were varied as follows and the results were
optimised for different concentrations for Ni in LiNixFe; PO4

Table 4.3: Parameter Variation ranges and step sizes

Parameter Max Min Step size
Unit

Positive Double Layer £ 109 0.2 0.07
Capacitance cm2
Film Resistance Q 2.5e-3 le-6 100e-6
Particle Radius Nm | 150 50 10
Volumetric Capacitance o 12.57e5  [2.57e4 | led

cm?
Electrode state of charge 0.7 0.92 0.02
Diffusion Coefficient m? |7 16e-10 | 3.2e-13 7.15e-10
S
The result of parameter variation is summarised in table 4.4:
Table 4.4: Parameter Variation Results
Parameter LFP LFNP3 LFNP5 LFNP7

Double Layer Capacitance 0.5 0.83 0.3 0.05
(F-m?)
Film Resistance (Q ) 4.5x10° | 2.8x107 1.7x10° | 0.5x107
Particle Radius (nm) 100 65 75 82
Volumetric Capacitance (F- | 2.577 2.34 2.20 1.78
m2x10°)
State of Charge 0.89 0.92 0.87 0.82
Diffusion Co-efficient (m?s™") | 7.34e-10 | 2.2e-13 1.16e-12 | 8.16e-10
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Fig 4.4 Effect of Different parameters variation result on Nyquist plot

The experimental data indicated presence of DC resistance as shown by the
tilted low frequency plot in fig. 4.4. As, if there were zero dc resistance, it must
be a straight, vertical line.

The High frequency plot shows the general form of phasor of a Resistor-
Capacitor circuit. Which is indicative of the capacitance produced by
electrochemical reactions and the charge transfer resistance. This is reproduced
in the model and the data is brought to close fit via parameter variation.

The effect of variation of parameters on electrochemical impedance is as follows:

1. Increasing particle radius tends to depart from the mid frequency dip i.e.
the Charge transfer resistance in imaginary component of impedance.
This is evident in the graphs for LFP, LFNP3, LFNPS5, and LFNP7.
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Fig 4.5 Effect of particle radius variation on impedance plot
This can be attributed to decrease in conductivity due to increase in

particle size.

The positive film resistance alters the abscissa of the mid frequency dip,
as well as the ‘tilt’ angle of the low frequency plot. The double layer
capacitance and electrode capacitance play vital roles in showing the
characteristic semi-circle phasor diagram in high frequency region.
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Fig 4.6 Effect of Varying film resistance on impedance plot
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3. Change in current density has minimal effect on Nyquist plot, which is to
be expected for the plot, i.e. impedance is independent of the current
applied
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Fig 4.7 Variation of current having no effect on impedance plot
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Fig 4.8 Optimisation for mid frequency range
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The model varied the dependent parameters to fit for different ratios of Ni in
LFP. The lowest value of charge transfer resistance was obtained for LFNP3, in
accordance with experimental results by Rakesh et all>”]

4.4.2

Effect of change of doping percentage

The properties of LFP get significantly improved for low level doping of
Ni, the best performance, i.e. electrochemical impedance occurring at 3%
doping, i.e. LFNP3. On increasing the doping to 5% i.e. in LFNPS5, the
performance degrades with a significant increase (~98% , 48Q to 92Q
Charge transfer resistance).

On further increase of doping, to 7% the charge transfer resistance
increases beyond that of pristine LFP.

T T T T

7501 LiNi g3Feq ;P04 T

700 LiFePOy4 -1

650 L | — LiNigsFeq 95PO,

LiNi g7Feq 93P0
500 1 .077€0.93F Vg |

550 |- &

500 |- 4

aso | .

400} 4

Am(Z) (Q)

350 .l
300 - -1
250 - 1
200 |- -1
150 |- -1
100 g 1

50—~ )/ 4

ok 14 1 1 1 1 =
200 400 600 800
Re(Z) (Q)

Fig: 4.9 LFP, LFNP3, LFNP5 and LFNP7 Impedance Spectra
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Fig 4.10 Zoomed in view for LFNP3 and LFNP5.

The Optimised parameters for LFNP3 are as obtained:

- Positive particle radius - 65 nm,

- Double layer capacitance - 0.83 F/m2 ,

- Volumetric Capacitance — 2.35x10°% F/m2

" Film resistance -2.8x10°Q —m?
Diffusion coefficient ~2.2e-13

As Compared to pristine LiFePQ4, LFNP3 has lower charge transfer
resistance by almost half as shown by the graph, which is in confirmation with

Rakesh et al [>*), LFNP3 has higher electrical conductivity (10 i to 10'9§),

smaller particle size and lower volumetric capacitances as shown by the
impedance plot.
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Fig 4.11 Performance of LFNP3 vs. LFP

Equivalent circuits for the half cell predicted by model:

The circuit of a cell consists of 2 capacitances, the double layer capacitance and
volumetric capacitance in parallel, which are in series with a film resistance. This
R-C circuit is in series with another resistance signifying the charge transfer
resistance, which along with the film resistance signifies the conduction
resistance.

LFP has a charge transfer resistance of 121 Q, a double layer capacitance of 0.5
F-m and a film resistance of 0.04 mQ.

Double Layer
Capacitance

0.5F/im2

Film Resitance 1
0.04m}

M

2.87e5 Fim2

Volumetric
Capacitance

1214

WA

Charge Tranfer
Resistance

Fig 4.12 Equivalent circuit for LFP




In LFNP3, the resistance drops to 41 Q, signifying the superior
electrochemical performance.

Double Layer
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0.1 Fim2
|
Film Resitance I I
0.15 mQ
2.35e5 F/m2
VolLllr!‘letr'lc

Capacitance

41 0-

Wy

Charge Tranfer
Resistance

Fig 4.13 Equivalent circuit for LFNP3

On increasing the doping to 5%, i.e. LFNPS5, the resistance increases,
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confirming an increase in particle radius and thus, decreased conductivity.

Couble Layer
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0.3 Fim2
11
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Fig 4.14 Equivalent circuit for LFENPS

In 7 % Ni doping, i.e. in LFNP7, the performance becomes worse than

pristine LFP, with a large charge transfer resistance of 358€2, showing an
almost double increase from pristine LFP.
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Fig 4.15 Equivalent circuit for LFNP7
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Chapter 6

Summary and Conclusion

The theoretical model with optimised parameters is able to confirm the data from
experimental data which, by correlation is a verification that the model, and by
concomitance, the material profile is close to the actual model and parameters,
and thus, may be used to predict the behaviour of cell with LFNP3 LFNP5 and
LFNP7. The model agrees with the experimental data that LFNP3 is the most
suitable drop in replacement for the pristine LFP, as evidenced by the optimised
impedance model. On increasing the doping percentage, the parameters follow a
similar trend, i.e. when compared to LFNP3 for other doping percentage the
parameters which decrease (e.g. film resistance), keep on decreasing and
parameters which increase (e.g. particle radius ) keep on increasing and show
increasingly poor performance.

Further, this model can be extended to also include the joule heating effect of
current while charging and discharging and the subsequent change in battery
parameters. The model parameter sweep can be adjusted to simulate additional
fractions of doping after the optimised values are found out. Further, this can be
extended to predict the electro-thermal performance of battery pack made from
any of these materials.
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