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ABSTRACT

Rechargeable Lithium ion batteries are one of the prominent alternative source of energy
storage. The applications of these batteries from smaller electronic product to heavy duty
applications such as electric vehicles, energy storage back-ups etc. are being extensively
explored. But still there is need to improve energy density, power density, long cyclability and
development of environment friendly and cost-effective cathode material in these batteries.
Usually, the conduct of rechargeable Li-ion battery succumb on cathode material. The
deintercalation and intercalation of Lithium in various layered structured of cathode has been
reported for many materials that are in transition group of the periodic table and have been
investigated. In this study, synthesis and characterization of olivine type LiFePO4 has been
carried out using the sol-gel route, Further, physiochemical characterization such as XRD and
thermal behaviour TGA of synthesized material has been performed. For confirming the
formation of the LiFePOgs, characterization by X-ray diffractometer (XRD) is undertaken to
confirm the proper phase formation and TGA technique are using for variation in mass of a
sample undergoing temperature scanning in a controlled atmosphere (air and N2). However,
the electrochemical analysis of the synthesized LiFePO4 could not be perform due to closing

of laboratory in lockdown for COVID-19 pandemic
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CHAPTER-1

Introduction

1.1 Overview

Incredible tension on non-renewable electricity resources like charcoal, petroleum, and also
problems associated along with their usage like sky contamination, ejection of greenhouse
fuels, global warming has forced the researcher/ scientists to seek the alternative power
resources which are eco-friendly as well as much less hazardous to individual wellness.
Therefore, various renewable energy resources have been developed along with their storage
energy system in recent past. Usually, energy storage system are categories by the different
area like mechanical, electro-chemical, chemical etc. Most promising areas of the energy
storage devices are batteries, capacitors, flywheel compressed air energy storage, thermal and
hydro-power as shown in figl. The critical abuse of inexhaustible and practical vitality sources,
for example, wind and sunlight based vitality has been incited by ecological concerns identified
with the non-stop utilization of non-renewable assets and the expanding multifaceted nature of
intensity dispersion frameworks. Proficient utilization of these new vitality sources is urgent
concerning their nonconstant power age [1]. Among numerous energy storage sources
rechargeable batteries like Pd-acid, Ni-Cd and lithium ion are prominent source of energy
storage devices. In all rechargeable system, lithium ion battery has been considered more useful
due to high energy density, large power density and cyclic performance over other rechargeable
batteries. The development of alternative cathode materials is essential requirement for Li- ion
batteries keeping the view of improvement of various properties like capacity, cyclability,
energy and power density, environmentally friendliness and inexpensive. Among various
developed cathode materials olivine type LiFePO4 is most important cathode materials during
its excellent electrochemical properties and capacity. Lithium iron phosphate (LiFePO.) have
orthorhombic crystal structure [2]. LiFePO4 have good theoretical capacity approximately 170
mAh/g better cycling stability, inexpensive material , nontoxicity and enhanced safety. Hence,
its significant consideration for the application of Li- ion battery which are considered as one
of the most auspicious power sources for HEVs [3]. LiFePOa batteries shows low high-rate
performance because of its lower conductivity. Therefore, to increase the intrinsic drawback
of LiFePOs4, numerous ways have been adopted like the doping with different cations and

particles coated by electronic conductive materials [4-6]. In addition to these, changing of the
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grain size is likewise a successful method to reduce the dispersion separation for lithium ion
inside the electrode [7-9].

Hydrogen
nztw%grk

ﬂngem;ier‘l
compressed air— |
w -

Capacitor
module

Fig 1: Energy Storage System [

Recently researchers developed a new method to modify the surface structure of the electrode
which are improved the high-rate performance of the LiFePO4 based batteries [10-12]. Olivine
type LiFePO4 meets utmost of the criteria desired olivine material such as large theoretical
capacity (172 mAhg?), cheap, structural stability through brilliant retention capacity and,
environmentally friendly because of non-toxicity [13-23]. It holds steady voltage elevation
approximately 3.45 V vs. Li* /Li due to 2-phase redox reaction consistent of transition metal
Fe?* / Fe3*. Low conductivity (10° — 10™* S/cm) and inactive kinetics diffusion of lithium-ion
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(~10*8 cm? /s) has limited detailed usage of automobiles as well as hybrid vehicles [24-26].
Many techniques of enhancing the surface and electronic conductivity of excellent LFP
material, featuring carbon coating [27,28] layer as well as lithium (M1) or even iron (M2)
cation doping [29,30] have been reported so far. Carbon dioxide finishing, having said that,
boosts the faucet thickness of the LiFePO4 cathode product as well as thereby reduces the
electric density. Hu et al [31] were actually analysing the study of ZnO-doped LiFePOs made
from hydrothermal Method and organize the ZnO-doped sample send the capacity 132.3mAhg"
tand 80 mAhg™ discharge capacities at 0.10C and 1.0C, correspondingly. The pristine LiFePO.
and ZnO-doped LFP/C [32] sample are mixing 2.5-2.6 wt.% PVA, pressurised to circular disks
with a dia. of 10mm by using a hydraulic press to apply pressure of 7 tons then after heated to
250-270 o C for 2h-3h in the air to remove PVA. Ag paste has placed on two way of the pellets
to made a electrical contacts , subsequently, dry up 150°C for 1-1.5 hrs in the open environment
to eliminate humidity. A two-point probe setup usually using for to measuring for the electronic
conductivity. Measurements of conductivity have made bias voltage of 1Volts, the frequency
ranges of LFP material is 10kHz-10mHz [32].

1.2 Working of rechargeable li-ion battery

In periodic table lithium is 3" lightest material and which have highest oxidation potential
among all periodic table elements. Generally, third generation rechargeable lithium ion
batteries contains mainly four components such as cathode, anode, electrolyte and separator as

shown in Table 1 and briefly explained there also;

Table 1: Components of rechargeable lithium ion battery

Component Functions Materials

Emit Li-ion to anode, during charg- | Cathode portion of the
ing and Receives Li-ion during the LiFePO4, which is made up of
CATHODE discharging. lithium metal oxide powder.
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The anode portion of the battery re- | Graphite powder
ceives Li- ion to anode, during charg-

ANODE ing and Emits Li-ion during the dis-
charging.
allows the transfer of the Li-ion the electrolyte portion of the
between anode and cathode portion battery, which is made up of
ELECTROLYTE | of battery. lithium salts and organic sol-

vents.

separator are using for prevention of | Micro-porous membranes.
short-circuit between anode and cath-
SEPARATOR | ode and Transfer Li-ion through
pores in separator.

Lithium ion batteries work by utilizing the exchange of lithium ions and electrons from the
anode to the cathode as shown in figure 2. Lithium having high tendency to lose electron if we

placed lithium-ion to metal-oxide, lithium ion is quite stable with metal oxide.

During charging lithium ion from oxide (Li1-«xMO2) based cathode moves through electrolyte
and porous separator (PP) towards anode (graphitic, C) and the equal number of electrons flow
through the external circuit (power source) due to oxidation process at cathode towards anode
also. Both the lithium ions and electrons reach at the anode (graphite) due reduction to process
at this electrode. Hence, charge is balanced at anode and stored there and make lithium with

carbon make phase LixCs.

During discharging oxidation takes place at anode therefore the lithium ion stored at anode side
in graphitic layers (LixCs) return to cathode through the separator and electrolyte while same
number of electrons move through external circuit /applied power load. During discharging
process electron occupy its position to make again metal oxide (LiMO.). Both the oxidation

and reduction reaction occurred during discharging of Li-ion;
.At Cathode:- Li;xMO2+xLi+xe- = LiMO2

*At Anode:- LixCs = 6C + xLi+ + xe-

*Overall reaction:- LizxMO2 + LixCc = LIMO2 + C (discharging forward_charging reverse _)
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Fig 2: Working of Rechargeable Li-ion battery %!

1.3 Applications

Lithium Iron Phosphate LiFePO4 (LFP) cathode materials are being used at prepare lithium
ion batteries at commercial scale. The application of lithium ion batteries made of LFP based
cathode is prominently working in all sizes of batteries like small electronic devices, medium
portable and heavy-duty applications by various commercial organizations /companies. Some
of the application examples are as following;

Communications Equipment consisting of Ham Radio: The company is utilizing LFP
electric batteries to substitute lead-acid and also Ni-Metal hydride electric batteries for
broadcast interaction tools including pork broadcast. In add-on, the electric batteries are much
less than half the bodyweight of traditional lead-acid electric batteries.

General Purpose Equipment/ Instrumentation: LFP based lithium batteries supply
incredible conveniences for powering as well as billing several standard objectives and also
machinery tools. The basic reason devices feature audio amps, cell phones so on.

Batteries for e-bikes/e-scooters to substitute lead-acid electric batteries. Since LFP based
electric batteries supply tremendous conveniences consisting of higher particular capability

and also considerably boosted pattern lifestyle, as well as really reduced body weight, these



16

electric batteries are actually suitable for e-bike/ e-scooter uses.

Electric Golf Caddy: LFP electric batteries could be made use of to energy electrical golf
caddies which are actually utilized to lug golf clubs around greens. LFP electric batteries are
actually less than half the bodyweight of conventional lead-acid electric batteries producing
all of them best for electricity golf caddies, along with greatly improved

Energy Storage: LFP based lithium ion batteries when incorporated along with inverters as
well as converters may be utilized as a power storing answer which may energy lots of forms
of power lots in atmospheres where there is actually no accessibility to electric power.
Numerous transportable electronic devices can easily be actually billed utilizing LiFePO4
electric batteries consisting of laptops pc and also wise phones.

Boats/Kayaks: LFP electric batteries provide remarkable perks for powering little watercraft
and also kayak electric motors. LiFePOg electric batteries are actually less than half the
bodyweight of typical lead-acid electric batteries and also give significantly improved pattern
lifestyle that makes all of them suitable for utilizing all of them in little watercraft and also
kayak electric motors.

Solar: LiFePO; electric batteries could be blended along with solar power as well as solar
energy controller. The photovoltaic panel may bill the LiFePO4 electric battery while
concurrently deliver electrical power to an electric load. Contrasted to lead-acid electric

batteries, LiFePQOs electric batteries use an exceptional pattern lifestyle.
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CHAPTER-2

Literature Survey

The commercialization of first generation of lithium-ion cell was done by Sony in the year
1990-1991. Lithium ion cell was made of Li1xCoO2 and LixCs as cathode and anode electrode
materials, respectively. The theoretical discharge capacity of Li1xCoO- is estimated as ~274
mAh/g while experimentally it was observed ~140 mAh/g. The reversible cyclability LiCoO>
allows only half of lithium ions upto the voltage range 2.8 - 4.20 V vs. Li*/Li. LiCoO2 is a well
established rechargeable lithium ion battery cathode material following the layered structure.
But its limitation of capacity, toxicity due to cobalt and unsafety at high temperature leads to
develop alternative olivine materials. Alternative cathode materials have developed to improve
the battery performances like energy density, power density, rate capability, cyclability and
reduced cost, toxicity as well as hazardless. LiCoO2 was first generation cathode with the
generalize formula ABO.. All alternative cathodes of layered type structure are shown in Table
2 with their specific capacity (theoretical/observed) and available voltage with reference to
lithium metal as anode. Further, the second and third generations of alternative cathode
materials is given in table 3. Spinel-type cathodes allow the lithium intercalation pathways in
all three dimensions. The general formula of spinel structure is AB.O4 (A = Li, B = Mn, Ni).
LiMn204 is the most common studied material in this category. Other spinel-type transition
metal oxides commonly called spinel-ferrites/ ferro spinels with general formulation MFe,O4
(M= Ni, Co, Zn).

Table 2: Layered-type cathode materials (2-D) [34]

Chemical formula Specific capacity ( mAh/g) Potential vs,Li*/Li
(Theoretical/observed)
LiCoO2 274/147 3.9
LiNiO 274/180 3.6
LiNixCoyMn,0, 270/150-180 3.8
LiMnO; 290/100-150 4.1/3.0
Li2MnOs 460/50-100 4.7




Table 3: Spinel-type cathode materials (3-D) [34]
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Chemical formula Specific capacity(mAh/g) Potential vs Li*/Li
(Theoretical/observed)
LiMn204 148/130 4.1
LiMn 15Nio504 146/130 4.7

Olivine-type cathode materials (1-D)

The third generation of alternative cathode of intercalation typ e cathode materials are shown

in table 4. The olivine type of cathode belongs to polyanion compounds that contain “(XOa4)"™

(X=P, S, As, W or Mo)” tetrahedral anion structural units. In all phosphor-olivines, a strong

covalent bond exists between all oxygen ions and P°* to form tetrahedral PO4* structural unit.

Generally, the formula of LIMPO4 (M = Fe, Mn, Co, Ni, etc.) known as natural mineral triph-

ylite.

Table 4: Various Olivine Type Cathodes materials for LIBs [34]

Chemical formula

Specific capacity ( mAh/g)
(Theoretical/observed)

Potential vs,Li*/Li

LiFePO4 170/160 3.45
LiMNnPO4 171/80-150 4.1
LiNiPO4 166 5.1
LiCoPO4 166/60-130 4.8




19

2.1 Development of Intercalation Type Cathodes Materials

There are four type of alternative intercalation cathode materials developed and being used L.i-
ion batteries. The structural formula and position of lithium atom in the structure of different
cathodes are shown in figure 3. These four types of cathode materials belong to layered, spinel,

olivine and tavorite type structures.

(b)

MnOg

Spinel Structure: LiMn2O4

(c)

Olivine Structure: LiFePOq Tavorite Structure: LiFeSO4F

Fig 3: Position of lithium in intercalation type cathode materials %
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2.2 Feature of LiFePOg4
Crystal structure of LiFePOg4

LiFePO4 has an ordered structure of olivine, Pnma orthorhombic space group, the crystal con-
stant of LiFePO4 of a,b and ¢ are 10.35 A, 6.11 A and 4.65 A and volume is 294.05 A® [36].
Fig 5 and Fig 6 shows the olivine structure of LiFePO4 of ideal and actual structure. LFP com-
prises of FeOs-octahedral and POs-tetrahedral. FeOs-octahedral and POs-tetrahedral reach sep-
arately by allocate oxygen vertices in b-c plane. The FeOg-octahedral connections another POs-
tetrahedral due to sharing a corner. All POs-tetrahedral do not contact one another.Li-ions are
arranged in interstitial voids , framing infinite chains sideways the c-axis in another a-c
plane[36]. Li possesses the M1 site and Fe M2 site. Fe atom possess zigzag chain of corner-
shared octahedral corresponding to the C-axis in parallel planes of ac-planes. oxygen arranges
as far as HCP structure with less distortion. Not every single POs-tetrahedral touches each

other.

(a)ndeal model (b)actual structure

Fig 4: structure of LiFePO4 (a) ideal model and (b) actual structure ¢!

The lithium ions are situated in the framework's interstitial-voids, making unlimited
chains laterally the c-axis in an alternating a-c plane. Li ions occupy the M1 site and Fe
atoms filled with the “M2 site”. In the other ac planes, the Fe atoms occupy zigzag
chains of corner-shared octahedra consecutively parallel to the c-axis [36]. Oxygen

arranges with slight distortion in terms of the hexagonally close-packed (HCP) structure
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The covalent P-O connection develops the delocalizing chemical connect in 3D, through which
LFP is thermodynamically and also dynamically stable at temperature levels above 200°C.
A.K.Padhi et al. kept in mind that LiFePOs, as well as FePOs, had practically the same
construct, each orthorhombic. Small variation in between the two substances induces merely a
mild adjustment in quantity, So that's not most likely to result in damage to the crystal construct
in the course of releasing and also asking for. LiFePQO4's one-of-a-kind olivine construct may
ensure exceptional reliability certainly not like various other cathode materials, as a result, its
own life is much higher. Focus on the academic LiFePOg installation/ removal process that is
various coming from other processes [36]. The area region of the bits comes to be lithiated
during the attachment of lithium ions into a cathode bit (discharge), And also between two
unique phase locations surfaces a period user interface (a lithiated phase as well as a delithiated
phase region). The user interface minimizes along with the procedure of asking for until the

particle comes to be a single stage area.

Fig 5: Crystal structure of (a) LiFePO4 and (b) FePO, ¢!
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CHAPTER -3

Experimental

Experimental methods and materials

3.1 Material synthesis

Preparation to synthesis of olivine LiFePOs, stoichiometric amounts of LIOH.H.O (Sigma-
Aldrich, ~99%), Fe(NO3)3.9H,O (CDH, 98%) and HgN2O4P (Sigma-Aldrich, ~99%) were
using as a precursors. Citric acid made use of a chelating substance. A different service was
prepared with constant mixing of overall forerunners in de-ionized water and then incorporated
individually to the citric acid solution. The leading remedy of pH market value was actually
maintained in between 6 to 7. The ratio of metal ion and the citric acid proportion was actually
1:1.The Citric Acid and Precursor service were warmed at 70°C at 400 rpm along with
continual rousing till a straight forward green gel was gotten. The gel hence obtained have
broken down at 350°C for 5 hours in a tubular heating system beneath lessening air.
Disintegration creates elimination of raw material as well as inconsistent contaminations in the

form of gasoline depending on to the adhering to reaction. Fig 6 shows how to form LiFePO4

Fe(NO3)s.9H20+Li(OH).HO+HeN2O<P

)

]

2% gelat sokion pale groen gol
Fig 6: Step by Step Process to form LFP/C NPs

by sol-gel method, we are using the precursor to form a gelation after that the mixture was kept
at particular temperature and stirrer at 350 rpm and put 3-4 drops of ammonium hydroxide as
reducing agent are mixing together to form yellow colour to pale greenish gel shows in Fig 7

and Fig 8. When we get the pale greenish gel, we need to dry it to make xerogel after becoming
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xerogel, we have to do heat treatment and after that we get LiFePO, material. stirrer are using

for proper mixing of material and measure the temperature through thermometer.

Fig 7: Stirrer and Thermometer Fig 8: Prepared Material

LiOH.H20+Fe(NO3)3.9H20+H9N204P = LiFePO4+2NH3+2C0,+16H.0

In this flow chart (Fig 7) we are making separate solution of 10ml of distilled water with
Fe(NO3)3.9H.0, LiOH.H20 and HoN20O4P respectively after making separate solution we need
to mix each solution in a beaker and then continuous stirring at 400 rpm and maintain the PH
value through reducing agent(NH4OH).when we are using ammonium hydroxide (NH4sOH)
colour changes from yellowish to transparent greenish gel (Fig 8) and then prepared material
placed in vaccum oven to form xerogel (gel to powder) after making xerogel we need to heat

treatment with the flow of Ar/N in tubular furnace at 350° for 5 hours.
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Fe{NO);-9H_ O Li{OH).H.O HN_ O, P
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Transparent
Greenish Gel
Formed

Vacuum Oven < Gel to Powder

P
n Under Reducing Agent (An/Hz) J

4

Tubular Furnace

350 °C for 5 Hours

Fig 9: Flowchart for Preparing Cathode (LFP)Material

3.2 Liquid state and solid-state synthesis method

3.2.1 High-temperature solid-state method
This processes as adheres to: mix the precursor-salts as well as lithium salt with a certain
proportion, sinter the mix first at a much-reduced temperature level (300 ~ 400°C) to
extract volatiles 2nd at a higher temp (500 ~800°C) to take shape LiFePQa4, then refreshing,
fit together as well as grind to prep the product. The procedure of strong state response has
been developed as well as Used frequently for automation as well as simple to manufacture
[36]. Regrettably, the need for heat upgrades costs, what is actually additional, the
dimension of the product can not constantly be actually tiny. So various other actions are
contributed to steer clear of those issues, including a little lowdown temp or even including

carbon dioxide granules.
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3.2.2 Co-precipitation method

Mix the soluble precursor salts and lithium salt in water, readjust the PH worth in N> setting
with stirring till LiFePO4 precipitates into the blend. Filter, washout, and also dry out
LiFePO4 therefore at that point dispose it under excessive temperature. The temp won't
usually influence the microstructure as too much temperature dependable empire
technique does. This science desires a shorter response opportunity and also reduced
temperature level in contrast along with solid nation response [36]. The fragment
dimension can easily obtain the nanometer level as well as this reduced size can aid to
enrich the charge-discharge functionality particularly unconfined current problems. The
inadequacies hindering assembly-line production are a complicated way and gigantic

electricity usage.

3.2.3 Sol-gel method

The Li*, Fe?* and PO4% compounding agent improves In a water remedy, to develop a sol.
Dross sol-crystal rain to 400 ~ 900 ° C. Ultimately, the consistent circulation of ions in
solution impersonates even item in measurements of a nanometer [36]. Keeping an eye on
the procedure is basic yet this strategy is hard to mechanize as the system is structure. A lot

of wastewater is also produced.

3.3 Material Characterization

Characterized the synthesized sample by the usage of RIGAKU make XRD with CuKal
radiation (A=1.550 A) for significant focus of crystal structure. Section arrangement of the
prepared samples [36]. XRD statistics used to be accumulated angular range of 11-70°, a step
size of .021°. Electrochemical properties are defined in terms of cyclic voltammograms (CVs),
galvanostatic charge/discharge(GCD), electrochemical impedance spectroscopy (EIS), rate
capability, and cycling stability, gathering coin cells in setup of Li metal(—
)/electrolyte/LFP/C(+) with organic electrolyte, utilizing microporous polypropylene film as
separator. TGA is a thermal analysis process in which a mass is deliberate time as the
temperature increases. This study provides information on physical phenomenon such as phase

transitions, absorption, adsorption and desorption, and chemical phenomenon like
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chemisorptions, thermal decomposition, and reactions to solid gas. Most of the case of thermal
behaviour is same for N, as well as air. TGA graph shows weight loss plot at
100°C,195°C,280°C,400°C and 680°C, with an overall weight loss. The response pathways in

the development of LiFePO4 nanoparticles are resolved with the thermal analysis related to X-
ray.
3.3.1 X-ray Diffraction:

XRD is an instrumental that is utilized to examine/distinguish tests XRD can give the exami-
nation researcher a quick apparatus for routine example 1D. X-beam diffraction is a long-run
request procedure which is touchy to the intermittent structure of a strong material X-beam
diffracting method is significant method that is accustomed to recognizing the clear stage pre-
sents inside the example and to compute the auxiliary boundaries (like grain size, stage organ-
ization, strain state ,deformity structure, and favoured directions). A lattice of crystal is sup-
posed to be made up of systematic layer of planes containing atoms of identical separation afar
[37]. As x-ray wavelength is close to the inter-atomic spacing, Laue scientist in 1912 recom-
mended that whichever crystal may acts like grating for x-ray diffraction. Thus if x-ray beam
is permitted to drop on a crystal then a immense no. of different intensity images are created.
whether the wave which are diffracted are in a similar phase as that of incident then they
strengthen each other so that a pattern of bright shiny is formed on the photographic sheet, put
down in their way.[1 2 3] When X-ray radiations are moves through material, the radiations
interact by electrons of atoms, which results in scattering of light radiations. And when these
atoms are arranged in the planes (that is the substance is crystalline in nature) and distance in
the middle of these atoms are of equal extent(value) as that wavelength of X-beams used, al-
ternating progressive & reductive interferences may be produced [38] diffracted X-rays were
emitted at particular angles, depended on interlayer spacing in the middle of atoms present
inside the crystal planes. Each and every atom belongs to numerous pairs of crystal planes.
Every pair of plane has a particular inter-planar separation & may gave arise to a specific angle
of diffracted X-rays. William Henry Bragg & William Lawrence Bragg in 1913, played out a
scientific count to discover entomb nuclear good ways from the X-beam diffraction, the con-

nection is called as Bragg's law [39].
nA = 2d sinf

Here, A = Incident x-ray wavelength n =Diffraction order d = Inter-planar distance 0 (theta) =

Bragg’s angle
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Incident ray

Diffracted x-rays

FIG 10: Bragg’s law
X-rays diffracted from atoms inside crystalline plane follows the reflection laws.

The 2-rays are reflected from the continuous planes, may be inside phase when the additional
path covered by 2nd -ray is integral count of wavelengths. When the wavelength illuminated
is familiar & the angle could be calculated, there the inter-planar spacing can be easily calcu-
lated. A set of inter-planer spacing will be get through an individual compound, representing
pair of planes which may go through from atom & it may be utilized for compare with the other
pair of inter-planer spacing’s get by the general results Condition for the reflection (that is
Bragg's condition) can be fulfilled for some arrangement of planes whose between planer dis-
persing will be more prominent than half of the frequency of X-beams utilized (when d < A/2
at that point sin 6 >1,which is absurd )[1 2 3]. This trial comprises of examining two X-beam
films uncovered in a powdered diffraction camera. In the powder X-beam procedure, the x-
beam falls on an aggregate mass of little precious stones having direction every which way,
and the diffracted bar will frame h,k,l shaping a cone. Bends of these cones are caught by a
film which is encircled by the specimen [40]. X-beams pillar goes through a collimator and
strikes the example. A film strip which is put along the round and hollow camera divider would
be uncovered by dispersed radiations and show, after adequate improvement and time, the dif-
fraction design.. The un-dispersed radiation will leave the camera through the leave port. The
Scherrer eqn., it is a equation which related with the dimension of nanoparticles, or crystallites,
in a strong to widening of top in diffraction design. scherrer egn. can be utilized for the assur-
ance of the size of particle of the crystals in the powder structure. It is broadening strip at
middle of the maxim intensity, Subsequently removing instrumental broadening strip, meas-

ured in radians. It may sometimes have written as Delta A= (20), 0 = Bragg’s angle. There are
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3 basic parts of X-rays diffractometers: an Ex: - holder , x-beam tube, xbeam indicator . Num-
ber of X-rays are shaped in cathode flash tube by heating fiber to liberate number of electrons,
these electrons are quickening towards an object with apply adequate measure of voltage, &
the target material is bombarded by electrons. At the time where the electron has a sufficient
measure of energy to break inner shell of electrons then x-ray range is delivered. This range
comprises of different parts, kal and ka2 [41]. The ka1l has insignificantly lower frequency yet
force is twice as ka2 has. These particular frequencies are relying upon the trademark target
material. Normally ka1 and ko2 are adequately near the frequency with the final aim that usual
load of the two is employed. Cu is normally utilized objective for individual-valuable stone
diffraction with Cu ka illumination (light) equivalent to 1.54 angstroms [42]. The X-ray beams
is coordinated & collimated on the Ex. At point when the example and locator are pivoted then
The power of X-ray beams were recorded when the X-ray episode on the example fulfill the
Bragg's condition then productive impedance design happens and a force top shaped.[1 2 3]
Detector is utilized to record and to process these X-ray signals and it convert sign to a tally

rate that is yield of a gadget like printer or PC screen etc[43].

Fig 11: Bruker’s X-ray Diffractometer [Model: D8 ADVANCED]
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configuration of X-rays beam diffractometer is with the aim that the example pivots inside the
direction towards particular point (collimated) X-ray beams pillar at a pillar of 6, although X-
ray beam indication device (detector) is linked with a branch for gathering the diffracted X-
rays & thus turns at a point 20. The apparatus or device which is utilized for maintaining the

edge and used to pivot the example is called as Goniometer.
3.3.2. TGA (thermogravimetric analysis)

TGA is a thermal analysis process in which a sample 's mass is deliberate time as the
temperature increases. This analysis provides information on physical phenomena such as
phase transitions, absorption, adsorption and desorption, and chemical phenomena such as
chemisorptions, thermal decomposition, and reactions to solid gas. A normal
thermogravimetric analyzer contains a preciseness equilibrium along with an example pot
consisting of a programmable management temperature level inside a heating system.
Generally, the temp is actually enhanced at continuous pace (or even the temperature level is
actually controlled for a steady mass reduction for sure programs) to create a thermic response.
The thermic response might take place in a range of airs consisting of: background air, suction,
passive fuel, corroding/ minimizing gasoline, acrid fuels, carburizing gasoline, liquefied water

vapors, "self-generated atmosphere”.

Fig 12: General conformation of Thermal Analysis Apparatus
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BASICS OF TGA

Amounts improvements in body weight in connection with improvements in temp.

The measure weight reduction curve offers info on:

- variation in example composition

- thermal stability

- kinetic criteria shows the chemical reactions in the sample.

A derivative weight reduction curve might be made use of to figure out the aspect at which

weight-loss is highly appropriate . Mainly two types of TGA analysis shows:-
e Dynamic TGA

e |sothermal TGA
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CHAPTER-4

4.1. Characterization and thermal analysis of LiFePO4

4.1.1 TGA Analysis (thermogravimetric analysis)

The decay of the prepared powder and its auxiliary developments has been concentrated by
thermogravimetric and differential thermal analysis. TGA curves of thermal degradation of
iron (I11) nitrate nonahydrates, lithium hydroxide monohydrates, diammonium phosphate
precursor powder are shown in the figl5 and figl6. The significant decomposition of the decay
happen between 180°C to 750°C.Most of the case of thermal behaviour is same for N2 as well
as air. TGA graph shows weight loss plot at 100°C,195°C,280°C,400°C and 680°C, with an
overall weight loss. The response pathways in the development of LiFePO4 nanoparticles are
resolved with the thermal analysis related to X-ray. Along these lines the calcination
temperature required for nanostructured material is lower contrasted with that of mass material.
As indicated by the XRD result the crystallization happens after this calcination temperature
650°C. The feeble exothermic top at 650°C with no comparing mass misfortune is required to
be the crystallization change in which the indistinct oxide powder becomes nanocrystallites
with the arrival of cross section vitality. The huge exothermic pinnacle is probably going to be
the consequence of a stage progress to the oxide stage. In this manner, the initial three weight
reduction steps can be ascribed to the vanishing of physiosorbed water, interlayer water,
structural water, CO2 and NH3 from the interlayer. Above 750°C there were no loss of weight
which have absorbed in the graphical data. Faster the heating rate, higher decomposition

temperature.
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4.1.2 XRD Analysis

Lithium iron phosphate (LiFePOj) is a olivine type structure i.e. orthorhombic crystal structure
with Pnma space group, which consist of hexagonal closed-packed (hcp) of oxygen atom with
Li* and Fe?* cations located in half of the cell. Fig shows the average XRD graph of LiFePO4
prepared by the sol-gel method strategy depicted previously. This synthesis was finished
utilizing citric acid as chelating agent and procedure include two heat treatment at 350°C for
5hr and 750°C for 12hr in reduced environment (H2 and N3). Prior to each toughening, the
powder is squashed to protect the best homogeneity. The final product is a contamination free
olivine structure with lattice parameter a=10.2638 A, b=5.9718 A, ¢=4.6920 A and V=287.6

A2 which are in acceptable concurrence with the writing esteems [45].

XRD pattern is used to analyse the crystalline size in the range of 20 to 60 degrees. All the
XRD diffraction pinnacles can be filed to a olivine structure of LiFePOa, which is acceptable
concurrence with the writing esteem JCPDS card number 81-1173. The intense peak of
LiFePO, were observed at 40.28° and 44.97° relative to (410) and (221) with H.C.P structure,

which shown the crystalline behaviour.
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Fig 15: XRD pattern of LiFePO4 prepared using citric acid assisted sol-gel method
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All the structural parameters can be calculated from the xrd peak as shown in above figure 17.
The mean size of LiFePO4 formed was calculated by the FWHM of (410) diffraction reflection
adopting Scherrer equation.

D = kMpBcosO
Where, D=particle size, A=wavelength of x-rays (1.54A), 6 = Bragg’s angle corresponding to
a peak, p= full-width half maxima measured (radians), k=Scherrer constant (0.94),and the
particle size of LiFePO4 was found around 0.04nm as observed from the main peak shown in
the table 4

d = n)\/ 2sinf
By using the above formula, the inter-planer spacing between the atomic layers are found to be
0.08 nm shown in Table 4 (as observed from the main peak 1 at 26 = 40.28).

and the lattice parameter ‘a’ is determined from the equation:
a=dVh?+k?+?

So for the main peak 1 the value of the lattice parameter comes equal to 3.29A, which is given
in table 5.

The atomic radius of the HCP structure is calculated from:
r=al2

So the value of atomic radius of HCP structure is calculated from the above relation and it is
equal to 0.1645nm given in table5. All the structural parameters can be calculated from the peak
represented in figurel5.A slight variation in the diffraction peak positions with the
concentration represents the strain in the lattice of crystal. The XRD pattern shows to exhibit a
orthorhombic structure, all the peaks are slightly match from JCPDS pattern No: 81-1173.the
diffraction pattern of prepared material shows the broad peaks centered around 26 ~ 40.28 and

44.97 corresponding to the (410) and (221) planes are summarized table
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Table 5: XRD data of LiFePO4

Sample Peak No. 20 (degree) 0 (degree) h k | (planes)
LiFePO, 1 40.28 20.14 (410)

2 44.97 22.48 (221)

3 47.24 23.62 (112)

Table 6: Various parameter of LiFePO4

Sample LiFePO4
FWHM (radian) 0.21597
D (nm), Crystalline size 0.04

a (A), lattice parameter 3.29

r (A), atomic radius 1.645

d (A), inter-planer spacing 0.80
a3(A3), Volume 35.611

Overall, from the calculation it has been observed that for LiFePO. (prepared by sol-gel
method) exhibit many peak but we are taking only one sharp peak for calculation 40.28° and
the miller indices is (410) and the corresponding value of FWHM is 0.21597. From this data,
we calculate different parameters like particle size, lattice parameter, atomic radius, inter-
planer spacing, etc. and the corresponding value of these are 0.04nm, 3.29A, 1.645A and
0.80A, respectively.
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4.2 Conclusion

In this study, synthesis of LiFePO4as cathode material has been attempted using sol-gel route
of material synthesis. Thermogravimetric analysis of dry gel estimated from sol-gel process
was performed to analysis the thermal behavior of material and phase transitions.
Thermogravimetric (TGA) was performed in air and inert (N2) atmosphere up to 900 °C. TGA
curve shows the decomposition and calcination temperatures of material are lying between 180
°C to 750 °C. Which indicates that the weight loss percentage is about 19-26%, and the
calcination temperature of material is 750°C.XRD measurement of synthesized material was
also carried out. XRD confirms the proper phase formation of LiFePO.. Orthorhombic type
crystal structure of LiFePO, of intense peaks corresponds to diffraction angle at 40.28° and
44.97° relative to (410) and (221) are observed. Further, the electrochemical analysis of the

prepared sample is in progress.



1)

2)

3)

4)

5)

6)

7)
8)

9)

37

References

Liu, Jilei, Jin Wang, Chaohe Xu, Hao Jiang, Chunzhong Li, Lili Zhang, Jianyi Lin, and
Ze Xiang Shen. "Advanced energy storage devices: basic principles, analytical meth-

ods, and rational materials design." Advanced science 5, no. 1 (2018): 1700322.

A.K. Padhi, K. Nanjundaswamy, J. Goodenough, Phospho-olivines as positive-elec-
trode materials for rechargeable lithium batteries, J. Electrochem. Soc. 144 (1997)
1188-1194.

A. Chu, P. Braatz, J. Power Sources, 112 (2002) 236.

Y.S. Hu, Y.G. Guo, R. Dominko, M. Gaberscek, J. Jamnik, Adv. Mater., 19 (2007)
1963.

B. Jin, E.M. Jin, K.-H. Park, H.-B. Gu, Electrochem. Commun., 10 (2008) 1537.

D.-W. Han, Y.-M. Kang, R.-Z. Yin, M.-S. Song, H.-S. Kwon, Electrochem. Commun.,
11 (2009) 137.

F.Yu, J.J. Zhang, Y.F. Yang, G.Z. Song, J. Mater. Chem., 19 (2009) 9121.
X.L. Wu, L.Y. Jiang, F.F. Gao, Y.G. Guo, L.J. Wan, Adv. Mater., 21 (2009) 2710.

C. Sun, S. Rajasekhara, J.B. Goodenough, F. Zhou, J. Am. Chem. Soc., 133 (2011)
2132.

10) M. Yao, K. Okuno, T. lwaki, T. Awazu, T. Sakai, J. Power Sources, 195 (2010) 2077.

11) M.M. Shaijumon, E. Perre, B. Daffos, P.-L. Taberna, J.-M. Tarascon, P. Simon, Adv.

Mater., 21 (2010) 4978.

12) M. Roberts, P. Johns, J. Owen, D. Brandell, K. Edstrom, G.E. Enany, C. Guery, D.

Golodnitsky,M. Lacey, C. Lecoeur, H. Mazor, E. Peled, E. Perre, M.M. Shaijumon, P.
Simon, P.-L Taberna, J.Mater. Chem., 21 (2011) 9876.

13) Y.-J. Lv, J. Su, Y.-F. Long, X.-R. Cui, X.-Y. Lv, Y.-X. Wen, Effects of ball-to-powder

weight ratio on the performance of LiFePO./C prepared by wet-milling assisted car-

bothermal reduction, Powder Technol. 253 (2014) 467-473.



38

14) G. Qin, Q. Ma, C. Wang, A porous C/LiFePO4/multiwalled carbon nanotubes cathode
material for lithium ion batteries, Electrochim. Acta 115 (2014) 407-415.

15)] X. Lin, K. Wu, L. Shao, M. Shui, D. Wang, N. Long, Y. Ren, J. Shu, In situ growth
of coiled carbonnanotubes on LiFePOs as high performance lithium storage material, J.
Electroanal. Chem. 726 (2014) 71-76.

16)J. Ma, B. Li, H. Du, C. Xu, F. Kang, Effects of tin doping on physicochemical and
electrochemical performances of LiFel—xSnxPO4/C (0< x< 0.07) composite cathode

materials, Electrochim. Acta 56 (2011) 7385-7391.

17)F. Wang, J. Chen, Z. Tan, M. Wu, B. Yi, W. Su, Z. Wei, S. Liu, Low-temperature
electrochemical performances of LiFePO4 cathode materials for lithium ion batteries,
J. Taiwan Inst. Chem. Eng. 45 (2014) 1321-1330.

18)Z. Ma, Y. Peng, G. Wang, Y. Fan, J. Song, T. Liu, X. Qin, G. Shao, Enhancement of
electrochemical performance for LiFePO4 cathodes via hybrid coating with electron
conductor carbon and lithium ion conductor LaPO4, Electrochim. Acta 156 (2015) 77-
85.

19)] Y. Cui, X. Zhao, R. Guo, High rate electrochemical performances of nanosized ZnO
and carbon cocoated LiFePO4 cathode, Mater. Res. Bull. 45 (2010) 844-849.

20) Y. Cui, X. Zhao, R. Guo, Enhanced electrochemical properties of LiFePO4 cathode
material by CuO and carbon co-coating, J. Alloys Compd. 490 (2010) 236-240.

21) M. Minakshi, P. Singh, D. Appadoo, D.E. Martin, Synthesis and characterization of
olivine LiNiPO4 for aqueous rechargeable battery, Electrochim. Acta 56 (2011) 4356-
4360.

22) W. Zhang, Y. Hu, X. Tao, H. Huang, Y. Gan, C. Wang, Synthesis of spherical
LiFePO./C via Ni doping,J. Phys. Chem. Solids 71 (2010) 1196-1200.

23) Y. Lin, M. Gao, D. Zhu, Y. Liu, H. Pan, Effects of carbon coating and iron phosphides
on the electrochemical properties of LiFePO4/C, J. Power Sources 184 (2008) 444-448.

24)J. Li, Q. Qu, L. Zhang, L. Zhang, H. Zheng, A monodispersed nano-hexahedral
LiFePO4 with improved power capability by carbon-coatings, J. Alloys Compd. 579
(2013) 377-383.



39

25) Q. Liu, W. Liu, D. Li, H. Chen, Z. Wang, LiFel-x(Ni0.98C00.01Mn0.01)xPO4/C (x=
0.01, 0.03, 0.05, 0.07) as cathode materials for lithium-ion batteries, Electrochim. Acta
184 (2015) 143-150.

26) S.-X. Zhao, H. Ding, Y.-C. Wang, B.-H. Li, C.-W. Nan, Improving rate performance
of LiFePO4 cathode materials by hybrid coating of nano-Li3PO4 and carbon, J. Alloys
Compd. 566 (2013) 206-211.

27)J. Chong, S. Xun, X. Song, P. Ridgway, G. Liu, V.S. Battaglia, Towards the under-
standing of coatings on rate performance of LiFePO4, J. Power Sources 200 (2012) 67-
76.

28) Z. Tian, S. Liu, F. Ye, S. Yao, Z. Zhou, S. Wang, Synthesis and characterization of
LiFePO4 electrode materials coated by graphene, Appl. Surf. Sci. 305 (2014) 427-432.

29) X. Yang, Z. Hu, J. Liang, Effects of sodium and vanadium co-doping on the structure
and electrochemical performance of LiFePO4/C cathode material for lithium-ion bat-
teries, Ceram. Int. 41(2015) 2863-2868.

30)G. Wang, S. Bewlay, J. Yao, J.-H. Ahn, S. Dou, H.K. Liu, Characterization of
LiMxFel—xPO4 (M= Mg,Zr, Ti) Cathode Materials Prepared by the Sol-Gel Method,
Electrochem. Solid-State Lett. 7 (2004) A503-A506.

31) Y. Hu, J. Yao, Z. Zhao, M. Zhu, Y. Li, H. Jin, H. Zhao, J. Wang, ZnO-doped LiFePO4
cathode material for lithium-ion battery fabricated by hydrothermal method, Mater.
Chem. Phys. 141 (2013) 835-841.

32) Saroha, R., Panwar, A.K., Sharma, Y., Tyagi, P.K., and Ghosh, S., 2017. Development
of surface-functionalized ZnO-doped LiFePO4/C composites as alternative cathode

material for lithium ion batteries. Applied Surface Science, 394, pp.25-36.

33) Thackeray, Michael M., Christopher Wolverton, and Eric D. Isaacs. "Electrical energy
storage for transportation—approaching the limits of, and going beyond, lithium-ion
batteries." Energy & Environmental Science 5, no. 7 (2012): 7854-7863.

34) Howard, Wilmont F., and Robert M. Spotnitz. "Theoretical evaluation of high-energy
lithium metal phosphate cathode materials in Li-ion batteries."” Journal of Power
Sources 165, no. 2 (2007): 887-891.



40

35) Julien, Christian M., Alain Mauger, Karim Zaghib, and Henri Groult. "Comparative

issues of cathode materials for Li-ion batteries." Inorganics 2, no. 1 (2014): 132-154.

36) Wu, Borong, Yonghuan Ren, and Ning Li. "LiFePO4 cathode material." Electric Vehi-
cles-The Benefits and Barriers (2011): 199-216.

37) M.S. Pandian. "X-ray diffraction analysis: Principle, Instrument and Application .
"2014/03/11.

38) Bunaciu, Andrei A., Elena Gabriela UdriSTioiu, and Hassan Y. Aboul-Enein. "Xray
diffraction: instrumentation and applications.” Critical reviews in analytical chemistry
45.4 (2015): 289-299.

39) Giannini C, Ladisa M, Altamura D, Siligi D, Sibillano T, De Caro L. " X-ray diffrac-
tion: a powerful technique for the multiple-length-scale structural analysis of nano-
materials. " Crystals. 2016 Aug;6(8):87.

40) Als-Nielsen, Jens, and Des McMorrow. Elements of modern X-ray physics. John Wiley
& Sons, 2011.

41) Zanchet, Daniela, Blair D. Hall, and Daniel Ugarte. "X-ray Characterization of Nano-

particles.” Characterization of nanophase materials 1 (2000): 13-36.

42) Altamura, Davide, et al. "Assembled nanostructured architectures studied by grazing
incidence X-ray scattering." nanomaterials and nanotechnology 2.Godiste 2012 (2012):
2-16.

43) Rao, C. N. R,, and Kanishka Biswas. "Characterization of nanomaterials by physical
methods." Annual Review of Analytical Chemistry 2 (2009): 435-462.



