SYNTHESIS AND CHARACTERIZATION OF SOLID STATE
ELECTROLYTE FOR SODIUM-ION BATTERIES
A DISSERTATION
SUBBMITTED IN PARTIAL FULFILMENT OF THE
REQUIREMENTS FOR THE AWARD OF THE DEGREE
OF
MASTERS OF SCIENCE IN PHYSICS
Submitted by:

PUNEET KUMAR (2K22/MSCPHY/32)
SOURAV MEENA (2K22/MSCPHY/41)

Under the supervision of

DR. AMRISH K. PANWAR
(ASSISTANT PROFESSOR)

g >
T

ECH

E RS 1T

W/

DEPARTMENT OF APPLIED PHYSICS
DELHI TECHNOLOGICAL UNIVERSITY
(Formerly Delhi College of Engineering)
Bawana Road, Delhi-110042
JUNE, 2024




CANDIDATE’S DECLARATION

We, PUNEET KUMAR, Roll No. 2K22/MSCPHY/32 and SOURAV MEENA, Roll
No. 2K22/MSCPHY/41 hereby certify that the work which is presented in the thesis
entitled "SYNTHESIS AND CHARACTERIZATION OF SOLID STATE
ELECTROLYTE FOR SODIUM-ION BATTERIES" in partial fulfilment of the
requirement for the award of the Degree of Master of Science in Physics submitted in
the Department of Applied Physics, Delhi Technological University, Delhi is an
authentic record of our own work carried out during the period from August 2023 to
June 2024 under the supervision of Dr. Amrish K. Panwar.

The matter presented in the thesis has not been submitted by me for the award of any
other degree of this or any other institute. The work has been accepted in a peer reviewed
Scopus indexed conference with the following details:

Title of the Paper: Impact of Calcination Temperature on Structural Properties of
NasZr2S12PO12 as a Solid Electrolyte for Na-ion Batteries

Author names: Sourav Meena, Puneet Kumar, Naveen, Sharad Singh Jadaun and Dr.
Amrish K. Panwar

Name of Conference: International Conference on Atomic, Molecular, Material,
Nano and Optical Physics with Applications ICAMNOP-2023).

Dates with the venue: 20M-22" December, 2023, Delhi Technological University,
Delhi — 110042 (India).

Conference Registered: Yes.

Status of paper (Accepted/Published/Communicated): Accepted.

Date of paper communication: 11" April, 2024.

Date of paper acceptance: 5™ June, 2024.

i:u wecfcuna— . | M

Place: Delhi Puneet Kumar Sourav Meena
Date: June 7, 2024 (2K22/MSCPHY/32) (2K22/MSCPHY/41)

This is to certify that the students have incorporated all corrections suggested by the
examiner in the thesis and examiner in the thesis and the statement made by the
candidate is correct to the best of our knowledge.

- gj;-—\\oé\ Ladae

Signature of Supervisor




DEPARTMENT OF APPLIED PHYSICS
DELHI TECHNOLOGICAL UNIVERSITY

(Formerly Delhi College of Engineering)
Bawana Road, Delhi-110042

CERTIFICATE

I, hereby certify that the Project Dissertation titled "SYNTHESIS AND
CHARACTERIZATION OF SOLID STATE ELECTROLYTE FOR SODIUM-
ION BATTERIES" which is submitted by PUNEET KUMAR, Roll No.
2K22/MSCPHY/32 and SOURAV MEENA, Roll No. 2K22/MSCPHY/41,
Department of Applied Physics, Delhi Technological University, Delhi in partial
fulfilment of the requirement for the award of the degree of Master of Science, is a record
of the project work carried out by the students under my supervision. To the best of my

knowledge this work has not been submitted in part or full for any Degree or Diploma

to this University or elsewhere.

N ¥
Place: Delhi Dr. Amrish K. Panwar

Assistant Professor
Date: 07/06/2024 Department of Applied Physics

Delhi Technological University

(Formerly Delhi College of Engineering)
Bawana Road, Delhi - 110042

i




ACKNOWLEDGEMENT

Initially, we express our gratitude towards our supervisor Dr. Amrish K. Panwar for
granting us the privilege to engage in research work within his esteemed Lithium-Ion
Battery Technology Lab. The accomplishment of this work was made feasible through
his indispensable guidance and unwavering assistance. Appreciation is extended for
his valuable time, feedback, and recommendations. We greatly appreciate his patience
in revising manuscripts and sharing his knowledge with us. The methodology he
employed in scientific exploration sustained the enthusiasm for research throughout
this thesis. We would like to thank Mr. Sharad Singh Jadaun, Mr. Naveen and Ms.
Shivangi Rajput Ph.D. scholars of our lab for their guidance, suggestions, group
discussions and to provide us healthy environment throughout the research work.
Gratitude is also owed to all the faculty members, our batchmates, and members of the
Department of Applied Physics at Delhi Technological University for their invaluable
suggestions and support. We wish to express our thanks to our parents for their

enduring encouragement and unwavering belief in our capabilities.

il




TABLE OF CONTENTS

Candidate’s declaration

Certificate

Acknowledgement

Abstract

List of Figures

Abbreviations

Introduction and Literature review
1.1. Introduction

1.2. History of Batteries

1.3. Components of Battery

1.4. Types of Battery

1.5. Working Principle of Battery

. Electrolytes

2.1. Types of Electrolytes

2.2. Sodium Zirconium Silicon Phosphate A Solid Electrolyte
2.3. Challenges

2.3. Objectives of Research Work
Synthesis and Characterization

3.1. Solid State Reaction

3.2. Material Synthesis

3.3. Material Characterization

3.4. X-Ray Diffraction

3.5. Scanning Electron Microscope
3.6. Fourier Transform Infrared Spectroscopy
3.7. Impedance Spectroscopy

. Results and Discussion

4.1. XRD Analysis

4.2. Morphological Analysis

4.3. FTIR Analysis

4.4. Impedance Spectroscopy Analysis
Summary and Conclusions

Reference

Plagiarism Report
Conference Record

v

11
iii
Vi
viii

(o< IEEN e ) Nile N N N S

[ T NS T NS I N I e N e e T e T e T e S = S Y
N W N — O O I 9B B DNDDNDNDO

33
37
42




ABSTRACT

Rechargeable batteries have the potential to revolutionize sustainable energy storage,
with applications in small portable devices and electric vehicles. The solid-state
sodium-ion battery is expected as substitute to present commercial lithium-ion battery
due to its rich sodium supplies, low cost, and high safety standards. Conventional
electrolytes are often made up of an organic solvent and salts with strong conductivity,
that ensures close contact with the electrodes and makes battery construction easier.
Solid-state electrolytes are a crucial component of sodium-ion batteries require strong
ionic conductivity while being operationally safe and simple to construct. In this study,
NasZr,SioPO12 (NZSP) electrolyte has been synthesised through solid-state route at
different temperatures. X-ray diffraction characterization has been performed to
confirm phase of NZSP. Strain and average crystallite size of NZSP has been
calculated by Williamson-Hall plot using XRD peaks. Morphological examination has
been done by scanning electron microscope (SEM) which revealed agglomeration and
nonuniformity of particles. Pellet of bare NZSP electrolyte has been sintered, and its
impedance spectroscopy characterization has performed in frequency range of 4 Hz -
8 MHz to evaluate ionic conductivity and dielectric properties. Furthermore, NZSP
has been blended with polyethylene oxide (PEO) polymer to make composite
electrolyte and its dielectric properties and ionic conductivity are studied.
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1

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

In recent times, there has been a notable surge in the utilization of finite fossil fuels,
raising concerns about the effects this has had on the environment. The significant
emergence of new technologies has captured the attention of researchers. Renewable
energy sources like solar, tidal, and wind power can reduce dependency on fossil fuels,
but they are unreliable and require large storage costs [1, 2]. Advancements in energy
storage and conversion technologies are crucial for everyday use. Energy storage is
crucial in supplying uninterrupted electricity at a steady frequency to all electrical
equipment. The market for sustainable energy sources like solar and wind is expanding
quickly each year. Electric vehicles will eventually rule the road as a result of the
global transportation sector becoming more electrified in an effort to combat global
warming. However, renewable energy and vehicle electrification rely heavily on
energy storage facilities. The construction of large-scale power storage facilities
allows for a quick transition from non-renewable to renewable energy sources.
Batteries are the first choice to store energy. In order to store and release energy, a
battery undergoes an electrochemical redox reaction to transform chemical energy into

electrical energy.

1.2 HISTORY OF BATTERIES

Alessandro Volta created the "electric pistol” as the first practical application of static
electricity. He considered enabling long-distance communication, although just one
Boolean bit. A wooden pole-supported iron wire intended to be extended from Como

to Milan, Italy. The line would terminate in a jar that held methane gas. An electrical




spark would be transmitted through wire to explode the jar in order to signal a coded
event. When some fluids were used as conductors, Volta discovered in 1800 that they
could create a constant flow of electricity. This idea led to development of the first
voltaic cell, or battery, as it is more often known. Further investigation showed to Volta

that stacking voltaic cells on top of one another would increase voltage.[3]
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Figure 1.1 The electric battery tests conducted by Volta.

William Cruickshank created the first electric battery that could be produced in large
quantities in 1802. He assembled equal-sized square copper and zinc sheets into a long,
rectangular wooden box, soldering them together. The metal plates were secured in
place by grooves in the box. The electrolyte, or diluted acid, was then placed inside
the sealed box. This was similar to the flooded battery that we still have in our
possession.[3]

English scientist John F. Daniell created a better battery in 1836 that produced more
consistent current than previous attempts to store electrical energy. Lead-acid based
rechargeable battery technology was invented by Gaston Planté in 1859 and is still in
use today. All batteries were primary up to that point, which meant they couldn't be
reused.[4]

The nickel-cadmium (Ni-Cd) battery was created in 1899 by Swedish inventor
Waldmar Jungner. Nickel served as positive electrode (cathode), while cadmium
served as negative electrode (anode). After switching from cadmium to iron two years
later, Thomas Edison named this battery nickel-iron (Ni-Fe). A low specific energy,
poor low-temperature performance, and excessive self-discharge hampered the nickel-
iron battery's success.

The majority of current research efforts are focused on enhancing lithium-based
systems, which were initially brought to market by Sony in 1991. Li-ion batteries are
utilised for electric cars and satellites in addition to powering computers, digital

cameras, medical equipment, power tools, and mobile phones. Among the many




advantages of the battery are its high specific energy, ease of charging, low

maintenance requirements, and environmental friendliness|[5].

1.3 Components of Battery

The key parts of a battery are separator, electrolyte, cathode, and anode. A battery
needs each and every one of its components to function; without one, the battery

cannot operate.

1. Cathode

Through an electrochemical reaction, the oxidizing or positive electrode recognized as
cathode absorbs electrons from external circuit and undergoes reduction. In
general, the cathode dictates the battery's chemistry. which comes in a number of

forms (for example, sodium metal oxide, alkaline, etc.).

2. Anode

Through an electrochemical process, the reducing or negative electrode, recognized as
anode, undergo oxidation and releases electrons into the external circuit. Metals and

other conductive materials are frequently used to create anodes.
3. Electrolyte

The electrolyte permits ions to move between the anode and the cathode. This media
might be solid, liquid, or even gel. Electrolytes transport the ions necessary for
electrochemical processes, and the kind of electrolyte varies depending on the cathode.
Lithium-ion batteries, for example, often employ a liquid or gel electrolyte (such as

lithium-polymer batteries).
4. Separator

Separators are porous materials that prevent direct contact between the anode and
cathode, which might result in disastrous results such as the battery catching fire or
even exploding. The separator allows ions to move. Separator works as a physical

barrier to separate the anode and cathode. It avoids direct electron movement by




allowing only ions to pass through the tiny hole inside. Synthetic resins such as

polyethylene and polypropylene are now commercially available separators.

1.4 Types of Battery
Batteries are categorised as -
(1) Primary

(2) Secondary

1.4.1 Primary battery

Primary/non-rechargeable batteries are pre-charged and ready to use, hold their charge
for years when not used, and are designed for specific uses, so they do not require
maintenance. Primary batteries may only be used once and must be replaced after
being completely discharged. Furthermore, battery disposal is an environmental
concern since the metals and compounds in these batteries can harm the environment
if not disposed of appropriately. Some examples of primary batteries are - alkaline
battery, zinc-carbon battery, etc.

1.4.2 Secondary battery

When current is passed in the opposite direction of discharge, a secondary cell or
battery can be recharged to its pre-discharge condition. These are also called
rechargeable batteries. Even after they have been fully depleted, secondary batteries
may be recharged and used again. Secondary batteries must be carefully selected for
their intended use, they are better for the environment, less expensive, and often deliver
more power than disposable batteries. The most commonly used rechargeable battery
types are lead acid, NiCd, NiMH, and Li-ion.

1.5 Working principle of battery

Anode (negative electrode), cathode (positive electrode), and electrolyte are the three
main parts of a rechargeable battery or cell, as shown in Figure. A substance's or
metal's affinity for electrons varies depending on its nature. When two distinct types
of metals and their compounds are brought together by an electrolyte, an

electrochemical potential form between them. Because the anode has a larger affinity




for electrons and becomes negatively charged [6] and the cathode is positively charged
due to it’s lower affinity for electrons. Positive ions flow through an electrolyte from
anode to cathode due to electrochemical potential. The primary function of electrolytes
Is to inhibit electron conduction while allowing ion transport through them. When an
ion travels from anode to cathode, the neutral charge distribution is perturbed;
consequently, electrons begin to move via the external circuit to restore it. To prevent
the battery from dying in absence of an external circuit, a capacitive charge builds up
quickly. In the electrolyte region between the cathode and anode, a separator is

inserted to prevent the battery from shorting out.
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Figure 1.2 Discharging and Charging of battery[7].




2

ELECTROLYTES

2.1 Types of Electrolytes

1. Liquid Electrolyte

In most modern battery systems, solid electrodes and liquid electrolytes are the two
main components. Among the many advantages of this configuration is that the liquid's
presence reduces problems arising from volume variations, which are typically the
consequence of the electrode materials' changing composition during charging and
discharging. Other advantages include the fact that liquids' ionic conductivity is
typically much higher than that of solids. An essential consideration is the range of

potentials across which electrolytes are stable.[8]

2. Solid Electrolyte

Inorganic ceramics main material utilised as solid electrolytes in sodium-ion batteries.
Solid electrolytes have a symmetrical skeletal structure and mobile ions. Mobile ions
can travel across skeleton sites via point defects, resulting in ion conduction. Inorganic
solid electrolyte’s ionic conductivity depends on accessible hopping sites, energy

barrier for hopping [9] and amount of mobile ions.

3. Polymer Electrolyte

Polymer electrolytes have benefits over ceramics due to their excellent ability to be
processed and flexibility, while still retaining the benefits of solid electrolytes, such as
stability in size and safety. the capacity to inhibit the growth of dendrites. Salts are
present in certain polymer electrolytes. Some polymer chains are surrounded by
solvent molecules, while in other cases a solvent is included to create a gel with
polymer chains. In general, they are more mechanically robust, allowing for the

creation of a standalone film and possess greater conductivities.[10]




4. Solid Polymer Electrolyte

The first SPE studied was a dry solid polymer electrolyte based on PEO. This system
does not need organic liquid and is solvent-free. The ceramic-polymer composite
electrolyte is created by combining active ceramics with polymer hosts. Composite
electrolyte combines the benefits of organic polymer electrolytes and inorganic
ceramic resulting in better ionic conductivity, mechanical properties, and
chemical/thermal stability. In addition to serving as ionic conductors, SPEs are also
used extensively in a variety of portable electronic devices, including thin credit cards,
laptop computers and mobile phones. This eliminates the need for inert porous spacers

in cells or batteries by acting as a separator between the electrolyte and electrode.[11]

2.2 ELECTROLYTE FOR SOLID-STATE SODIUM-ION BATTERY

Sodium is the most desirable substitute of lithium in terms of cost and environmental
accessibility. Its abundance in the earth's crust is roughly 23,000 ppm compared to 20
ppm of lithium. Due to natural abundance of sodium resources and large capacity of
metallic sodium anodes, rechargeable sodium-based batteries can be a more affordable
alternative to lithium-ion batteries.[ 12] Traditional SIBs with flammable organic liquid
electrolytes have a low energy density and associated safety issues like low thermal
stability and quick flammability. Research is being done on sodium-ion batteries, the
next generation of batteries, which use solid electrolytes instead of liquid ones in order
to improve battery safety and dependability. It is believed that the two main
barriers for development of solid-state batteries are high interfacial resistance between
solid electrolytes and electrode materials and lower ionic conductivity of solid
electrolytes. Solid electrolytes have the dual benefits of being non-flammable and
having the ability to prevent Na-dendrite development while a battery is in operation.
Na-ion serves as the mobile ion in these rechargeable batteries. Na-ions travel via the
electrolyte and electrolyte-electrode interfaces from negative electrode (anode) to
positive electrode (cathode) during discharging, while electrons start to flow from
cathode to anode through an external circuit to maintain neutral charge
distribution. The motions of electrons and ions are inverted during charging[13].
Although the essential functioning mechanism of both batteries are same. Electrolyte

in solid-state sodium-ion batteries is unlike from that in conventional batteries, in




that it acts as a separator as well as an electrolyte. As a result, electrolytes play a
crucial role in rechargeable sodium-ion battery systems.
For the effective execution in sodium batteries, electrolytes must full-fill several
preconditions, including —
1. Environmental and Economic Viability
Non-flammable
High lonic Conductivity
Wide Electrochemical Stability Window
Thermal Stability
Compatibility with Electrode Materials
Chemical Stability
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Low Toxicity

2.3 SODIUM ZIRCONIUM SILICON PHOSPHATE (Na3Zr:Si2PO12) A SOLID
ELECTROLYTE

NASICON (Na Super lon Conductor) is a potential oxide-based electrolyte with 3D
tunnels for Na ion movement. In 1976, Goodenough and Hong synthesized and
characterized the first NASICON compound, Nai+x Zr:SixP3-x012 (0<x<3). This
compound has since gained popularity as a solid-state electrolyte for sodium-ion
batteries. NASICONSs have high stability under air and moisture, large electrochemical
windows, and ionic conductivity of roughly 10°3Scm™ at ambient temperature,
making them suitable as next-generation batteries [14]. In the Nai+x Zr2SixP3-xO12 (0
< x < 3) system compositions displayed the characteristic rhombohedral structure
having space group R3c with space group number 167, whereas certain compositions
with 1.8 <x < 2.2 exhibited monoclinic structure of space group C2/c and space group
number 15. Below 423 K, a phase transition to the monoclinic structure induced by
shear deformation would occur. Nevertheless, solely the rhombohedral phase
demonstrated superionic conductivity due to its increased symmetry. Figure 2.1 (a)
represents the NASICON-type rhombohedral structure of NZSP and Figure 2.2 (b)
represents the NASICON-type monoclinic structure of NZSP.




NASICONS' ionic conductivity was impacted by a number of variables, including
synthetic techniques and chemical composition, in addition to their crystal structure.
An illustration of this is seen with Nas 4Zr2Si2.4P0.6012, which displayed a notable ionic
conductivity of ~1073 S/cm at ambient temp. when x = 2.4, achieved through a
solution-assisted solid-state reaction. Researchers Roy and Kumar observed a
significant impact on the ionic conductivity of NazZr.Si;PO1> based on the
arrangement of Si/P as revealed by molecular dynamics simulation. In the
rhombohedral structure with six basal planes, enhancing Na® conductivity was
possible by having one phosphorous and two silicon atoms due to the lower energy
barriers resulting from the stronger coulombic repulsion of Na*/P>* compared to
Na*/Si**. Moreover, the volatilization of sodium post-calcination at high temperatures
necessitated the addition of excess Na,COs, Na2O, or other sodium compounds to
maintain the stoichiometric ratio in NasZr.Si.PO12. The introduction of excess Na is
found to widen bottleneck size of conducting channel, boosting grain conductivity.
Small additional amounts of sodium are advantageous in reducing the crystallization

temperature of NASICON and minimizing the emergence of ZrO..
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Figure 2.1 NASICON-type (a) rhombohedral structure and (b) monoclinic structure
[15].




The NASICON sintered around 1100°C accomplished conductivity of ~ 1.13 x 10
S/cm. However, escalating the calcined temperature from above 1100 °C led to a

decline in ionic conductivity due to increased volatilization at the higher temperature.

2.4 CHALLANGES

1. Interfacial Resistance

One of the most significant concerns is the high interfacial resistance between the
NZSP electrolyte and the sodium metal anode. This high resistance might restrict the
movement of ions, lowering the battery's overall performance. Techniques such as
adding a thin gold interlayer have been explored to reduce this resistance or by
employing polymer interlayer between electrolyte and electrode can also reduce

resistance [16].

2. Mechanical Stability and Dendrite Formation

Dendrite production is owing to the flaws, fractures, and cavities that are already
present inside solid electrolyte. Since sodium dendrites have the potential to form and
pierce the electrolyte, resulting in short circuits and a shorter battery life, the
mechanical stability of NZSP is essential. Composite electrolytes incorporating
materials like epoxy have been developed to improve mechanical stability and inhibit
dendrite growth [17]. NZSP-Polymer hybrid electrolyte is capable to enhance
mechanical stability and supress dendrite formation. Therefore, it will be highly
desired to create electrolytes that combine the benefits of both solid ceramic and

polymer electrolytes.

3. Low Ionic Conductivity

NZSP typically exhibits lower ionic conductivity at room temperature, which limits
the efficiency of sodium-ion transport within the battery. Efforts to enhance
conductivity include doping with fluorine (F°), which has shown to increase the
conductivity significantly [18]. Ionic conductivity of NZSP can be enhanced by

sintering proper temperature or by doping of other elements.
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2.5 OBJECTIVES OF RESEARCH WORK

The main goal of this research is to synthesize and characterize to examine structural,
morphological, electrical, and dielectric characteristics of the solid electrolyte NZSP
and NZSP-PEO composite.
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3

SYNTHESIS AND CHARACTERIZATION

3.1 SOLID STATE REACTION

This method uses solid reactants for producing polycrystalline materials. Typically,
reaction begins at a very high temperature. Chemical and morphological features of
reactants, including free energy, surface area, and reactivity, changes with solid-state
route, and also with other reaction circumstances like reaction environment,
temperature, and pressure, all have an impact on solid-state reactions. The advantages
of the solid-state reaction process are its simplicity and bulk manufacturing.

Solid-state reactions are sluggish due to the inhomogeneity of the reactants at the
atomic level, even if they are well mixed at the particle level (1 um or 10 mm scale).
To generate the proper ratio of desired element atomic-level mixing of reactants is
done by solid-state counter diffusion of ions to bring atoms together of the various

elements [19].

3.2 MATERIAL SYNTHESIS

Solid-state route has been used to synthesis of NZSP. All the precursors Na,CO3 (99%,
Sigma Alderich), SiO2 (99%, Sigma Alderich), ZrO> (99%, Sigma Alderich) and
NH4H2PO4 (98%, Sigma Alderich) were taken in stoichiometric ratio. 10 % excess
sodium and phosphorus precursors were taken, because of their volatility at high
temperatures [20]. All Precursors were hand grinded using agate mortar pestle.
Isopropanol (IPA) was used for wet grinding medium to get homogeneous mixture of
sample. After Grinding sample was calcinated at different temperatures (950 °C-1150
°C) using alumina crucible in muffle furnace for 10 hours. The sample of NZSP
calcined at 1150 °C, 1050 °C and 950 °C are abbreviated as NZSP1150, NZSP1050
and NZSP950 respectively. The calcinated samples were then ground into fine powder.

After phase formation, NZSP1050 was grinded with polyvinylpyrrolidone (PVP)

12




binder for pellet preparation. NZSP1050 pellet was prepared using a pelletizer. Pellet
was sintered at 1150 °C using a muffle furnace. After sintering, aluminium metal
electrodes were coated on both sides of pellet using thermal vapour deposition
technique. Figure 3.1 shows the schematic representation of preparation of NZSP1050
pellet.
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Figure 3.1 Schematic representation of preparation of NZSP1050 pellet.

NZSP1050-PEO composite electrolyte film was also prepared. NZSP1050 was
sonicated in dimethylformamide (DMF) solvent using a sonicator to produce
consistent size fine particles of NZSP1050. The composite film was formed by
combining NZSP1050 crystallites with PEO (MW 300000 g/mol) polymer in a 1:10
stoichiometric weight ratio with DMF as a solvent. The mixture was agitated with a
magnetic stirrer at 50°C for 18 hours, resulting in a uniformly viscous slurry. Slurry
was placed in a Petri dish and vacuum dried at 55°C for to eliminate any remaining
solvent. Figure 3.2 shows the schematic representation of preparation of NZSP1050-
PEO composite electrolyte film.

13
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Figure 3.2 Stepwise preparation of NZSP1050-PEO composite electrolyte film.

3.3 MATERIAL CHARACTERIZATION

XRD pattern of NZSP950, NZSP1050, and NZSP1150 were measured by employing
Bruker D-8 X-Ray Diffractometer with Cu-Ka radiations at 1.540 A. XRD intensity
data was collected across a 20 range of 12° to 50°, with 0.01 increments. The observed
XRD data was refined using the X'Pert High-Score software. The morphological
examination of NZSP is carried out by an FEI Nova NanoSEM 450 scanning electron
microscope. PerkinElmer Fourier transform infrared spectroscopy spectrum Il was
used to record FTIR data in range of 3000-500 cm™. Impedance spectroscopy was also
performed on the NZSP1050 pellet of diameter 13mm in the frequency range of 4Hz
to 8 MHz and NZSP-PEO film which has a diameter of roughly 19 mm, across the
frequency range of 4Hz to 4 MHz using an HIOKI make 3536 LCR oscilloscope.

3.4 X-RAY DIFFRACTION (XRD)

Crystal materials can be recognized and described using X-ray diffraction (XRD), a
conventional technique. An X-ray pattern unique to each crystalline solid serves as a
"fingerprint"” for identification. The approach is based on the sample's X-ray diffraction
in multiple directions. There is significant diffractive interference with waves at
wavelengths close to the crystal lattice spacing. With a wavelength of 1.54 A, copper

is utilized as source of X-ray. The measurement of diffracted X-ray intensity is based

14




on the diffraction angle (26). The atomic structure can be inferred from the peak's

intensity. The crystal's perfection is reflected in the peak's sharpness and form.

Figure 3.3 Geometric conditions for diffraction from lattice planes.

The intensity Vs 20 plot-

(i) provides structural information about the material. The presence or absence
of specific sets of peaks corresponding to distinct planes determines the
crystal formations.

(i)  The movement of peaks from their initial locations in bulk crystals

indicates stresses in the material.

W.L. Bragg provided a geometrical description of the XRD phenomena, known as
constructive interferences. The figure 3.3 illustrates geometrical conditions of

diffraction and deduction of Bragg's law. Bragg's law is provided as an Equation (3.1).
2dsinf = nAi (3.2)

In Equation (3.1), n represent order of diffraction, 0 is angle of diffracted beam, A is x-

ray wavelength and d is the interplanar spacing. Diffraction follows Bragg's equation

for constructive interference when it happens along each lattice plane and direction in

a polycrystalline, untextured material containing small grains.
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For qualitative analysis, X-ray diffraction is primarily used, despite being a
quantitative process. Any crystalline solid, including organic materials, metals,
insulators, polymers, ceramics, and thin film powders, is subject to this kind of
analysis. For both single crystals and powders, X-ray diffractometers can be employed.
While single crystal diffractometers are used to research molecular structure, powder
diffractometers are used to analyse phases, however the latter may also be used to

extract molecular information. [21]

3.5 SCANNING ELECTRON MICROSCOPY (SEM)

SEM is a strong and efficient imaging tool. A vacuum system and lenses are used to
generate an electron beam, and the surface is scanned at magnifications range of 1 um
- 1 nm, it depends on the hardware used. Elemental analysis at the specimen surface is
investigated using an energy-dispersive spectrometer and SEM. Backscattered
electrons and secondary electrons are two new features of SEM imaging that have
greatly expanded scanning potential. The electron gun, together with other
components, form the heart of SEM.[22]

Figure 3.4 depicts the employment of both secondary (SE) and backscattered electrons
(BSE) to generate a better resolution picture. By convention, emitted electrons with an
energy of less than 50 eV are classified as secondary electrons. SEs are formed by the
inelastic collision of the specimen’s electrons with incoming electron beam. The term
SE describes the electrons that are expels from the valence shell. Electrons released
with energy greater than 50 eV are referred to as backscattered electrons. BSE are
electrons of beam that scatter back from specimen. Possibility of emitting BSE
electrons increases as the atomic number increases. The picture brightness and BSE

signal both rise as the atomic number increases[23].
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Figure 3.4 Backscattered and Secondary electrons in SEM

3.6 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

One quick, low cost, easy to use, and non-destructive characterization is FTIR
spectroscopy. Although FTIR is a very useful characterization for recognition of pure
compounds, its applicability to chemical mixtures is limited. The methodology is
predicated on the identification of functional groups within molecules that undergo
vibrations (either through stretching or bending) in response to specific light
wavelengths. The FTIR spectrum is generated by graphing the intensity of vibrations
(% transmission) versus the light frequency (cm™) to which the sample is exposed.
The fingerprint region pertains to specific sections of the FTIR spectrum that are

distinct to the substance under examination.[24].

3.7 IMPEDANCE SPECTROSCOPY (IS)
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Cells with two identical electrodes are frequently attached to the surfaces of a sample
in cylindrical or parallelepiped order to study the electrochemical behaviour of
electrode and electrolyte materials. Vacuum or neutral atmosphere (e.g. argon) are all
commonly used. To conduct an experiment, apply a known voltage or current to the
electrodes and measure reaction. Impedance spectroscopy aims to identify the time-
invariant properties of electrode-material systems and their relationships with
controllable variables like temperature and static voltage or current bias.

When a cell is electrically stimulated, a variety of fundamental microscopic processes
occur throughout the cell, which, when combined, result in the overall electrical
response. Electrons are transported through electronic conductors, transferred at
Through oxidation or reduction reactions, charged or uncharged atomic species from
cell materials or the atmosphere interact with the electrode-electrolyte interface and
pass through electrolyte defects. The electrodes' and electrolyte's ohmic resistance as
well as the reaction rates at the electrode-electrolyte interface control the flow rate of
charged particles, or current. Band structural anomalies at grain boundaries, especially
in the presence of second phases, and point defects in materials can hinder flow. [25]
Impedance (Z) is comparable to resistance: it measures a circuit's capacity to resist
current. Resistance is a notion for ideal resistors; however, many circuits are more
complicated hence impedance is used to substitute resistance. Along with inductance,
resistance, and capacitance, impedance takes into account every property that makes
up an ideal resistor. Because impedance is a complex number, it may be shown as a
Nyquist plot. The shape of the semicircle on this plot typically represents a charge
transfer process, and its size indicates the quantity of charge transfer resistance that is
present. On the other hand, this plot (also referred to as the Warburg impedance) might
show up as a straight line with a positive slope if the process involves diffusion. This
figure is also circuit-dependent (parallel, series, or combinations). Besides from

Nyquist plots, impedance may also be represented as a Bode plot [26].
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A

RESULTS AND DISCUSSION

4.1 XRD ANALYSIS

The XRD patterns for NZSP calcinated at different temperatures (1150°C, 1050°C,
and 950°C) is shown in figure 4.1. The patterns reveal that the sample calcinated at
950°C does not demonstrate complete NZSP phase development, but the sample
calcinated at 1050°C shows proper NZSP phase formation when compared to the
JCPDS file (84-1200). It was discovered that raising the temperature to 1150°C caused
a minor movement in the peak locations. At 1050°C, NZSP exhibits a monoclinic
phase of space group c2/c with space group no. 15. The lattice parameters a, b, and c
are 1.5651 nm, 0.9055 nm, and 0.9220 nm, respectively, with f = 123.742° (angle
between b and c). Slight ZrO, impurity might have existed due to the low reactivity of
the monoclinic ZrO, utilized as the precursor, or because volatile elements such as P
and Na were lost in high-temperature synthesis [20, 27]. It is worth noting that when
more Na is given to NZSP, impurities such as NazPOs are often detected, but this time
they are not evident in the NZSP1050. It means that NasPOs is either equally
distributed across the NZSP matrix or dispersed into the parent phase [28].
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Figure 4.1 XRD patteren of NZSP calcinated at different temperatures.

In Figures 4.2, the microstrain value and crystallite size is calculated using

Williamson-Hall plot from Equation (4.1).

coso = K4 + 4 £sinB 41
B D

Slope and intercept of linearly fitted graph between 4sin® and Pcos® represent
microstrain and crystallite size, respectively. The plot for NZSP shows a crystallite size

of 133 nm and a microstrain of 2.43 x 1073,
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Figure 4.2 W-H plot of NZSP calcinated at 1050 °C.

4.2 MORPHOLOGICAL ANALYSIS

Figure 4.3 shows SEM images of the synthesized NZSP1050 sample prior to

integration into the host matrix. Figure 4.3 (a) shows low magnification pictures of

NZSP1050 powder with agglomerated,

nonuniform, and dispersed particle

morphology, which might be attributable to the lack of a sintering process. Figure 4.3

(b) shows sample characteristics at greater magnification, confirming strong

agglomeration and nonuniform spherical morphology with average particle sizes

ranging from 0.32 pm to 0.52 pm.
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Figure 4.3 SEM images of NZSP1050 calcinated at 1050° C at the magnification of
(a) 10,000 X and (b) 50,000 X

4.3 FTIR ANALYSIS

FTIR measurements were performed to indicate the existence of several functional
groups in NZSP1050 material. Figure 4.4 depicts the FTIR spectra of a bare NZSP
sample produced at 1050 degrees Celsius. The vibration bands of P-O span from 1100
to 1300 cm™. Thus, the peak at 1235 cm™ may be related to the stretching vibration of
P-O. The peaks at 891 cm™ and 727 cm™ are bending vibrations of Zr-O in ZrOe®. The
bands in range of 1100-900 cm™* correspond to the O-P-O bond, whilst those at 500-
600 cm™ correspond to the P-O-P symmetric stretching mode. Thus, peak at 988 cm™
is attributable to the twisting and stretching vibrations of the O-P-O bond in POs%,
whereas the peak at 574 cm™ is the P-O-P symmetric stretch mode. The peak at 562
cm! exhibits stretching modes of the Si-O bond in SiO4* [20].
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Figure 4.4 FTIR pattern of NZSP calcinated at 1050 °C temperature.

4.4 IMPEDANCE SPECTROSCOPY ANALYSIS

The Nyquist plot of sintered NZSP1050 solid electrolytes at temperatures (30-100 °C)
is shown in Figure 4.5. Figure shows two distinct regions, semicircle at high frequency
and spike at lower frequency. The high frequency semicircle results from a parallel
combination of bulk resistance (Rp) and capacitance, while the lower frequency spike
is caused by ion diffusion in the electrolyte. The value of bulk resistance (Ry) may be
calculated using the semicircle's x-axis intercept. The semicircle intercepts on the real
axis shift towards origin as temperature increases for each composition. As a result,
the bulk resistance reduces with increasing temperature. The number of charge carriers
rises with increasing temperature.[29]

The real impedance (Z') decreases with increasing frequency and temperature. As
temperature increases, the amplitude of Z' drops at lower frequencies before merging
at higher frequencies. This is related to the discharge of space charge. As temperature
rises, the electrolyte's barrier potential decreases, leading to an increase in ionic

conductivity. At higher frequencies, interfacial polarization is removed, causing the Z’
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spectra to merge completely. The shifting of the Z' plateau suggests the presence of
frequency relaxation in the material. Figure 4.5 (inset) illustrates how the imaginary
component of impedance Z" varies with frequency and temperature. The magnitude of
7" is the maximum at a specific frequency, with a peak-like curve across temperatures.
The spreading of peaks with increasing temperature indicates a dispersion of relaxation
time. As temperature rises, ions in the polymer electrolyte develop extra conducting
routes, resulting in a drop in peak position [30].

The bulk resistance Ry from the complex impedance plot is used to calculate the ionic
conductivity of sintered NZSP1050 solid electrolytes. lonic conductivity is computed
using the Equation (4.2).

L
o= AR, (4.2)

Where L is the thickness of the pellet, Ry is the bulk resistance of the pellet, and A is
the surface area of the pellet. At ambient temperature, the NZSP1050 pellet gives ionic
conductivity of 3.26 x 10 S/cm.
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Figure 4.5 Nyquist plot of sintered NZSP1050 pellet.
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Figure 4.6 shows the derived Nyquist plot for the NZSP-PEO film. The Nyquist plot
shows a semicircle-like curve in the high and medium frequency areas, as well as a
spike in the low frequency zone. These findings can be attributed to total resistance,
which includes both grain resistance and grain boundary resistance [31]. The grain
resistance (Rg) is determined by where the semicircle crosses the real axis at a high
frequency. At medium frequency, the spacing between this point and the junction
corresponds to the grain-boundary resistance (Rgn). Ideally, the grain and grain
boundary indicate individual semi-circles but here a single semicircle curve may be
due to bulk resistance [32, 33]. As a consequence, the point of intersection at medium
frequency reflects the bulk resistance (Rp), including Rg and Rgpo. To determine
electrical conductivity, use the equation (4.2). At ambient temperature, the NZSP-PEO
film has the ionic conductivity 1.9 x 10 S/cm.
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Figure 4.6 Nyquist plot of sintered NZSP1050-PEO film.
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Measurements of dielectric value provide vital evidence on relaxation mechanism
inside the sample, taking into account its temperature and frequency dependence.
These tests enable the identification of two critical physical characteristics of a
material: electric permittivity (also known as dielectric constant) and dielectric loss.
When an alternating field is applied to a sample, charge carriers create heat due to
polarization lag, also known as dielectric loss. The loss of electrical energy within a
material is caused by both the passage of electric current and dielectric relaxation.
Temperature, frequency, orientation, pressure, and molecular structure all impact the

material's permittivity, or capacity to store electrical energy[34].

Figure 4.7 (a) NZSP1050 pellet and 4.7 (b) NZSP1050-PEQ depicts the temperature
dependence of the dielectric constant at certain frequencies. As the frequency rises, the
relaxation-type behaviour changes to higher temperatures. Dielectric relaxation in
materials is caused by defects like space charge electrons and vacancies. Increased
polarization is due to thermally induced activation of carriers, which causes the
dielectric constant to rise with temperature. The mechanism of space charge
polarization can account for the large increase in dielectric constant at lower
frequencies. According to this concept, charge carriers have an increased polarization
response at lower frequencies because they closely follow the applied field. This leads
in increased permittivity levels. In contrast, at higher frequencies, carriers are unable
to properly trace applied field due to the significantly shorter time period. In other
words, the applied field changes direction before the carriers can align with it. As a
result, net polarization decreases, lowering the dielectric constant. The total dielectric
constant is the product of the sample temperature and the frequency of the applied field
[35]. In figure 4.7 (b) of NZSP1050-PEO we observe that as the temperature increases
above 60 °C there is significantly increase in dielectric constant because PEO starts

melting which leads to thermally induced activation of charge carriers.

26




1.2x10"

o] m 30°C

® o

1.0x10" - o s e
PY 50°(

O. ¥ 60°C

® 70°C

8.0x10° - < . < 80°C
'u '; 90°C

4‘ ‘. ® 100°C

6.0x10° =

4.0x10° 4

Dielectric Constant (K)

2.0x10° =

0.0 -
1 10 100 1000 10000
Log f (Hz)
Figure 4.7 (a) Dielectric constant versus log(freq.) of NZSP1050 pellet at various
temperatures.
10 —
m 30°C
® 40°C
91 ¢ A 50°C
o ¢ v 60°C
*e ® 70°C
8 4 2 2 4
=
S
£ 71
=
o v
&
o]
2]
= :
8 5- g2 12
MLAL LTIV W
4 VY _yv
A
VY,
VIV
3 <75 - r -7 71T
4.8 5.0 5.2 54 5.6 5.8 6.0 6.2 6.4
Log f (Hz)

Figure 4.7 (b) Dielectric constant versus log(freq.) of NZSP1050-PEO at various

temperatures.
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Figure 4.8 (a) NZSP1050 pellet and 4.8 (b) NZSP1050-PEO depicts the temperature-
dependent fluctuation of dielectric loss at different frequencies. Dielectric loss is
primarily determined by temperature and charge carrier mobility. In figure 4.8 (a) as
temperature increases, mobility of charge carriers increases, leading to greater
dielectric losses. The loss peak in dielectric loss data occurs once frequency of the
applied field matches hopping frequency of the charge carriers. As temperature rises,
the loss peak changes to a higher frequency, indicating an increase in charge carrier
hopping frequency [36]. In figure 4.8 (b) of NZSP1050-PEO we observe dielectric loss
increases significantly it may due to melting of PEO polymer which leads to increase
in mobility of charge carriers. Dielectric loss peaks are not observed clearly it may

because of less amount of NZSP1050 incorporated in PEO polymer.
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Figure 4.8 (a) Dielectric loss versus log(freq.) of NZSP1050 pellet at various

temperatures.
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Figure 4.8 (b) Dielectric constant versus log(freq.) of NZSP1050-PEO at various

temperatures.

Figure 4.9 depicts the temperature-dependent resistivity curve of the produced
NZSP1050-PEO hybrid film between 30 °C and 70 °C. The resistivity behaviour
indicates the sample's substantial insulating characteristics at low temperatures.
Thermally induced charge carriers travel more readily at higher temperatures, resulting
in lower resistance. The Resistivity-Temperature curve exhibits semiconductor-like
behaviour. We use the Arrhenius equation of thermal activation to compute the
activation energy of thermally produced charge carriers. Figure 4.10 shows the
Arrhenius curve for the manufactured material's total conductivity across the observed
temperature range of 30 °C - 70 °C. According to the equation, the resistivity data is

best fitted using the Equation (4.3).

Eq
p = po €xXp (m)
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Here, T is the temperature, po IS the preexponential factor, kg is the Boltzmann
constant, E, is activation energy of charge carriers through thermal conduction, , and
p is the sample resistivity measured at a certain temperature. The activation energy
(Ea) was calculated by analyzing the slope of a linear regression analysis performed
on the Arrhenius chart. The NZSP-PEO hybrid film has an Ea of 0.11 eV.
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Figure 4.9 Variation of Resistivity with Temperature of NZSP1050-PEO

film.
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S

SUMMARY AND CONCLUSIONS

NasZr2SioPO12 has been successfully synthesized through solid-state route calcinated
at different temperatures. XRD confirm the proper phase formation and monoclinic
structure (with space group c2/c) of NZSP calcinated at 1050 °C. Williamson-Hall plot
has been used to estimate the average crystallite size of 133 nm and microstrain of 2.43
x 1073, SEM images of bare NZSP1050 shows agglomeration and nonuniform
spherical particles with average particle sizes ranging from 0.32 pum to 0.52 pum.
NZSP1050 pellet has been calcinated at 1150 °C and aluminium is uniformly coated
on both sides of pellet using thermal vapour deposition technique. Sintered pellet of
NZSP1050 gives maximum bulk ionic conductivity of 3.26 x 10* S/cm at ambient
temperature. NZSP1050 has been successfully blended with PEO polymer to form
NZSP1050-PEO composite electrolyte. The determination of the activation energy of
the prepared material provided a value of 0.11 eV. Through the examination of
conductivity via resistivity-temperature analysis, it is evident that the NZSP1050-PEO
film exhibits similarities to a semiconducting like material. NZSP1050-PEO
composite film indicates the ionic conductivity of 1.9 x 10* S/cm at ambient
temperature. The dielectric study shows that as the temperature increases charge
carriers increases polarization which leads to increase in dielectric constant at lower
frequency. At higher frequencies, carriers are unable to trace applied field due to
shorter time period which leads to decrease in polarization and the dielectric constant.
Dielectric loss has been determined by charge carrier mobility and the hopping
frequency of the charge carriers. As frequency of the applied field matches with
hopping frequency of the charge carriers leads to increase in dielectric losses.

The methodology used in the current study provides opportunities for further research
into alternative techniques for improving the conductivity of NZSP and customizing
the architecture to facilitate the development of high-efficiency electrolytes for solid-

state sodium-ion batteries.
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