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ABSTRACT

The All Solid State Batteries (ASSBs) are recognized as the promising systems for storing energy
with overcoming safety issues existing conventional liquid electrolyte-based Li/Na ion
rechargeable batteries and also provide high energy density. The solid-state electrolytes (SSEs),
are the most critical component of ASSBs. It leads to the future battery research and development.
Since, the traditional Li-ion batteries have critical safety issues due to highly flammable liquid
electrolytes or thermally instability of polymer electrolytes. Whereas, the ceramic based solid-state
electrolyte shows high thermal stability, good ionic conductivity. LiAlSiO4(LASO) ceramics have
been demonstrated to be a fast Li" ion conductor and is cost effective as the element aluminum
and silicon are cheaper and abundantly available on the earth, better electrochemical performance
and low-cost material open up new possibilities for ceramic based solid-state batteries for
commercialization. Herein, LASO ceramic solid electrolyte has been synthesized using the
conventional solid-state reaction method. Thermogravimetric analysis (TGA) has been conducted
to assess thermal stability of developed SSE. X-ray diffraction (XRD) is employed to confirm the
formation of proper crystal structure. The average crystallite size of LASO has been estimated
from the XRD pattern by Scherer’s formula and W-H plot using prominent XRD peaks. Scanning
electron microscopy (SEM) characterization is performed for micro structural and surface
morphological analysis of the material. Furthermore, Impedance spectroscopy (IS) has been

performed to analyze the ionic conductivity and dielectric properties of SSEs.

Keywords: Solid state battery, Ceramic solid electrolyte, LASO, Ionic conductivity.
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INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

The development of alternative energy sources and efficient energy storage technologies is crucial
to addressing the pressing global energy demands and the environmental issues related to the usage
of fossil fuels. Reducing greenhouse gas emissions, accelerating the transition to a low-carbon
society, and achieving global energy independence all depend on these technologies. Developing
sustainable and reasonably priced energy storage devices that can effectively harvest energy from
renewable sources like solar and wind power is one of the most promising approaches. At present,
there is only a minor portion of the world's power capacity stored. Nevertheless, the estimates
indicate that by 2050 energy storage capacity must considerably rise to assist in restricting global
warming to under 2°C and facilitate climate resilience action. To make this happen, new strategies
are needed to speed up the growth in adopting clean energy technologies and intensifying access
to renewable energy. One of the biggest challenges of the 21st century is powering the world with
clean, low-cost, sustainable, and abundant energy. Solar energy technologies solar photovoltaics
(PV) and solar thermal systems in particular are likely to have a major role in this shift, providing
pragmatic and scalable solutions. Renewable energy sources compared to fossil fuels are likely to
provide greater long-term benefits because of their sustainability and declining costs. As much as
these systems have their benefits, they have numerous challenges to large-scale deployment,
including high capital expenditures, low policy incentives, and technical constraints. In contrast to
traditional generation sources, energy storage technologies are not properly compensated for the
grid services and operational advantages they can offer. However, energy storage is an essential
function in stabilizing the energy system by storing excess energy when renewable generation is
high and releasing it when generation is low. This serves to reduce the variable nature of
renewables and result in a more stable supply of energy. Over the past several years, world
electricity generation has increased significantly. As of 2012, the gross annual electricity output
stood at over 22,200 TWh, with fossil fuels coal, natural gas, and oil—accounting for

approximately 70% of the installed capacity [1]. Fossil fuel power plants have traditionally
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provided grid stability through managing supply and demand. The energy systems of the future,
however, are to decrease the use of fossil fuels, which are finite and inherently environmental in
their impact [2,3]. Accordingly, the transition to renewable energy sources is at the heart of
lowering carbon dioxide emissions. However, most renewable energy sources are naturally
variable and intermittent in character, so strong energy storage technologies are needed to provide
for maintaining grid balance and reliability [1]. Improvements in recent battery technologies have
introduced a number of advancements from previous generations such as increased energy and
power density, longer life, and improved safety characteristics [4]. Battery Energy Storage
Systems (BESS) enable the use of renewable energy more effectively by providing a backup power
supply, mitigating use of the electrical grid, decreasing carbon footprints, and providing long-term

economic benefits.

1.2 HISTORY OF BATTERY

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 [5].

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 [5].



Fig.1.1 Electrical energy generation from a "galvanic cell" constructed through an alternating
arrangement of two distinct metals (zinc and silver discs) isolated by a fabric immersed in a sodium
chloride electrolyte

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 [6].

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 [7].

1.3 BATTERY BASICS

DEFINITION AND COMPONENTS:-

An electrochemical battery consists of three primary elements: a cathode, an anode, and an
electrolyte, which supports the chemical reactions. At charging, positive ions are built up at the
interface between the cathode and the electrolyte. This leads to electrons moving to the cathode,
resulting in a voltage difference across the cathode and anode. As the battery drains, current moves
from the positive cathode, through an external load, and back to the negative anode. In the case of

charging, this current is reversed.

A battery works in two different ways. One is the outer electric circuit, whereby electrons move
to energize a device that is attached. The other is the inner ionic pathway, whereby ions migrate
between electrodes via a separator. The separator is an electron barrier but a passageway for ions
electrically charged atoms that have lost or gained electrons thereby ensuring electrical equilibrium

in the cell while physically and electrically separating the electrodes.
Anode and Cathode

In a battery, the anode is the electrode from which electrons are emitted when discharging and the
cathode is the electrode to which they are received. At this time, the anode is charged negative and
the cathode positive. This appears to contradict the common definition where the anode is normally
the terminal where current is coming into a device. That definition is true of systems such as
vacuum tubes, diodes, or batteries on the way to being charged. But in battery discharge when the
battery is delivering power the direction of electron flow makes the anode negative. Because a
battery acts as a source of electrical energy on discharge, the anode is always referred to as negative

in this usage.
Electrolyte and Separator

Ion movement within a battery is enabled by the electrolyte, which acts as a chemical activator. In

flooded battery systems, the electrolyte flows freely between the electrodes. In contrast, sealed
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batteries typically contain the electrolyte in a moistened form absorbed into the separator. The
separator plays a critical role by physically isolating the anode from the cathode—it blocks the

flow of electrons while permitting the passage of ions.
1.4 TYPES OF BATTERY

Batteries are classified on the basis of many parameters like their chemistry, shape, size, or

application. The two main types are:
Primary Batteries

Secondary Batteries
Primary Batteries

Primary batteries are single-use power sources and are non-rechargeable. They find special
applications where recharge is impossible or not practical, for example, military exercises,
emergency rescue operations, handling wildfires, and other remote or time-sensitive operations.
Primary batteries are standardized by IEC 60086 standards and are applied in applications such as
pacemakers, tire pressure monitors, smart meters, mining machines, animal tracking systems,

navigation beacons, watches, remote controls, electronic keys, and children's toys.

Primary batteries are prized for their high specific energy, long storage life, and immediate
readiness to use, and are best suited for storage and shipment to remote areas. They will still work
even after decades of storage and are generally environmentally safe when disposed of
appropriately. Types of primary batteries are Zinc-Carbon, Alkaline Battery, Lithium Iron
Disulfide (Li-FeS: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

A standard lithium-ion (Li-ion) battery consists of four basic components: the cathode, anode,
electrolyte, and separator. The cathode and anode are the two electrodes of the battery with

different chemical potentials, and their values decide the open-circuit voltage of the cell. The

LITHIUM-ION BATTERY
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Figurel.2: Discharging and charging of battery.

separator, though inert, plays a crucial role of physically isolating the two electrodes to prevent
the short circuit. The electrolyte carries the lithium ions between the electrodes during charge-
discharge operations. As a battery is connected to an external circuit, electrons from the anode

(negative electrode) flow towards the cathode (positive electrode), resulting in an electric current
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due to the potential difference. Along with it, lithium ions migrate through the electrolyte in the
same direction to compensate for the charge. The stored chemical energy gets converted to
electrical energy in the external circuit. Interestingly, this reaction is reversible by applying an
external electric current, the battery may be replenished by converting electrical energy into
chemical energy. Figure 4 gives a schematic illustration of this working principle. The battery's
energy storage capacity can be computed by the product of its discharge power (in watts) and
discharge time (in hours). But as the battery is being cycled, over a period of time, its energy
capacity is lost. This reduction in capacity depends on the charging/discharging rate as well as the
temperature of operation. The voltage response of a Li-ion cell is not just defined by the
electrochemical potential difference between the electrodes but also affected by reaction kinetics
as well as internal cell resistance. With increasing aging of the cell, the internal impedance rises,
causing higher levels of voltage under charging and lower voltage levels under discharging. This
results in lower power delivery and efficiency of energy conversion. Thus, the total lifetime of a
Li-ion battery is most influenced by the rise in the internal resistance (impedance rise) and

progressive capacity loss (capacity fade) [8].
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ELECTROLYTES

2.1TYPES OF ELECTROLYTES
1. Solid-State Electrolytes (SSEs)

Solid electrolytes are materials that conduct ions but are not liquid or gel-like in nature. They can
be composed of ceramic, polymeric, or composite materials. Because of their simplicity in
integration and stability, SSEs have been extensively researched as a potential application in
numerous electronic devices, such as portable, flexible, wearable, micro, and printable devices.
Among these, polymer-based SSEs like PEO, PMMA, PVDF, and PAN are extensively researched
and classified as solid polymer electrolytes (SPEs) or poly electrolytes. In comparison, fewer
studies have been done on inorganic ceramic-based SSEs and hybrid organic-inorganic
composites. In SPEs, the polymer matrix provides the medium for ion transport by dissolving an
electrolyte salt. Experimental findings indicate that ionic conductivity is enhanced in amorphous
(non-crystalline) polymer architecture. In the case of poly electrolytes, ionic transport takes place
along charged polymer chains, for example, those comprising poly (acrylic acid) (PAA). SPEs
simultaneously act as ion-conducting media and separators of electrodes. They also possess superb
mechanical strength. Solid-state electrolytes are less prone to leakage and thermal instability than
their liquid counterparts and provide higher energy density. SSEs can function effectively within
a broad range of temperatures. Despite this, SSEs remain challenging, including: Low ionic
conductivity In adequate interfacial compatibility with electrodes Brittleness and cracking, which

can decrease the stability of the device over long terms [9].
2. Liquid-State Electrolytes (LSEs)

Liquid electrolytes are systems in which ionic salts are dissolved in organic or inorganic solvents
or in aqueous alkaline or acidic solutions. LSEs provide the highest ionic conductivity, which
depends on ion size and concentration. Due to this high ionic conductivity and favorable interface
interaction with electrodes, LSEs have gained popularity. In the period between 1990 and 2014,

aqueous electrolytes produced using acids, bases, or salts were researched extensively because



they are low in cost, non-flammable, have low volatility, and high solubility. To circumvent the
aqueous system's limitations low voltage range and narrow working temperatures several organic
solvent-based electrolytes were created with solvents such as EC, DMC, EMC, DMF, and DMSO.
These yield a broader electrochemical stability window (ESW). Organic LSEs, however, have
limitations: High volatility and flammability Toxicity, Low ionic salt solubility, Leakage risk,

making packaging harder and limiting application in wearable and portable electronics.[10]
3. Gel-State Electrolytes (GSEs)

Gel electrolytes are hybrid systems possessing characteristics of both solid and liquid electrolytes.
They are formed by adding a gelling agent to a liquid electrolyte for immobilization. GSEs
alleviate most drawbacks of SSEs and LSEs, such as: Low ionic conductivity Weak electrode—
electrolyte contact Volatility and flammability Narrow operating temperature and voltage ranges
GSEs are generally hydrogel, ionic liquid (IL), and polymeric matrix based. lonic conductance in
GSE:s is realized by the polymer network hosting the ionic species. Liquid electrolytes like H2SO4
or ionic salts dissolved in compatible solvents are common systems used. Polyvinyl alcohol (PVA)
is one of the most efficient polymers for gel electrolytes. Due to the availability of a liquid phase,
GSEs provide: Higher ionic conductivity than SSEs Broad electrochemical and thermal operating
windows Utilization of water as a solvent, facilitating ion conduction GSEs are eminently qualified
to enable next-generation flexible, stretchable, wearable, printable, and miniaturized electronics.
However, they have their challenges, including: High viscosity Sophisticated fabrication processes

Limited lifespan and durability [11].

ELECTROLYTE FOR SOLID-STATE LITHIUM-ION BATTERY

Solid-state lithium-ion batteries (SSLIBs) are emerging as a transformative technology in the field
of energy storage, offering notable advantages in energy density, safety, and environmental
impact. This review focuses on solid-state electrolytes (SSEs)a key enabler in overcoming the
limitations of traditional lithium-ion batteries (LIBs) that use liquid electrolytes. Conventional
LIBs are hindered by issues such as flammability, leakage, thermal instability, narrow
electrochemical stability windows, and environmental drawbacks. In contrast, SSLIBs address
these concerns by incorporating solid electrolytes, which provide enhanced ionic conductivity,

greater electrochemical stability, and improved safety profiles. The review examines various
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classes of solid electrolytes such as oxides, sulfides, perovskites, anti-perovskites, NASICON-
type, and LISICON-type materials each offering distinct structural and electrochemical advantages
that promote lithium-ion transport and boost battery performance. Furthermore, it discusses recent
progress in interfacial engineering, electrode material optimization, and advanced fabrication
techniques. The growing potential of SSLIBs across diverse sectors from electric mobility to grid-
scale energy storage is emphasized, showcasing a promising route toward safer, more efficient,

and environmentally sustainable battery technologies [12].

2.2 LITHIUM ALUMINOSILICATE (LiAlSiO4) A SOLID

ELECTROLYTE
Si, Al based oxide LiAISi04 (LASO) is another alternative to be used as SEs due to abundancy of

element have Si and Al in earth and cost effectiveness [13,14]. According to the literature,
LiAlSiO4 crystal structure has bridging of Oxygen as, SiO4 and AlOj4 tetrahedral, and Li-ions
occupying interstitial positions. LASO shows reasonable ionic conductivity as reported in earlier
investigations in LASO, Li + conduction occurs along the c-axis (specifically along the 1-D
channel in this direction) [15]. In recent past, the LiAlSi04 solid electrolyte has been prepared
using numerous methods including sol-gel, magnetron sputtering, and atomic layer deposition
(ALD).Since, the solid-state method is more cost-effective and scalable than other approaches, we
used it to prepare the LiAlSiO4 based SEs in the present study. Here, the sintering temperature of
LASO material has been increased for better crystallinity. The impact of varying sintering
temperatures on the creation of hexagonal structures during the sintering process was
examined. The LASO SEs major benefits are its elemental selection and low sintering temperature

(Iess than equal to 1000°C).

2.4 OBJECTIVES OF RESEARCH WORK

The main goal of this research is to synthesize and characterize the structural, morphological,

electrical, and dielectric characteristics of the solid electrolyte LASO.
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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 [16].

3.2 MATERIAL SYNTHESIS

LASO was synthesized by a typical ball-milling/ solid-state route process using high-purity
precursors (Li2COs, Al:Os, and SiO2, each with >99%). A schematic of synthesis procedure is
presented in Figure 1. The precursor powders were grinding in a mortar and pestle by hand for 8
hours to create a homogeneous powder mixture. This powder was pre-sintered in a muffle furnace
for 12 hours at temperatures range from 900 °C to 1050 °C. The powder thus obtained was
pelletized using a hydraulic press into pellets (diameter=13mm and thickness=1.5mm). Pellets

were then sintered at 1050 °C for 6 hours in a furnace to densify.
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Figure 3.1- Schematic diagram illustrating the synthesis procedure of LASO via the solid-
state reaction route.

3.3MATERIAL CHARACTERIZATION

The pre-sintered (raw) LASO sample was analyzed for thermal stability and mass loss using a
Perkin Elmer TGA 4000 thermogravimetric analyzer (TGA) along with differential scanning
calorimetry (DSC). For phase identification, the synthesized sample was examined using X-ray
diffraction (XRD) with a Bruker D-8 diffractometer, employing a CuKal radiation source (A =
1.54 A) over a 10-80° range with a step size of 0.02°. The microstructure of the sintered pellet
was examined with a Scanning Electron Microscope (SEM), in this case the FEI Nova NanoSEM
at 15 kV. The electrical properties and frequency response of the LASO pellets were characterized
using a HIOKI 3532 LCR meter over the frequency range of 1 MHz to 4 Hz, from 90 °C to 140 °C
temperatures. To allow electrical conductivity for measurement, silver electrodes were applied to

both sides of the sintered pellets by utilizing a HindHi-manufactured thermal evaporation unit.
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3.4 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 on the diffraction angle (20). 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 3.2: Geometric conditions for diffraction from lattice planes.

The intensity Vs. 20 plot-

(1) Provides structural information about the material. The presence or absence of specific sets of

peaks corresponding to distinct planes determines the crystal formations.

(i1)) The movement of peaks from their initial locations in bulk crystals indicates stresses in the

material.
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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 = ni (3.1

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.

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 analyze phases, however the latter may

also be used to extract molecular information [17].
3.5SEM

Scanning Electron Microscopy (SEM) is well known and utilized in various scientific disciplines
for high-resolution imaging of organic and inorganic materials at the nanometer to micrometer
length scale. Current SEM equipment is capable of reaching magnifications of as much as
300,000x and in certain cutting-edge models even 1,000,000x. SEM produces very high-detail

grayscale images of the surface of samples and is thus precious in materials characterization.

Additionally, SEM can be used in conjunction with Energy Dispersive X-ray Spectroscopy (EDS)
to provide qualitative and semi-quantitative elemental analysis. These ancillary methods allow for
a thorough composition appreciation of the sample, exceeding the reach of standard laboratory

techniques. SEM is based on electron emission.

Scanning Electron Microscopy (SEM) provides a window on the otherwise hidden domains of
micro- and nanoscale structures. It allows researchers to see detailed information that lies beyond
the resolution capabilities of optical microscopy. As described by Goldstein et al. [5], and further

explained in next figure section, SEM functions via a clear cut series of processes:
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a) Electron Beam Generation: The SEM makes use of a concentrated beam of high-energy
electrons with an energy range of between 100 and 30,000 electron volts (eV). The electrons are

generally produced from a thermionic source.

b) Beam Focusing and Interaction: The primary electron spot produced by the gun is too wide for
high-resolution imaging. Thus, SEM incorporates electromagnetic lenses that constrict and
concentrate the beam on to the specimen. Final spot size of the beam is usually smaller than 10
nanometers (nm). When this concentrated beam hits the sample surface, it goes as deep as

approximately 1 micrometer (um), producing different signals that are utilized to form the image.

c¢) Raster Scanning Mechanism: SEM forms the image by scanning the electron beam across the
specimen in a raster fashion point by point, line by line. This is regulated by scanning coils, which
direct the beam across the sample. To produce higher magnification, the coils decrease the area to
be scanned, zooming in on smaller regions of the surface. Working distance — the distance
between the last lens and the surface of the specimen, also affects magnification but is usually

automatically regulated in modern SEM systems.

d) Signal Detection: When the electron beam is interacting with the sample, it produces signals in
the form of secondary electrons (SE) and backscattered electrons (BSE). The detector gathers these
electrons to create the final image. In the absence of a detector, the emitted signals would create a
disordered and unreadable image. By using a positive voltage on the detector's collector screen,
both SE and BSE are detected; a negative voltage leads to detection of only BSE. A scintillator
detector (as indicated in Figure 9) is widely utilized for the detection of both SE and BSE.

e) Image Display and Adjustment: The obtained signals are displayed on a screen. The operator
may set parameters like brightness and contrast to make the image clearer. For finer structural

details to be viewed, magnification levels higher than 10,000x might be necessary.

f) Accelerating Voltage Effect: The energy of the electron beam influences the character of the
information that is obtained. Low accelerating voltages (less than 5 kV) yield detailed surface
information, while high voltages (15-30 kV) enable electrons to penetrate and access information
below the surface. Figure 3.2 shows the differential electron penetration depths and resulting

signals.
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g) 3D Surface Topography: SEM is also capable of pseudo three-dimensional imaging by
recording surface shape, size, and texture variations. The topographical contrast is heavily
dependent on the amount of SE and BSE signals detected. Surprisingly, by tilting the sample
surface between 50° and 70°, the number of emitted electrons is enhanced, and thus topographic

contrast and depth vision are greatly improved[18].

Emitter/ SEM layout and function
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Figure 3.2 Schematic diagram of the SEM setup illustrating major components

3.6 TGA

Thermogravimetric Analysis (TGA) is a thermal analysis that measures the absolute weight and
weight change rate of a material with respect to time or temperature in a controlled atmosphere.
TGA gives useful information about different properties of materials, including thermal and
oxidative stability, responses in different gaseous environments, moisture and volatile contents,
and, in certain cases, the composition of multi-component systems. It also helps to decide how
components of a sample are alternatively held together, based on their individual thermal
responses. When Differential Thermal Analysis (DTA) or Differential Scanning Calorimetry
(DSC) is used along with TGA, the technique becomes Simultaneous DSC-TGA (or SDT). SDT
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allows the benefits of TGA (measurement of weight loss) to be coupled with the detection of heat
flow of DSC. This enables the examination of not just mass change but also of thermal transitions,

including melting, boiling points, and heats of reaction.

TGA basically measures three important parameters: Sample weight, Rate of change in weight,

i.e., Differential Thermogravimetry (DTG), Temperature

The DTG curve is obtained as the first derivative of the weight with respect to time or temperature.
This curve is very convenient for qualitative and quantitative analysis. Qualitatively, it is used to
identify materials and separate overlapping reactions. Quantitatively, it gives information like peak
height and the temperature of maximum weight loss. In a TGA experiment, the test sample is
subjected to a controlled heating rate in a definite atmosphere (e.g., air, nitrogen, carbon dioxide,
helium, or argon). Temperature increases progressively, and the sample weight is constantly
monitored as a function of temperature or time. The obtained plot of weight change vs temperature

is referred to as a thermogravimetric curve or thermogram.

Mechanisms of Weight Change in TGA

Weight Loss can be caused by:

a. Decomposition — chemical bond breaking

b. Evaporation — loss of volatile components on heating

c. Reduction — reaction with a reducing environment (e.g., hydrogen, ammonia)
d. Desorption — departure of adsorbed species from the sample surface

Weight Gain can be caused by:

a. Oxidation — reaction with an oxidizing environment
b. Adsorption or Absorption — adsorption or absorption of gases in the surrounding

environment
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DSC

Differential Scanning Calorimetry (DSC) is a major thermal analysis technique, since heat flow
changes accompany all phase transitions. Endothermic transitions, including melting, need energy
(absorbed heat), while exothermic transitions, such as crystallization, emit energy. The energy is

usually quantified in Joules per gram (J/g).

DSC has a number of advantages:

a. It needs only minute quantities of the material (1-10 mg)
b. Compatible with analyzing solids and liquids

c. Rapid analysis times, typically between 10 and 30 minutes
d. Easy sample preparation

e. The majority of current DSC equipment features automated sampling and data analysis

functionality
3.7 Impedance analysis

Impedance spectroscopy (IS) represents a technique for analysing frequency-dependent electrical
characteristics such as impedance, admittance, conductance, and dielectric properties in ceramic
and bulk materials. This analytical approach helps distinguish different electrical polarization
mechanisms by examining their characteristic time constants and relaxation frequencies. The
methodology finds applications across various material types including dielectric substances, ionic

compounds, and electronic conductors.

Common applications include energy storage and conversion systems such as supercapacitors,
electrochemical cells, and fuel cells, along with electroceramics, solid electrolytes, and dielectric
materials including polymers and glasses. Within electrochemistry, this technique serves as a
fundamental tool for examining electrode kinetics and is commonly referred to as electrochemical

impedance spectroscopy (EIS).

The fundamental principle involves applying sinusoidal perturbations (alternating voltage or

current) across a broad frequency spectrum (typically Q to MHz) to disturb electrical or
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electrochemical systems at equilibrium or steady-state conditions. The system's sinusoidal

response (current or voltage output) to these external perturbations is then measured and analyzed.

Systems studied through electroceramics or electrochemistry are characterized as linear time-
invariant systems, meaning their response remains consistent across time within the tested
frequency range. The output signal (alternating current or voltage) maintains a controlled, linear
relationship with the input signal (alternating voltage or current) via the "transfer function"

methodology of IS.

Through IS implementation, researchers can identify and often separate reactions occurring within
bulk materials or devices, detect internal and external interface presence, and gather data regarding
charge storage and energy dissipation mechanisms. Modern instrumentation readily enables

frequency measurements spanning 1 to 12 orders of magnitude.

This methodology has proven valuable for characterizing traditional capacitors, fuel cells,
batteries, and photovoltaic cells due to their diverse electrical behaviors and multi-material
properties. IS has also been employed for monitoring component aging in both structural and
electrical systems and for quality assessment of solid-state capacitors. The technique extends
beyond energy-related applications to any material or device requiring characterization of
component contributions from grain, grain boundary, and interface interactions, along with their

frequency-dependent behaviors at room temperature or various operating temperatures.

High-conductivity materials exhibit optimal representation through conductivity as a temperature
and operational environment function (vacuum or pressure conditions), while dielectric-type
materials are better characterized using dielectric formalism, or in some cases, both approaches.
Material type and research objectives determine the selection of appropriate electrical processes,

with several electrical processes potentially occurring simultaneously.

Polarization phenomena in polycrystalline materials result from reduced electrical conductivity at
grain boundaries relative to grain interiors. Three potential explanations exist for this decreased
conductivity: space charge accumulation at grain boundaries, grain charge variations contributing

significantly to ceramic understanding in electrochemical applications like solid oxide fuel cells.
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In electrochemical contexts, grain boundaries play essential roles in determining nonlinear current-
voltage relationships across electrodes and temperature-dependent electrolytic behavior.
Additionally, material electrical resistance decreases with rising temperature, known as negative
temperature coefficient of resistance (NTCR). This characteristic contradicts typical conductive
materials' behavior, where resistance increases with temperature, and temperature-dependent

charge carrier mobility or concentration represents the primary factor in NTCR materials.

Impedance demonstrates inverse relationships with dielectric polarization magnitude and
frequency relationships within permittivity, permeability, and attenuation measurement
techniques. Readers seeking comprehensive research should consult detailed articles where
information is systematically organized within thoroughly analysed impedance data, interpretable
through impedance-to-other-electrical-terms conversions like admittance, conductivity,

permittivity, and other electrochemical parameters.

EIS spectroscopy capabilities enable discrimination and comprehensive information provision for
various electrical, electrochemical, and physical processes occurring within actual electrochemical
systems, distinguishing it from other electrochemical methodologies. This technique exhibits
unique temporal behavior ranging from rapid to gradual responses, with different time constants
displayed through various electrochemical processes dependent on multiple factors including
electrode kinetics, mass transfer phenomena, material properties, and electrode-electrolyte

interface characteristics.

For solid polycrystalline electrolytes, electric double layer charging or discharging at electrode-
electrolyte interfaces, impedance relationships of electric double layers based on electrode
morphology and electrolyte composition, electrode charge-transfer reactions related to
homogeneous reactions, and adsorption/desorption phenomena, along with diffusion-controlled

mass transfer processes, represent key analytical considerations.
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4

RESULTS AND DISCUSSION

4.1 THEORETICAL ANALYSIS OF LASO SEs CRYSTAL STRUCTURE

Experimental preparation of several lithium aluminosilicates is possible, and The Materials Project
Database [19] has information about them, the crystal structure information for the LASO solid
electrolyte is listed in Table 1, and the related structural model is shown in Figure 4.1. High-
lithium-content aluminosilicates have been found to be good ionic conductors owing to their

narrow bandgap and the availability of many mobile lithium ions [20].

Table 1. Crystal structure parameter of LiAlSiO4 observed from Materials Project Database [19]

ID mp-558713
Formula LiA1Si0O4
Crystal system hexagonal
Space group Pexnr
Band gap(eV) 4.51

Figure 4.1 Representation of Crystal structures of LiAlSiO4 (using VESTA), Li is green, Si is blue,
Al is yellow and O 1is red.
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4.2 TGA AND DSC ANALYSIS

Sintering of LASO ceramics by the traditional solid-state approach is challenging, mainly because
of lithium volatilization in the form of Li,O [21]. In order to determine the thermal stability and
find a suitable sintering temperature, TGA combined with DSC was performed on hand-grinded
powder sample between room temperature to 850 °C in air, as shown in Fig. 3. A slight mass gain
was first noted between room temperature to about 100 °C and can be explained as the adsorption
of atmospheric gases or moisture onto the sample surface. As the precursors like Li,CO3 and SiO»
are hygroscopic and have a tendency to absorb water, leading to a small gain in mass. This process
will not include much thermal action and therefore the DSC curve is flat [22]. The mass loss in the
region of 100 °C to 300 °C is gradual, which is believed to relate to the loss of physically adsorbed
water and volatile contaminants [23]. This procedure usually comes with an endothermic peak on
the DSC signal, relating to the energy needed for desorption. A sudden mass loss of about 10.57%
is subsequently observed in the range 300 °C to 600 °C, which is mainly attributed to the
decomposition of Li»COs3 into LiO and CO», where the latter is responsible for the weight loss.
Such decomposition is generally accompanied by an endothermic phenomenon in the DSC trace
[24,25]. Then, another major mass loss of approximately 11.46% occurs from 600 °C to 700 °C,
this mass loss corresponds to the thermal decomposition of Li,COs3 to LiO and CO; gas. A sharp
endothermic peak is occurring between this temperature. After the 700 °C small thermal event is
found in the DSC trace that is not accompanied by a corresponding mass change This process is
the solid-state reaction between Li,O (from the earlier decomposition), Al>O3 and SiO> to produce
LiAlSiO4[23]. From the thermal analysis, it is deduced that the sintering temperature in LASO
ceramics ought to be above 800 °C in order to secure the completion of intermediate reaction and
formation of stable crystalline phases. But temperatures have to be regulated with care to limit
lithium evaporation and avoid excessive grain growth. A best sintering temperature is found at ~

900 °C, at which the favorable phase stability is attained with the least weight loss.
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Figure 4.2 TGA/DSC curve of hand-grinded sample of LASO from room temperature to 850°C in
air atmosphere

Li2CO3 — LiO + COx(g) (4.1)
Li,0 + Al,Os + 2Si0> — 2LiAlSiO4 (4.2)
4.3 XRD ANALYSIS

An essential step in the manufacture of SE is sintering, which can change the electrolyte's structural
characteristics by raising its relative density and lowering its bulk and grain boundary resistance.
For this reason, selecting the right sintering environment and optimizing the sintering temperature
and duration are crucial to achieving the desired structure. Optimizing the composition of the
ceramic electrolyte and preventing lithium loss during sintering are also necessary [26]. TGA
results shows the sintering temperature range for LASO ceramics is above 800 °C to ensure

complete reaction and phase stabilization and, at the same time, minimizing lithium volatilization.
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The X-ray diffraction (XRD) pattern of the LASO sintered at the different temperatures ranging
from 900 °C to 1100 °C with temperature step of 50 °C for 12 hours respectively at each step is
shown in figure 4.3 (a) to study the formation of the LASO structure as predicted from TGA/DSC
curves discussed in previous section. The XRD analysis shows a defined crystalline LASO at
1000 °C, crystal structure under this temperature is affected by the balance between kinetic and
thermodynamic stability. At the optimal sintering temperature, atomic or ionic species rearrange
into the most thermodynamically favorable crystal structure through the minimization of the

system’s Gibbs free energy [27].

The structural characteristics of electrolyte at different sintering temperature were determined by
XRD analysis. A rise in the sintering temperature is equivalent to an increasing improvement in
the intensity of the LASO electrolyte's diffraction peaks, sharp peaks represent an enhancement in

crystallinity and phase stabilization of the LASO crystal system [28].

@ (b)
1100°C 1100°C .
— A ~ CFal
: . . 1050°C 3 wre N\
: “ A
o S’
o 1000°C
Z — o N 1000°C 2
: ]
® x L 950°C 2 950°C 7N
= A A A A A A A :
[l i
. . o 900°C /\
.:. A Jf Al an A A A gooc
»-LiAlO, (JCPDS PDF#17-0533)
1 T N T W 11 L
10 20 30 40 50 60 70 80 230 235 240 245 250 255 260 265 270
20 (degree) 20 (degree)

Figure 4.3 (a)XRD images of the LASO material after the material was sintered at various
temperatures (b) XRD patterns of the d (102) plane at various sintering temperatures.

The electrolytes sintered at 900 °C and 950 °C includes some trace amounts of LiAlO2 impurities
due to unfavorable reaction of silicon and oxygen atoms during sintering, whereas the XRD
patterns of the electrolytes sintered at above 950 °C crystallizes in LiAlSiO4 phase (JCPDS
PDF#17-0533)[35-37]. The creation of a lithium-depleted phase, possibly because of lithium

volatilization at high temperatures, resulted in the decrease of crystallinity of the electrolyte upon
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sintering of the pellets at 1050 °C or higher. Thus, 1000 °C was identified to be the optimal
temperature for obtaining the pure LiAlSiO4 phase.

Figure 4.3(b)shows, as the temperature rises, the material's crystallinity improves: Higher
temperatures (particularly 1000°C) cause the peak becomes sharper and more intense, indicating
improved crystal formation and reduced lattice deficiencies. The peak position (around 25.2°)
varies slightly with temperature, which could be a sign of lattice strain or minor temperature-

induced changes in lattice characteristics.
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Figure 4.4 (a) A graph showing the relationship between the LASO SEs' average grain size
(nm) and sintering temperature (°C). (b) Temperature versus the d (102) plane spacing plot of
LASO SEs

The figure 4.4(a) plots the average grain (crystallite) size of the LASO SEs versus temperature.

The average grain size of LASO was determined using the Debye-Scherrer’s equation (4.3).

kA
D= Feos @) (4.3)
kA
pt = D5Cos(®) + 4¢etan (0) 4.4)
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Where 0 represents the Bragg's scattering angle, f denotes the peak width at half-maximum
intensity (FWHM), the X-ray wavelength A = 0.15418 nm, and the Scherrer's constant K=0.9. One
crucial factor affecting the crystallite dimensions of the LASO-based solid electrolytes is the
processing temperature. LASO 900°C, LASO 950°C, LASO 1000°C, LASO 1050°C, and LASO
1100°C exhibit mean crystallite dimensions of 28.78, 30.71, 33.5, 34.35, and 35.12 nm
respectively. The mean crystallite dimensions expanded with increasing processing temperature.
Grain boundaries migrate when the sintering temperature rises, and the sintering temperature has

a significant impact on grain growth.

Higher crystallinity in ceramic solid electrolytes is necessary to enable effective lithium-ion
transport. From XRD patterns, the FWHM of the (102) major peak decreased to enhance the
crystallinity of electrolytes. The FWHM and sintering temperature relationship are shown in the
figure 4.4 (b). The FWHM of the XRD peak has an inverse relationship with the crystallinity. At
the processing temperature of 950°C, the (102) scattering peak exhibited notable widening and
elevated full width at half-maximum intensity (FWHM) of 0.25°, indicating poor crystallinity. At
1000°C, the crystallinity became saturated and significantly enhanced. At this point, maximum
crystallinity was achieved and the LASO displayed a sharp and distinct peak with the narrowest
FWHM (0.22°). However, the elevated resistance observed in the specimen processed at 1050°C
is caused by lithium volatilization at high temperature leading to the formation of a lithium-
deficient phases. Thus, the superior ionic conductivity of the pellet processed at 1000°C with no
LiAlO: impurities (as shown by the XRD results) was proved. As a result, 1000°C was determined
to be the ideal sintering temperature for creating LiA1Si104 based SEs.
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Figure 4.5 W-H plot of LASO sample

The Williamson-Hall plot, which is used to calculate the micro-strain from the total peak
broadening of diffraction peaks using the expression given in Equation (4.4) is displayed in
Figure.6. In this case, the symbols Bt, B, A, €, D, and K stand for total peak broadening, full width
at half maximum, X-ray source wavelength (1.54 A), micro-strain, crystallite size, and form factor
(0.9), respectively. For the purpose of calculating crystallite size, the peaks have been used to
compute the average full width at half maxima. The slope of the fitted plot between 4sinf and
Bcos(0) indicates the micro-strain achieved in the system. The average crystallite size estimated
from Scherrer’s equation is 32.49 nm and the micro-strain in the crystal lattice, obtained from
Williamson—Hall (W-H) analysis, is found to be 2.58 x 103[32].This analysis indicates the sub-
micron crystallite size range, which contributes to improved sintering and a reduction in the bare

material's sintering temperature.
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4.4 MORPHOLOGICAL RESULTS
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Figure 4.6(a, b, ¢, d) SEM images of the LiAISiO4 material prepared using the solid-state method
(and sintered at 900 °C) at different magnifications, and (e) Particle size distribution graph for the
LASO particles, (f) EDX of the LiAlSiO4 material

Fig.4.6. (a,b,c,d) shows SEM results of LiAISiO4 pellets sintered at various microscopies in the
range of 1.00um-5.00um at 1000 °C. In XRD analysis section, at 1000 °C material have the
maximum crystallinity. Fig. 4.6(e) shows the particle size distribution of the SEM images in the
range of 1.00um-5.00um, here the average particle size calculated is 1.36 um. Figure 4.6(f) shows
the EDX of the LiAlSiO4sample which suggests that the composition of this sample shows a higher
proportion of oxygen and aluminium and a lower proportion of silicon.Table2.displays the element

proportion in structure of the sample.
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Table 2. Elemental Identification of LiAlSiO4

Element Norm. C (wt.%) Atom. C (%) Error (wt.%)
Aluminium (Al) ~41% ~32% +4.0
Oxygen (O) ~41% ~54.7% +15.0
Silicon (Si) ~17% ~13% +1.8
4.5 DIELECTRIC ANALYSIS

The dielectric

response signifies

the material's

capacity to

store electrical

energy,

the subsequent relaxation processes and it’s frequency response at different temperatures[33].
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Figure 4.7 (a) The curve between real part of permittivity vs frequency of the sample LASO

(b) The curve between imaginary part of permittivity vs frequency of the sample LASO

This analysis provides information regarding two important material properties: (a) dielectric

permittivity and (b) dielectric dissipation. When alternating current fields are imposed, thermal

energy is produced through charge carriers resulting from delayed polarization responses,

commonly termed dielectric dissipation. The overall dielectric permittivity of a substance is

influenced by temperature, pressure, frequency response, and molecular structure parameters. The

relative permittivity (commonly referred to as total dielectric permittivity) comprises the actual
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(¢") and theoretical (¢") components combined with the dielectric dissipation factor (D) which is

determined through fundamental equations referenced in earlier studies.

Figure 4.7 (a, b) demonstrates how €" and &' vary with frequency across different temperatures. At
reduced frequencies, a domain of elevated dispersion with increased permittivity values
corresponds to the existence of the Maxwell-Wagner relaxation mechanism and interfacial
polarization as documented in similar ceramic solid-state electrolyte studies. The elevated
permittivity values at reduced frequencies can be attributed to numerous well-conducting grains

with reduced grain boundary conductivity.

Charge carriers can readily traverse across the grains and accumulate at grain boundaries when an
external electric field is applied. With increasing temperature, charge carriers in dielectric
substances gain sufficient energy to move more efficiently along the direction of the imposed
electric field. This transport results in charges accumulating on the higher energy barrier region,
originating from the reduced energy region, thereby enhancing charge accumulation, which

subsequently increases polarization and permittivity responses [34].

4.6 IMPEDANCE ANALYSIS
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Figure 4.8 (a) The curve between real part of impedance vs frequency of the sample LASO (b)
The curve between imaginary part of impedance vs frequency of the sample LASO
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Complex Impedance Spectroscopy (CIS) is an effective technique utilized to study the relaxation
behavior of various microscopic areas in ceramics [35]. Figure 4.8 (a, b) shows the frequency
variation of the real (Z') and imaginary (Z") components of impedance at different temperatures
of 90 to 140°C. Figure 9(a) illustrates that Z' is decreasing with rising temperature and frequency,
which signifies a negative temperature coefficient of resistance (NTCR) and is indicative of

increased conductivity of the material [36].

However, at high frequencies (>10* rad/sec), the trend changes, the real part of impedance for
140°C becomes higher than that for 90°C and the curves do not merge. This anomalous behavior
suggests that at higher frequencies the electrical response is no longer dominated by simple
conduction. Instead, interfacial phenomena, such as grain boundary polarization (Maxwell-
Wagner effect), and the frequency dependent dielectric properties of the material become more
significant [48,49]. Figure 4.8 (b) shows, as the temperature rises value of Z" decreases in lower
frequency region due to enhanced ion mobility, reducing polarization losses and flattening any low
frequency peaks, which implies faster charge transfer at interfaces. In the intermediate frequency
range (10°-10% rad/s), a peak in Z" emerges, corresponding to grain boundary or bulk relaxation,
with the peak frequency (fmax) providing the relaxation time (t = 1/2nfn.). With increasing
temperature, this peak shifts to higher frequencies, reflecting shorter relaxation times due to
thermally activated dipolar or ionic reorientation. Figure 4.9 demonstrates the Nyquist plots of
Z'versus Z" for LASO ceramics at different temperatures. The Nyquist plot show depressed
semicircular arc, each representing the impedance response at a specific temperature. These
depressed semicircular arcs indicated the deviation from ideal dielectric behavior of the material.
This depression occurs because the system exhibits a distribution of relaxation times rather than a
single relaxation time, suggesting microscopic inhomogeneity in the material's structure or
composition. The arcs shift systematically toward the origin (lower impedance values) as
temperature increases from 90 °C to 140 °C, demonstrating that both the resistive and reactive
components of impedance decrease with rising temperature. This behavior clearly shows the
thermally activated nature of charge transport in LASO, where increased thermal energy enhances
ion mobility. The diameter of these depressed arcs, which corresponds to the material's resistance,
becomes smaller at higher temperatures, corresponds to the NTCR behavior and indicates

improvement in conductivity of material. The elevated-frequency intercept on the real axis (Z')

31



indicates bulk resistance, while the lower frequency domain displays the onset of a secondary arc
or tail, indicating supplementary interfacial or diffusive mechanisms at reduced frequencies. These
phenomena can be represented through an equivalent circuit comprising parallel arrangements of
resistance and constant phase elements (CPE) rather than perfect capacitors to explain the non-
ideal characteristics observed in the compressed semicircles.

Overall impedance is modeled using equivalent circuit (R1-(R2-CPE2)||CPE1)) as demonstrated
in the figure 4.9 (a) inset using EIS analyzer software. Here R1, R2 represent electrode resistance,
bulk resistance and CPE1, CPE2 represent constant phase elements. The theoretical (Z") and actual

(Z'") components of the complex impedance are described by the subsequent equations [34].
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Figure 4.9 (a) Nyquist representation of LASO specimen across thermal conditions from
90°C to 140°C (b) Nyquist representation of LASO specimen with magnified view, thermal
conditions from 90°C to 140°C

. R1 R2
Z' = [1+(wR1C1)? ] +[1+(wR2C2)2] 4.5)

"wo_ wR1?C1 wR2%C2
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Ri and Ci represent the resistive and capacitive characteristics of the grain core regions, while
R: and C: represent the grain interface resistive and capacitive properties; @ denotes the angular

frequency. The ionic conductivity of the consolidated pellets is determined using Eq (4.7):
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o= L (4.7)

T RxA

Where R indicates the resistance of the analyzed sample in QQ, A represents area in cm? and L
denotes the thickness of the pellet in cm, respectively. The bulk ionic conductivity (o) of the
LASO material is observed as 1.94x105Scm™ at 140°C. Figure 3 demonstrates the thermal

dependency of the conductivity calculated using Arrhenius Equation expressed by Eq (4.8):

-Eq
0 =0,eKkT (4.8)

Where ¢ indicates the ionic conductivity, o, denotes the pre-exponential factor, E, represents the
activation energy, K indicates the Boltzmann constant and T denotes the absolute temperature.
The activation energy graph provides understanding of the energy barrier for a process and the

thermal dependence of reaction dynamics.
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Figure 4.10 Arrhenius plot of ionic conductivity of LASO sample
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A straight line in the figure 4.10 indicates that the process Follows Arrhenius behavior. The
activation energy was estimated to be 0.05eV. The E.= 0.05ev indicate low energy barrier, likely
indicating fast ionic or electronic transport. Activation energy and ionic conductivity has a strong
correlation between them as the activation energy decreases ionic conductivity increases while at
the same time it has been seen that the Li* diffusibility increases across the material due to lower

in activation energy, high diffusibility of ions may enhance the cyclability of solid-state battery.
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Figure 4.11 Arrhenius representation of relaxation time versus temperature for
sample LASO

The graphical representation (Figure 4.11) showing relaxation time (t) against temperature
obtained from Nyquist plot analysis offers understanding of thermal activation mechanisms in
relaxation phenomena within materials. Relaxation time is determined using peak frequency (fiax)
from Nyquist plots through the relationship 1=1/2nfn.. The thermal dependency of t typically
exhibits an Arrhenius-type behavior: 1=10 exp(E./kgT), where 1o signifies the pre-exponential
factor, T indicates absolute temperature, and E, represents the activation energy. This relationship
demonstrates that relaxation time undergoes exponential reduction with rising temperature, as
elevated thermal energy facilitates accelerated relaxation mechanisms. When represented as In(t)

against 1/T (Arrhenius representation), the gradient of the linear relationship yields the activation
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energy (Ea.), which measures the thermal energy barrier for relaxation phenomena. An activation

energy value of 0.96eV indicates a moderate thermal barrier controlling relaxation dynamics.
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S

SUMMARY AND CONCLUSIONS

The LASO solid electrolyte was synthesized via a conventional solid-state reaction technique. The
optimum conditions of phase formation, sintering temperature, and weight loss were identified by
using TGA and DSC up to 850 °C, wherein the first derivative of the weight loss curve provided
ease in its assessment. TGA results indicated a cumulative weight loss of approximately 21% up
to 850 °C. X-ray diffraction (XRD) analysis showed that the optimal sintering temperature for
forming LiAISi04 based solid electrolytes is 1000 °C and verified the formation of the hexagonal
LASO phase. At temperatures below 1000 °C, XRD patterns revealed the existence of a LiAlO>
impurity phase, which was eliminated by sintering at elevated temperatures. Dielectric analysis
reflected Maxwell-Wagner relaxation behavior, wherein the dielectric constants €' and €” changed
with frequency. The impedance spectroscopy showed downpressed semicircles, which are due to
grain boundary contributions in the relaxation process, and this further establishes the Maxwell—

Wagner relaxation mechanism.
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