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Abstract

The excessive use of the fossil fuel has attributed to the emission of carbon dioxide causing rising

temperature. To counter act over this, the renewable based energy transition and lithium-ion

batteries as storage facility in changing the landscape. However, these lithium-ion batteries prone

to thermal runaway, lower operating conditions, dendrite formation making them vulnerable to

the transition. All solid-state batteries are the next generation batteries making an revolution in

the battery technology by replacing the highly volatile liquid electrolyte to the solid electrolyte for

improved safety, high energy density (Li/Si possible to use the anode material), and longer cycle

life.

In this thesis, the halide incorporation in lithium argyrodite 𝐿𝑖6−𝑥𝑃𝑆5−𝑥𝑋1+𝑥 (X= Cl, Br, I) solid

electrolyte was synthesized and further characterized to understand the synthesis conditions and

structural-ionic transport correlation of solid electrolyte. The halide enriched lithium argyrodite

was synthesized using mechano-chemical synthesis by high energy ball milling and followed by

heat treatment. All samples were investigated using following characteristics tools such as X-Ray

diffraction, scanning electron microscopy, Raman spectroscopy, and Electrochemical impedance

spectroscopy, to understand the structural information, morphology and the ionic conductivity of

the composition. In results, the chloride/Bromide enriched in lithium argyrodite shows a higher

ionic conductivity of around 14.77 mS 𝑐𝑚−1
for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 6.39 mS 𝑐𝑚−1

for 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5,

and various annealing temperatures could improve the crystallinity of composition which also

influences the higher ionic conductivity.

As we know from the literature, the lithium argyrodite based solid electrolyte has a narrow

electrochemical stability window. It is interesting to note that altering the structure can influence

this stability. We have also determined the electrochemical stability window of the chloride-enriched

lithium argyrodite (𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5) in both BM and HT samples and compared with the commercial

lithium argyrodite (𝐿𝑖6𝑃𝑆5𝐶𝑙) by using linear sweep voltammetry. Additionally, we performed the

electrochemical stability window of 𝐿𝑖6𝑃𝑆5𝐵𝑟, 𝐿𝑖5.7𝑃𝑆4.7𝐵𝑟1.3 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 composition. We

observed the halide enriched lithium argyrodite show better electrochemical stability windows.

Overall in this thesis, the processing of halide enriched lithium argyrodite 𝐿𝑖6−𝑥𝑃𝑆5−𝑥𝑋1+𝑥 (X =

Cl and Br) exhibits cubic crystal structure, various occupancies of halide on 4d site with high ionic

conductivity, and good electrochemical stability window to development of all solid-state batteries.

Keywords: Solid-State Batteries, Lithium Argyrodite, X-ray diffraction, Raman Spectroscopy,

Electrochemical stability window.
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1
Introduction

1.1. Demand
After the Industrial Revolution, the world was set to compete with one another to meet the

requirements of the rising population, which in return required energy as fuel for the manufacturing

sectors [1]. The post-industrial revolution led to modern economies, resulting in a potential

electricity consumption around the world. Global electricity demand worldwide has increased by

2% shortly after the pandemic and geopolitics, leading to high volatile prices, stagnant economic

growth, and hyperinflation, [2].

Figure 1.1: Relative yearly electricity consumption from 2015-2025,[2]

1
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However by 2025, the annual consumption in developing countries such as China, India, and

Southeast Asia are predicted to rise by 3%, while the rest of the world is expected to rise from 2.6%

to 3.2% on an average[2]. As described above in the Figure 1.1 depicts the increasing growth trend

of electricity consumption throughout the world from 2023.

1.2. Energy Transition
According to the Paris Agreement, it states that the greenhouse gas emissions started from the

pre-industrial period which is the primary cause of global warming and the subsequent rise in

surface temperatures. The agreements to achieve the targeted global temperature rise within 1.5
𝑜
C,

[3]. Currently, electricity generation has predominantly relied on fossil fuels such as coal, oil, and

natural gas to fulfill demand. However, this approach has resulted in the total 𝐶𝑂2 emission of

37.15 Billion metric tons (𝐺𝑡𝐶𝑜2) in 2023[4].

This trend has compelled governments, and policymakers to transition from conventional

fossil fuel-based power generation to renewable sources such as solar, wind, and biomass. These

cleaner energy choices offer long-term alternatives that do not deplete finite fossil fuel reserves.

Furthermore, the total installed renewable energy capacity and generation globally reached about

295 Gigawatts in 2020. Additionally, the levelized cost of electricity (LCOE) for renewable energy

has decreased compared to fossil fuel power generation, making it more reliable and sustainable[5].

Now, one might wonder: how effortlessly is switching to renewable energy sources when the sun isn’t
shining and the wind isn’t blowing?

In fact, not all seasons provide consistent solar irradiance or wind patterns, adding uncertainty

to the grid system, which is not beneficial for end users. On the other hand, during the summer, the

system may generate more power than required, but this surplus may be regulated via multiple

Battery Energy Storage Systems (BESS) such as Lithium-ion batteries (LIB), Redox flow batteries,

sodium-ion batteries, and solid-state batteries[6, 7].

1.3. Batteries: a key to the sustainable energy
Batteries play a significant role in the energy transition in various aspects such as grid stability, Peak

shaving, and renewable energy integration by making the renewable energy sector more stable

and reliable[8]. The use of batteries provides advantages in addressing power inconsistencies from

photovoltaic and wind energy by storing excess energy generated during peak production periods.

This stored energy can then be discharged during off-peak hours, with the aim of reducing reliance

on fossil fuel-based power generation[9].

The expansion of Battery Energy Storage Systems (BESS) in recent decades has increased

drastically, driven by evolving technology and the low cost of production. It is expected to reach

between 450 to 620 GWh of annual utility BESS capacity by 2030[10].

Most conventionally used battery in the various application and grid support system is the

lithium ion battery (LIB). The LIB contains mainly of three major sections namely anode, cathode

and the liquid electrolyte with polymer separator as shown in the below figure 1.2 as it represents

the lithium ion to move from the anode to cathode during discharge and consecutively the electrons
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move to meet at the outer circuit and vice versa [11].

The lithium ion battery consists of the following components as listed below,[11]:

• Electrode : Cathode (positive electrode) and Anode (negative electrode) acts as an storage

facility for the lithium ions and electrons.

• Electrolyte : It acts as an transport medium for lithium ions between the electrodes and being

more stable for both the electrodes.

• Current collectors : The collectors are used as a conductive material in the terminals.

• Separator : porous material is used to allow only the lithium ions to pass to other side.

Figure 1.2: Schematic representation of the Lithium-ion battery showing the lithium ions diffusion from anode to cathode as

the battery discharges,[11].

1.4. Why Solid-State batteries?
The lithium-ion battery is the most widely used battery energy storage system (BESS) on the

market. It comprises a liquid organic electrolyte known for its good ionic conductivity, and low

self-discharge, [12]. However, these lithium-ion batteries are prone to high voltage charging that

causes internal chemical reactions leading to short circuits, explosion, and thermal runaway[12, 13,

14].

Solid state batteries (SSBs) replace the flammable liquid electrolyte with solid which is much

safer, long-cycle life, high energy density, and has similar conductivity compared to LIB [15]. This

work will explore the lithium argyrodite as solid electrolyte due to its high ionic conductivity and

better mechanical properties for electrolyte-electrode interface.

Chapter 2 will describe lithium solid-state batteries, including their theory, fundamentals, and

working principles. In Chapter 3, an outline of the research questions will be set to help identify

difficulties with the processing of the solid electrolyte. Chapters 4 and 5 will discuss experimental

methods and results acquired, respectively. Finally, Chapter 6 will give overall conclusions and

offer recommendations for further research.



2
Lithium Solid-State Battery: Theory

and Fundamentals

This chapter gives an insight into the components of solid-state batteries, cell assembly, and the

working principle of solid-state batteries. Furthermore, the chapter looks into several family of solid

electrolyte, describing its structure and properties, along with providing an outline of the lithium

argyrodite solid electrolytes. The chapter concludes by focusing on the challenges and emerging

patterns regarding resolving the challenges, providing an overview as the main focus of this thesis.

2.1. Components of Solid-State Batteries
Solid-state batteries are packed with three dense layers of the cathode, solid electrolyte, and anode.

The materials are placed in the solid-state battery as shown in the figure 2.1 with specific quantities

inside the peek and certain pressure is applied over the cell to make the solid-solid connection

between the active material and solid electrolyte, [16].

Figure 2.1: Schematic representation of the solid-state cell

4
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Typically, the cathode composite material is prepared using NMC (LiCoO2 types intercalated

type materials), solid electrolyte, and carbon fiber mixture to form the cathode composite. The

presence of solid electrolytes and carbon in the cathode composition provides better ionic transport

and electronic transport for improved cell performance[17].

The solid electrolyte is acts as a bridging material between both the electrodes. Solid electrolytes

in solid-state batteries are categorized into three types: inorganic, organic, and hybrid electrolytes.

Commonly used solid electrolytes are sulfides like Lithium argyrodite (LPSC), Lithium SuperIonic

Conductors (LiSICON), and polymer-oxide based electrolytes such as LLZO-PEO, and hybrid solid

electrolytes composed of both organic and inorganic materials as mentioned above,[17, 18, 19].

The anode in the solid-state batteries plays a important role in storing ions during the intercala-

tions. Generally, graphite used as commercially available anode materials and has theoretical specific

of 372 mAh/g but when replaced with the lithium metal anode with theoretical specific capacity of

3860 mAh/g could improve the higher energy density,[20]. All the components mentioned above

make the solid-state batteries. However, the thesis mainly focuses on the solid electrolyte and their

role in improving ionic conductivity and electrochemical stability window.

2.2. Working principle: Lithium Solid-State Batteries
Previously in the above section, we discussed the components of the solid-state batteries, giving

us a clear outline of the lithium solid-state batteries. This section describes the working principle

behind the lithium solid-state batteries.

Figure 2.2: Schematic representation of an SSB, depicting the flow of ions through solid electrolyte



2.2. Working principle: Lithium Solid-State Batteries 6

Generally, lithium solid-state batteries store the electrical energy by converting it to chemical

energy by the redox reaction in both electrodes. The working principle in the solid state batteries

are similar to the lithium ion batteries whereas the liquid electrolyte is replaced with the solid powder.

The full-cell reaction of the lithium solid-state battery is given below.The figure 2.2 below

describes about the structure of solid-state batteries with lithium metal.

In the cathode, during discharging the lithium ions are lithiated towards the anode metal by

reduction and by using the NMC it is shown in the half-reaction :

𝐿𝑖(𝑁𝑖𝑥𝑀𝑛𝑦𝐶𝑜𝑧)𝑂2

discharge

⇌
charge

𝐿𝑖1−𝑥(𝑁𝑖𝑥𝑀𝑛𝑦𝐶𝑜𝑧)𝑂2 + 𝑥𝐿𝑖+ + 𝑒− (2.1)

similarly, due to oxidation in the anode metal, the lithium metal forms into lithium ions in the

given reaction, [21, 22]:

𝑥𝐿𝑖+ + 𝑒− + 𝐼𝑛
discharge

⇌
charge

𝐿𝑖𝑥 𝐼𝑛 (2.2)

The overall cell reaction of the lithium solid-state battery from the equation 2.1 and 2.2 :

𝐿𝑖(𝑁𝑖𝑥𝑀𝑛𝑦𝐶𝑜𝑧)𝑂2 + 𝐼𝑛
discharge

⇌
charge

𝐿𝑖1−𝑥(𝑁𝑖𝑥𝑀𝑛𝑦𝐶𝑜𝑧)𝑂2 + 𝐿𝑖𝑥 𝐼𝑛 (2.3)

The equation 2.3 describes the overall cell reaction on both electrodes making the lithium ions

diffuse from cathode to anode during the cell discharge,[21, 22].

The figure 2.2 illustrates the flow of ions between the cathode and anode metal with respect

to charging and discharging which makes the electrons move in the external circuit due to the

potential difference between the electrodes.

2.2.1. Cell assembly
The figure 2.3 below illustrates about the assembly of solid-state cell for electrochemical stabil-

ity window with all three components inside the polyether ether ketone (PEEK). A stainless

steel frame holds the PEEK between two electrode tips which are in contact with the active ma-

terials. Both sides of the electrode tips contain an O-ring which prevents exposure to the atmosphere.

Within the PEEK casing, the active materials are stacked in order of cathode, SE, and anode,

respectively [23]. The SS frame with three screws intact over the frame helps to hold the top and

bottom at a certain pressure and screws are covered with the plastic washer to avoid the short-circuit

between the electrodes. Basically, by applying pressure over the cell reduces the voids and increases

the connection between the particles, thereby improving the lithium ion mobility for long range,

[24]. Connection nodes on the electrodes facilitate the external connection for further testing of the

cell.
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Figure 2.3: Solid-state cell assembly

Electrochemical impedance spectroscopy measurement, the customized solid-state cell is used,

having electrodes with a diameter of 10 mm and a PEEK housing weight of 200 mg. An applied

pressure of 392 MPa is exerted on the solid electrolyte to determine the ionic conductivity.

Electrochemical stability window setup, cell configuration was used with Li/In metal as the

anode to facilitate the redox reaction of the solid electrolyte and determine its stability window till

the stable decomposition of solid electrolyte, [25]. In this thesis work, cell was initially packed with

85 mg of solid electrolyte and applied the pressure of 314 MPa for 5 minutes using an automatic

hydraulic press, without the O-ring. Subsequently, the top side of the cell was filled with cathode

composite mixture. In this work, the cathode material was hand-grinded and used the same

pressure conditions mentioned earlier. The cell was retrieved and filled with Li-In, with a copper

current collector placed on the anode, and subjected to the closing pressure of 62 MPa for 3 minutes.

However, this thesis mostly focuses on the structure and ionic transport correlations and stability

windows, next section, we will discuss the ionic conduction mechanism.

2.3. Ionic conduction
The ionic conductivity is proportional to the mobility of ions. To improve ionic conductivity,

increasing ion mobility or increasing the charge carrier density, as shown in equation 2.4, is

important. The ionic conductivity (𝜎) of solid electrolyte is expressed as given below,[26]:

𝜎 = 𝑛𝑍𝑒𝜇 (2.4)

where,

• 𝜎: Ionic conductivity of the solid electrolyte.

• 𝑛: Active carrier density

• 𝑍𝑒: The charge of the ion
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• 𝜇: Mobility of the ions.

The mobility of ions is inversely proportional to temperature, which indicates temperature

change may significantly affect ion mobility as shown in the equation 2.5,[26].

𝜇 ∝ 𝑛𝐸𝑎

𝑘𝐵𝑇
(2.5)

where,

• 𝜇: Mobility of the ions.

• 𝐸𝑎 : Activation energy for ion movement.

• 𝑘𝐵: Boltzmann constant.

• 𝑇: Temperature.

Relatively, apart from defects in solid crystals ionic conductivity occurs due to the diffusion

pathway and it can be further categorized into three types known as vacancy hopping, interstitial

hopping, and interstitial knock-off as shown in figure 2.4.

Figure 2.4: Diffusion pathways: (a) vacancy hopping, (b) interstitial hopping, and (c) interstitial knock-off

Vacancy hopping occurs within the crystal lattice structure when ions or atoms occupy empty or

vacant sites due to Schottky defects, resulting in excess vacancies for direct ion transport. Similarly,

in the interstitial mechanism, interstitial ions migrate to nearby Frenkel defects via interstitial

vacancies. On the other hand, in the interstitial knock-off mechanism, an interstitial ion replaces an

atom by eliminating it from the lattice structure. This produces multiple defects which increases

the ion mobility,[27].

2.3.1. Activation Energy
Activation energy is the minimum energy required for an atom or ion to hop from one site to another

within the crystal lattice framework. Each solid electrolyte exhibits its own energy landscape

depending on which the activation energy varies. In order to achieve higher ionic conductivity,

there should be a low activation energy barrier and an increased number of ion mobilities and

vacancies,[28].
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The effect of ion diffusion in the presence of an electric field, when an external electric field is

applied over the system makes the ions move in both directions based on the charge conditions.

Figure 2.5 illustrates how the electric field decreases the ion barrier in one direction while increasing

it in the other. This figure depicts the potential barrier to ion diffusion generated by the applied

electric field. In this context, 𝑍𝑒 is the ion charge, 𝑎 is the jump distance, 𝐸𝑣 is the electric field, and

Δ𝑔𝑚 is the potential energy barrier height,[29].

Figure 2.5: Ion diffusion in the presence of electric field,[29]

Figure 2.6: Distribution of ions after the applied electric field,[29]

The figure 2.6 describes the ion distribution after applied the electric field which shows us the

diffusion of ions based on the electric field as shown in the figure, the anions and cations moves

depending upon on the charge distribution and causing the diffusion of ions. The shift in the electric

field causes ions to migrate within the crystal lattice. Figure 2.7 illustrates how the movement of

ions varies based on the energy barrier.It describes that the higher the energy barrier, the higher the

activation energy of the ion and vice versa, [28].
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Figure 2.7: Potential energy barrier difference in the solid electrolyte,[28]

The above figure 2.7 shows us the potential energy barrier in the single and multi ion migration.

Due to the change in energy landscape, the potential energy barrier can significantly change

as shown in the figure migration pathway which gives us the highest energy barrier 𝐸𝑎 ,[28] .

The main difference of single ion diffusion in the framework shows the individual ion migrat-

ing from one side to other, similarly the multiple ion diffusion is denoted to be the multi ion diffusion.

Mathematically, the activation energy can be expressed using the equation 2.6 below,[29]:

𝜎𝑇 = 𝜎0 exp

(
−𝐸𝑎
𝑅𝑇

)
(2.6)

where,

• 𝜎𝑇: Ionic Conductivity with temperature (T)

• 𝜎0: Constant

• 𝐸𝑎 : Activation energy

• R: Gas constant

• T: Temperature

The equation 2.6 indicates the ionic conductivity of the solid electrolyte with respect to the

temperature (T) as it shows that a increase in temperature can increase the ionic conductivity of the

ions. By taking the logarithm on both sides of the equation 2.6, we get [29]:

𝑙𝑛𝜎 + 𝑙𝑛𝑇 = 𝑙𝑛𝜎0 −
𝐸𝑎

𝑅𝑇
(2.7)
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To get the activation energy, the slope value is obtained from the plot of ln(𝜎𝑇) vs ln(1/K) as

shown in the below figure 2.8 whereas it is used to measure the energy barrier. The slope value

is multiplied with the Boltzmann constant of 1.380649 × 10
−23

joule per kelvin (K) to obtain the

activation energy.

Figure 2.8: Slope of a plot of ln(𝜎T) vs ln(1/K),[29]

2.3.2. Nernst equation
The electrochemical cell has two electrodes and they are connected with the ion conducting solid

electrolyte. The potential difference across the battery is related with respect to Gibbs energy of the

reaction in the cell and it is expressed as Δ𝐺𝑟 in the equation 2.8:

Δ𝐺𝑟 = −𝑛𝐸𝑐𝑒𝑙𝑙𝐹 (2.8)

where,

• Δ𝐺𝑟 : Gibbs energy of the cell reaction

• n : Number of moles of electrons involved in the cell reaction

• 𝐸𝑐𝑒𝑙𝑙 : Cell potential (volts)

• F : Faraday constant

Here, the relation between the cell potential and concentration of components in the cell are

interrelated as expressed in the below equation 2.9,[29]:

Δ𝐺𝑟 = 𝑅𝑇𝑙𝑛(𝑄
𝐾
) (2.9)

where,

• Δ𝐺𝑟 : Gibbs energy of the cell reaction

• R : Gas constant (8.314
𝐽

𝑚𝑜𝑙.𝐾
)
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• T : Temperature (K)

• Q : Reaction quotient

• K : Equilibrium constant

By equating both the equation 2.8 and 2.9, we get:

Δ𝐺𝑟 = −𝑛𝐸𝑐𝑒𝑙𝑙𝐹 = 𝑅𝑇𝑙𝑛(𝑄
𝐾
) (2.10)

−𝑛𝐸𝑐𝑒𝑙𝑙𝐹 = 𝑅𝑇𝑙𝑛(𝑄
𝐾
) (2.11)

The cell potential can be denoted as the below equation due to the cell equilibrium constant:

𝐸𝑐𝑒𝑙𝑙 = −(𝑅𝑇
𝑛𝐹

)(𝑙𝑛 𝑄
𝐾
) (2.12)

𝐸𝑐𝑒𝑙𝑙 = −(𝑅𝑇
𝑛𝐹

)(𝑙𝑛𝑄 − 𝑙𝑛𝐾) (2.13)

𝐸𝑐𝑒𝑙𝑙 = (𝑅𝑇
𝑛𝐹

)𝑙𝑛𝐾 − (𝑅𝑇
𝑛𝐹

)𝑙𝑛𝑄 (2.14)

The Q=1 (lnQ=0) when all the species are standard and the standard cell potential is denoted as

𝐸0
, [29]:

𝐸𝑐𝑒𝑙𝑙 = 𝐸
0 − (𝑅𝑇

𝑛𝐹
)𝑙𝑛𝑄 (2.15)

the above equation can be written in general terms as given below and it is known as the Nernst

equation:

𝐸𝑐𝑒𝑙𝑙 = 𝐸
0 − (𝑅𝑇

𝑛𝐹
)𝑙𝑛( 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡
) (2.16)

The below equation is written for the cell reaction as shown in the equation 2.3 for the solid state

cell:

Δ𝐸 = 𝐸◦
𝑐 − 𝐸◦

𝑎 +
𝑅𝑇

𝐹
𝑙𝑛

[𝐿𝑖𝐼𝑛][𝑁𝑀𝐶]
[𝐼𝑛][𝐿𝑖𝑁𝑀𝐶] (2.17)

2.4. Solid electrolytes
This section discusses the classification of solid electrolytes used in solid-state batteries. Con-

ventional liquid electrolytes in lithium-ion batteries pose risks over time, and flammable liquid

electrolyte which raises significant reliability and safety concerns,[22].

As discussed previously in section 2.2, the development of solid-state batteries is based on one

of the advancements in the ionic conductivity of solid electrolytes. This particular improvement

enhances the charging rate and increases the energy density,[30]. The comparative study of various

electrolytes is shown in the figure2.9 along with their characteristics.

From figure 2.9, it illustrates the differences and the similarities between the liquid electrolyte

and the solid electrolyte which shows the characteristics and properties such as ionic conductivity,



2.4. Solid electrolytes 13

safety, electrochemical stability, processability, thermal stability, mechanical strength, and interfacial

contact. Furthermore, the inorganic ceramic electrolyte exhibits better ionic conductivity and safety

compared to all other electrolytes but processability of these materials are quite harder as their air

sensitive material,[30].

Figure 2.9: Comparison study of the different types of solid electrolytes,[30]

These solid electrolytes can be categorized into distinct sections called inorganic, solid polymer

electrolyte (SPE). and solid composite as given in the figure 2.10. Commonly used inorganic solid

electrolytes such as oxide, sulfides, thio-LISICON, and argyrodite. Similarly, the solid polymer elec-

trolytes commonly used include PEO-LiB𝐹4, PAN-based electrolytes, and polyvinylidene fluoride

(PVDF),[30, 31]. However, the polymer-based electrolyte has low ionic conductivity and cycles the

cell at higher temperatures hindered commercial applications.

To make a better solid electrolyte for the solid-state batteries, the solid electrolyte should have

the following key criteria as follows,[32]:

• Better ionic conductivity

• Wide range of electrochemical stability window

• Better interfacial contact between the electrodes and the solid electrolyte

• Good mechanical strength to suppress the Li dendrites

• Economically feasible
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Figure 2.10: Classification of solid electrolytes.

Figure 2.11: Ionic conductivity of the solid electrolyte including lithium and sodium compositions,[33]

Recent study shows the ionic conductivity and magnitude of the various other composition

including lithium and sodium composition as shown in the figure 2.11 and lithium argyrodite

occupies the magnitude range of 10
1

to 10
−7

mS 𝑐𝑚−1
,[33].

2.4.1. Inorganic solid electrolyte
Inorganic solid electrolytes are a type of electrolyte as inorganic compounds that help the lithium-

ions to move through the crystal structure and have similar lithium mobility compared to liquid

electrolytes. Recent studies have shown that inorganic solid electrolyte exhibits higher ionic

conductivity, improved safety, long-cycle life, and better mechanical strength[34]., which makes

the solid-state batteries safer and better compared to the conventional lithium-ion batteries by

suppressing the lithium dendrite growth formation,[35].



2.4. Solid electrolytes 15

Inorganic Solid Electrolyte Ionic conductivity (S 𝑐𝑚−1) Temperature (°K) References
Oxides
Li4GeO4 2.9 x 10

−
6 298 [36]

Li29Zr9Nb3O40 (LZNO) 5.90 x 10
−
5 298 [37]

Perovskite
Li0.17La0.61TiO3 3.76 x 10

−
4 298 [38]

Li0.38Sr0.44Ta0.7Hf0.3O2.95F0.05 4.89 x 10
−
4 298 [39]

LiSr0.95TiTaO5.9F0.1 3.67 x 10
−
4 298 [40]

Anti-Perovskite
Li2OHCl 2.8 x 10

−
3 468.15 [41]

Li3OCl0.5Br0.5 1.94 x 10
−
3 298 [42]

Garnet
Li7La3Zr2O12 (LLZO) 3.10 x 10

−
4 298 [43]

Li6.5La3Zr1.75Te0.25O12 (LLZTO) 1.02 x 10
−
3 303 [44]

Li6.6La3Zr1.6Sb0.4O12 7.70 x 10
−
4 303 [45]

Sulfides
Li3PS4 4 x 10

−
4 298 [46]

Li10Si0.3Sn0.7P2S12 8.0 x 10
−
3 298 [47]

Li11AlP2S12 8.02 x 10
−
4 298 [48]

Halides
Li2ZrCl6 2.1 x 10

−
3 303.15 [49]

Li3InCl6 1.03 x 10
−
3 298 [50]

NASICON-based
Li1.3Al0.3Ti1.7(PO4)3 (LATP) 3.0 x 10

−
3 298 [51]

Li1.6Al0.6Ge0.8(PO4)3 0.70 x 10
−
3 298 [52]

LISICON
Li9.6P3S12 1.00 x 10

−
2 298 [53]

Li10GeP2S12 1.20 x 10
−
2 298 [54]

Li3.4Si0.4P0.6S4 6.4 x 10
−
4 298 [55]

Argyrodite
Li10P3S12Br 5.8 x 10

−
3 300 [56]

Li10.25P3S12.25I0.75 9.1 x 10
−
3 300 [56]

Li6.5Sb0.5Ge0.5S5I 16.1 x 10
−
3 298 [57]

Table 2.1: Reported ionic conductivities of inorganic solid electrolytes

The table 2.1 shows several reported ionic conductivity values for the various inorganic solid

electrolytes, corresponding to the structural arrangements as shown in figure 2.12. The position

of the lithium ions in the structural arrangement are denoted as green spheres. These variations

are most likely caused by changes in crystal lattice structure, defects, and ion pathways, all of

which have an impact on ionic conductivity and transportation,[58]. Out of all the reported solid

electrolyte, the lithium argyrodite exhibits the higher ionic conductivity while compared to all other

solid electrolyte including the oxides, and the halides. The lithium argyrodite has intrinsic anionic

site-disorder which resulting in the improved lithium ion conduction,[59] and its discussed in the

coming subsection 2.3.2.
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Figure 2.12: Structural arrangement of inorganic solid electrolyte group (Green sphere represents the lithium atoms),[58]

2.4.2. Overview of the Lithium argyrodite family
As we discussed previously, the electrochemical properties and behaviour of all solid electrolyte

exhibits broad range of ionic conductivity. Here, this section will tells us about the the overall view

of the lithium argyrodite family and describes about the structural arrangement.

The lithium argyrodite has significantly higher ionic conductivity in the solid electrolyte group

at room temperature making it highly reliable, and safer option to replace the liquid electrolyte.

Initially, the lithium argyrodite was discovered from the family argyrodites form of mineral structure

𝐴𝑔8Ge𝑆6, also used as ion conductors by substituting in 𝐴𝑔7𝑃𝑆5X but later it was replaced with 𝐿𝑖+

and halide (X) to form 𝐿𝑖6𝑃𝑆5X (X= Cl,Br,I)[60, 61].

The halide substitution in the orthorhombic structure (𝐿𝑖7𝑃𝑆6), replaces the unbound 𝑆2−
anions
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by the halide 𝑋−
anion to form 𝐿𝑖6𝑃𝑆5X which stabilized the cubic polymorph at room temperature

and exhibits the crystal structure of F4̄3m space group, As the figure 2.13 shows the position of the

halide occupancy at the 4a site and the P and S are bounded with P as centered atom at the wyckoff

4b site and S occupancy at 16e site forming the PS
−3

4
polyhedral structure.[61]. The free sulfur

anions (𝑆2−
) occupying at Wyckoff 4d site. Lithium-ion distribution form the cage like structure

around free 4d site is shown in the (b). Based on the composition, the occupancy of the halide and

the free sulfur 𝑆2−
anions varies at the Wyckoff 4d site which is considered as the site disorder,[62].

Figure 2.13: Cubic crystal of lithium argyrodite with halide anions X
−

and sulfide anions S
−

on the 4a and 4d site and (b)

shows the presence of the lithium ions form cage like structure in unit cell,[63]

Figure 2.14: Plot exhibiting the properties of the site disorder of the (𝑋−
/𝑆2−

) in the 𝐿𝑖6𝑃𝑆5X versus the ionic conductivity

in mS 𝑐𝑚−1
and shows that 𝐿𝑖6𝑃𝑆5I exhibits the lower ionic conductivity while compared to the Cl,Br,[59]

The percentage of site disorder varies based on the halide (X= Cl, Br, and I) in lithium argyrodite

structure due to their change in ionic radii size (𝐶𝑙−= 181 pm, 𝐵𝑟−= 196pm, and 𝐼−= 220pm). 𝐶𝑙−
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and 𝐵𝑟− based lithium argyrodites exhibits the site disordered due to their similar ionic radii with

the sulfur anion (𝑆2−
= 184 pm) whereas in the case of iodine ( 𝐼−) the shows no site disorder due to

the large ionic radii mismatch, which limits the ionic conductivity lower than the magnitude of 10
−3

mS 𝑐𝑚−1
, this shows the presence of site disorder improves the ionic conductivity as shown in the

figure 2.14.

The figure 2.15 (a) shows the cubic crystal structure of 𝐿𝑖6−𝑥𝑃𝑆5−𝑋𝑋1+𝑋 consists of lithium ion

cage formation between the free sulfur atoms and in figure 2.15 (b) shows the two lithium ion cages

occupying next to each other in the cubic structure and its occupancy also depends on the unit cell

volume, and material composition. The lithium ion conduction with-in the cage are intra-cage,

doublet jumps and jump between two lithium ion cages is called inter-cage jump,[26].

Figure 2.15: (a) Cubic crystal lattice of the 𝐿𝑖6−𝑥𝑃𝑆5−𝑋𝑋1+𝑋 and the green spheres represents the halide (X), (b)lithium

substructure cage showing the position of lithium in the wyckoff sites 48h-24g-48h and the inter-cage jump between two

lithium ion cages,[26]

The lithium transport within the same cage, from 48h-48h Wyckoff site involves intra-cage jumps.

Similarly when lithium move between the 48h to 24g to 48h of the same cage is referred to as a

doublet, while the inter-cage jump occur when the lithium moves between two cages, from one

48h to other 48h Wyckoff site,[26]. These inter-cage jumps play a crucial role in long-range lithium

ion mobility. Literature suggests that particularly in 𝐿𝑖6𝑃𝑆5I, jumps within the cage (known as

intra and doublet jumps) result in lower ionic conductivity. In contrast, 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br,

which exhibit higher disorder, demonstrate more inter-cage jumps and, consequently, higher ionic

conductivity. Furthermore, the structure of lithium argyrodite can be altered by enriching the

bromide and chloride content, which influences both structure and ionic transport. In this thesis,

we show how changes in synthesis parameters and the structure of bromide and chloride in lithium

can improve ionic conductivity and electrochemical stability. [59].

2.5. Active challenges
As above mentioned, we have covered the components and working principle behind the solid

state batteries and there dominance over the liquid electrolyte in terms of a safer and more reliable

alternative by replacing with the solid electrolyte, and one of the key aspect is the solid electrolyte

which attributes towards the high ionic conductivity and open framework between the electrodes.

Beforehand, the conventional lithium ion battery are subjected to have various active challenges

such as lithium-ion diffusion, lithium dendrite formation, contact loss between the active material in
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the cathode region, safety concerns at high operating temperature conditions and degradation.The

above mentioned constraints can cause short circuiting, capacity loss and thermal runaway, respec-

tively,[64].

Currently the aim towards the solid-state batteries has increased due to its high performance

with better capacity retention and the energy density. However, the ASSB’s relatively exhibits the

difficulties in transforming from pilot scale to intense large scale production,[65].

We choose the lithium argyrodite for the further development, its because of the high ionic

conductivity and electrochemical stability while compared to other inorganic solid electrolyte

exhibiting around 10
−2

to 10
−3

S 𝑐𝑚−1
as shown in the table 2.1.

Figure 2.16: Overall summary of the active challenges in the ASSB’s,[66]

This section describes the active challenges and part few of them are addressed and discussed

from the further development in the solid electrolyte and their stability by specifically focusing in the

intrinsic interface and the composition tuning strategy to achieve better ionic conductivity and the

electrochemical stability,[66] as shown in the figure 2.16. As mentioned previously, the composition

tuning helps to achieve a better ionic conductive material and by achieving more crystalline

compound for better results and by improving the mechanical strength of the solid electrolyte can

prevent the lithium dendrite formation which secures the battery from short-circuiting.



3
Research questions and Thesis

outline

This chapter provides the main research question and the sub-questions addressing the key problems

in the optimization of solid electrolyte and the providing an outline of the following thesis work.

The main research question is designed in such a way in order to encounter the problems and

achieve a better ionic conductivity and the electrochemical stability window of the solid electrolyte.

By clearly providing an road map to solve these research questions and explaining the different

methods and characteristics tools used to understand the problem and provide the strategic approach

to solve them.

3.1. Research Question
In this thesis, the main research question investigated are given below:

"How does structural parameter impacts the ionic conductivity, and the electrochemical stability

window of halide enriched substitution in the lithium argyrodite sulfide solid electrolyte in solid-

state batteries ?"

For a better solution, the main research question is divided into following sub-questions and are

addressed in the following chapter:

• How lithium argyrodite sulfide with halide enriched substitution are made and how does the

annealing process impact in the ionic conductivity of the solid electrolyte ?

• Structural parameter such as lattice parameter, site disorder influencing the ionic conductivity

in lithium argyrodite?

• what is the difference in electrochemical stability window while compared with the commercial

lithium argyrodite and the halide-rich composition ?

20
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3.2. Thesis outline
In this thesis report, the first two chapters, Introduction and Chapter 2, provide the requirements of

the battery in the energy transition, the basic fundamentals of solid-state batteries, the working

principle of solid-state batteries, and the active challenges.

Chapter 4 in this thesis discusses the synthesis of lithium argyrodite solid electrolyte with

enriched halide substitution (X = Cl, Br) using mechano-chemical synthesis and high-temperature

annealing. This chapter provides insight into the differences between the ball-milled sample and the

heat-treated sample. The material was characterized using various tools such as X-ray diffraction

(XRD), scanning electron microscopy (SEM), Raman spectroscopy, and electrochemical impedance

spectroscopy (EIS).

Additionally, Chapter 5 mainly discusses the electrochemical stability window of lithium argy-

rodite with chloride enriched, and also covers the slow cooling of heat-treated bromide enriched

solid electrolyte for improved ionic conductivity and electrochemical stability. The results are

compared between the commercial LPSC.

Chapter 6 of this thesis concludes with all the results and provides a coherent discussion of the

work. Finally, in the conclusion section, all the research questions are answered as stated above.



4
Processing of Halide rich Lithium

argyrodite

4.1. Introduction
In this chapter 4, we will discuss about the synthesis of lithium argyrodite composition of 𝐿𝑖6𝑃𝑆5X

and halide rich 𝐿𝑖5.5𝑃𝑆4.5𝑋1.5, (X= Cl,Br) and treating the composition in various temperatures such as

200
𝑜
C, 350

𝑜
C, 450

𝑜
C, and 550

𝑜
C to understand the structural changes and ionic conduction behaviour

using the characterization techniques like XRD, SEM, Raman spectroscopy, and temperature

dependent EIS,.

4.2. Experimental methods
This section describes us about the experimental methods in synthesis and heat treatment. The

section also traces the analyses of the structural information and behaviour of the lithium argyrodite

as mentioned previously.

4.2.1. Mechanochemical synthesis of lithium argyrodite
The sample preparation was carried out in the argon filled atmosphere with <0.1ppm of moisture

and oxygen content, since the lithium argyrodite are air sensitive. All the precursors were mixed

based on the stoichiometric ratio of Lithium sulfide 𝐿𝑖2S (Sigma-Aldrich, 99.98%), phosphorus

pentasulfide 𝑃2𝑆5 (Sigma-Aldrich, 99%), lithium chloride LiCl (Alfa Aesar, 99%),and lithium

bromide LiBr (Sigma-Aldrich, 99.9%).

To prepare milling media and precursors, materials are typically measured and added to Zr𝑂2

milling jars containing Zr𝑂2 balls (𝜙 10 mm, total mass = 30 g) at 1:30 synthesis ratio. For 1 g of the

needed product, we use 30 g of Zr𝑂2 balls. The material is first uniformly homogenized with a

mortar and pestle before being transferred to high-energy zirconium oxide ball mill jars (capacity =

45 mL).

22
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(a) Ball mill jar containing the precursor before

processing

(b) Schematic representation of high energy ball milling

Figure 4.1: High energy ball milling

The figure 4.1 shows a schematic perspective of high-energy ball milling, which includes the

precursor and milling media. The high-speed rotation of jar increases the centrifugal force of the

beads, causing them to strike the precursor with maximum energy (𝐸𝑚𝑎𝑥) and the impact creating

desired product,[67]. The usual parameter for the ball milling apparatus (Fritsch-Pulverisette 7)

is 550 rpm, 10 minutes of running period and 10 minutes of resting in order to reduce the heat

generated inside the milling jars and repeated the above program for 60 cycles.

4.2.2. High temperature annealing
The heat treatment of a material that causes significant changes in structure. This method involves

heating the material to the appropriate re-crystallization temperature (below the melting tempera-

ture), driving ions to migrate around defects, reducing dislocations, and converting amorphous

ball-milled material to crystalline material,[68].

Figure 4.2: Ampule containing the SE pellets
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The annealing process: The ball-milled material into pellets with a die set. The pellets are then

inserted within a quartz tube (14 mm diameter) as shown in the above figure 4.2. The equipment is

used to set up the vacuum (by using Pfeiffer Vacuum DCU) in the argon-filled quartz tube before

sealing it. Finally, the sealed tube is heated to high temperatures such as 200
𝑜
C, 350

𝑜
C, 450

𝑜
C,

and 550
𝑜
C in a muffle furnace for 2 hours. The same synthesis method has been used for all

compositions.

4.2.3. X-Ray powder Diffraction
X-ray powder diffraction is used as a characterization tool that provides crystallographic information

about a powder without causing any damage to the material, using X-rays as the source. According

to Bragg’s law, when X-rays with a wavelength (𝜆) interact with a crystal, they are scattered by

the atoms within the crystal planes. The inter-planar spacing (d) between these planes causes the

X-rays to scatter at an angle of 2𝜃 as shown in the below figure 4.3,[69].

The Bragg’s law can be expressed as :

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (4.1)

(a) Schematic representation of Bragg’s law (b) Components of a XRD

Figure 4.3: The schematic represents the X-ray diffraction principle and components,[69]

The sample was placed inside an air-tight holder with a Kapton cover on top to allow X-ray to

penetrate and XRD was analysed using the X’Pert-Pro Diffractometer (PANalytical) with the source

of Cu K𝛼 ( wavelength = 1.5406 Å) and operating at 45 kV and 40 mA. The XRD was measured from

the diffraction angle (2𝜃) of 10
𝑜

to 90
𝑜

with the step-size of 0.0084.

Rietveld refinement of the X-ray diffraction pattern
The Rietveld refinement is an advanced pattern-fitting method developed by Dutch scientist Hugo

Rietveld, originally formulated in 1967[70]. The diffraction data of the powder is obtained from the

diffractometer and is fitted with the existing crystallographic information file by varying the height,

width, and peak position to minimize the difference between the calculated and experimental

data, thus determining accurate crystal lattice parameters. Rietveld refinement uses the least

squares approach to resolve the differences between the calculated and measured powder diffraction

patterns. It involves adjusting the lattice parameters, occupancy, and thermal parameters to achieve

a match with the measured pattern. In this thesis work, TOPAS software has been used to fit the

diffraction pattern and based on the weighted profile R-factor (Rwp) and the goodness of fit (GoF)

between 1-1.2 is an ideal fit,[71]
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4.2.4. Electrochemical Impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is an analytical tool used to study the electrochemical

properties of the composition and the system which uses a wide range of frequencies to understand

the behaviour of the material. EIS is also a non-destructive testing method that doesn’t cause any

damage to the material. In EIS, the small varying sinusoidal potential E(t) is applied over the system

and as a function, the current density j(t) provides the varying frequency as output as shown in the

below figure 4.4. The ratio of the AC potential by the current density gives the impedance Z(t) of

the system as described in the equation 4.2,[72]

𝑍(𝑡) = 𝐸(𝑡)
𝑗(𝑡) (4.2)

The input can be mathematically expressed as:

𝐸(𝑡) = |Δ𝐸 |𝑠𝑖𝑛(𝜔𝑡) (4.3)

where,

• E(t) = Input voltage potential

• |Δ E|= peak voltage amplititude

• 𝜔 = angular frequency

• t = time

By Changing the frequency from higher frequency to lower frequency results in various phenomena

behind the system. During the high frequency, the ions tend to migrate while in the lower frequency

noticeably the diffusion mechanism occurs. since the impedance is a complex number there are

known to be real and imaginary impedance, which are denoted as Re(z) and Im(Z), respectively,[72].

Figure 4.4: Plot of the AC potential 𝐸(𝑡) as input and the current density 𝑗(𝑡) as output, resulting in the impedance 𝑍(𝑡) of

the system,[72]

The required data and the material information are acquired from the Nyquist and Bode plot

as shown in the above figure 4.5. The Nyquist plot is plotted between the real impedance and the

imaginary impedance which also expressed as the equation 4.4,[72].

|𝑍(𝜔)| =
√
𝑅𝑒(𝑍(𝜔))2 + 𝐼𝑚(𝑍(𝜔))2 (4.4)

where, 𝜙 is the function of the 𝜔 :

𝜙(𝜔) = 𝑡𝑎𝑛−1
𝑅𝑒𝑍(𝜔))
𝐼𝑚(𝑍(𝜔)) (4.5)
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Figure 4.5: (a) Equivalent circuit of the solid electrolyte, (b) Schematic Nyquist plot of the electrolyte, and (c) Bode plot ,[72].

The experimental data from the EIS is fitted with an equivalent circuit, as shown in Figure 4.5

(a), which provides the required information. The equivalent circuit fitting for the electrochemical

system includes the initial resistance between the electrode and the solid electrolyte, denoted

as 𝑅0. The semicircle with respect to time represents the conduction process and the charge

transfer resistance. As discussed previously, the low-frequency domain is dominated by diffusion

phenomena. To determine the resistance, it is taken from the Nyquist plot at 𝑅0 + 𝑅1.

𝜎𝑖𝑜𝑛 =
𝑙

𝑅𝑇𝑜𝑡𝑎𝑙𝐴
(4.6)

where,

• 𝜎𝑖𝑜𝑛 = Ionic conductivity (mS/cm)

• l = Thickness of the sample (cm)

• 𝑅𝑇𝑜𝑡𝑎𝑙 = Total resistance of the sample (Ω)

• A = Area (𝑐𝑚2
)

Among the Nyquist plot and Bode plot, the most generally used plot is the Nyquist plot in the field

of solid-state batteries to determine the resistance (𝑅
Total

) and by using the equation 4.6, we get to

calculate the ionic conductivity of the solid electrolyte. The Bode plot, on the other hand, provides

the frequency response of the impedance magnitude and the phase angle (𝜙) change.

In this thesis work, all measurements were carried out using the Biologic SP-300, with a

measuring frequency range from 7 MHz to 100 mHz. The SE, as shown in Figure 2.3, is filled with

200 mg of solid electrolyte and closed under a pressure of 392 MPa to improve interaction between

the solid electrolyte and the electrodes, thus enhancing ion migration and reducing voids. For

temperature-based impedance measurements, the SSB is placed inside a FRYKA Cold Box (B 35-85

//LOGG) climate chamber and impedance is measured at varying temperatures from 0
◦
C to −50

◦
C

in steps of 10
◦
C to determine the activation energy of the composition. The experimental spectra

obtained are later analyzed using RelaxIS 3 to fit the appropriate equivalent circuit.
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4.2.5. Raman spectroscopy
Raman spectroscopy is a optical spectroscopy technique is based on the inelastic scattering of

the light and it’s first experimental observation by the Indian physicists C.V. Raman and K.S.

Krishnan,[73] in 1928. Raman spectroscopy is used to determine the chemical and structural

properties of the material through raman scattering.

In other terms raman scattering can be categorised in three types such as rayleigh , strokes, and

anti-strokes scattering. when an electrons tend to excite to the virtual energy level for some period

and backs to the ground state with the same wavelength is known to be Rayleigh’s scattering,[74].

But when the LASER wavelength (𝜆𝑙𝑎𝑠𝑒𝑟) is lower than the wavelength of the scattered wavelength

(𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟) is known as Strokes raman scattering and similarly when the LASER wavelength is higher

is known to be anti-scattering wavelength as shown in the figure 4.6 (a) and the (b) shows the

differences in the energy level and the virtual level.

(a) Schematic representation of the difference in the strokes,

anti-strokes, and Rayleigh raman scattering

(b) Raman scattering showing the different energy levels

Figure 4.6: Schematic representation of the Raman scattering ,[74]

4.3. Results and discussion
In this segment, we will go over the outcomes and results of the previously mentioned characteriza-

tion of the samples to determine their behavior and properties for future research. This involves

an examination of XRD patterns, SEM images, Raman spectra, ionic conductivity, and activation

energy.

4.3.1. XRD Results and lattice parameters
The samples were synthesized as described in Section 4.2.1 and then heat-treated to attain an stable

crystalline composition. Each figure shows the XRD patterns of both ball-milled and heat-treated

samples, with considerable change in the peak intensity. The comparison of ball-milled (BM) and

heat-treated at 550°C samples shows that high-energy ball milling (black) successfully converts the

precursor to the base composition of lithium argyrodite with the partial crystalline glass-ceramic

electrolyte,[75]. With increasing the heat treatment temperature for reaction up to 550°C (green),

the peaks become sharper and less widening showing increased crystallinity as shown in the figure

4.7. However, we observed less than 2 wt% impurities on heat treatment samples at 200 °C. The

remaining samples did not observe the impurities phase.
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Figure 4.7: XRD patterns of 𝐿𝑖6𝑃𝑆5Cl under various conditions, including ball milling (BM) and heat treatments (HT) at

200°C, 350°C, and 550°C with rhombus symbol over the peaks representing the lithium argyrodite peak position

Consecutively, figure 4.7 shows us the significant changes in the peak shape and peak position,

later we did refinement to calculate the lattice parameter and site-disorder from ball milled sample

to high-temperature annealing composition of 𝐿𝑖6𝑃𝑆5Cl. The Rietveld refinement of the XRD

pattern shows the F4̄3m (cubic) space group,[76]. In this Thesis, we used the TOPAS Academic V4

software to refine XRD and neutron patterns for all the compositions shown in the Appendix A.1.

Figure 4.8: Refined XRD pattern and the lattice parameter of BM and annealing at 350°C and 550 °C 𝐿𝑖6𝑃𝑆5Cl composition

The figure 4.8 (a) represents the refined XRD pattern of the 𝐿𝑖6𝑃𝑆5Cl HT at 550
𝑜
C and shows the

obtained, calculated, and difference pattern with indexing the lithium argyrodite phase. The figure
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4.8 (b) and table 4.1 shows the lattice parameters, volume, and interaxial angle of the crystal lattice.

The table demonstrates that an increase in lattice parameters correlates with an increase in unit cell

volume from 953.45 Å3 for BM to 959.21 Å3 for HT 550
𝑜C, and provides wider space for higher

Li-ion mobility. As annealing temperature increases could reduce internal stresses and reduce

defects like dislocations and vacancies. This defect reduction can allow the lattice to relax and

expand slightly, particularly at higher annealing temperatures with maintaining the cubic structure.

Lattice parameters (Å)

Volume (Å3) interaxial angle (𝛼 = 𝛽 = 𝛾)
a b c

BM 9.842 9.842 9.842 953.45 90
𝑜

HT 350 9.853 9.853 9.853 956.827 90
𝑜

HT 450 9.862 9.862 9.862 959.218 90
𝑜

Table 4.1: Lattice Parameters, Volumes, and Interaxial Angles of 𝐿𝑖6𝑃𝑆5𝐶𝑙 at BM and various HT compositions

Similarly, in 𝐿𝑖6𝑃𝑆5𝐵𝑟, exhibits the same characteristics of the cubic symmetry of F-43m space

group. The XRD patterns indicate that high-energy ball milling contributes to the formation of the

lithium argyrodite phase. The comparison between the BM and HT mixtures shows the increase in

peak intensity and no attribution to the peak shift in the 2𝜃 value, indicating that high-temperature

annealing reveals the crystalline argyrodite cubic structure. The figure 4.9 (a) shows us the pure

argyrodite XRD pattern with some minor impurities of 𝐿𝑖𝐵𝑟 in the crystal structure. All the

argyrodites were heated only until their stable phase, with Cl and Br annealed at a maximum

of 550
◦
C, to avoid material decomposition and phase segregation.[77]. The figure 4.9 (b) shows

the lattice parameter with annealing temperature for 𝐿𝑖6𝑃𝑆5Br. We observed a similar behavior

compared to 𝐿𝑖6𝑃𝑆5Cl as studied. Increasing the annealing temperature can reduce internal stresses

and defects, allowing the lattice to relax and expand slightly. The lattice parameter then remains

constant once the relaxed structure is achieved.

The figure 4.9 (b) and table 4.2 show the changes in the lattice parameter in the same argyrodite

crystal structure. High-temperature annealing causes an expansion of the unit cell compared to the

BM mixture and an increase in the volume of the unit cell contributes to better ion diffusion.

Lattice parameters (Å)

Volume (Å3) interaxial angle (𝛼 = 𝛽 = 𝛾)
a b c

BM 9.9458 9.9458 9.9458 983.855 90
𝑜

HT 350 9.9914 9.9914 9.9914 997.425 90
𝑜

HT 550 9.9906 9.9906 9.9906 997.187 90
𝑜

Table 4.2: Lattice Parameters, Volumes, and Interaxial Angles of 𝐿𝑖6𝑃𝑆5𝐵𝑟 at BM and various HT compositions

In halide-enriched composition at 550
𝑜
C temperature showing more impurities of LiX (X =

Cl, Br) due to decomposition of the lithium argyrodite phase, in our study we have reduced the

maximum temperature to 450
𝑜
C for halide-enriched lithium argyrodite. The figure 4.10 shows the
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Figure 4.9: XRD patterns and the lattice parameter of 𝐿𝑖6𝑃𝑆5Br under various conditions, including BM and HT at 350°C,

and 550°C with the rhombus symbol over the peaks representing the peak position of lithium argyrodite

XRD patterns of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 mixture of BM and the HT (200
◦
C, 350

◦
C, 450

◦
C). The BM XRD

indicates that the mixture is more amorphous or nano-crystalline, but the mixture becomes more

crystalline when heated in high-temperature annealing.

Figure 4.10: XRD patterns of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 under various conditions, including BM and HT at 200°C, 350°C, and 550°C

with the rhombus symbol over the peaks representing the peak position of lithium argyrodite

Notably, the HT 350°C sample had significantly more peaks compared to any other sample
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tested. This suggests a structural transformation at that particular temperature, and the Reitveld

refinement of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 HT 350
𝑜
C in figure 4.10 (a) shows the impurities of 𝐿𝑖15(𝑃𝑆4)4𝐶𝑙3 and

𝐿𝑖𝐶𝑙 of 37.52 % and 15.70 %, respectively present in the structure which contributes to higher lattice

parameter compared to other samples as shown in the figure 4.11(b), resulting in the expansion

of the unit cell but due to the presence of impurities occupying in the unit cell makes the Li-ion

diffusion harder and limited, [78].

Figure 4.11: (a) Reitveld refinement of the XRD pattern of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 350
𝑜
) using TOPAS Academia V4 showing the

presence of 𝐿𝑖15(𝑃𝑆4)4𝐶𝑙3 and 𝐿𝑖𝐶𝑙 impurity in the mixture and (b) Lattice Parameters of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 at BM and various

HT mixture

This table 4.3 offers an overview of the lattice parameters, volume expansion, and interaxial

angles of heat-treated materials. Furthermore, it helps us understand how impurities alter the

lattice properties and expand the unit cell. However, the interaxial angle remains constant as these

compositions have the same cubic structure (𝛼 = 𝛽 = 𝛾 = 90°).

Lattice parameters (Å)

Volume (Å3) interaxial angle (𝛼 = 𝛽 = 𝛾)
a b c

BM 9.8025 9.8025 9.8025 941.928 90
𝑜

HT 350 9.845 9.845 9.845 960.044 90
𝑜

HT 450 9.8108 9.8108 9.8108 944.319 90
𝑜

Table 4.3: Lattice Parameters, Volumes, and Interaxial Angles of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 at BM and various HT compositions
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Figure 4.12: XRD patterns of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 under various conditions, including BM and HT at 200°C, 350°C, and 450°C

with the rhombus symbol over the peaks representing the peak position of lithium argyrodite

The figure 4.12 describes the XRD patterns of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 under BM and various heat treated

mixtures. In figure 4.12, the BM XRD (black) pattern shows the amorphous solid structure of

lithium argyrodite, which improves with heat treatment at high temperatures such as 350
𝑜
C and

450
𝑜
C.The peaks with rhombus symbol represents the Li-argyrodite peak positions in the XRD

pattern, and the miller indices represents the plane position in the crystal lattice. Heat treatment

at 450
𝑜
C, as compared to the BM shows the crystallization of the composition, making it more

coherent and revealing the F4̄3m crystal structure.

Figure 4.13: (a) Refined XRD pattern of HT 350
𝑜
C and the lattice parameter of BM and HT of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5, in which the

refinement was done using TOPAS Academic V4 and (b) Lattice Parameters of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 at BM and various HT mixture
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However, similarly in figure 4.12 the XRD pattern in HT 350
𝑜
C has more peaks when compared

all other XRD pattern of the 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 which shows the presence of impurities which was later

confirmed with the Rietveld refinement, and found the LiBr impurities as shown in the figure 4.13 (a).

Unlike the other sample such as 𝐿𝑖6𝑃𝑆5𝐶𝑙, 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5, and 𝐿𝑖6𝑃𝑆5𝐵𝑟 the 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5
shows a different trend as we see in the figures 4.13 (b) and table 4.4 which indicated the decrease

in the lattice parameter at 350
𝑜

C then increase again at 450
𝑜
C annealing temperature, maybe

due change the bromide occupancies on 4d and 4a site, next section (4.3.4) we will talk about the

site-disorder and give proper explanation for lattice parameter correlations.

Lattice parameters (Å)

Volume (Å3) interaxial angle (𝛼 = 𝛽 = 𝛾)
a b c

BM 10.0008 10.0008 10.0008 1000.260 90
𝑜

HT 350 9.9833 9.9833 9.9833 995.025 90
𝑜

HT 450 9.995 9.995 9.995 998.507 90
𝑜

Table 4.4: Lattice Parameters, Volumes, and Interaxial Angles of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 at BM and various HT compositions

The table 4.5 represents the site disorder of halide occupancies in the 4d and 4a sites. The data

was obtained from the neutron powder diffraction. Reitveld refinement was shows the occupancy

of halide (𝑋−
) in Wyckoff 4d and 4a sites in the cubic structure.

4.3.2. Site-disorder in lithium argyrodites
The site disorder percentage varies based on the halide (X = Cl, Br, and I) in the lithium argyrodite

structure due to differences in ionic radii (Cl = 181 pm, Br = 196 pm, and I = 220 pm). 𝐶𝑙− and 𝐵𝑟−

based lithium argyrodites exhibit site disorder due to their similar ionic radii to that of the sulfur

anion (𝑆2−
= 184 pm). In contrast, iodine 𝐼− based argyrodite shows no site disorder due to the

significant ionic radii mismatch, resulting in ionic conductivity below 0.001 mS 𝑐𝑚−1
. Therefore, we

did not include iodine-based argyrodite compositions in this work. Instead, we focused on 𝐶𝑙− and

𝐵𝑟− based argyrodites and studied how site disorder or halide occupancies on 4d site is affected

by synthesis conditions, ranging from ball milling (BM) to heat treatment at 350°C, 450°C, and 550°C.

We determined the site disorder, specifically the halide occupancy on the 4d site, through

Rietveld refinement analysis using neutron diffraction performed at different stages: after BM,

and after heat treatment at 350°C and 550°C, followed by natural cooling and room temperature

measurement. We were unable to refine the 𝐿𝑖6𝑃𝑆5Cl BM samples due to a low data-to-background

ratio. After annealing the samples in a vanadium container, we found a 66% site disorder at

350°C (from neutron diffraction measurements), and after heat treatment, it slightly decreased

to around 65%, indicating improved crystallinity but minimal change in site disorder. A similar

correlation was found in the 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 composition. With higher chloride content, more chlo-

ride occupied the 4a and 4d sites, but this was not influenced by changing the annealing temperature.

We were unable to perform measurements on the 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 composition due to the unavail-

ability of the PEARL instrument, but previous data at the same temperature showed a site disorder
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of around 64%,[62].

Composition Site-disorder/halide occupancy on 4d site (%) Halide on 4a site (%) Lattice parameter (Å)
𝐿𝑖6𝑃𝑆5Cl BM – – –

𝐿𝑖6𝑃𝑆5Cl 350
𝑜
C 66 34 9.9853

𝐿𝑖6𝑃𝑆5Cl 550
𝑜
C 58 42 10.0545

𝐿𝑖6𝑃𝑆5Cl 550
𝑜
C RT 65 35 9.8711

𝐿𝑖6𝑃𝑆5Br BM 32 68 9.9849

𝐿𝑖6𝑃𝑆5Br 350
𝑜
C 28 72 10.0751

𝐿𝑖6𝑃𝑆5Br 550
𝑜
C 51 49 10.1279

𝐿𝑖6𝑃𝑆5Br 550
𝑜
C RT 35 65 9.9913

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 BM 70 80 9.8287

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 450
𝑜
C 64 86 9.9850

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 450
𝑜
C RT 67 83 9.8312

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 450
𝑜
C RT,[62] 64 87 9.9742

Table 4.5: Table showing the site disorder of halide occupancies in 4d and 4a sites, and lattice parameter of lithium

argyrodite.

4.3.3. SEM morphology
In this study, the SEM was conducted to study the morphology of the lithium argyrodite shows

the comparison between the ball milled and heat treated sample.The SEM image shows the mor-

phology which explains the grain size, boundaries, and the shape which helps to improve battery

performance in the interaction between the electrode materials.

In figure 4.14, (a) and (b) shows us the SEM image of the 𝐿𝑖6𝑃𝑆5Cl of BM and HT (550
𝑜
C) where

the BM sample was shapeless, more grainy, and unevenly distributed micro-agglomerated grains

over the large particles. Each BM particles are about an average of 10-15 𝜇m in size even though

they are not in definite shape. However, the HT (550
𝑜
C) sample should the similar morphology of

the BM but significant reduction of the micro-agglomerate over the surface of large particle.

Figure 4.14: SEM images of 𝐿𝑖6𝑃𝑆5Cl (a) BM, and (b) HT 450
𝑜
c solid electrolyte was prepared by high energy ball milling

and high temperature annealing
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The figure 4.15 (c) and(d), describes the SEM image of the 𝐿𝑖6𝑃𝑆5Br of BM and HT (550
𝑜
C).

Similar to the 𝐿𝑖6𝑃𝑆5Cl, this is also in irregular shape and doesn’t follow any pattern of size or

shape to describe definitely. The micro-agglomerates over the HT (550
𝑜
C) sample has reduced in

lower ratio but are densely packed and an average size of 10𝜇m,[79].

Figure 4.15: SEM images of 𝐿𝑖6𝑃𝑆5Br (a) BM, and (b) HT 450
𝑜
c solid electrolyte was prepared by high energy ball milling

and high temperature annealing

Relatively, while compared to the 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br the external shape and texture

looks similar. Figure 4.17 and shows that the particles of the BM sample of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 are smaller particle size and include micro-agglomerates sticking to the surface of

bigger particles, which are more amorphous in nature. Heat treatment of the sample at 450
𝑜
C had

no significant influence on the micro-grain distribution throughout the particles.

Figure 4.16: SEM images of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (a) BM, and (b) HT 450
𝑜
c solid electrolyte was prepared by high energy ball

milling and high temperature annealing
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Figure 4.17: SEM images of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (a) BM, and (b) HT 450
𝑜
c solid electrolyte was prepared by high energy ball

milling and high temperature annealing

4.3.4. Raman spectroscopy
Raman spectroscopy is taken to study the vibrational modes of the lithium argyrodite of both

chloride and bromide substituted which exhibits the presence of phosphorous-sulfur bonds in the

BM and HT samples. The phosphorous-sulfur bond is exhibited in the high wavelength region and

it is visible around the wavelength between 400-500 𝑐𝑚−1
. In this thesis work, the samples were

prepared in the transparent slides by making use of the vacuum gel to seal the sample between the

slide and the cover slip. Prepared slides where then characterized using the HORIBA LabRAM HR

and with 10 % LASER grading.

(a) 𝐿𝑖6𝑃𝑆5Cl (b) 𝐿𝑖6𝑃𝑆5Br

Figure 4.18: Raman spectra of BM and HT samples of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br showing the peak and PS
−3

4
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There has been slight difference in the peak position of both BM and HT of all the samples

measured and the figure 4.18 (a) shows the Raman spectra of both BM and HT 550
𝑜
C, indicating

the presence of the PS
3−
4

in the composition. The stronger peak shift was observed from 421.89 to

422.45 𝑐𝑚−1
of BM to HT 550

𝑜
C, respectively, and the weaker peaks at 468.6 𝑐𝑚−1

. This indicates the

presence of PS
3−
4

tetrahedral volume in 𝐿𝑖6𝑃𝑆5Cl after the high temperature annealing the intensities

of the PS
3−
4

peak get sharper and it shows more crystalline materials in accordance to the previously

seen XRD data above,[80]. Similarly, in 𝐿𝑖6𝑃𝑆5Br also exhibits the stronger peaks of PS
3−
4

at 418.90

𝑐𝑚−1
and 417.95 𝑐𝑚−1

of the BM and HT 550
𝑜
C, respectively as shown in the figure 4.18 (b).

(a) 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (b) 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

Figure 4.19: Raman spectra of BM and HT samples of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 showing the peak and PS
3−
4

In figure 4.19 (a) and (b), the Raman spectra of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 shows both the

BM and HT 450
𝑜
C samples. The 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 has the same peak position and intensity at 424.14

𝑐𝑚−1
whereas the 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 has the peak shift from 419.08 𝑐𝑚−1

to 417.67 𝑐𝑚−1
representing

the existence of PS
3−
4

has the high ionic conductivity phase in the composition.[81].

The BM exhibited the presence of the polyhedral PS
3−
4

in the cubic lattice. The presence of

PS
3−
4

in both BM and HT samples shows the that lithium argyrodite phase formed after the ball

milled the materials and only heat treatment at higher temperature improved the crystalline of all

compositions.[81].

4.3.5. The Ionic conductivity of Lithium Argyrodites series
In the previous sections, we have seen the structure and morphological observation explain the

peak positions of the both BM and HT samples and their differences in the morphology using the

SEM. Here, in this section, we will be discussing about the the ionic conductivity (IC) of both BM

and HT samples for the following compositions which are 𝐿𝑖6𝑃𝑆5Cl, 𝐿𝑖6𝑃𝑆5Br, 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5, and

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5. All the results were recorded using the BioLogic SP-200 impedance analyzer with

the ranging frequencies from 7 MHz to 100 mHz with 10 mV amplitude. The sample was measured
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200 mg and placed in the SSB and a closing pressure of 392 MPa for better interaction of particle and

an average of ∼ 2 mm thickness of the pellet over the area of electrode around 10 mm diameter. The

observed spectra was later fitted into equivalent circuit using the RelaxIS 3 by fitting an appropriate

circuit model.

(a) Ionic conductivity (b) EIS: Nyquist plot

Figure 4.20: Ionic conductivity and EIS fit with equivalent circuit of 𝐿𝑖6𝑃𝑆5Cl at room temperature

(a) Ionic conductivity (b) EIS: Nyquist plot

Figure 4.21: Ionic conductivity and EIS fit with equivalent circuit of 𝐿𝑖6𝑃𝑆5Br at room temperature
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In figure 4.20 and Figure 4.21 shows the ionic conductivity and Nyquist plot of both 𝐿𝑖6𝑃𝑆5Cl

and 𝐿𝑖6𝑃𝑆5Br for BM and HT samples at room temperature (298 K). Both figures demonstrate an

increase in ionic conductivity as the heat treatment temperature increases from BM to 550°C. This

increase may be due to a more crystalline structure and larger lattice parameters, which could

facilitate easier ion transport.

For 𝐿𝑖6𝑃𝑆5Cl, the BM composition exhibits an ionic conductivity of 2.31 mS 𝑐𝑚−1
, which

increases to 5.63 mS 𝑐𝑚−1
after heat treatment. Similarly, for 𝐿𝑖6𝑃𝑆5Br, the BM composition shows

an ionic conductivity of 2.16 mS 𝑐𝑚−1
, increasing to 3.33 mS 𝑐𝑚−1

after heat treatment. While the

BM samples of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br have similar ionic conductivities, the higher-temperature

synthesis of 𝐿𝑖6𝑃𝑆5Cl results in greater ionic conductivity compared to 𝐿𝑖6𝑃𝑆5Br. This difference is

attributed to the higher disorder found in 𝐿𝑖6𝑃𝑆5Cl (around 65%) compared to 𝐿𝑖6𝑃𝑆5Br (around

35%). As previous studies have shown, higher disorder enhances inter-cage jumps, facilitating

long-range lithium movement and thereby increasing ionic conductivity. The Nyquist plot and the

equivalent circuit with a resistor (𝑅𝑒 ) and a constant phase element (CPE) used to fit the spectra as

shown in the figure 4.20 (b),[82].

Our focus in this work is to understand the BM and heat treatment temperature which influences

the lattice parameter, site-disorder, crystallinity, and higher ionic conductivity. For the chloride and

bromide rich lithium argyrodite samples exhibits excellent ionic conductivity while compared to

the previous samples of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br.

(a) Ionic conductivity (b) EIS: Nyquist plot

Figure 4.22: Ionic conductivity and EIS fit with equivalent circuit of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 at room temperature

The figure 4.22 (a) and (b) describes the ionic conductivity and the EIS spectra fitting of the

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 which is BM and HT samples showing the conductivity of 4.79 and 14.77 mS 𝑐𝑚−1
,

respectively. we see the HT 350
𝑜
C sample of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 has more impurities as described in the

X-ray diffraction section as shown in the figure 4.10 (b) which contributes to the higher resistance

which lowers the ionic transport.
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In figure 4.23 (a) and (b), Unlike the other samples which we previously covered, the

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 exhibits an varying trend and describes the optimal annealing temperature for

better ionic conductivity. In figure 4.23 (a), we observe that the HT 350
𝑜
C sample has higher ionic

conductivity of 8.43 mS 𝑐𝑚−1
while compared to BM or HT 450

𝑜
C due to the presence of LiBr

impurity which was observed in the XRD pattern as shown in the figure 4.12 and the conductivity

reduces when the annealing temperature increases to 450
𝑜
C impacts to reduction in the LiBr

impurities gives the conductivity of 6.39 mS 𝑐𝑚−1
,[83]. While the BM samples of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5and

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 have similar ionic conductivities, the higher-temperature synthesis of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5
results in greater ionic conductivity compared to 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5. This difference is attributed to the

higher disorder found in 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (around 67%) compared to 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (around 64%). As

a previous study suggested with increasing the halide content in lithium argyrodites, the changes

in the lithium distributions, and inter-cage jump distance, influence the higher ionic conductivity.

(a) Ionic conductivity (b) EIS: Nyquist plot

Figure 4.23: Ionic conductivity and EIS fit with equivalent circuit of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 at room temperature

4.3.6. Temperature-dependent EIS and Activation Energy
In this section, it describes about the Arrhenius plot and the activation energy of each sample to

determine the energy barrier required for lithium-ion to move. The slope value has been taken

from Arrhenius plot Ln 𝜎T vs 1000/K to determine the activation energy. All the samples were

investigated using the climate chamber measuring from varying temperature form 0
𝑜
C to −50

𝑜
C

with the step-size of 10
𝑜
C for an interval of 2 hour, to stabilized the particular temperature on

compositions.
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Figure 4.24: Arrhenius plot of the BM samples of Cl1, Br1, Cl1.5, and Br1.5 measured in varying temperatures from 0
𝑜
C to

−50
𝑜
C using the climate chamber

(a) HT 350
𝑜
C sample (b) HT 450

𝑜
C & HT 550

𝑜
C samples

Figure 4.25: Arrhenius plot of the samples of Cl1, Br1, Cl1.5, and Br1.5 measured in varying temperatures from 0
𝑜
C to −50

𝑜
C

The figure 4.24 describes Arrhenius plot of the BM samples of Cl1, Br1, Cl1.5 and the Br1.5 was

measured at varying temperatures from 0
𝑜
C to −50

𝑜
C and plotted the natural logarithmic function

of the Ionic conductivity. Similarly, in the figure 4.25 (a) and (b) were also plotted and the linear fit

to determine the slope of the curve.

The halide enriched composition exhibits the better ionic conductivity while compared to the

𝐿𝑖6𝑃𝑆5X (X= Cl, Br) which indicates the increase in anionic site-disorder in the Wyckoff 4d site as

the 𝑋−
occupying the free sulfur sites 𝑆2−

indicating the high ionic transport,[59].

The figure 4.26 (a) shows the activation energy of 𝐿𝑖6𝑃𝑆5Cl sample which was treated in BM

and HT shows that the HT 550
𝑜
C exhibits the lower activation energy of 0.34 eV while compared
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to the BM sample with activation energy of 0.38 eV. since the activation energy required by the

lithium ion to cross the energy barrier is lower for the 𝐿𝑖6𝑃𝑆5Cl (HT 550
𝑜
C) , thus it has high ionic

conductivity of 5.63 mS 𝑐𝑚−1
. Identically, for the 𝐿𝑖6𝑃𝑆5Br as shown in the figure 4.26 (b) the

activation energy for the HT 550
𝑜
C sample is lower than the BM with the hopping energy of 0.31

and the ionic conductivity of 3.33 mS 𝑐𝑚−1
.

(a) 𝐿𝑖6𝑃𝑆5Cl (b) 𝐿𝑖6𝑃𝑆5Br

Figure 4.26: Activation energy of BM and HT samples of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br

(a) 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (b) 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

Figure 4.27: Activation energy of BM and HT samples of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

The activation energy of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 compositions doesn’t have any specific

trend as followed when compared with the 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br, but possibly the presence of the

impurities in the HT 350
𝑜
C samples can alter the way of ion diffusion in the material characteristics,

as said in the XRD observations. However, these sample’s behavior is observed that higher ionic

conductivity is seen in the higher activation energy as compared to within the BM and HT samples,

which follow the Meyer-Neldel rule,[84].
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4.4. Experimental challenges
During the synthesis of lithium argyrodite with halide substitution, the process faced significant

challenges in making the composition and the processability of the process is more complex and

harder, it wasn’t a quicker option, and the synthesis of the lithium argyrodite had few implications

such as cake formation and the air sensitivity of the samples.

The cake formation occurs during the synthesis of the lithium argyrodite in the high energy ball

milling, due to the high speed rotation and the subsequent abrasion causing lithium sulfide and

other precursors to form agglomeration and eventually these gets accumulated over the specific

region inside the ball mill jars as shown in the figure 4.28 (a).

These accumulation are removed using the spatula after every 30 cycles to synthesize the

appropriate product. The cake formed over the walls of jar are extremely difficult to retrieve from

the jars and the some portion of the product adhered to the Zr𝑂2 beads and derived lower product

than expected quantity.

(a) Cake formation after 30 cycles (b) Schematic representation of air sensitivity of solid electrolyte in

presence of the air and moisture

Figure 4.28: Experimental challenges

Regarding the air sensitivity of the material, the lithium argyrodite are highly reactive to the

atmospheric oxygen and humidity causing them to react and increase in resistance which attributes

to decrease in the ionic conductivity of the material as well as generation of toxic 𝐻2S (Hydrogen

Sulphide) gas,[85] as shown in the figure 4.28(b).

4.5. Conclusion
In this chapter 4 specifically focused on the synthesis and characterization of the halide enriched

lithium argyrodite. We have discussed the synthesis of lithium argyrodite using the high energy
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ball milling and the heat treated to achieve the high ionic conductive material.

Following points will help us understand the chapter 4 findings from the experiments carried

out :

• The samples were characterized using the XRD, SEM, Temperature-dependent EIS, and Raman

spectroscopy to determine the structural and electrochemical properties.

• Processing of the ball milled composition and followed by high temperature annealing has

significant impact in the crystallinity of the cubic structure.

• All the samples has the same structural symmetry of F4̄3m of crystal lattices. However,

impurities of 𝐿𝑖15(𝑃𝑆4)4𝐶𝑙3 were found only in the heat-treated 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 sample at

350°C.

• The SEM image of both BM and HT shows the increase in annealing temperature had

implications over the decrease in the micro-grain agglomeration over the surface of the solid

electrolyte.

• The Raman spectroscopy reveals the presence of PS
3−
4

tetrahedral volume, indicating that after

ball milling, lithium argyrodite can form, and heat treatment can further improve crystallinity.

• Apart from processing, the increase in halide content in the lithium argyrodite composition

shows the increase in the anionic site-disorder (or halide in 4d occupancies) attributing to the

more inter-cage and change in lithium distributions, improved the higher ionic conductivity.

• The BM and HT samples had significant changes in ionic conductivity were all the HT samples

have better ionic conductivity than the BM among in which the 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 has the highest

ionic conductivity of 14.77 mS 𝑐𝑚−1
of HT 450

𝑜
C sample.

All the supplementary information and individual plots are mentioned in the Appendix A.
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Electrochemical Stability of the
halide substituted Lithium

Argyrodite

5.1. Introduction
Previously in this thesis, we have seen about the synthesis and characterization of the lithium

argyrodite samples at various annealing temperatures. The results and conclusion from the

previous chapter shows the halide enriched lithium argyrodite at high annealing temperature

shows an significantly higher ionic conductivity which attributed to this chapter’s proceedings.

Here, in this chapter 5, we will discuss about the electrochemical stability window of the

halide substituted lithium argyrodite solid electrolyte where the samples of chloride and

bromide enriched lithium argyrodite.

Even though the LPSC and LPSB shows an excellent ionic conductivity in an order of

10
−2

to 10
−3 𝑆𝑐𝑚−1

, these solid electrolyte has the few complications in-terms of interfacial

electrochemical processes which can be limiting for the lithium diffusion to the electrode

region,[86].

5.2. Electrochemical stability window of the lithium argyrodite
In solid-state batteries, particularly those using lithium argyrodite solid electrolytes, higher

safety and performance can be achieved with a Li/Si anode. However, these solid electrolytes

have a limited electrochemical stability window, which can lead to the decomposition of

the solid electrolyte,[86]. It is important to increase the stability window, and this section

discusses the electrochemical stability and how it can be improved with halide content.

45
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5.3. Experimental methods
we might think that how is the electrochemical stability window contributes in the stability of

the battery performance. The electrochemical stability is mainly disrupted when the battery

is charged or discharged at high voltage causing the material to fall into the redox reaction

leading to decomposition and formation of undesired interface composition which reduces

the ionic conductivity of the solid electrolyte and attributing to the lower performance, [86].

The solid electrolyte’s stability window is determined using various methods such as cyclic

voltammetry (CV) or thermodynamic formation which reports either over-measured or

under-measured, respectively [86]. The technique which have been used here in this thesis to

determine the stability window of the solid electrolyte is the Linear sweep voltammetry (LSV)

to measure the actual potential window.

This section describes us about the experimental methods behind the Electrochemical Stability

of enriched Chloride and bromide-substituted Lithium Argyrodites by using the linear sweep

voltammetry (LSV) determines the oxidation and reduction of the solid electrolyte.

5.3.1. Linear Sweep Voltammetry
In the solid-state cell, the Linear sweep voltammetry is measured by applying the constant

increasing voltage over the period of time and obtaining the change in the current as output to

determine the electrochemical properties of the solid electrolyte as shown in the below figure

5.1.

Figure 5.1: Linear sweep voltammetry,[87]

The cell is placed and its charged for oxidation (de-lithiated) and discharged for reduction

(lithiated), respectively [88]. The figure clearly shows us the diffusion of lithium ions from

anode as its acts to be more like a source or sink during the LSV showing the decomposition
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rate with respect to change in the potential and the obtained the current.

Typically, in the reduction procedure the lithium content in the solid electrolyte is completed

swept out from the open framework to the cathode region (red dashed box) causing the

decomposition of solid electrolyte over the varying voltage. Similarly, for the oxidation as

shown in the figure 5.2 (b) represents by charging the lithium ion causing the lithium in SE

are forced to move towards anode and the lithium metal in the anode acts to be sink (red

dashed box) here,[89]. During the redox reaction, the lithium argyrodite decomposes to

several by-products which can cause increase in resistance making less ionic conductive in the

cell.

(a) (b)

Figure 5.2: Redox reaction showing lithium-ion diffusion with lithium ions (black dots) and the vacant sites (empty holes)

5.3.2. Preparation of cathode material and cell assembly for LSV
This section describes us the preparation cathode material using carbon nanofiber and the

solid electrolyte mixture and cell assembly to obtain the electrochemical stability window by

using linear sweep voltammetry.

The preparation of the SE-CNF cathode mixture is initially started with the drying of carbon

nanofiber (CNF) with >98% of carbon basis (conical platelets) in the Büchi oven at 290
𝑜
c

for 24 hours under vacuum condition to remove the moisture content from the CNF. Then

the cathode mixture is prepared by mixing the SE and CNF in the ratio of 85% and 15%,
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respectively[90]. Later, the material was hand grounded for 15 minutes using mortar and

pestle to obtain uniform mixture of cathode material.

The figure 5.3 shows cell assembly for the linear sweep voltammetry (LSV) and the components

are measured precisely before layering into the SSB cell. The components are weighed about

15mg of SE-CNF mixture, 85mg of SE are pre-casted in the PEEK before placing the anode

components. To put this in simple terms, the SSB PEEK was filled with 85mg of SE and applied

312 MPa of moulding pressure using the automatic press for 5 minutes , similarly followed for

the cathode mixture is pressed for 392 MPa for 5 minutes and then the anode lithium metal

(6mm diameter) is placed between the reference electrode indium metal (8mm diameter) and

the SE. Before closing the copper foil is used as current collector in the anode side with the

closing pressure of 63 MPa for 3 minutes was applied to exhibit uniform pressure across the cell.

Figure 5.3: Cell packing for linear sweep voltammetry to determine the electrochemical stability window of the lithium

argyrodite solid electrolyte

Figure 5.4: Postmortem of the packed cell showing the (a) Circumference and (b) thickness of the cell

For the LSV measurement, the cell was tested for the open circuit voltage and placed in

the MACCOR (battery test system) to determine the electrochemical stability window by
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constantly withdrawing the current of 5 𝜇A from OCV to -0.6 V as the standard procedure for

reduction. Similarly for oxidation, the cell was constantly charged from the OCV to 5V with 5

𝜇A. The data points were obtained with the scan-rate of 0.1 mV/s,[91].

Figure 5.5: Postmortem of the cell packing retrieved after the linear sweep voltammertry showing the (a) Anode side, (b)

Cathode side, and (c) side view of cell

The figure 5.4 was the sample retrieved after the LSV showing the circumference of 10 mm and

the cell thickness of ≈ 2.5 mm. The typical cell assembly is shown in the figure 5.5 represents

the cell assembly and in figure (c) the position of Li-In alloy as an thin shiny metal indicating

the presence in the cell formation.

The data points are obtained by measuring the capacity and voltage. The plots are pitched by

plotting the first derivative of the capacity with respect to the voltage ( 𝑑𝑄
𝑑𝑉

) versus the voltage

potential vs In/𝐿𝑖+ (V) to determine the initial decomposition curve.

Recent studies have revealed the decomposition of the solid electrolyte as described below for

𝐿𝑖6𝑃𝑆5Cl, during oxidation the cell is charged in increasing voltage with respect to over the

period of time causing 𝐿𝑖6𝑃𝑆5Cl decomposes to form the S, 𝑃2𝑆5 as the oxidative by-products
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as given in the equation 5.1,[92].

Li6PS5Cl → LiCl + 1

2

P2S5 +
5

2

S + 5Li
+ + 5e

−
(5.1)

Similarly, for the reduction of 𝐿𝑖6𝑃𝑆5Cl it was completely discharged and the reductive

by-products causing the internal resistance are LiCl, 𝐿𝑖3, and 𝐿𝑖2S as shown in the equation

5.2,[92].

Li6PS5Cl + 8Li
+ + 8e

− → LiCl + Li3P + 5Li2S (5.2)

5.4. Results and discussion
This section in this chapter 5 describes the results that obtained from the linear sweep

voltammetry of the halide rich lithium argyrodite to determine the electrochemical stability

window.

5.4.1. Chloride-rich lithium argyrodite
In this subsection, we will see the results obtained from the LSV of the Chloride-rich solid

electrolyte exhibiting it’s electrochemical stability window and measured with the presence

of In/Li alloy in the anode side which plays more like a source for reduction and the sink

during the oxidation and the indium exhibiting 0.6V vs Li/𝐿𝑖+ [93] potential which is added

with the obtained LSV to determine the actual electrochemical stability window.

Figure 5.6: Electrochemical stability window of the LPSC (NEI corporation) commercial

The figure 5.6 shows the LSV of the LPSC (NEI corporation) commercial solid electrolyte

was tested to demonstrate as an reference which is compared with the synthesized material,

the redox degradation is notably occurring in the range of 1.43 to 1.78 V potential versus

In/𝐿𝑖+ and showing the decomposition beyond the voltage window which exhibits the redox

reaction in the solid electrolyte. Recent studies shows upon charging the LPSC decomposes to

the following by-products as LiCl, 𝑃2𝑆5, S as complete oxidative compounds. similarly, for



5.4. Results and discussion 51

the reduction the LPSC decomposes to form the fully reduced by-products of 𝐿𝑖2S, 𝐿𝑖3P, LiCl

causing significant increase in the cell resistance and making less ionic conductive,[92].

Figure 5.7: Electrochemical stability window of the 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (BM)

Similarly, for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 ball milled sample exhibits the narrow electrochemical stability

window compared to the LPSC (NEI corporation) and while recent studies shows that due to

the presence of amorphous material it exhibits the narrow potential window, whereas after

the heat treatment of the lithium argyrodite leads to more crystalline cubic structure as we

discussed in the previous chapter 4 showing the difference in the stability window,[94]. The

heat treated samples has narrow electrochemical stability window while compared to the ball

milled sample and compared to the commercial LPSC (NEI corporation). As we see the table

5.1 below describes the actual electrochemical stability window of the solid electrolyte after

the including the potential of 0.62V versus Li/𝐿𝑖+,[93].

Figure 5.8: Electrochemical stability window of the 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450
𝑜
C)
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Composition Reduction Oxidation Difference
NEI LPSC 1.43 1.78 0.35

Cl 1.5 BM 1.53 1.82 0.29

Cl 1.5 HT 1.51 1.84 0.33

Table 5.1: Electrochemical stability window of the chlorine rich lithium argyrodite solid electrolyte voltage versus In/𝐿𝑖+

5.4.2. Bromide-rich lithium argyrodite
In this subsection, we have continued the work of Gautam,et al [59] were the lithium

argyrodite with bromide enriched composition was synthesized and heat treated at designated

temperatures. Slow cooling was attained to achieve crystalline structure and better ionic

conductivity. Here, we have determined the electrochemical stability window of these

composition to better understand the stability and potential window versus In/𝐿𝑖+.

XRD was conducted to examine the structure and shows the purity of the synthesis and the

XRD patterns are shown in the appendix A.5.3.

The figure 5.9 shows both the obtained reduction and the oxidation values of the 𝐿𝑖6𝑃𝑆5𝐵𝑟
standard cooled exhibits the actual stability window of 1.34 to 1.5V as shown in the below

table 5.2 and taken as the base composition in this subsection. The figure 5.10 and 5.11

compositions with increasing bromine content the lithium argyrodite shows the trend of

extended electrochemical stability window while compared to the base composition,[62].

Figure 5.9: Electrochemical stability window of the 𝐿𝑖6𝑃𝑆5𝐵𝑟 (HT 550
𝑜
C) Slow cooled
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Figure 5.10: Electrochemical stability window of the 𝐿𝑖5.7𝑃𝑆4.7𝐵𝑟1.3 (HT 450
𝑜
C) Slow cooled

Figure 5.11: Electrochemical stability window of the 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 450
𝑜
C) Slow cooled versus In/𝐿𝑖+

The above table 5.2 shows the actual electrochemical stability window versus Li/𝐿𝑖+ exhibits

the increasing stability window due to the increase in the halide substitution content [62].

Composition Reduction Oxidation Difference
Br 1.34 1.61 0.27

Br 1.3 1.26 1.75 0.49

Br 1.5 1.12 1.76 0.64

Table 5.2: Actual electrochemical stability window of the Bromine rich lithium argyrodite solid electrolyte voltage versus

In/𝐿𝑖+

The study shows that higher ionic conductivity was achieved with increasing bromide content

in lithium argyrodites [59]. We found that increasing the bromide content leads to an increase

in electrochemical stability from 0.27 V to 0.64 V. This suggests that substituting sulfur with
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bromide can improve the oxidation stability, while the reduction stability should remain

unchanged since the phosphorus element is not being altered. However, due to higher site

disorder, more lithium vacancies, and potentially other factors, there may be an improvement

in reduction stability. Overall, we observed that the stability window for 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 is

around 0.64 V, while for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5, it is around 0.33 V

5.5. Conclusion

(a) Chlorine-rich lithium argyrodite (b) Bromine-rich lithium argyrodite

Figure 5.12: Electrochemical stability window

Similarly, the figure 5.12 (b) shows the increasing trend in the bromine rich lithium argy-

rodite due to an increase in the bromine content (X= 1, 1.3, 1.5) significantly broadens the

electrochemical stability window.

In conclusion, the study highlights the electrochemical behavior of various lithium argyrodite

solid electrolytes, emphasizing the impact of different halide substitutions on stability and

ionic conductivity. The commercial LPSC (NEI Corporation) electrolyte demonstrated notable

redox degradation within a potential range of 1.43 to 1.78 V versus In/𝐿𝑖+, decomposing into

several by-products that increase cell resistance and reduce ionic conductivity. Comparatively,

the BM synthesized 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 exhibited a narrower electrochemical stability window

compared to heat treatment composition at 450
𝑜
C , which is attributed to the presence of

amorphous material that limits its stability. Furthermore, it was observed that increasing the

bromide content in lithium argyrodites significantly enhances the electrochemical stability,

with a marked increase in the stability window from 0.27 V to 0.64 V. This improvement is
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linked to the substitution of sulfur with bromide, which enhances oxidation stability while

maintaining reduction stability. The presence of higher site disorder, lithium vacancies, and

possibly other factors, also contributed to improved reduction stability.

Overall, the study concludes that 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 offers a broader stability window of around

0.64 V compared to the 0.33 V window observed for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5, suggesting that bromide

substitution may be a promising strategy for optimizing solid electrolytes in lithium-ion

batteries.



6

Conclusion and Outlook

6.1. Conclusion
This thesis mainly focused to provide an overview of synthesizing and material characteriza-

tion of the lithium argyrodite solid electrolyte with halide-rich substitution and explaining

their electrochemical properties. This section explains all the experimental findings for the

above discussed research questions as shown in the chapter 3. Below points describe the

findings and solution to the questions.

1. How does the halide-rich substitution improves the ionic conductivity in the lithium
argyrodite sulfide solid electrolyte in solid-state batteries?
The main research question was addressed by synthesizing the halide enriched lithium

argyrodite solid electrolyte was compared with X= Cl, Br were synthesized using the high

energy ball milling and was tested under X-Ray diffraction, SEM, Raman spectroscopy, and EIS.

Lithium argyrodite with the halide enriched substitution in 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 have shown higher

ionic conductivity with 14.77 mS 𝑐𝑚−1
at HT 450

𝑜
C and the F4̄3m as the crystal lattice structure.

Apart from this, both BM and HT have obtained morphological and structural difference

in which the HT sample shows significantly crystalline structure whereas the BM samples

are more amorphous and shows more micro-agglomeration in the SEM images.Additionally,

after the raman spectroscopy shows the presence of the PS
3−
4

tetrahedral shows that after ball

milled argyrodite has be formed.

Synthesized the halide enriched lithium argyrodite solid electrolyte were compared with

X= Cl, Br which gave us the overview and due to the presence of the lithium vacancy and

change in lithium distributions and more inter-cage could improved better ionic conductivity

as discussed in the chapter 4.

56
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2. How lithium argyrodite sulfide with halide substitution are made and how does the
annealing process impact in the ionic conductivity of the solid electrolyte ?

The halide enriched lithium argyrodite was synthesized used the high energy ball milling

and heat treated at suitable temperature to achieve crystallinity due to the presence uniform

repetitive pattern which provides the open framework for better lithium ion diffusion. As

discussed previously in the chapter 4, the SEM morphology and XRD pattern shows the

purity of the synthesis and EIS proves the impact of annealing as the heat treated samples

show better ionic conductivity than ball milled sample.

The temperature dependent EIS was conducted shows an overview to determine the activation

energy of the halide enriched lithium argyrodite. The results shows that the 𝐿𝑖6𝑃𝑆5𝐶𝑙 and

𝐿𝑖6𝑃𝑆5𝐵𝑟 follows the trend of decreasing activation in increase in heat treatment of the sample,

whereas the halide enriched lithium argyrodite hasn’t followed any pattern but activation

energy of the BM is lesser while compared to HT samples.

3. Structural parameter such as lattice parameter, site disorder influencing the ionic
conductivity in lithium argyrodite?
Structural parameters of the synthesized halide enriched lithium argyrodite solid electrolyte

was obtained using the XRD and the neutron diffraction characterization which revealed the

space group, lattice parameter, and site disorder which provided an better understanding

of the composition. After the XRD refinement, 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br shows the cubic

crystal lattice with F4̄3m space group and expansion of the unit cell and volume due to

increase in lattice parameters has seen over from BM to HT samples. While the halide

enriched have different pattern due the phase segregation at HT 350
𝑜
C shows the presence of

impurities impacting the lattice parameters. The 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 HT 450
𝑜
C shows higher lattice

parameter while compared to BM sample with high ionic conductivity, but 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5
HT 450

𝑜
C shows the different trend as the lattice parameter decreased compared to BM sample.

After the neutron diffraction refinement the site disorder of the halide occupancy in the

Wyckoff 4a and 4d sites of all the BM and HT compositions and the results obtained shows us

the HT 350
𝑜
C samples showed 66% site disorder while it slightly decreased to 65% after the

heat treatment showing the crystallinity in the 𝐿𝑖6𝑃𝑆5Cl. Similarly in the 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 HT

450
𝑜
C shows the higher halide content in the 4d and 4a site around 67 and 83 %, respectively

but it wasn’t influenced by varying annealing temperature.

4. what is the difference in electrochemical stability window while compared with the
commercial lithium argyrodite and the halide-rich composition ?

The electrochemical stability window of the synthesized halide enrich lithium argyrodite

solid electrolyte by using linear sweep voltammetry method in the chapter 5. To conclude

the stability window of chloride enriched argyrodite and compared with the commercial

LPSC (NEI Corporation) showed similar stability window for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (450
𝑜
C) with the

potential of 1.84 V to 1.51 V versus In/𝐿𝑖+ whereas, the commercial LPSC has window of 1.43
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V to 1.84 V, maybe higher Chloride content and higher ionic conductivity does influence the

stability window. However we found that increasing the bromide content leads to an increase

in electrochemical stability from 0.27 V to 0.64 V. This suggests that substituting sulfur with

bromide can improve the oxidation stability, while the reduction stability should remain

unchanged since the phosphorus element is not being altered. However, due to higher site

disorder, more lithium vacancies, and potentially other factors, there may be an improvement

in reduction stability. Overall, we observed that the stability window for 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 is

around 0.64 V, while for 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5, it is around 0.33 V

6.2. Future recommendation
Till now, the thesis work covered the synthesis and heat treatment of the various composition to

achieve a better ionic conductive material to utilize in the formation of solid-state batteries. In-

order to determine the capacity retention by using the cyclic voltammetry to better understand

the properties and behaviour of the solid electrolyte in the system.

Figure 6.1: Thin-film chlorine rich lithium argyrodite solid electrolyte with PTFE mixture

During the experiment the cells where closed with the closing pressure of 392 MPa making it

unreliable to scale-up the cell assembly.But, development of thin film solid electrolyte with

halide-rich lithium argyrodite can possibly unlock the cell assembly of solid electrolyte in the

pouch cells or coin cells.

As an additional work out of curiosity the thin film were developed using the partial mixture

of polytetrafluoroethylene (PTFE) and the solid electrolyte of required ratio and rolled into

thin films as shown in the figure 6.1 (a) and punched to 10mm diameter thin-films as shown

in the figure 6.1 (b) are used to cell assembly with lesser closing pressure.
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A

Supplementary information -
Halide rich lithium argyrodite

synthesis and performance

A.1. Reitveld refined XRD patterns

(a) 𝐿𝑖6𝑃𝑆5Cl (b) 𝐿𝑖6𝑃𝑆5Br

Figure A.1: Refined XRD pattern of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br

66
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(a) 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (b) 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

Figure A.2: Refined XRD pattern of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

(a) 𝐿𝑖6𝑃𝑆5Cl (HT 350
𝑜
c) (b) 𝐿𝑖6𝑃𝑆5Br (HT 350

𝑜
c)

Figure A.3: Refined XRD pattern of 𝐿𝑖6𝑃𝑆5Cl (HT 350
𝑜
c) and 𝐿𝑖6𝑃𝑆5Br (HT 350

𝑜
c)
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(a) 𝐿𝑖6𝑃𝑆5Br (HT 550
𝑜
c) (b) 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450

𝑜
c)

Figure A.4: Refined XRD pattern of 𝐿𝑖6𝑃𝑆5Cl (HT 350
𝑜
c) and 𝐿𝑖6𝑃𝑆5Br (HT 350

𝑜
c)

(a) 𝐿𝑖6𝑃𝑆5Br (HT 550
𝑜
c) (b) 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450

𝑜
c)

Figure A.5: Refined XRD pattern of 𝐿𝑖6𝑃𝑆5Br (HT 550
𝑜
c) and 𝐿𝑖6𝑃𝑆5Br (HT 350

𝑜
c)
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Figure A.6: Refined XRD pattern of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5(HT 450
𝑜
c)

𝐿𝑖6𝑃𝑆5𝐶𝑙 (BM) structure from X-ray diffraction data (space group F-43m)

𝜆1= 1.5406 Å

a = 9.8423; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 953.43

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 5.742, 3.929

Atom Wyckoff Site x/a y/b z/c Occ. Beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Cl1 4a 1 1 1 0.3559 5.4203

Cl2 4d 0.75 0.75 0.75 0.6440 5

P1 4b 1 0.5 1 1 5

S1 4d 0.1222 -0.1222 0.6222 1 5

S2 16e 1 1 1 0.6440 5.4203

S3 4a 0.75 0.75 0.75 0.3559 5

Table A.1: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐶𝑙 (BM)
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𝐿𝑖6𝑃𝑆5𝐵𝑟 (BM) structure from X-ray diffraction data (space group F-43m)

𝜆1= 1.5406 Å

a = 9.9458; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 983.85

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 5.742, 3.929

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.5479 3.3329

Br2 4d 0.75 0.75 0.75 0.4520 0.1637

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1195 0.1195 0.6195 1 0.03192

S2 16e 1 1 1 0.4520 3.3329

S3 4a 0.75 0.75 0.75 0.5479 0.1637

Table A.2: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐵𝑟 (BM)

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (BM) structure from X-ray diffraction data (space group F-43m)

𝜆1= 1.5406 Å

a=9.8025; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 941.92

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 6.161, 4.701

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Cl1 4a 1 1 1 0.700 0.2867

Cl2 4d 0.75 0.75 0.75 0.800 1

P1 4b 1 0.5 1 1 2.0361

S1 4d 0.1242 0.1242 0.6242 0.298 2.1043

S2 16e 1 1 1 0.300 0.2867

S3 4a 0.75 0.75 0.75 1 1

Table A.3: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (BM)
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𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (BM) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 10.0008; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 1000.260

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 3.6053, 2.8483

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.700 0.2867

Br2 4d 0.75 0.75 0.75 0.800 1

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1204 0.1204 0.6204 1 0.0319

S2 16e 1 1 1 0.300 0.2867

S3 4a 0.75 0.75 0.75 0.200 1

Table A.4: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (BM)

𝐿𝑖6𝑃𝑆5𝐶𝑙 (HT 350
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.8539; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 956.827

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 8.6452, 4.4761

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Cl1 4a 1 1 1 0.678 0.845

Cl2 4d 0.75 0.75 0.75 0.321 0.2669

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1237 0.1237 0.6234 0.678 0.0319

S2 16e 1 1 1 1 0.845

S3 4a 0.75 0.75 0.75 0.321 0.2669

Table A.5: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐶𝑙 (HT 350
𝑜
c)
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𝐿𝑖6𝑃𝑆5𝐵𝑟 (HT 350
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.9914; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 997.429

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 4.9770, 3.1073

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.777 1.335

Br2 4d 0.75 0.75 0.75 0.222 1.207

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1198 0.1198 0.6198 1 0.0319

S2 16e 1 1 1 0.222 1.335

S3 4a 0.75 0.75 0.75 0.777 1.207

Table A.6: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐵𝑟 (HT 350
𝑜
c)

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 350
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.865; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 960.044

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 6.7002, 4.2630

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 0.064

Li2 24g 0.25 0.009 0.75 0.158 0.027

Cl1 4a 1 1 1 0.64 0.0423

Cl2 4d 0.75 0.75 0.75 0.56 0.0281

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1198 0.1198 0.6198 1 0.0319

S2 16e 1 1 1 0.56 0.0423

S3 4a 0.75 0.75 0.75 0.64 0.0281

Table A.7: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 350
𝑜
c)
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𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 350
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.9835; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 995.072

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 4.0740, 2.6999

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.875 2.465

Br2 4d 0.75 0.75 0.75 0.669 2.343

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1198 0.1198 0.6198 1 0.0319

S2 16e 1 1 1 0.0326 2.465

S3 4a 0.75 0.75 0.75 0.3102 2.343

Table A.8: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 350
𝑜
c)

𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.8108; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 944.319

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 7.8165, 3.8987

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Cl1 4a 0 0 1 0.669 1.99

Cl2 4d 0.25 0.25 0.75 0.830 3.118

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.25 0.25 0.75 0.169 0.0319

S2 16e 0.119 0.119 0.619 0.3308 1.99

S3 4a 0 0 1 1 3.11

Table A.9: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450
𝑜
c)
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𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 450
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.987; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 996.333

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 5.1060, 3.1021

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.891 1.011

Br2 4d 0.75 0.75 0.75 0.5245 0.777

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1205 0.1205 0.6205 1 0.0319

S2 16e 1 1 1 0.1083 1.011

S3 4a 0.75 0.75 0.75 0.4754 0.777

Table A.10: Crystallographic information of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 450
𝑜
c)

𝐿𝑖6𝑃𝑆5𝐶𝑙 (HT 550
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.8621; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 959.218

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 10.1478, 4.3829

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Cl1 4a 1 1 1 0.5838 0.6466

Cl2 4d 0.75 0.75 0.75 0.4161 0.7203

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1210 0.1210 0.6210 0.654 0.0319

S2 16e 1 1 1 0.2501 0.640

S3 4a 0.75 0.75 0.75 0.345 0.7203

Table A.11: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐶𝑙 (HT 550
𝑜
c)
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𝐿𝑖6𝑃𝑆5𝐵𝑟 (HT 550
𝑜
c) structure from X-ray diffraction data (space group F-43m)

𝜆1 = 1.5046 Å

a = 9.9906; 𝛼 = 𝛽 = 𝛾 = (90
𝑜
); Volume = 997.187

Fit residuals (𝑅𝑤𝑝 , 𝑅𝑒𝑥𝑝): 4.8495, 2.8052

Atom Wyckoff Site x/a y/b z/c Occ. beq

Li1 48h 0.3044 0.0253 0.6956 0.437 5

Li2 24g 0.25 0.009 0.75 0.158 5

Br1 4a 1 1 1 0.795 2.159

Br2 4d 0.75 0.75 0.75 0.2046 1.925

P1 4b 1 0.5 1 1 0.0208

S1 4d 0.1192 0.1192 0.6192 1 0.0319

S2 16e 1 1 1 0.204 2.159

S3 4a 0.75 0.75 0.75 0.795 1.925

Table A.12: Crystallographic information of 𝐿𝑖6𝑃𝑆5𝐵𝑟 (HT 550
𝑜
C)

A.2. SEM Images

Figure A.7: SEM images of (a)𝐿𝑖6𝑃𝑆5Cl(BM), (b)𝐿𝑖6𝑃𝑆5Cl(HT 550
𝑜
C), (c)𝐿𝑖6𝑃𝑆5Br(BM), and (d)𝐿𝑖6𝑃𝑆5Br(HT 550

𝑜
C) solid

electrolyte was prepared by high energy ball milling and high temperature annealing in 50𝜇 m
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Figure A.8: SEM images of (a)𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (BM), (b)𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 (HT 450
𝑜
C), (c)𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (BM), and

(d)𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 (HT 450
𝑜
C) solid electrolyte was prepared by high energy ball milling and high temperature annealing in

50𝜇 m

A.3. Ionic conductivity and Individual EIS fitted plots

(a) Ball Milled samples (b) HT 350
𝑜
C samples

Figure A.9: Ionic conductivity of the all the BM and HT 350
𝑜
C samples
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Figure A.10: Ionic conductivity of the all the HT samples at 450
𝑜
C and 550

𝑜
C including the 𝐿𝑖6𝑃𝑆5I and 𝐿𝑖5.5𝑃𝑆4.5𝐼1.5

measured at room temperature (298 K)

Figure A.11: EIS fitted Nyquist plot of all the BM sample of lithium argyrodite using RelaxIS 3
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Figure A.12: EIS fitted Nyquist plot of all the HT 350
𝑜
C sample of lithium argyrodite using RelaxIS 3
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Figure A.13: EIS fitted Nyquist plot of all the HT sample of lithium argyrodite using RelaxIS 3
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A.4. Temperature dependent EIS and the Activation Energy
A.4.1. Arrhenius plot of all BM samples

Figure A.14: Arrhenius plot of the all the ball milled samples including the 𝐿𝑖6𝑃𝑆5I and 𝐿𝑖5.5𝑃𝑆4.5𝐼1.5 measured from

temperature ranging from 0
𝑜
c to −50

𝑜
c

A.4.2. Pre-exponential factor

Figure A.15: Pre-exponential factor of all the ball milled samples
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(a) HT 350
𝑜
C samples (b) HT 450

𝑜
C & 550

𝑜
C samples

Figure A.16: Pre-exponential factor of the heat treated samples

A.4.3. Activation energy results

(a) Ball milled samples (b) HT 350
𝑜
C samples

Figure A.17: Activation energy of BM and HT 350
𝑜
C
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Figure A.18: Activation energy of all the HT samples

A.5. Raman Spectroscopy
A.5.1. Raman spectra of 𝐿𝑖6𝑃𝑆5𝐶𝑙 and 𝐿𝑖6𝑃𝑆5𝐵𝑟

Figure A.19: Raman spectra of BM and HT samples of 𝐿𝑖6𝑃𝑆5Cl and 𝐿𝑖6𝑃𝑆5Br showing the peaks of PS
−3

4
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A.5.2. Raman spectra of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5

Figure A.20: Raman spectra of BM and HT samples of 𝐿𝑖5.5𝑃𝑆4.5𝐶𝑙1.5 and 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 showing the peaks of PS
−3

4

A.5.3. Electrochemical stability window of the Bromine rich and 𝐿𝑁2 Quenched
and slow cooled
XRD patterns of the bromine enriched lithium argyrodite

Figure A.21: XRD pattern of both slow cooled and quenched samples showing the peaks of lithium argyrodite structure of

𝐿𝑖6𝑃𝑆5𝐵𝑟 HT 550
𝑜
C
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Figure A.22: XRD pattern of both slow cooled and quenched samples showing the peaks of lithium argyrodite structure of

𝐿𝑖5.7𝑃𝑆4.7𝐵𝑟1.3 HT 450
𝑜
C

Figure A.23: XRD pattern of both slow cooled and quenched samples showing the peaks of lithium argyrodite structure of

𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 HT 450
𝑜
C
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Electrochemical stability window of the liquid nitrogen quenched composition

Figure A.24: Electrochemical stability window representing the oxidation and the reduction of 𝐿𝑖6𝑃𝑆5𝐵𝑟 HT 550
𝑜
c 𝐿𝑁2

Quenched samples

Figure A.25: Electrochemical stability window representing the oxidation and the reduction of 𝐿𝑖5.7𝑃𝑆4.7𝐵𝑟1.3 HT 450
𝑜
c

𝐿𝑁2 Slow cooled samples
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Figure A.26: Electrochemical stability window representing the oxidation and the reduction of 𝐿𝑖5.5𝑃𝑆4.5𝐵𝑟1.5 HT 450
𝑜
c

𝐿𝑁2 Slow cooled samples

Composition Reduction Oxidation
Br Q 1.96 2.18

Br 1.3 Q 1.64 2.53

Br 1.5 Q 1.9 2.47

Table A.13: Actual electrochemical stability window of the LPSB quenched samples

Figure A.27: Electrochemical stability window of 𝐿𝑁2 cooled bromine enriched lithium argyrodite



B

Appendix: Sodium-ion solid
electrolyte

B.1. Sodium solid electrolyte
This part of the thesis describes the investigation of the synthesis and characterization of the

sodium solid electrolyte with halide substitution using high-energy ball milling. Various

combinations and proportions of precursors were explored to find the optimum sodium solid

electrolyte with high ionic conductivity. The sections below (B.1.1, B.1.2, and B.1.3) further

discuss the synthesis and characterization, including XRD and ionic conductivity of various

compositions.

B.1.1. Synthesis and XRD patterns of 𝑁𝑎2+𝑥𝐼𝑛𝑥𝐻 𝑓1−𝑥𝐶𝑙6
By using NaCl, 𝐼𝑛𝐶𝑙3, and 𝐻 𝑓 𝐶𝑙4 as precursor to synthesis the 𝑁𝑎2+𝑥 𝐼𝑛𝑥𝐻 𝑓1−𝑥𝐶𝑙6 with (x=0,

0.25, 0.5, 0.75, and 1) The mixture was placed inside a 45 ml 𝑍𝑟𝑂2 jar with a milling media ratio

of 1:30 and 10 mm (weight = 3 g) balls. The milling was set at 550 rpm with 15 minutes running

and 10 minutes pause cycles, repeated for 60 cycles to synthesize 1 g of solid electrolyte.

The figure B.1 (a) shows the XRD patterns of the composition 𝑁𝑎2+𝑥 𝐼𝑛𝑥𝐻 𝑓1−𝑥𝐶𝑙6 with (X = 0,

0.25, 0.5. 0.75, 1) and their ionic conductivity is shown in the figure B.1(b), respectively.

87
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(a) X-Ray Diffraction patterns (b) HT 450
𝑜
C & 550

𝑜
C samples

Figure B.1: X-Ray Diffraction patterns and ionic conductivity of 𝑁𝑎2+𝑥 𝐼𝑛𝑥𝐻 𝑓1−𝑥𝐶𝑙6 (X = 0, 0.25, 0.5. 0.75, 1)

B.1.2. XRD patterns of 𝑁𝑎2𝑍𝑟𝑥𝐻 𝑓1−𝑥𝐶𝑙6
The below figure B.2 (a) and (b) shows the XRD patterns and ionic conductivity of the series

of 𝑁𝑎2𝑍𝑟𝑥𝐻 𝑓1−𝑥𝐶𝑙6 with (X = 0, 0.25, 0.5. 0.75, 1).

(a) X-Ray Diffraction patterns (b) HT 450
𝑜
C & 550

𝑜
C samples

Figure B.2: X-Ray Diffraction patterns and ionic conductivity of 𝑁𝑎2𝑍𝑟𝑥𝐻 𝑓1−𝑥𝐶𝑙6 (X = 0, 0.25, 0.5. 0.75, 1)

B.1.3. XRD pattern and ionic conductivity
The XRD patterns and ionic conductivity of the series of 𝑁𝑎𝑥𝑍𝑟0.25𝐻 𝑓0.75𝐶𝑙4+𝑥 composition is

shown in the below figure B.3 , respectively.



B.1. Sodium solid electrolyte 89

(a) X-Ray Diffraction patterns (b) HT 450
𝑜
C & 550

𝑜
C samples

Figure B.3: X-Ray Diffraction patterns and ionic conductivity of 𝑁𝑎2𝑍𝑟𝑥𝐻 𝑓1−𝑥𝐶𝑙6


	Acknowledgements
	Abstract
	Nomenclature
	Introduction
	Demand
	Energy Transition
	Batteries: a key to the sustainable energy
	Why Solid-State batteries? 

	Lithium Solid-State Battery: Theory and Fundamentals
	Components of Solid-State Batteries
	Working principle: Lithium Solid-State Batteries
	Cell assembly

	Ionic conduction
	Activation Energy
	Nernst equation

	Solid electrolytes
	Inorganic solid electrolyte
	Overview of the Lithium argyrodite family

	Active challenges

	Research questions and Thesis outline
	Research Question
	Thesis outline

	Processing of Halide rich Lithium argyrodite 
	Introduction
	Experimental methods
	Mechanochemical synthesis of lithium argyrodite
	High temperature annealing
	X-Ray powder Diffraction
	Electrochemical Impedance spectroscopy
	Raman spectroscopy

	Results and discussion
	XRD Results and lattice parameters
	Site-disorder in lithium argyrodites
	SEM morphology
	Raman spectroscopy
	The Ionic conductivity of Lithium Argyrodites series 
	Temperature-dependent EIS and Activation Energy

	Experimental challenges
	Conclusion

	Electrochemical Stability of the halide substituted Lithium Argyrodite
	Introduction
	Electrochemical stability window of the lithium argyrodite
	Experimental methods
	Linear Sweep Voltammetry
	Preparation of cathode material and cell assembly for LSV

	Results and discussion
	Chloride-rich lithium argyrodite
	Bromide-rich lithium argyrodite

	Conclusion

	Conclusion and Outlook
	Conclusion
	Future recommendation

	Supplementary information - Halide rich lithium argyrodite synthesis and performance
	Reitveld refined XRD patterns
	SEM Images
	Ionic conductivity and Individual EIS fitted plots
	Temperature dependent EIS and the Activation Energy
	Arrhenius plot of all BM samples
	Pre-exponential factor
	Activation energy results

	Raman Spectroscopy
	Raman spectra of Li6PS5Cl and Li6PS5Br 
	Raman spectra of Li5.5PS4.5Cl1.5 and Li5.5PS4.5Br1.5
	Electrochemical stability window of the Bromine rich and LN2 Quenched and slow cooled


	Appendix: Sodium-ion solid electrolyte
	Sodium solid electrolyte
	Synthesis and XRD patterns of Na2+xInxHf1-xCl6 
	XRD patterns of Na2ZrxHf1-xCl6 
	 XRD pattern and ionic conductivity 



