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ABSTRACT

The development of all-solid-state batteries (ASSBs) represents a breakthrough in energy storage
technology by providing safer operation with superior energy density and better electrochemical
stability than traditional liquid-electrolyte systems. Despite their advantages, all-solid-state batteries
face persistent problems with high interfacial resistance between solid electrolyte (SE) and catholyte,
lithium dendrite formation and ion transport barriers that demand basic knowledge of solid-state
interactions. This thesis investigates two critical aspects of ASSB technology: This thesis addresses (i)
the interfacial stability between tantalum-doped lithium lanthanum zirconium oxide (LLZTO) and
lithium metal and the heteroionic lithium metal oxychloride (LMOC) type solid electrolyte for all-solid-
state lithium-ion batteries (ASSLIBs) and investigates (ii) the intercalation electrochemistry of tantalum

disulfide (TaS:) layered material used in all-solid-state lithium-sulfur batteries (ASSLSBs).

In the first part of my thesis mainly focuses on optimizing the removal of passivation layer (i.e., Li.CO;
and LiOH) from the LLZTO surface by rapid acid treatment (RAT) and heat treatment (HT) followed
by analyzing the Li|[LLZTO and LMOC]||LLZTO interface stability, lithium-ion transport kinetics, and
mechanical behaviour during operation using electrochemical impedance spectroscopy, and
microstructural analysis. The study systematically investigates symmetrical cell setups, which are
affected by external pressure, interfacial contact, and lithium-ion diffusion mechanisms, to determine
their influence on charge transfer resistance and morphological stability. Through this stability, we
optimized that the interfacial impedance of Li||[LLZTO becomes small enough (Rix<10 Q.cm?) and for
heteroionic interfaces of LMOC||LLZTO, it is 80 Q.cm?. However, we tried to show proof of concept
that can be improved when designing the hybrid cell with multilayer SEs in ASSLIB for future research.

In the second part of this thesis, we reported the intercalation electrochemistry conversion of layered
transition metal sulfide (TaS,) and carbon (Ketjen black) as sulfur host when used as cathode materials
in ASSLSBs which will serve as a neotype hybrid cathode with mixed electronic and ionic conduction
(MEIC) contributes excess capacity. This layered structure, combined with its metallic conductivity,
enables lithium-ion intercalation while simultaneously acting as a mediator for sulfur redox reactions
to promote high gravimetric capacity. This approach resulted in high sulfur utilization of ~99% with
2.99 mAh.cm? at a C/10 rate and retains 94% over 50 cycles. With a high active material loading of
9.96 mg.cm™(s:Tas2) the S/TaS,/C electrode achieves a high areal capacity of 9.1 mAh.cm™.

This thesis improves our knowledge of the essential processes that control ASSB performance by
studying interfacial dynamics in lithium-ion systems and intercalation mechanisms in lithium-sulfur
systems. The findings lead to advanced solid-state electrolytes and electrode architectures, improving

stability and efficiency while creating the foundation for next-generation energy storage systems.
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Chapter 1 Introduction

1.1 Outline of All-Solid-State Lithium-Ion Batteries (ASSLIB)

The accelerated industrialization and digitalization of present-day society have resulted in a dramatic
surge in energy requirements which demands the invention of effective and sustainable methods for
storing energy. The worldwide adoption towards renewable energy sources and electrification
technologies has created significant market demand for reliable high-performance energy storage
solutions.! Traditional lithium-ion batteries (LIBs) have maintained dominance in the energy storage
field for many years because they power numerous applications such as electric vehicles (EVs), portable
electronics and grid energy storage solutions. Traditional LIBs have not been able to avoid multiple
limitations which are especially evident in their safety, energy density, and longevity, even though they
are widely adopted. The liquid electrolytes used in traditional lithium-ion batteries present safety
concerns including fire risks and thermal runaway which prevents their use in high-power applications
demanding high reliability. The performance of these systems over extended periods suffers from

lithium dendrite formation together with electrolyte decomposition and gradual capacity loss.

All-solid-state lithium-ion batteries (ASSLIBs) represent an emerging promising solution to address the
challenges faced by current battery technologies. ASSLIBs substitute liquid electrolytes with solid-state
electrolytes (SSE) unlike traditional LIBs which creates improved safety and enables high-energy-
density electrode materials like lithium metal anodes. The fundamental change in battery design
presents multiple benefits such as better thermal stability, longer cycle life while enabling higher
voltage operation and rapid charging abilities making them ideal candidates for next-generation EVs,
laptops, smartphones and other portable electronic devices. The development of ASSLIBs progresses
quickly as significant automotive and battery companies like Toyota, Nissan, Solid Power, Samsung
SDI, CATL and QuantumScape make substantial investments in solid-state battery research?. The
modern world will see major gains from solid-state battery technology which will deliver extended

driving distances and ultra-fast charging speeds along with the best safety features.

a) Lithium-ion battery b) All-solid-state battery

Anode,

L Aghode:
Cath LMy

CAM T 2ddiTVES _

CAM + gp ; Cathog.

L'al‘h(;,ylc )
gan " dditjye,

Figure 1.1 Schematic illustration of (a) Conventional liquid electrolyte battery and (b) Solid-state
battery reproduced from reference *
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1.1.1 Fundamentals of ASSLIB

The fundamental structure of an all-solid-state lithium-ion battery consists of three key components:
The three primary elements of an all-solid-state lithium-ion battery include the anode which stores
lithium ions during charging; the solid electrolyte enabling lithium-ion movement and serving as a
physical barrier to prevent electrical short circuits; and the cathode which enables lithium-ion
intercalation and deintercalation during battery operation.* The redox potential of the reaction at the
electrode establishes the electrode potential in volts. The output power increases with the voltage
difference between the cathode and anode because it depends directly on both current and voltage across
these electrodes. The use of electrolytes with enough electrochemical stability becomes essential when
a high potential difference is needed to maintain proper functionality and avoid decomposition in the
electrochemical potential window of the battery cell.’ Traditional LIBs achieve quick lithium-ion
movement through liquid electrolytes but ASSLIBs depend on solid-state diffusion which happens more
slowly because solid electrolytes possess rigid lattice structures. The slow movement of ions creates
increased interfacial resistance which presents a significant obstacle in creating high-performance
ASSLIBs. The resistance arises because of inadequate physical contact between components, the
formation of resistive interfacial layers through chemical reactions, and mechanical stresses that occur
due to volume changes during cycling. During the galvanostatic cycling of a battery, the charge-
discharge voltage profile shows how voltage and specific capacity relate to each other. Constant current
conditions during recording produce a uniform electrochemical process for this profile. The evaluation
of battery rate capability involves applying various current densities to measure its performance across
different charge/discharge rates. The standard voltage-capacity curve makes key redox reactions
together with their voltage plateaus easily identifiable. Two-phase transitions during lithium
insertion/extraction create flat plateaus in profiles while continuous single-phase reactions present as
gradual slopes during lithium intercalation. Electrochemical efficiency is measured by the voltage
difference between the charging and discharging processes which is termed polarization. The reduction
of this voltage gap is vital for energy efficiency because decreased polarization leads to fewer internal
resistance losses and better reversibility in battery performance.® There are some key terminologies in

batteries to understand which are listed below:

Table 1.1 Key terminologies and parameters related to the batteries

Term Definition Formula (if applicable) Explanation
— Determines batte
Open-Circuit The voltage of a charge state and deprgn ds
Voltage battery when no OCYV = Ecathode - Eanode on electrode redox
(0CV) current flows.

potentials.




Total charge a battery

Higher capacity means
longer operation; affected

Capacity (€) can store and deliver. C=Ixt by ageing and
temperature.
Energy Energy stored per unit _ Higher energy density
. E=VxC allows more energy
Density (E) mass or volume. . .
storage 1n a compact size.
Rate of energy delivery Determines how quickly
Power er unit mass or P=VxI a battery can supply
Density (P) p
volume. power.
Coul(?mblc Efficiency of charge CE = (Quischarge / Qcharge) X Hl gher CE means
Efficiency recove 100% minimal side reactions
(CE) R4 ’ and better cycle life.
State of Remaining charge _ - Used in battery
Charge relative to full SOC (erergg'é;’g / Quar) management systems to
(SO0) capacity. ° prevent overcharging.
Depth of . .
Discharge Percenta%l:e(zlf capacity DOD = 100% - SOC DeeII; i}tzcheﬁiessligrtens
(DOD) ' Ty frespan.
Number of
. charge/discharge Longer cycle life means a
Cycle Life cycles before capacity N/A more durable battery.
drops below 80%.
Internal Resistance inside a Lower resistance
Resistance battery affects V=E-IR improves efficiency and
(R) performance. power output.
TCr 222%; Resistance at the High R slows charge
Resi electrode-electrolyte N/A transfer and reduces
esistance interface efficienc
(Re) ' Y
High Riy leads to poor
Interfacial Resistance at the solid ion transport and
Resistance electrolyte-electrode N/A increased overpotential,
(Rint) interface. minimized via interface
engineering.
((]j::'tlfz?llt Maximum current Higher CCD prevents
. before lithium N/A short circuits in solid-
Density dendrites form state batteries
(CCD) ’ ’
Rate of .
C-Rate charge/discharge I=C x Crate 1€ means full charge in 1

relative to capacity.

hour; 2C in 30 minutes.




. The energy required .
Activation for lithium-ion o(T) = o, exp(-Ea / kT) L owet Ea 1Tproves
Energy (E.) lithium-ion transport.

movement.
Voltage Difference bptween Lower hysteresis means
. charge and discharge N/A . .
Hysteresis higher efficiency.
voltage.
Overpotential | Extra voltage is needed _ Higher overpotential
: - n= Vapplied = Eequilibrium :
m) to drive a reaction. results in energy loss.

1.1.2 Investigation of Solid Electrolytes

Researchers have explored different solid electrolyte options to overcome various challenges and found

that each type presents unique benefits and limitations.”
a) Oxide-based solid electrolyte

Oxide electrolytes are known for their high electrochemical stability, good mechanical strength,
and resistance to lithium metal. However, they generally have lower ionic conductivity compared

to sulfides.

Table 1.2 Summary of oxide-based solid electrolytes

Solid Electrochemical Ionic Conductivit
Stability Window (V vs. y Physical Properties
Electrolyte A (S/cm)
Li/Li")
LLZO -6 10 - 104 High chemlcaI. stability, rigid,
brittle
Stable against oxidation, but
- -3 _ 104 ’
LATP 4.5 10-10 unstable with lithium metal
Low ionic conductivity
~ -6 >
LTP 4.5 10 thermally stable
Phase transition from triclinic to
Lzp ~4.5 8 x 10¢at 150°C rhombohedral, chemically
stable
Rhombohedral structure
~ -6 >
LGP 4.5 10 thermally stable

b) Sulfide-based solid electrolyte

Sulfide electrolytes offer the highest ionic conductivity (comparable to liquid electrolytes) and
soft mechanical properties for better interface contact. However, they are sensitive to moisture,

leading to H2S gas formation.



Table 1.3 Summary of sulfide-based solid electrolytes

Ionic
Solid Electrochemical Stability . . . .
Electrolyte Window (V vs. Li/Li") Conductivity Physical Properties
(S/cm)
Extremely high
LGPS 5 1072 conductivity, moisture
sensitive
Li-PsS, 45 102 Good mechanical f.'lex1.blhtcy,
prone to degradation in air
LigPSsCl 48 107 Good deformability,
sensitive to oxidation
Thio-LISICON 5 103 High conduct.n./lty, but air-
sensitive

¢) Polymer-based solid electrolyte

Polymers are lightweight and flexible, allowing easy processability. However, they suffer from
low ionic conductivity at room temperature and require higher temperatures (>60°C) for

effective ion transport.

Table 1.4 Summary of polymer-based solid electrolyte

Ionic
Solid Electrochemical Stability . . . .
Electrolyte Window (V vs. L/Li") Conductivity Physical Properties
(S/cm)
. _ _ Soft, flexible, requires high
- 6 _ 4 ) bl
PEO-Li salts 4 10¢-10 temperature (>60°C)
PAN-based ~ Flexible, moderate
4.2 10 .
electrolytes conductivity
PVDF-based 45 106 Mechanically strong but
electrolytes ’ lower conductivity

d) Halide-based solid electrolyte
Halide electrolytes exhibit high electrochemical stability and good ionic conductivity while

being more stable in air than sulfides.

Table 1.5 Summary of halide-based solid electrolytes

Ionic
Solid Electrochemical Stability . . . .
Electrolyte Window (V vs. Li/Li") Conductivity Physical Properties
(S/cm)
LisInCls 5 10-3 Air-stable, gooq 11.t1.11um metal
compatibility




. Good electrochemical and thermal
-3
LizYCle > 10 stability
. _ High-voltage stability, chemically
3 b}
L13EI'C16 4.8 10 stable
]E;\I/\I/I: ?\1%14 5 10.4 - 12.4 x | High ionic conductivity, cold-pressed
Ta) ’ 1073 synthesis, excellent rate capability

1.1.3 Investigation of high-performance cathode materials

1.1.3.1 Layered Oxide Cathodes

All-solid-state lithium-ion batteries (ASSLIBs) typically use Nickel-Manganese-Cobalt (NMC)
cathodes represented by LiNi,Mn.Coi-,O: because they offer high energy density and rate capability
while maintaining structural stability. The electrochemical performance is greatly affected by the
proportion of nickel, manganese, and cobalt components. The most commonly used NMC cathode
compositions are NMCI111 (LiNii/sMni/3C01/302), NMC532 (LiNio.sMno.3C00.202), NMC622
(LiNio.sMno.2C00.202), and NMC811 (LiNio.seMno.1C00.10:). Increased nickel content leads to enhanced
capacity but results in decreased thermal stability while increased manganese content leads to improved

structural integrity but reduced capacity.”!°

Redox Reactions in NMC Cathodes

During battery charging and discharging NMC cathodes function by storing and releasing lithium ions

through redox reactions of their transition metals.
a) Nickel (Ni** & Ni** & Ni*)

Nickel provides the greatest capacity contribution because Ni** converts to Ni** during charging
which enables more lithium to deintercalate. The reaction voltage ranges from 3.6 to 4.3 V
versus Li/Li* based on the specific NMC composition. NMC811 cathodes with higher nickel
content deliver greater capacity but experience reduced thermal and structural stability which

leads to increased side reactions with solid electrolytes.
b) Cobalt (Co* = Co*)

The primary function of cobalt is to stabilize the layered structure while it serves a secondary
purpose for charge compensation. Co** oxidizes to Co*" at voltages between 4.2 to 4.3 V versus
Li/Li* which adds more capacity to the system. By decreasing Co levels in NMC811 cathodes,
manufacturers can cut expenses and environmental impact but need to adopt structural

protection methods such as surface coatings with LiNbOs and Li>ZrOs.



c)

Manganese (Mn*)

The role of manganese in materials is focused on enhancing structural stability instead of
boosting storage capacity. Manganese in the form of Mn*" does not participate in
electrochemical reactions within layered NMC cathodes. Its presence improves cycle life and

minimizes cation mixing.

Table 1.6 Summary of layered oxide cathodes (NMC)

NMC Nickel Content Capacity Voltage I'{al'lge Stability Ther'n.lal

Type (%) (mAh/g) (V vs. Li/Li*) Stability
NMCl111 33 160 2843V Excellent High
NMC532 50 180 2843V Good Moderate
NMC622 60 200 2843V Moderate Lower
NMCS811 80 220 2843V Poor Low

1.1.3.2 Polyanionic Cathodes

Polyanionic cathodes, particularly phosphate-, sulfate-, and fluorophosphate-based materials, have

gained attention for their structural stability, safety, and tunable electrochemical properties in all-solid-

state lithium-ion batteries (ASSLIBs). These materials benefit from the strong covalent bonding in the

polyanion (POa, SOa, etc.) groups, which stabilizes the framework and prevents oxygen release,

improving thermal stability. However, they generally exhibit lower electronic conductivity and require

modifications such as carbon coating and composite cathode designs to enhance performance.

a)

b)

LiFePO4 (LFP) — Iron Phosphate Cathodes

LiFePOas (LFP) dominates lithium-ion and all-solid-state battery markets because of its superior
cycle life along with exceptional thermal stability and structural strength. The material
functions at a moderate voltage level of approximately 3.4V relative to Li/Li* which ensures
high stability across different operating conditions. During charging, Fe?" is oxidized to Fe*"

and vice versa Fe*" is reduced to Fe*" when discharging.
Redox reaction: LiFePOs = FePO4 + Li* + ¢~
LiMnPO.4 (LMP) — Manganese Phosphate Cathodes

As a high-voltage (4.1V vs. Li/Li*) substitute for LFP LiMnPO. maintains a comparable
polyanion structure while delivering increased specific energy. The material demonstrates
limited rate capability because its ionic and electronic conductivity levels are insufficient.
During charging, Mn?" is oxidized to Mn** and vice versa Mn** is reduced to Mn*" when
discharging. Mn** is less stable when compared to Fe** which leads to capacity fading.
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Redox reaction: LiMnPO4 = MnPO, + Li* + ¢~
¢) LisV2(POs)s; (LVP) — Vanadium Phosphate Cathodes

Multi-electron redox reactions enable LizV2(POa.)s to serve as a high-capacity polyanionic
cathode material operating at dual voltage plateaus (3.6V and 4.1V vs. Li/Li*). V¥* & V* &
V>3t enables multi-electron transfer. The material allows the reversible removal of three lithium
ions from each formula unit which generates a theoretical capacity of approximately 195

mAh/g.
Redox reaction: LisV,(POs); = LixV2(POs); + (3—x)Li" + (3—x)e~

Table 1.7 Summary of polyanionic cathodes

Polyanionic Cathode | Capacity Voltage - Thermal Key Redox
Range (V | Stability - .
Type (mAh/g) vs. Li/Li") Stability Reactions
LiFePOs (LFP) 170 34V Excellent High Fe** =@ Fe** + e
LiMnPO4 (LMP) 150 41V Good Moderate | Mn?* & Mn*" + ¢~
LisV2(PO4)s (LVP) 195 3.8-4.1 V | Moderate Lower Va2 V4 + e

1.1.3.3 Sulfur cathodes

Sulfur cathodes in all-solid-state lithium-sulfur batteries operate between 1.5 V and 2.5 V vs. Li/Li*
which is below the voltage range of traditional lithium-ion battery cathodes yet offers a much greater
theoretical capacity of 1675 mAh/g. The sulfur cathode in ASSLSBs undergoes electrochemical
reactions that convert elemental sulfur (Ss) into lithium sulfide (Li.S) when discharging and back into

elemental sulfur during charging.

Redox reaction: Sg+ 16Li" + 16e” = 8LixS

1.2 Outline of All-Solid-State Lithium-Sulfur Batteries

A growing worldwide need for high-energy-density and safe sustainable energy storage has led
researchers to investigate alternatives beyond traditional lithium-ion batteries (LIBs). Lithium-sulfur
(Li-S) batteries represent next-generation battery technologies that achieve an ultra-high theoretical
energy density of 2500 Wh/kg which makes them ideal for use in electric vehicles (EVs), acrospace
applications and grid-scale energy storage systems. Liquid-electrolyte-based Li-S batteries show great
energy storage capabilities but multiple critical problems prevent them from being commercially

successful including safety issues and poor long-term performance.!!-!?

The primary drawback of traditional Li-S batteries hinders from their dependence on organic liquid

electrolytes because these materials pose serious fire hazards and can trigger thermal runaway
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conditions. High-profile incidents including Samsung Galaxy Note 7 explosions and Boeing 787 battery
fires along with Tesla EV battery malfunctions demonstrate the dangers of liquid-electrolyte-based
lithium-ion batteries and highlight the urgency for developing safer alternatives. Elevated temperature
conditions in standard Li-S battery systems trigger exothermic side reactions that raise the risk of
combustion and explosion hazards thereby generating severe safety threats. Liquid electrolytes mixed
with lithium metal anodes create lithium dendrites which can breach separators and generate internal
short circuits resulting in battery failure. Organic liquid electrolytes decompose quickly which leads to
capacity loss and reduced cycle life. The commercial use of Li-S batteries for high-energy-demand

applications remains limited by these restrictions.

Traditional LIBs face a significant challenge because they have reached their energy density threshold
(~300 Wh/kg) which prevents them from fulfilling the power needs of advanced EVs, aerospace
missions, and high-performance electronics. Sulfur's abundance and sustainability make it cost-
effective which positions lithium-sulfur batteries as a viable option against cobalt-based lithium-ion
batteries. The cost of sulfur as raw material stands at $0.10/kg which is substantially cheaper than
cobalt-based LIBs costing around $30/kg which making Li-S batteries an economically scalable and

commercially viable energy storage option.
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Solid-liquid-solid conversion

Depth of discharge

¥All-solid—state Li-S battery
\ ]Severe polarization

Solid-solid conversion

a)

Voltage
Voltage

Depth of discharg}

_.éﬁ ; Shuttle effect

S A P
S |

y 1 ) < ) A4
L[ SiCcathode [  [Separator] [Li anode] S/Clcatholyte Solid state Lianode
Liquid electrolyte cathode electrolyte

Figure 1.2 Illustration of (a) liquid Li-S battery and (b) Solid-state Li-S battery, reproduced from

reference 13

All-solid-state lithium-sulfur batteries (ASSLSBs) stand as revolutionary energy storage solutions to
address the problems of liquid-electrolyte-based Li-S batteries. ASSLSBs enhance safety and durability
through the use of solid-state electrolytes (SSEs) to replace flammable liquid electrolytes which
eliminates risks like thermal runaway, leakage, and short circuits from dendrites.!*> ASSLSBs deliver
up to 500 Wh/kg of practical energy density which positions them as perfect solutions for high-
performance applications in need of durable and efficient energy storage. Extreme operating

environments like satellites and aerospace applications benefit from their superior electrochemical
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stability and mechanical robustness due to their resistance to mechanical stress and temperature

fluctuations.

Leading automotive and battery manufacturers such as Toyota, Volkswagen, QuantumScape and
Samsung SDI continue to invest heavily in solid-state battery research and development as the
international drive for advanced battery technologies moves forward.? Current research initiatives strive
to push electric vehicle ranges beyond 600 miles per charge and enhance battery durability and
effectiveness while speeding up the development of new energy storage technologies. The progress in
solid electrolyte materials and sulfur cathode design paired with lithium metal anode stabilization makes
all-solid-state lithium-sulfur batteries critical for the future of energy storage because they solve major
safety, energy density and sustainability problems and support high-performance electric mobility with

renewable energy systems.

1.2.1 Fundamentals and Working Principles of ASSLSBs

An ASSLSB contains three main elements: a solid electrolyte for ion transport and as a separator, a
lithium metal anode for high-capacity storage and a sulfur-based cathode for redox reactions. The solid-
state electrolyte functions as both an ionic conductor and a mechanical barrier which blocks lithium
dendrite penetration while increasing battery system stability. The cathode for ASSLSBs is made
predominantly from sulfur-based substances that participate in redox reactions throughout the charging
and discharging processes. As sulfur functions as an electronic (5 x 10° S.cm™) and ionic insulator
(~10” S.cm™) it requires the integration of conductive materials like carbon or transition metal sulfides
to improve electron movement. The anode made of lithium metal achieves high theoretical capacity
values yet demonstrates essential compatibility requirements with solid electrolytes to avoid interface
degradation. While the functioning of ASSLSBs shares similarities with typical lithium-sulfur batteries
the solid-state electrolyte introduces essential differences. As the typical sulfur cathode cell is in the
charged state, it is initiated with the discharge process followed by charging and the electrochemical

reaction in ASSLSBs operates based on a standard redox procedure as discussed before:
Ss+ 16Li" + 16e” = 8LixS

The discharge process initiates with lithium metal oxidation at the anode which releases lithium ions
that migrate through the solid-state electrolyte until they reach the sulfur cathode. Electrons move
through the external circuit to enable the reduction of sulfur at the cathode to create lithium polysulfides
which transform into Li-S. Solid electrolytes capture sulfur species inside the cathode and prevent
capacity loss in contrast to liquid-based Li-S batteries which allow soluble polysulfide intermediates to

move freely.

The charging process involves reversing the chemical reaction in which lithium ions migrate from the
cathode to the anode where they undergo reduction and deposit as pure lithium metal. Through
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oxidation of sulfur in the cathode elemental sulfur is regenerated which enables the battery to recharge.
The voltage profile of ASSLSBs displays two distinct plateaus where the first plateau represents the
formation of long-chain lithium polysulfides and the second plateau indicates their transformation into
LizS. The performance of the battery depends heavily on the migration kinetics of ions within the solid-
state electrolyte. SSEs enable single-ion conduction to support efficient lithium-ion transfer while

reducing energy losses unlike traditional electrolytes which conduct multiple ions.'*

1.2.2 Challenges to overcome in ASSLSBs

Their commercialization faces multiple fundamental challenges that require extensive research to
achieve improved performance and scalability. The greatest obstacles to practical deployment include
interface stability along with lithium dendrite formation, volume expansion, electrochemical
instabilities and processing challenges. The main barrier to ASSLSB performance is interface stability
which describes how well the solid-state electrolyte works together with electrode materials to facilitate
proper ionic movement. Solid electrolytes face challenges because they lack a continuous phase
between electrodes which results in poor interfacial contact that creates high interfacial resistance and
impedes lithium-ion transport. Differences between the SSE thermal expansion coefficients and
electrode electrochemical potentials create mechanical stress and chemical side reactions that damage
the interface throughout cycling. Research has examined interface modification and composite
electrolytes as solutions to these issues but requires ongoing optimization to maintain stable contact
between interfaces across many cycles. The formation of lithium dendrites presents a significant
challenge because it puts ASSLSB safety and longevity at risk. The growth of lithium dendrites in
conventional lithium-metal batteries results in needle-like structures that penetrate the separator and
create internal short circuits which lead to battery failure or thermal runaway.®!> SSEs theoretically act
as physical barriers to prevent dendrite penetration but some sulfide and oxide electrolytes permit
dendrite growth as a result of uneven lithium deposition. Solid electrolyte engineering research together
with interface coating development and pressure-induced densification targets the suppression of

dendrite formation while promoting uniform lithium-ion transport.

Volume expansion in sulfur cathodes constitutes another significant challenge in battery technology.
Sulfur experiences a massive 80% volume growth due to the density differences (psufur=2.07 g.cm? vs.
prs = 1.66 g.cm™) during lithiation which generates mechanical stress and removes electronic
connectivity while causing cathode delamination. The rigid nature of solid electrolytes prevents the
accommodation of volume changes unlike liquid-based Li-S batteries where the electrolyte can absorb
some expansion. The structural degradation occurs from repeated expansion and contraction which
leads to poor cycling stability. Studies on flexible SSEs and nano-confined sulfur hosts together with

composite cathodes present possible solutions to these challenges yet scalable answers remain elusive.
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The commercialization of ASSLSBs faces barriers due to existing electrochemical instabilities. The use
of solid electrolytes stops the polysulfide shuttle effect found in typical Li-S batteries yet creates fresh
chemical compatibility challenges between lithium metal anodes and sulfur cathodes. Contact with
lithium metal causes some SSEs to decompose into high-resistance interphases which restrict ion
conduction. SSEs can interact with sulfur cathodes which leads to the creation of byproducts that cause
battery performance to degrade over time. Research teams are investigating stable solid electrolyte
compositions as well as protective coatings and interlayer engineering solutions to overcome these
industry challenges. The manufacturing of electrodes in liquid-based batteries is simple but ASSLSBs
need exact solid-state processing methods to maintain equal material distribution and close interface
contact. The fabrication of conventional slurry-based electrodes cannot work with solid-state systems
which require new advanced manufacturing techniques including wet and dry coating methods,
infiltration processing, and high-temperature sintering. The mechanical integrity of batteries during
assembly presents a significant challenge which necessitates external pressure to achieve adequate

contact between interfaced components.

1.2.3 Investigation of suitable sulfur host and cathode materials

The electrochemical activity of sulfur in all-solid-state lithium-sulfur batteries (ASSLSBs) depends on
the triple-phase boundary (TPB) that forms where the solid electrolyte (SSE), electronic conductive
network, and sulfur cathode meet. The insulating properties of sulfur necessitate the formation of an
efficient TPB to achieve proper lithium-ion movement, electronic conductivity, and redox reactions.
The construction of a well-connected TPB introduces significant challenges because it leads to a higher
proportion of inactive components within the cathode composite that reduces battery energy density.
Recent research aims to address these limitations by refining the design of carbon materials and
improving material compounding techniques to increase the effective TPB area while reducing inactive
component content. Porous carbon materials represent a promising strategy because they enhance sulfur
electronic conductivity while also promoting better reaction kinetics at the TPB. Solid-state battery
systems experience performance issues with highly porous carbon structures used in liquid-electrolyte
Li-S batteries because solid-state electrolytes cannot enter deep micropores effectively. Research efforts
have focused on designing carbon structures that are optimized for solid-state systems because they
enable solid-state electrolytes to access confined sulfur particles to achieve efficient electrochemical

reactions.

Sun et al. designed N-doped carbon fibers with surface-restricted microporous layers which provided

an outstanding surface area of 1519 m?/g.'® The main benefit of this design is the exclusive presence of

the porous layer on the exterior surface which allows sulfur particles inside the pores to maintain direct

contact with the solid-state electrolyte. The dense inner fiber structure boosts electronic conductivity

which helps achieve faster charge transfer and better reaction kinetics. The assembled ASSLSB showed
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impressive initial discharge performance with 1166 mAh/g at 0.05C and maintained 710 mAh/g specific
capacity after 220 cycles at 0.1C which enhanced sulfur utilization and extended battery life.
Furthermore Wang et al. proposed an innovative design for a mixed ionic/electronic conductive
composite material consisting of integrated lanthanum lithium titanium oxide (LLTO) and carbon
nanofibers which served as the host material for sulfur.!” The hybrid structure enlarged the active
interface area which resulted in enhanced charge transfer efficiency and accelerated electrochemical
reaction kinetics. The researchers increased battery energy density by constructing well-defined TPBs
which eliminated inactive components. The breakthrough with mixed-conducting scaffolds shows that

high ionic and electronic conductivity together produce superior results in ASSLSBs

Recent developments in composite cathode structures show that high-performance ASSLSBs are
possible with sulfur and conductive carbon materials alone. In one such study, Sakuda et al. created a
mesoporous carbon-based sulfur composite that featured a carbon matrix with interconnected
mesopores (~5 nm) to ensure effective sulfur confinement and electron transport through the melt-
diffusion method.'® The distinctive interconnected structure established an optimal conductive route for
sulfur which improved sulfur utilization while preventing active material loss during multiple cycles.
The ASSLSB demonstrated exceptional performance by sustaining a specific capacity of nearly 1100
mAh/g after 400 cycles at a current density of 1.3 mA/cm? thus proving its excellent cycling stability

and rate performance.

TMS-based cathodes can be classified into three categories based on their electrochemical reaction
mechanisms: intercalation-type, conversion-type, and anionic redox-driven-type materials. The
intercalation-type TMS materials such as TiS2, VS, and MosSs allow reversible lithium-ion processes
without significant structural alterations to maintain superior cycling performance. From Nazar group,
Xu et al. engineered a hybrid intercalation-conversion cathode by combining VS: as a sulfur host which
served as both an electronic and ionic conductor to achieve superior sulfur utilization. A hybrid cathode
demonstrated high areal performance with 7.8 mAh/cm? capacity at 15.5 mg/cm? active material loading
which establishes its potential for high-performance ASSLSBs.! According to Oh et al. TiS2 nanosheets
demonstrated efficient lithium-ion transport because of their two-dimensional layered structure which
achieved a discharge capacity of 291 mAh/g while maintaining 98.7% capacity retention after 50 cycles
at 0.2C.%°

The conversion reaction mechanism enables conversion-type TMSs such as MoS., FeS, NiS, CosSa,
and CusS to transform lithium into metal nanoparticles and lithium sulfide (Li.S) through reactions with
the metal sulfide. Conversion-type TMSs deliver higher theoretical capacities compared to their
intercalation-type counterparts but face challenges from substantial volume expansion and diminished
initial Coulombic efficiency because of permanent side reactions. NiS-based cathodes achieved a

specific capacity of 338 mAh/g at a discharge rate of 250 mA/g while maintaining stable cycling
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performance for 100 cycles. The pairing of CosSs with LizP3S11 solid electrolyte demonstrates robust
cycling stability with 421 mAh/g capacity after 1000 cycles. CuS-S composite cathodes maintain high
energy density with an exceptional capacity of 1580 mAh/g making them desirable for high-energy-

density battery applications offer upto 15% compared to convention sulfur-carbon cathode electrode.?'

23

ASSLSBs benefit from additional charge storage mechanisms and increased capacity due to the
combined metal and anion redox reactions in anionic redox-driven TMSs. MoSs@rGO operates through
anionic redox chemistry to maintain a stable capacity of 414.4 mAh/g for 500 cycles at 1 A/g while
displaying excellent cycling stability and enhanced redox kinetics because of its reduced graphene oxide
(rGO) support. The FeS»-S composite cathodes achieved high capacity values at 1200 mAh/g which

suggests their suitability as components for future high-energy-density solid-state batteries.?*

1.3 Scope of this thesis

This thesis will explore the benefits of ideal interfacial studies and intercalated electrochemical
conversion which enhance the battery performance. Chapter 1 describes the detailed introduction on
the global rise of future energy conversion storage devices and the consistent research approach towards
ASSBs in the past. Chapter 2 describes the characterization and analytical techniques used in this
thesis. Followed by Chapter 3, which examines the interfacial stability between the Li||[LLZTO and
LMOC||LLZTO to accelerate the ionic migration. Finally, Chapter 4 examines the layered 2H-TaS,
that serves as an MEIC pathway utilized as cathode active material for ASSLSB.
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Chapter 2 Characterization and Analytical Techniques

2.1 Material Characterization

2.1.1 X-ray Diffraction

The analytical method known as X-ray diffraction (XRD) emerged in the early 20th century after
Wilhelm Rontgen discovered X-rays in 1895 and Max von Laue discovered X-ray diffraction in 1912,
William Lawrence Bragg together with his father William Henry Bragg refined the technique by
creating Bragg's Law which offered a theoretical framework for the interpretation of diffraction
patterns. XRD has developed into an essential instrument for crystallography because scientists use it

to examine the atomic and molecular structures of crystals.

X-ray diffractometers primarily consist of three essential components: an X-ray tube, a sample holder,
and an X-ray detector. The production of X-rays inside a cathode ray tube requires heating a filament
to create electrons. A high voltage makes electrons move quickly toward a target material leading to
the bombardment of the target by these electrons. The absorption of sufficient energy by incoming
electrons leads to the ejection of inner shell electrons from target atoms which produces characteristic
X-ray spectra. The characteristic X-ray spectra usually present Ko and Kp lines while having Ka
divided into Kal and Ko2 sub-lines. Kal displays a marginally shorter wavelength while maintaining
twice the intensity level of Ka2. The target material determines the precise wavelengths of these lines
which include elements like copper (Cu), iron (Fe), molybdenum (Mo), and chromium (Cr). The
production of monochromatic X-rays required for diffraction studies involves the use of filters such as
foil or crystal monochromators. The minimal wavelength difference between Kol and K2 lines results
in the common use of their weighted average. Single-crystal diffraction primarily uses copper as the

target material because CuKo radiation emits at a wavelength of 1.5418 A.
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Figure 2.1 Schematic illustration of Bragg’s law, reproduced from reference 2
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The operational system directs collimated X-rays toward the sample. During rotation both of the sample
and the detector system the measurement of reflected X-ray intensity takes place. An intensity peak
forms through constructive interference when both the incoming X-rays and the sample's structure
adhere to Bragg’s Law (2dsinf = n)).?® The detector system processes the captured X-ray signal into
count rate data which gets presented through a printer or computer monitor. The diffractometer
configuration allows the sample to spin through the collimated X-ray beam at angle 6 while positioning
the X-ray detector to pivot at angle 20 through its movable arm. A goniometer keeps precise angles and
enables sample rotation. The 20 range preset for X-ray scans typically covers an interval from 5° to
approximately 70° during powder diffraction pattern data collection. The PANalytical Empyrean
diffractometer used in this thesis included a PIXcel two-dimensional detector working under voltage
range at 45 kV and current at 40mA with Cu-Ko radiation (A = 1.5405A). We used a zero-background

silicon holder and a Kapton film sealed with vacuum grease to analyze air-sensitive samples.

2.1.2 Scanning Electron Microscopy

SEM provides outstanding resolution capabilities that allow scientists to examine structures and details
at the nanometer level. The ability of SEM to examine structures at the nanometer scale creates
significant impacts across various scientific fields including materials science, nanotechnology,
biology, and geology. SEM provides multiple analytical tools including energy-dispersive X-ray
spectroscopy (EDS) for elemental analysis and electron backscatter diffraction (EBSD) for
crystallographic examination of materials. The operation of the Scanning Electron Microscope (SEM)
depends on directing a fine electron beam at the surface of the specimen. The specimen undergoes
scanning by an electron beam which moves in a raster pattern to interact with surface atoms. The
specimen's surface interactions generate multiple phenomena such as elastic scattering, inelastic
scattering and secondary electron emission. Secondary electron emission (SE) stands out as particularly
vital for imaging because low-energy electrons released from the specimen's surface deliver essential
data about its topographical and morphological characteristics. The SEM system uses detectors to
capture and intensify signals which create high-resolution images showcasing the specimen's surface

structure details.

The combination of accurate electron beam manipulation together with advanced signal processing
enables SEM to deliver images that showcase outstanding clarity and detail. The images help
researchers understand the specimen's surface morphology, texture and composition at the nanoscale.
In addition to imaging, SEM offers elemental analysis through X-ray spectroscopy and crystallographic

assessment by utilizing electron diffraction.

Scanning Electron Microscopy (SEM) imaging resolution depends on the scanning probe's diameter.

The resolution capability for detecting fine surface features on specimens depends directly on the probe
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size. To obtain high resolution in scanning electron microscopy, the probe diameter must be minimized.

Multiple factors determine the Gaussian probe diameter, which is represented by d,.
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Figure 2.2 Working principle of SEM, reproduced from reference

The electron beam's brightness depends on the electron gun type utilized.?’ Field emission guns provide
high brightness which makes them a popular choice for advanced SEM systems. The brightness () of
any electron gun type demonstrates a direct proportionality to its electron acceleration voltage (V,) as
shown by the relationship  « eV, with e representing the electron charge. Achieving the minimum
probe diameter requires improving both electron beam brightness and convergence angle as indicated
by the probe diameter equation. SEM uses electron beam acceleration voltages between 1 and 40 kV
which are much lower than those used for Transmission Electron Microscopy (TEM). The SEM lenses
demagnify the electron beam substantially by a factor of about 10,000 times with thermionic electron
sources and between 10 to 100 times with field emission sources. SEM and EDX measurements in this
thesis were performed on a Hitachi SU§700 FESEM instrument equipped with an Oxford EDX

instrument.
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2.1.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) operates as a scanning probe microscopy (SPM) system that achieves
nanometer resolution and enables the imaging and manipulation of atomic-level matter. The
development of AFM by Binnig, Quate, and Gerber during the mid-1980s marked a transformational
moment in surface science and nanotechnology through its ability to produce detailed surface images
along with the capacity to study nanoscale physical properties. AFM stands apart from conventional
microscopy methods because it operates without the need for lenses or electron beams. The technique
employs a mechanical probe that contacts the sample surface to gather information so it remains
effective with various materials such as insulators, conductors, polymers, and biological specimens.
This method achieves atomic-level resolution during surface imaging and characterization. The
development of this technology represented a major breakthrough in microscopy which enabled
researchers to study material properties at the nanoscale in a completely new way. AFM functions by
moving a sharp tip attached to a cantilever across the sample surface. The interaction between the tip
and sample surface causes cantilever deflections which are measured to obtain topographical data. AFM
uses this method to produce detailed surface images and obtain accurate quantitative data about surface
features including roughness and mechanical properties. Its capability to function in multiple
environments including air, liquid, and vacuum increases its utility across diverse applications. AFM
has secured its place as an essential instrument in scientific and industrial fields such as semiconductor
manufacturing and biological research because it provides insights into the nanoscale world that were
once impossible to achieve. The interaction between the AFM tip and sample surface during Atomic
Force Microscopy is governed by several near-field forces that are critically important. Roughness

measurements for this thesis were performed using the DI Nanoscope IV instrument.

2.1.4 Thermal Gravimetric Analysis

Under a controlled atmosphere, Thermogravimetric analysis (TGA) used to measure the material mass
change with respect to temperature or time through thermal analysis. Researchers and industries use
this technique to evaluate the thermal stability and composition of materials as well as their phase
transitions and decomposition patterns across applications involving battery materials, polymers,
pharmaceuticals, and inorganic compounds. A typical TGA experiment involves placing a sample in a
thermobalance where it undergoes controlled heating at rates between 5—20°C/min while its weight loss
is continuously recorded. These studies perform analysis in various environments like inert atmospheres
(e.g., nitrogen or argon) or oxidizing conditions (e.g., air or oxygen) based on the research objectives.
The TGA curve reveals important details about sample moisture content as well as thermal
decomposition temperatures, oxidation resistance capabilities and the final residual mass including char
or ash content. The thermal gravimetric analysis (TGA) executed in this study used a TA Instruments

SDT Q600 analyzer with a continuous nitrogen atmosphere flow.
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2.1.5 Brunauer-Emmett-Teller (BET) Analysis

The samples were subjected to a degassing process in a vacuum at 180°C before measurements to
eliminate all adsorbed impurities. The degassing temperature for sulfur-containing samples was limited
to 50°C to prevent sulfur from vaporizing. Nitrogen adsorption and desorption isotherms were recorded
at 77 K with a liquid nitrogen bath to perform the analysis. The N2 adsorption isotherm illustrates how
the volume of nitrogen gas absorbed by the sample’s surface varies with relative pressure in the sample
chamber which reveals information about the sample's specific surface area and its pore structure. The
sample placement inside the quartz tube underwent an initial evacuation step which removed all residual
gases during the measurement process. The experimental procedure involved periodic releases of
nitrogen gas which enabled it to adsorb onto the sample surface at designated pressures. The amount of
nitrogen gas trapped by the material was calculated through comparison with the balance tube
measurements. The Brunauer-Emmett-Teller (BET) method calculates sample surface area through a
multi-point analysis approach. The total pore volume measurement was derived from the nitrogen
adsorption data collected at a relative pressure of 0.99. The pore size distribution (PSD) emerged from
the quenched solid-state functional theory (QSDFT) model which delivers an exhaustive evaluation of
the material's porosity features. Micromeritics Gemini VII 2390a instrument was used in this thesis to

examine the surface area and pore characteristics of the samples.
2.2 Electrochemical techniques and measurements

2.2.1 Solid Cell Configuration

In this thesis, there were two cell prototypes used to measure the electrochemical measurements. In
order to determine the interfacial impedance a symmetrical sandwich cell setup as shown in Figure 2.3
(a-b) which consists of a lithium foil or 200 mg solid electrolyte powder on both sides of the LLZTO
pellet pressed with the isostatic press or hydraulic press to make an intimate contact and applied a stack
pressure in the aluminium frame. To examine the full-cell electrochemical performance, solid-state cells
were assembled according to the configuration shown in Figure 2.3 (c). In order to fabricate the cell,
first 70 mg of solid electrolyte was pressed at 2 tons for 2 mins inside a PEEK cylinder between two
titanium grade 5 piston rods. It was followed by the cathode composite and pressed at 3 tons for 3 mins.
Then on the other side the Li/In alloy foil was pressed at 1 ton for 1 min. In order to avoid a short circuit,
the cell was placed in between two side insulated cell holders and applied a torque of around 10.7 N.m

(~54 MPa) during cycling. The illustration of all-solid-state battery cells is shown in Figure 2.3 (d-e)
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references 28%°

2.2.2 Galvaneostatic cycling

Galvanostatic cycling operates as an electrochemical technique that evaluates rechargeable battery
behaviour by maintaining a steady current to monitor voltage changes throughout the charge-discharge
process. This technique plays an essential role in battery research and development by delivering
important information about capacity, efficiency, and stability throughout numerous cycles.
Galvanostatic cycling functions through the management of lithium-ion movement between a battery's
anode and cathode. The charging process involves an external power source that delivers a constant
current that drives lithium ions (Li*) through the electrolyte from the cathode to the anode. At the same
time electrons move through the external circuit to maintain electrical balance. Battery voltage
continues to rise until it hits the cut-off voltage which stops the charging to protect against overcharging.
The discharge process involves reversing the current direction which causes lithium ions to move from
the anode back to the cathode while electrons pass through the external circuit to power the connected
load. When the voltage reaches the lower cut-off voltage the discharge cycle concludes. Efficiency
evaluation and assessment of degradation mechanisms and long-term stability of batteries are based on
the measurements of charge and discharge capacities from each cycle. Different current densities were
applied during a rate capability test to verify the reversing ability. A VMP3 potentiostat station from

Bio-Logic instrument facilitated the galvanostatic cycling process in this work.
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2.2.3 Cyclic Voltammetry

Cyclic voltammetry measures the current response resulting from the application of a linear potential
variation to the working electrode. The method involves switching potential between forward and
reverse sweeps repeatedly which generates the typical cyclic voltammogram (current versus voltage
plot). The initial scan of cyclic voltammetry sees the applied potential rise from its starting voltage to a
predetermined maximum to initiate oxidation reactions at the working electrode. The scan direction
switches from forward to reverse when the set maximum voltage level is attained which brings the
potential back to its initial value and prompts reduction reactions. The cycle repeats multiple times to
monitor both the stability of electrodes and reaction kinetics. The peak oxidation and reduction
potentials E,,ox and E,,red represent the specific voltage points where oxidation and reduction reactions
take place whereas the peak current values I,,0x and I,,red reveal the reaction kinetics and charge
transfer rates. A small peak separation (AE,) around 59 mV proves that a one-electron process operates
in an electrochemically reversible system. When AE, values become large they show slower rates of
electron transfer. The Randles-Sevcik equation provides the relationship between peak current and scan

rate which helps to identify if a reaction proceeds by diffusion control or surface adsorption limits.

2.2.4 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) plays a major role for examining electrical properties
along with reaction kinetics and charge transfer processes in battery systems alongside resistance
contributions. Frequency-dependent analysis allows the separation of resistances from electrodes and
electrolytes as well as the study of interfacial kinetics and diffusion processes. In EIS measurements, a
small AC voltage perturbation between 5-10 mV is applied to electrochemical systems to determine
current response patterns across various frequencies. The system impedance (Z) represents the ratio

between the voltage applied (V) and the current measured (I).

V

where o (omega) is the angular frequency. The impedance response includes both real (resistive) and

imaginary (capacitive/inductive) components which can be expressed as:
Z(0)=Z'(0)yHjZ"(w)

7' stands for the real resistance while Z" denotes the imaginary impedance due to capacitive or inductive

properties. The representation of EIS data usually involves Nyquist plots together with Bode plots.

a) Nyquist Plot: The Nyquist plot displays imaginary component Z" versus real component Z'
with a semicircle at high frequencies for charge transfer resistance and a low-frequency straight

line for diffusion resistance.
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b) Bode Plot: The Bode plot illustrates the impedance magnitude and phase angle variations

across frequencies which help reveal time constants and electrochemical activities.

The Nyquist plot's semi-circle shows the charge transfer resistance (Rc) at the electrode/electrolyte
interface while its low-frequency tail indicates lithium-ion diffusion resistance known as Warburg
impedance (Zy). The ohmic resistance (Ry) from bulk electrolyte and current collectors shows up as the
high-frequency intercept in the plots. The ionic conductivity was measured using the values of bulk

resistance, thickness and area of the electrode in the formula of

In order to determine activation energy (E.) by performing the temperature dependance impedance
measurements with a temperature range -50°C to 80°C and interpret the data in the Arrhenius equation

and plot the slope of In(c) vs. 1/T.

_Ea
o; = o,expksT

2.2.5 DC Polarization

The DC polarization technique is a fundamental method for examining the electronic properties of
electrode materials. This procedure involves applying a steady voltage to an electrochemical system
followed by monitoring the current response over time. DC polarization experiments use either blocking
or non-blocking electrode configurations based on the study's goals. Electronic conductivity (o.) can be
calculated through Ohm’s law from the steady-state current response.
0. = Isteadyt
‘ VA
where Iscady 18 the steady current, V is the applied voltage, t is the thickness and A is the area of the

electrode.
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Chapter 3 Understanding the compatibility of lithium metal
anode and lithium-metal-oxyhalide SEs versus surface-treated

Ta-doped garnet solid electrolyte

3.1 Introduction

As discussed in Chapter 1, researchers focus on all-solid-state lithium-ion batteries (ASSLIBs) as
potential next-generation energy storage systems because they offer increased safety features and better
energy density and cycle life than traditional liquid-electrolyte lithium-ion batteries. The garnet-type
LisLasZr2012 (LLZO) electrolyte with Ta doping known as LLZTO emerges as one of the top choices
among solid electrolytes because of its excellent ionic conductivity (~107 S/cm at room temperature),
broad electrochemical stability window and strong chemical stability in contact with lithium metal. The
practical use of LLZTO requires overcoming major obstacles that occur at the interfaces between

lithium metal and LLZTO, as well as between the cathode material and LLZTO.3*33

The performance of solid-state batteries (SSBs) depends heavily on the interface between the lithium
metal anode and the solid electrolyte. Studies reveal that microvoids appear at the interface between the
lithium metal anode and solid electrolyte during battery cycling when current density exceeds a critical
value. The removal of lithium from the interface through stripping happens at a rate that exceeds the
diffusion and creep replenishment processes which leads to void formation. The lack of balance
between lithium stripping and replenishment results in void formation, which reduces the contact
surface between lithium and the solid electrolyte. The reduction of the contact area between components
increases local current density which promotes lithium dendrite formation, eventually threatening
battery cell failure. To address this issue, it is critical to establish and sustain maximum contact between
lithium metal and LLZTO during both initial cell assembly and subsequent cycling. Insufficient contact
results in a concentrated current flow which accelerates lithium dendrite formation and induces internal
short circuits. Solid electrolytes create more contact challenges with lithium than liquid electrolytes
which maintain close lithium contact naturally. The common method for enhancing lithium-LLZTO
contact utilizes pressure to reshape lithium metal due to its inherent ductility and malleability. The weak
metallic bonding in lithium because of its single valence electron causes it to be extremely deformable
at room temperature.** The property enables lithium metal to form closer contact with LLZTO surfaces
when pressure is applied. The techniques of Cold Isostatic Pressing and Warm I[sostatic Pressing serve
as common approaches to achieve this purpose. A liquid medium enables these techniques to apply

equal pressure across the lithium-LLZTO interface for optimal contact.

Alongside anode-side improvements, it remains crucial to tackle the fundamental interfacial limitations

between the cathode and the LLZTO electrolyte. The emergence of chemically stable two-phase
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boundaries at this interface represents a major obstacle because it disrupts lithium-ion transport
efficiency and decomposes when employed to sintering both the garnet and the cathode.** To overcome
these drawbacks a multilayer separator approach was developed by utilizing two different solid
electrolytes to attain both electrochemical and thermodynamic stability. A configuration has been
designed where one solid electrolyte (SE1) is chemically compatible with the cathode and another solid
electrolyte (SE2) is selected because it interacts well with the lithium metal anode.?**® The asymmetric
design approach maximally utilizes both electrolytes' capabilities to reduce interfacial issues and
maintain reliable ionic movement across solid-solid interfaces.’”® Achieving efficient lithium-ion
conduction requires selecting electrolyte combinations that form chemically stable interfaces. The use
of superionic conductors that have ionic conductivities similar to conventional liquid electrolytes (>10
mS-cm™) combined together with oxide-based solid electrolytes achieves robust lithium ion conduction
pathways. Lithium metal oxychlorides (LMOC)* have been discovered recently as one of the
remarkable ionic conductors because of their various advantageous properties which include superior
ionic conductivity alongside enhanced chemical stability and excellent mechanical compliance which
makes them ideal candidates for use with high-voltage cathodes in hybrid solid-state lithium-ion battery
design. The natural flexibility and ductile characteristics of LMOC by enabling better electrode surface
contact which reduces interfacial degradation within a multilayer separator structure providing a
feasible solution to address cathode||LLZTO interface problems which results in improved performance

and extended life of garnet solid-state battery systems.*%4!

Here we reported a nominal surface-treated LLZTO interfacial engineering strategy approach to
suppress the interfacial ionic restriction both in the lithium metal anode and the lithium metal
oxychlorides which were in direct contact with the surface modified LLZTO resulted in very low Rin
(<10 Q.cm? and 80+2 Q.cm?) through symmetrical cell-setup and further developed the hybrid

multilayer solid-state lithium metal battery.

3.2 Experimental Section

Synthesis of Li6_4La3Zr1.4Tao,6012

To prepare LLZTO, the required stoichiometric amounts of La20s (99.99%, Sigma-Aldrich), Ta.Os
(99.99%, Sigma-Aldrich), ZrO: (99.99%, Sigma-Aldrich) and excess* of Li,COs (99.99%, Sigma-
Aldrich) to avoid lithium loss were precisely weighed and placed into an 80 ml zirconia jar. To ensure
homogeneous mixing and effective particle size reduction, a powder-to-ball-to-reagent alcohol mass
ratio of 1:10:1 was maintained in each jar and initiated the milling process at 300 rpm for 24 hrs using
a Fritsch Pulverisette 7 Premium ball mill. The slurry produced from milling was dried in a 90°C oven
to remove any remaining alcohol. The dried powder was placed into an aluminium crucible before

annealing at 900°C for 12 hours in air to begin phase formation. After annealing, the powder was
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subjected to a second round of ball milling and dried as described above. The dried powder was pressed
into a 12.7 mm diameter pellet and covered with the mother powder bed on the alumina boat. Finally,

it was sintered in air at 1150°C for 16 hrs with a heating and cooling rate of 300°C/hr.
Synthesis of Oxyhalides (LMOC, M = Nb, Ta)

The preparation of LMOCs were carried out using a mechanochemical route followed by thermal
annealing.** The stoichiometric amounts of TaCls or NbCls (99.9%, Strem Chemicals) and LiOH
(99.9%, Sigma Aldrich) were transferred into an 80 ml zirconia milling jar inside an argon-filled
glovebox and sealed to prevent leakage. The powder-to-ball mass ratio was maintained at 1.5:70 for
each jar, and the milling process was performed using a Fritsch Pulverisette 7 Premium ball mill at a
rotation speed of 500 rpm for 8 hours, with alternating cycles of 30 minutes of milling and 15 minutes
of rest to minimize excessive heating during homogeneous mixing. Following the milling procedure,

the powders underwent thermal annealing in an inert atmosphere.
Surface Treatment of LLZTO
i) Rapid Acid Treatment (RAT)

The Li-CO:s layer on the LLZTO pellet surface was removed by immersing the pellets in 100 ml of 1 M
HCI for 6 minutes and 30 seconds. The soaked pellets were removed with tweezers, and their surfaces
were gently wiped with a tissue to eliminate any remaining solution. After drying the cleaned pellets
with minimal heat from a heat gun, they were rapidly moved to an argon-filled glovebox to prevent

Li.COs reformation which occurs in less than one minute of air exposure.
ii) Heat Treatment (HT)

The LLZO pellets were initially polished using sandpaper with grit sizes from P320 to P4000 on a
polishing machine and treated with THF (99.9%, Sigma Aldrich) to get a smooth and shiny exterior
surface. After polishing, the pellets were carefully transferred into the argon-filled glovebox. The pellets
were further polished inside the glovebox using P1000 grit sandpaper and the surface was cleaned with
a blower. The pellets were then sealed in a quartz tube under a high vacuum and annealed in a muffle

furnace at 400°C for 3 hours.?
Fabrication of symmetric cells
Cell A (Au||[LLZTO||Au and Li||LLZTO||Li)

To measure ionic conductivity, the as-sintered and well-polished pellets were coated with gold (Au) of
8 mm diameter on both sides, which acted as a blocking electrode. Then, the gold-coated pellets were
securely enclosed in a pouch cell configuration. A nickel tab was placed in direct contact with the gold
layer on both sides of the pellet (Ni|Au|LLZTO|Au[Ni), acting as the current collector. The pouch cell

was carefully sealed to prevent exposure to the atmosphere. An additional cell configuration was
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designed to investigate the interfacial stability of the Li||[LLZTO interface. To assemble that, the lithium
foil (99.9%, Goodfellow) of 6 mm diameter and 100 pum thickness was cut and scratched the surface
with a ceramic knife in order to remove the oxidised layer and then sticked at the centre of the 10 mm
copper foil. Then, it was placed on both sides of the surface-treated pellet to form Cu|Li|[LLZTO|Li|Cu
and sealed under vacuum in a rubber bag and isostatically pressed at 450 MPa for 45 minutes to get

t.28 Following compression, the cell was enclosed in a

intimate contact between lithium and the pelle
pouch cell to maintain a controlled testing environment. For both the ionic conductivity and interfacial
stability impedance measurements, the assembled pouch cells were positioned on a pressure-controlled

frame integrated with a force sensor and fitted with insulating plates to prevent short-circuiting.
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Figure 3.1 Illustration of the cell A fabrication

Cell B (LMOC||LLZTO|[LMOC)

For this typical procedure, 200 mg of solid electrolyte powder was loaded on both sides of the surface-
treated pellet in the PEEK mould, which was sandwiched in between the two piston rods (Figure 2.3
d) and pressed at 1.5 tons to densify the pellet. Then, the assembled cell was placed in the aluminium

frame in order to apply a torque of 10 N.m (~54 MPa).
Fabrication of full cell:

To prepare the cathode composite, the active material (NMC 811), solid electrolyte (LMOC) and VGCF
(Vapour Grown Carbon Fiber) were mixed in an agate mortar for 30 mins with the weight ratio of
60:35:5. To assemble full cell, the appropriate amount of solid electrolyte was hand pressed with piston
rods in 10 mm diameter PEEK mould and the pre-pressed lithium pellet after surface treatment was
placed on the top of solid electrolyte interlayer. Next, 200 mg of Cu powder was uniformly spread on

the top of the lithium pellet to act as a current collector. On the other side, the cathode composite was
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spread uniformly and applied a fabrication pressure of 5.7 N.m for 5 mins. Then, the cell was placed in

the aluminium frame and the stack pressure of 2 N.m (~10 MPa) was applied.
Electrochemical Characterization

All Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) studies were carried out using the
Biologic-SP200 potentiostat with a frequency range of 3 MHz to 100 mHz and 10 mV of voltage
amplitude. Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) studies were carried out in
the frequency range of 3 MHz to 1 Hz using different current densities. Arrhenius measurements were
performed in the GWS benchtop mini humidity chamber at -50°C to 80°C. Further, the data was
examined using the RelaxIS 3 software, and DRT plots were calculated using the Gaussian base
function with a value of 0.001. Galvanostatic cycling was carried out in the VMP3 potentiostat with the

voltage range of 2.8-4.3 V vs Li/Li" at the elevated temperature of 60°C.
Physical Characterization

XRD data were collected using the zero background silicon holder on a PANalytical Empyrean
instrument using Cu-Ka radiation (A = 1.5405A) with a PIXcel 2D detector operating under the voltage
at 45 kV and current at 40 mA. SEM studies were conducted in a Hitachi SU8700 FESEM instrument
to obtain the morphology and to visualize the density of the pellet. Raman spectroscopy was examined
using a Senterra Raman spectrometer (Bruker), and to prevent the formation of a Li-COs passivation
layer, the pellet was covered with a glass cover in the homemade sample holder with a rubber ring
during the analysis. The relative density of the sintered pellets was determined using Archimedes'
principle with a custom-built density measurement setup, employing a Sartorius ED124 analytical
balance for precise mass measurements in both air and solvent (ethanol) to ensure accurate density

calculations.

3.3 Results and Discussion

In order to determine the phase and structure purity, the as-synthesized LLZTO annealed powder and
the sintered pellet were characterized with X-ray diffraction (XRD). Both samples revealed strong
crystalline peaks without any impurity that correspond to the cubic phase and were in good agreement
with the PDF: 01-090-2954. To calculate the relative density, the well-polished sintered pellet was
weighed both in air and solvent (ethanol) based on the Archimedes principle which was shown in the
calculation part below. The geometrical relative density was calculated as 93+1% which was also
confirmed by Scanning Electron Microscopy (SEM) imaging revealing the closed porosity in the
micron scale. To effectively eliminate the passivation layer formed on the LLZTO surface*'*4# two
distinct methods were employed: The LLZTO surface passivation layer removal was approached using

Rapid Acid Treatment (RAT) and Heat Treatment (HT). The objective of both methods was to eliminate

the insulating passivation layer from the surface yet Heat Treatment emerged as the superior
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method. Microstructural defects emerged from the RAT process which led to increased porosity in the
LLZTO pellet and it proved ineffective for total passivation layer removal. The HT method
demonstrated a superior ability to remove and vaporize the passivation layer without damaging the

pellet's compact microstructure.
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Figure 3.2 (a) XRD pattern of annealed and sintered LLZTO, (b-c) SEM images of well-polished
LLZTO pellet, (d-f) Optical images of the pellets (d) before sintering, (e) after sintering and well-
polished and (f) Heat-Treated

Raman spectroscopy was one of the well-known methods in garnet characterization in order to
characterize the passivation layer formation.*’” To determine that, we took three different labelled
samples with different ambient conditions which were described as follows: 1) LLZTO which was kept
outside in the ambient atmosphere for two months, ii) LLZTO which was surface treated scanned
without glass cover and iii) LLZTO which was surface treated and covered with glass cover inside the
glove box. According to previous research, the vibrational bands based on their frequency ranges can
be categorized in Raman spectra. Typically Li-O bond vibrations in LiOs octahedral units were observed
in the low frequency region which was below 300 cm™. While the mid-frequency region (300-550 cm-
1) was contributing from LiO4 tetrahedra and the high frequency above 550 cm™! the stretching vibration
band was attributed to Zr-O bonds in ZrOs octahedra (650 cm™) and Ta-O bonds in TaOs octahedra
units (750 cm™). The prominent peak observed at 1090 cm™ was due to the vibrational mode of the
lithium carbonate (Li.COs) layer formed on the surface of the LLZTO pellet when it was exposed to
the ambient condition for period of time. Notably, we observed two peaks in the LLZTO exposed in the
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ambient atmosphere for 2 months. The strong peak at 328 cm™ was attributed to the vibrational mode
of LiOH involving the movement of lithium cations relative to the hydroxide anions.*® And as expected,
the other peak at 1090 cm™ corresponded to the Li»CO; which we also observed with the surface-treated
pellet where the Li,COs3 signal appeared less than a minute when the glass cover was removed from the
sample holder. Exceptionally, the surface-treated pellet with a glass-covered sample holder prepared
inside the glovebox showed no peaks from either LiOH or Li,COs. This confirmed that there was no

passivation layer on the surface of the pellet to continue the symmetric cell measurements.
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Figure 3.3 (a) Raman spectrum of Heat-Treated (HT) pellet with glass cover, without glass cover (air-

exposed) and LLZTO stored outside for 2 months, (b) Nyquist plot of Au||LLZTO||Au at 25°C

To gain a better understanding of the constriction resistance theory different electrode symmetrical cell

models were assembled to examine their impedance response.*-*

The ionic conductivity was
determined with Cell A, where we used gold electrodes on both sides which act as blocking behaviour.
At room temperature, distinguishing between the grain boundary and the bulk contributions using two
CPE/resistor combination fittings was challenging. To account for this, a simplified circuit model using
one CPE/resistor along with the CPE®' which corresponds to the blocking tail as shown in Figure 3.3
b. The impedance plot was fitted with RelaxIS software to determine the total resistance from which
the total ionic conductivity was calculated to be 0.47 mS.cm™. In order to visualize the grain boundary
and the bulk contribution of LLZTO it was evident at the low-temperature impedance measurements

which can be identified with their respective frequency ranges.’> To know the basics of impedance

fitting in the RelaxIS software which were explained below.
Kramers-Kronig (KK test) and Distribution of Relaxation Time (DRT) analysis

The Kramers-Kronig (KK) test functioned as the initial step to enhance data quality for effective

impedance plot analysis. It is believed that the artefact in the low frequency affects the KK test. So the
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test measures impedance data reliability by comparing real and imaginary components throughout the
frequency range using a residual plot. According to Macdonald's 1984 study on electrochemical
systems, the KK test remains essential for verifying impedance data validity by assessing system
properties of causality, linearity, and stability. The KK test transforms real impedance data into
imaginary data (or performs the reverse transformation) to compare the resulting data against the
original impedance spectrum. Data reliability requires that relative residual errors between measured
and transformed data stay under 5% (Figure 3.4) for accurate impedance model consistency. The KK
test approach is commonly accepted as an effective method to confirm the suitability of equivalent

circuit models used in impedance spectroscopy research according to Orazem & Tribollet (2008).3
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Figure 3.4 Illustration of KK test analyzis

The DRT technique uses mathematical deconvolution to process the impedance spectrum which
converts frequency-dependent impedance data into relaxation time distributions.>* This transformation
determines the relaxation times that are associated with various electrochemical mechanisms. DRT
analysis makes it possible to identify and distinguish overlapping signals in the Nyquist plot by showing
peaks at time constants that are physically present in the spectrum that traditional circuit fitting methods
find difficult to separate. The use of Gaussian discretization and polarization component subtraction
provides an effective solution for reducing noise peaks caused by polarization effects at high time
constants.> The Distribution of Relaxation Time (DRT) analysis becomes more accurate because this
method improves the clarity of the signal. A low lambda (A) value should be selected as the

regularization parameter to ensure narrow and well-defined peaks appear in the DRT spectrum.
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Decreasing the A value reduces the degree of smoothing and enables easier identification and

interpretation of distinct relaxation processes.
Li||LLZTO Interface

To examine the interfacial study and the constriction current resistance effect, the assembled pouch cell
with the cell setup A configuration was subjected to Potentiostatic Electrochemical Impedance
Spectroscopy (PEIS) measurements with the constant stack pressure ~3 MPa monitored using the force
sensor to ensure the mechanical contact. At room temperature, we observed low interfacial resistance
close to 0+7 Q.cm? in the low apex frequency of around 25 Hz. In addition to the interfacial contribution
the high (1.4 MHz) and mid (60 kHz) apex frequencies were attributed to the bulk and grain boundaries
of the surface-treated LLZTO which was further corroborated with DRT analyzis that can be identified
by time-constant peaks within the frequency limit which was in good accordance with the fitted Nyquist
plot using three resistors and three CPE elements as shown in Figure 3.5 (a-d). The interfacial
resistance value achieved here exhibits a significant reduction compared to typical LLZO systems,
where ranging between 1000-30000 Q-cm? resistance values when untreated garnet pellets are exposed
to the ambient conditions. The considerable reduction in interfacial resistance achieved in this study
can be attributed to two critical factors: The reduction in interfacial resistance resulted from enhanced
interface engineering, together with successful suppression of lithium carbonate (Li2COs) formation.
According to prior research ambient conditions encountered during sample preparation led to the
formation of Li2COs on the surface as an insulating layer that blocks lithium-ion transport.**>® This
study achieved minimized carbonate formation through meticulous surface preparation methods which
included keeping the LLZTO sample in a controlled environment with minimal air exposure to enhance

1onic contact at the interface.

The low interfacial resistance achieved with a stack pressure of only 3 MPa is particularly notable, as
earlier research studies had established that applying pressures >100 MPa was necessary to decrease
interfacial resistance in garnet-based solid-state batteries. The restriction of ionic current flow due to
limited contact points between the lithium metal anode and the LLZTO surface results in greater
constriction resistance when operating at lower pressures. The contact geometry between the solid
electrolyte and lithium metal determines constriction resistance because incomplete contact forces ionic
current to move through isolated regions.**’%° The limited contact area between the lithium metal
anode and LLZTO surface leads to increased local current densities which raise the effective interfacial
resistance. However, in this study, the optimized interface geometry achieved through controlled
surface preparation effectively minimized the constriction resistance effect, enabling stable ionic
conduction despite the low applied pressure. This observation aligns with previous findings by
Krauskopf et al. (2019),”® where our strategic interfacial modifications successfully mitigated

constriction resistance under reduced mechanical pressure.
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Figure 3.5 (a,c) Nyquist plot of Li||[LLZTO with surface treatment and without surface treatment and
(b,d) its corresponding DRT plot at 25°C

Temperature-dependent impedance analysis further supported the stability of the LLZTO electrolyte's

conduction pathways.’> Figure 3.6 (a-¢) shows the temperature-dependent Nyquist plot and its

Arrhenius plot. From the Arrhenius plot, the activation energy was calculated as 0.43 eV for the bulk

and 0.46 eV for grain boundaries. Conversely, grain boundary and interfacial resistances decreased

significantly with increasing temperature, reflecting improved lithium-ion mobility in these regions.

This behaviour is consistent with previous reports on garnet-type electrolytes, where interfacial and

grain boundary resistances are known to decrease at elevated temperatures due to enhanced ionic

transport.®! The temperature dependence of interfacial resistance further highlights the role of improved

ionic diffusion in reducing the constriction resistance effect at higher temperatures. The observed

reduction in interfacial polarization effects, achieved by employing Gaussian discretization and

polarization subtraction during data analysis, further ensured accurate data interpretation.
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Figure 3.6 (a-b) Temperature-dependent Nyquist plots and (¢) the Arrhenius plot calculating the

activation energy for both bulk and grain boundary

In order to study the lithium kinetics under the low stack pressure, in situ cycling and impedance
measurements were conducted using the Galvanostatic Electrochemical Impedance Spectroscopy
(GEIS) technique. Through this technique, we can able to understand the impedance evolution over
time during cycling.?® To employ this technique in the current system by applying a constant density of
100 pA.cm™ we conducted a long-term stripping experiment at 25°C which resulted in not much
increase in interfacial resistance up to 4 hrs after that there was a gradual increase in the resistance
where we observed complete contact loss of lithium metal anode around 10 h (1 mA.h.cm™). This
behaviour is characteristic of lithium metal void formation and contact loss at the Li||LLZTO interface,
which aligns with the vacancy diffusion model proposed.*%2-** Under a sustained galvanostatic current,
lithium stripping leads to the injection of vacancies into the lithium metal electrode. As these vacancies
accumulate near the interface, voids begin to form, reducing effective contact and increasing the
interfacial resistance. The sharp increase in potential following this resistance rise indicates a
breakdown in the interfacial stability, where the localized void formation ultimately limits lithium-ion
transport across the interface. The stable bulk and grain boundary resistances indicate that the primary
failure mechanism is not linked to the intrinsic ionic conductivity of the Ta-doped LLZTO electrolyte
but rather to the dynamic instability at the lithium interface. This nature of the interfacial resistance

behaviour further suggests that the constriction resistance effect played a role in delaying catastrophic
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failure.* With limited applied pressure, the physical contact between the lithium metal anode and the
LLZTO surface was likely confined to discrete points. As lithium stripping progressed, these discrete
contact points expanded gradually, resulting in localized resistance growth before reaching a critical
threshold that triggered the voltage spike. This behaviour contrasts with systems utilizing higher
mechanical pressures, where uniform contact minimizes constriction resistance and enhances long-term

interfacial stability in the previously reported studies,?-31-32,36:42:44.57.65-67
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Figure 3.7 The voltage profile and its impedance evolution profile show a contact loss after 10 h of

restless stripping experiment at 1 mA.h.cm™

To further understand these diffusion models, we conducted the platting and stripping experiments at
60°C with a current density of 265 pA.cm™ with an interval of 1 min. The impedance data remained
stable over prolonged cycling, with minimal increase in resistance observed after 9000 cycles and there
was no significant rise or fall in current density which therefore confirmed no hard short circuit. This
behaviour stands in contrast to several prior studies in which rapid growth of interfacial resistance was
reported under similar cycling conditions. The stable resistance profile observed in this study indicates
that despite the low pressure applied, effective suppression of void formation and contact loss was
achieved. The absence of significant resistance growth is consistent with improved contact uniformity

at the interface, which effectively minimized localized current hotspots that can otherwise induce pore
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formation. However, a gradual increase in interfacial resistance during prolonged stripping cycles was
observed, consistent with the vacancy diffusion model. According to this model, lithium vacancies
generated during stripping accumulate near the interface, resulting in pore formation that disrupts
contact integrity. The observed partial recovery in interfacial resistance during subsequent plating
cycles further supports this interpretation, as lithium deposition effectively refilled the voids and

restored intimate contact. 3446:49,50,39,62,68
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Figure 3.8 (a-d) Current density response with respect to time and its impedance data obtained from

long-time platting and stripping experiment at 265 pA.cm at 60°C

LMOC||LLZTO Heteroionic Interface

To further move on to the heteroionic interface using the surface-treated LLZTO pellet (SE1) and
lithium metal oxychloride (SE2) solid electrolytes, a multilayer symmetric cell configuration of
LMOC|LLZTO[LMOC was employed for the impedance measurements in order to determine the
interfacial compatibility of Oxyhalide||Oxide based solid electrolytes. These oxyhalide-based solid
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electrolytes were very soft and deformable as it can be the right choice to use as an interlayer between
the oxide-based solid electrolyte and the catholyte in order to compensate for the interfacial limitation

between the LLZTO and the cathode.
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Figure 3.9 (a) Nyquist plot of LMOCJ|LLZTO and (b) its corresponding time-constant DRT plot at
25°C, (c¢) Arrhenius plot obtained within the temperature range of -50°C to 30°C

Figure 3.9 a shows the Nyquist plot obtained at 25°C with 60 MPa stack pressure and fitted with three
resistors and three CPE in series along with a CPE blocking element. There are three contributions
associated with the frequency range as discussed earlier: i) the high-frequency region of about 3 MHz
belongs to the LLZTO bulk, ii) the mid-frequency at 46 kHz corresponds to the LLZTO grain
boundaries, and iii) the low-frequency region below 2.2 kHz corresponds to the heterionic interface of
SE1||SE2. With the support of DRT analyzis displayed in Figure 3.9 b qualitatively confirms the three
main contributions with respect to the time constants. The shoulder peak near the mid-frequency was
contributed by the heterionic interface since it cannot correspond to any other charge transfer process.
Temperature-dependent studies were also conducted to determine the activation energies belonging to
each frequency contribution and were summarized in the comparison table between each individual
solid electrolyte and the multilayer symmetric cell at 25°C, which was in good agreement with the

previously reported studies.?-*64
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Table 3.1 Comparison table of resistance, capacitance, time constants, frequency and the activation

energy of individual solid electrolytes and the multilayer symmetric cell at room temperature

SE1 and SE2 R(Q) C (F) T (s) f (Hz) E. (eV)
LMOC 19+0.8 - . ; ]
LLZTOgux 428 1633E10 | 0.070x10° | 227x10° 0.43
LLZTOgg 498 1.703E* 0.848x 10° | 0.19x 10° 0.46
HF 506 Lo7E0 | 0.0541x10° | 2.94x10° 0.43
MF 326 1 0S8E-S 3.45x 10 46 x 10° 0.44
LF 208 3 51457 73.1x 10 22x 10° 0.41

The capacitance (C) value is determined by the Brug equation and the frequency is connected to the
relaxation time constant (t). So C, t and f can be determined by the following equations which were

described below

C = [l

R1-«

1/a
t=RC=REZ_— QR

To calculate the Riy, the interfacial resistance was halved because two interfaces were measured
simultaneously. The area of the pellet was calculated as 0.785 cm?. The obtained Riy was multiplied by
the area in order to get Rin Q.cm?. From the obtained above values in the table, we observed 80+2 Q.cm?
interfacial impedance which was very low when compared to the previous heterionic interface studies
reported.?’3® (We also investigated pressure-dependent studies which are not included in this thesis and

are still in progress to discuss in more detail and to be published in future)
Electrochemical analyzis of hybrid-cell architecture

To validate the proof of concept derived from the observed experimental results, a full-cell
configuration was constructed, incorporating lithium metal as the anode, Ta-doped LLZTO and lithium

metal oxychloride (LMOC) as a multilayer separator, and NMC811/LMOC as the catholyte. The cell
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assembly was subjected to a stack pressure of approximately 10 MPa, achieved by applying a torque of
2 N-m. Galvanostatic cycling was conducted using the VMP3 potentiostat within the potential range of
2.8-4.3 V vs Li/Li" at the elevated temperature of 60°C. Initially, the cell was activated with a C/20 rate
which achieved 205 mAh.g! charge capacity with 92% initial coulombic efficiency (ICE) and
continued with a C/10 rate where it maintained 153 mAh.g™! with 99% CE over 15 cycles which as

shown in Figure 3.10. The theoretical capacity was calculated assuming 1C =200 mAh-g.
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Figure 3.10 (a-b) Electrochemical profile and its cycling performance at 60°C

Calculation of relative density percentage using Archimedes' principle

Typically, the pellet was weighed in the air (as-measured: 0.6014 g) and then weighed in the solvent
(as-measured: 0.5086 g) where the custom setup for the measurement is shown in Figure 3.11. Here
we used ethanol as a solvent with a theoretical density of 0.789 g.cm™ while the theoretical density of
Lig4LasZr; 4Tag 6012 (LLZTO) was 5.5 g.cm™. According to Archimedes’ principle*?, the density of as-

sintered LLZTO and its relative density percentage was calculated using the formula below

Mass in air

Density of as-sintered LLZTO =

Mass in air—Mass in ethanol X den51ty of ethanol

Density of as—sintered LLZTO

0
Theoretical density of LLZTO x 100%

Relative density percentage =

From the above values, it was calculated that the relative density of the as-sintered LLZTO pellet was
93%. We also calculated the relative density of the as-sintered LLZTO pellet as 90% using its physical

dimensions and mass of the pellet.
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Figure 3.11 Custom setup for measuring the relative density using Archimedes’ Principle

Conclusion

In this study, we successfully demonstrated the compatibility of surface-treated Ta-doped LLZO with
both lithium metal and lithium metal oxychloride (LMOC) solid electrolytes through comprehensive
impedance analysis, coupled with activation energy and interfacial resistance measurements. These
findings provide valuable insights into the lithium-ion transport mechanisms across the solid-solid
interfaces in these systems. Notably, our results revealed exceptionally low interfacial resistance values
of <10 Q-cm? for the Li|[LLZTO interface and 80 £+ 2 Q-cm? for the LMOC||LLZTO interface, marking
a momentous progression in mitigating interfacial resistance challenges in garnet-based solid

electrolytes.

The remarkably low interfacial resistance values achieved in this study highlight the efficiency of our
surface treatment strategy in enhancing ionic contact and minimizing interfacial polarization effects.
These promising results present a substantial leap forward in the development of solid-state battery
architectures. Building upon these insights, we successfully constructed a hybrid all-solid-state cell
configuration that employed a lithium metal anode directly in contact with LLZTO, LMOC as an
interfacial mediator layer and an LMOC/NMC 811 catholyte combination.

To the best of our knowledge, this work represents the first reported demonstration and factual fully
operational garnet-based lithium-ion hybrid solid-state battery architecture. While this research is
ongoing, and further investigations are underway to optimize cell performance and assess long-term
cycling stability, these initial findings present a compelling step forward in the advancement of garnet-

based solid-state batteries. These results are presented with permission from V. K. Singh, L. Merola,
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M. Palmer, K. N. Pugazhendhi, P. Barai, I. You, Y. Wang, E. Carlson, V. Srinivasan, J. Sakamoto, J.
Janek, and L. F. Nazar. [lon Transport across the heteroionic interface of lithium-ion oxyhalide

catholytes with Ta-LLZO to enable Li metal Solid-State Batteries].
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Chapter 4 Highly crystalline layered 2H-TaS: as an intercalation-
conversion type cathode for All-Solid-State Lithium-Sulfur

Batteries

4.1 Introduction

As discussed in Chapter 1, advancing sustainable battery technologies with high energy density is
essential for meeting expanding global energy needs across electric vehicles (EVs), portable electronics,
and large-scale energy storage systems. All-solid-state lithium-sulfur batteries (ASSLSBs) have
become a focal point in emerging battery research because they offer solutions to the limitations present
in traditional lithium-ion batteries (LIBs). As lithium- sulfur (Li-S) systems achieve theoretical energy
densities around 2500 Wh/kg, which greatly exceeds those of traditional LIBs, they stand out as strong
prospects for future energy storage technologies. The practical use of Li-S batteries remains limited
because of serious obstacles, including the polysulfide shuttle effect and poor sulfur utilization, along
with low cycle stability, especially when using liquid electrolyte systems.®> The use of solid-state
electrolytes (SSEs) allows for the resolution of these challenges while creating safer batteries by
removing flammable organic liquid electrolytes. Sulfide-based electrolytes stand out among all-solid-
state electrolytes because they exhibit excellent room-temperature ionic conductivity alongside
beneficial mechanical flexibility and compatibility with lithium metal anodes.®**>™ Lis.sPSa4.sCl..s
(LPSC;5) delivers exceptional ionic conductivity at >10 mS.cm' combined with outstanding
deformability, which helps establish close contact with cathode materials and improves lithium-ion

movement across interfaces.”>’°

The electrochemical performance of ASSLSBs can be significantly improved by using transition metal
disulfides (TMDs) as hosts for sulfur and cathode materials. The structure of intercalation-type
transition metal sulfides (TMDs) allows for reversible lithium-ion exchange while maintaining
structural stability during battery cycling. The intercalation process produces strong rate capabilities
and cycling stability, which makes TMDs excellent cathode materials. Their theoretical capacity
remains below that of sulfide-based TMDs and other comparable materials despite their beneficial
properties. Research has uncovered a restricted quantity of TMDs that operate solely through the
intercalation mechanism. TMD materials like MoS2, VS,, TiS:, CuS, and FeS: show improved
electronic conductivity and structural stability while also facilitating sulfur redox reactions which makes

them excellent candidates to advance sulfur utilization and battery lifespan,!%-20-23:2577

On exploring similar properties of TMDs such as 2H-MoS,. 1T-VS,, 1T-CoS,, 2H-WS,, our group
found that the hexagonal crystal structure of 2H-TaS: belongs to the P63/mmc space group and features

each tantalum atom surrounded by six sulfur atoms arranged in a trigonal prismatic manner.”®®* The
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TaS; units create layered structures where tantalum atoms sit between dual sulfur atom layers. Van der
Waals forces weakly bond the layers together, enabling easy exfoliation while allowing lithium-ion
insertion. The unique metallic conductivity, lithiophilic and electron delocalization properties of 2H-
TaS: are due to the partially filled d-orbitals in Ta atoms. Within the TaS. framework, tantalum atoms
supply 5d electrons, which fill conduction bands to support swift electron movement through the TaS.
layers. The two-dimensional TaS: sheets support high electrical conductivity (~3.3 x 10* S/cm)® and
low lithium-ion diffusion barrier (0.188 e¢V)*? because delocalized electrons can move freely across
them. The inherent metallic-like feature of 2H-TaS. enables it to conduct electricity effectively by

allowing quick charge transfer in electrochemical reactions.

Here, I reported the intercalation electrochemistry conversion of layered transition metal sulfide (TaS2)
and carbon (Ketjen black) as sulfur host when used as cathode materials in ASSLSBs resulted in high
sulfur utilization of ~99% with 2.99 mAh.cm™ at a C/10 rate and retains 94% over 50 cycles. With a
high active material loading of 9.96 mgsiTas2.cm?, the S/TaS,/C electrode achieves a high areal

capacity of 9.1 mAh.cm and maintains 100% coulombic efficiency.

4.2 Experimental Section

Synthesis of bulk 2H-TaS;: In order to prepare 5g of tantalum disulfide, the required amount of
tantalum (99.9%, Sigma-aldrich) and sulfur (99.9%, Sigma-aldrich) was mixed well in the argon
atmosphere. Then, place it as a pellet in a carbon glassy crucible and seal it in a quartz tube under a
high vacuum. The sheet growth mainly depends on the annealing procedure. So, it was annealed at
600°C for 48h with a ramp-up rate of 60°C/hr and then increased to 800°C for 48h and then gradually
increased to 900°C for 48h and slowly cooled down to room temperature for a period of 2 weeks. The
slow cooling rate led to obtaining a high purity 2H phase, whereas the fast cooling rate led to the

formation of the 3R phase.

Synthesis of LissPS4sClis: According to previously reported literature, the solid electrolyte was
prepared under an argon atmosphere inside the glovebox (maintaining 0,<0.5 ppm and H,0<0.5 ppm).
All precursors such as LisS (99.9%, Sigma-Aldrich), P»Ss (99%, Sigma-Aldrich), and LiCl (99.9%,
Sigma-Aldrich) were taken and well mixed using the mortor for 45 mins and then place it as 10 mm
pellet in a carbon glassy crucible and seal it under the high vacuum. Then, it was placed vertically inside

the muffle furnace and annealed with the heating and cooling rate of 30°C/hr at 550°C for 7 hrs.

Preparation of Cathode Composite: Both bulk sulfur and bulk 2H TaS; mixed well in a mortar, and
then Ketjen black was added as an additive as well as sulfur host with the optimized ratio of 60:25:15.
It was mixed homogeneously and melt-diffused at 155°C for 14 hrs. To prepare the cathode composite,
the active material and the as-synthezised solid electrolyte at a weight ratio of 1:1 were transferred in

an 80 ml zirconia jar consisting of zirconia balls and sealed inside the glovebox. Then, the one-step
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milling process was performed in a Fritsch Pulverisette 7 Premium machine at a rotation speed of 400
rpm for 2 hrs. For comparison, different carbon (Carbon nanotubes and Vulcan carbon), without carbon

and without TaS,, were also prepared using the same method by maintaining the sulfur percentage same.

Physical Characterization: XRD data were collected on a PANalytical Empyrean instrument using
Cu-Ka radiation (A = 1.5405A) with a PIXcel 2D detector operating under the voltage at 45 kV and
current at 40 mA. SEM and EDS studies were conducted in a Hitachi SU§700 FESEM instrument.
To analyze the sulfur content, TGA was carried out on a TA Instruments SDT Q600 analyzer under N2
flow with a ramp up rate at 5°C.min"'. In order to determine the specific surface area, BET analyses

were collected from the Micromeritics Gemini VII 2390a instrument.

Electrochemical studies: In a typical procedure, 70 mg of solid electrolyte powder was put in a
cylindrical peek and pressed in between two titanium piston rods of 10 mm diameter at 2 tons for 2
mins. The cathode composite (S/TaS,/C/SE) was then uniformly spread and pressed at 3 tons for 3 mins.
Then, the Li/In alloy (molar ratio maintained at <1) was pressed on the opposite side at 1 ton for 1 min.
Finally, the cell was placed in between the cell holder and maintained a constant pressure applied by a
torque of 10.7 N.m (~57 MPa). Galvanostatic cycling was carried out in the potential range of 1.4-3.1
V vs Li/Li* and 0.8-2.5 V with respect to Li/In alloy. Cyclic voltammetry and Impedance studies were
done at a scan rate of 0.1 mV.s"! and an amplitude of 10 mV in the frequency range of 200 mHz to

IMHz. All electrochemical measurements were conducted on a Bio-logic VMP3 potentiostat.

4.3 Results and Discussion

The bulk 2H-TaS; was prepared via a solid-state reaction with the elemental precursors. This was
further analyzed with X-ray diffraction in order to confirm its phase purity, which was verified with
PDF no: 01-080-0685. It revealed the characteristic sharp diffraction peaks, which correspond to the
hexagonal P63/mmc space group with trigonal prismatic coordination, confirming its high crystallinity
nature. To further visualize the morphological structure, scanning electron microscopy (SEM) reveals
its well-developed micron-sized 2H-TaS; layered flakes that look like book sheets with sharp cornor
edges. Despite the poor surface area (0.74 m?/g) and pore volume (0.0012 ¢cm?®.g™") of TaS; limiting its

8687 we used Ketjen black due to its enormous high specific area (~1400 m?*/g) and

sulfur hosting ability
large pore volume 3.25 cm®.g"'. The elemental sulfur was melt-diffused with the mixture of carbon and
TaS,, where it embedded through the pores and was uniformly distributed and coated over the layered
metallic TaS,. After 60 wt% of sulfur impregnation, the surface area and pore volume dropped to 98.16
m?/g and 0.23 cm®.g!. This was attributed to the bulk sulfur loading, and the weight percentage of sulfur
was determined by TGA as shown in Figure 4.1 b. The complete evaporation of sulfur at around 250-
300°C where the curve drops, indicates the weight loss of sulfur and is confirmed to be 60 wt%,

respectively.
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Figure 4.1 (a) XRD pattern of 2H-TaS,, (b) TGA curve for the S/TaS,/KB composite, and (c-d) SEM
images of 2H-TaS,

To promote ionic migration throughout the cycling, LissPS45Cli s was preferred as a solid electrolyte
due to its superionic conduction (10 mS.cm™) and its high deformability by nature. Because of its
mechanical properties, it was able to form triple-phase boundaries and good intimate contact within the
sulfur cathode composite and accelerate the ionic/electronic transport when it was mixed via a one-step

milling process with a respective weight ratio (Active material: Lis sPS45Cl; 5 at 1:1).
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Figure 4.2 (a) XRD pattern of LissPS45Cl; s and (b) its Nyquist plot
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During milling, the cathode composite became amorphous with two vague broad peak of TaS, which
was due to the mechanical exfoliation that induced an impact on the stacking sheets and reduced its
particle size, which was evident in XRD. It was believed that the amorphous cathode was highly
beneficial in the conversion of sulfur to Li,S because of low activation energy and to elevate the
electrochemical performance. To further analyze the cathode active material distribution, EDX

visualized the elemental mapping that sulfide SE coated over the active material very homogeneously.

S/TaS,/LPSC, §

50 pm

50 pm

Figure 4.3 (a) [llustration of cross-sectional solid-state Li-S cell and (b) SEM image of the solid

electrolyte and the whole cathode composite and their EDX elemental mapping

To understand the electrochemistry of the active material cathode, the assembled cell (Figure 4.2 a)
with Li/In as anode, LissPS4s5Clis as a separator and the cathode active material was subjected to
galvanostatic discharge/charge cycling. The XRD data (Figure 4.3 c)revealed the intercalation and
deintercalation electrochemical conversion reaction at 1.4 V vs 3.1 V with respect to Li/Li*. Due to the
dominant peaks of solid electrolyte, it was very hard to differentiate the peaks, and some peaks
overlapped each other. But still, the peak is located at 34° (012) and 42° (014) belongs to the formation
of LiTaS; due to the Li" intercalated in TaS; and confirmed with the PDF No: 01-089-4218. Also, there
were two small peaks that correspond to the conversion of S to Li,S when the cell was discharged to
1.4 V vs Li/Li*. After charging to 3.1 V vs Li/Li", the original phases of active material formed back,
which is an indication of a reversible electrochemical reaction. To understand the potential redox

activity, the cells with TaS, and without TaS, as a cathode active material were examined for CV
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measurements. With TaS, we observed two redox peaks, which correspond to both the TaS, and S
involved in the redox activity. On the other hand, without TaS,, it exhibits low current response and
above 2.5 V, we can see (Figure 4.4 a) the redox behaviour of SE apart from S, which will degrade the
battery performance, which indicates that with TaS, it reduces the oxidation of SE within the triple
phase boundary. Overall, this mechanism proved that LiTaS, act as a mixed electronic and ionic
conductor (MEIC)!7#® as typical TMDs nature for better lithium-ion migrating pathway, and the
metallic TaS, sheets®® act as an electronic conductor in order to facilitate electrons and the solid
electrolyte acts as a foremost ionic conductor to accelerate the lithium ions to move throughout cycling.
To account capacity for the intercalated and converted cathode, the theoretical gravimetric capacity of

(S+Ta$S,) is calculated as 1C = 1214 mAh.g™".
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Figure 4.4 Examining the electrochemical conversion mechanism of solid-state Li-S battery. (a) CV
profile with TaS; and without TaS; in the cathode composite, b) Charge and Discharge profile and (c)
their corresponding ex-situ XRD profile

Electrochemical Performance

To evaluate the long cycling performance, the assembled battery was initiated to discharge with the low
active material areal loading of 2.47 mgs:Tas2).cm at a current density of 0.3 mA.cm that corresponds
to a C/10 rate. The initial discharge capacity of 2.45 mAh.cm™ was achieved, and after two cycles, it
reached a high capacity of 2.99 mAh.cm™ due to the redox of the solid electrolyte®®®, which is activated

above 2.5 V vs Li/Li", where the initial coulombic efficiency of 82% was in good agreement as such as
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the typical TMDs conversion type cathode in all solid-state Li-S batteries reported previously.?*>”7
According to the theoretical capacity of active material (S+TaS,), the cathode reached very close to the
theoretical capacity of 1209 mAh.g™! and maintained the Coulombic efficiency of 100%, which is stable
thereafter. With the calculation of sulfur utilization, the normalized specific capacity of sulfur was
calculated as 1666 mAh.g! (~99% utilization) with the high sulfur loading of 30% in the cathode
composite achieved where in contrast others loaded below 20% in the whole cathode composite which
was still a challenge towards to improve high energy density batteries. The results were compared with
different carbon sources, such as CNT (specific surface area = 500 m*/g) vs Vulcan carbon (specific
surface area = 250 m?/g), and without carbon. In all three cases, it exhibited low capacity and high

overpotential, which was attributed to the insulative sulfur layer covering the electronic pathway.
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Figure 4.5 (a) Long cycle performance profile with active material of 2.47 mg.cm™ and (b) Charge

and Discharge profile for different carbon with the same optimized ratio

With the good candidate of ketjenblack carbon as a sulfur host, we also investigated the different weight
ratios of the active material, as well as those without TaS2, to acquire an optimized ratio for high
capacity and good retention ability. Nevertheless, the weight ratio of the TaS,:S:KB (25:60:15)
performed well as discussed before with high capacity and 94% capacity retention over 50 cycles. In
contrast of without TaS, in the active material of 60%S-40%KB also showed the same capacity of 2.9
mAh.cm?at 0.3 mA.cm? in the first formation cycle obviously again because of the redox behaviour
of SE but the capacity decayed very fast™ with growing overpotential which retains only ~26% over 50
cycles due to the solid electrolyte decomposition which revealed that the electronic conductive carbon
had a direct contact with the SE which hindered the ionic transport and resulted in high tortuosity. With
account to the areal capacity, Figure 4.6 b shows the long cycling performance of the active material
with and without TaS,. This showed that TaS, supports as both a lithium-ion carrier and as an electronic
conductor and provides excess capacity during cycling in order to maintain the retention which did not

show up with the high porous carbon here.
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Figure 4.6 (a) Charge and Discharge profile of different weight ratios of the active material and (b)

Long-term cycling profile of the active material with and without TaS,

To demonstrate the rate capability, the assembled cell with the above-optimized weight ratio of active
material showed an areal capacity of 2.8 mAh.cm? with a low current density of 0.3 mA.cm? (C/10)
and gradually increased to different current densities and reached to 1.0 mAh.cm™ at 6 mA.cm? (2C)
which then relapsed back to the same 0.3 mA.cm™ and regained its capacity up to 2.7 mAh.cm™ with
good reversible capacity, To gain up high areal capacity with high current density we also demonstrated

the cell cycled at 1C for over 50 cycles which shows up ~68% sulfur utilization with good reversibility.
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Figure 4.7 (a) Rate capability test with different current density, (b) Long-term cycling performance
at the high current rate (1C), (¢) Cycling performance at intermediate loading of 5.1 mgs:tas2).cm™
and (d) Sulfur utilization associated with the low, intermediate and high active material loading
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To further test the high cathode loading, we started with an intermediate loading of 5.1 mg(s:ras2).cm™
at 0.6 mA.cm? (C/10) which reached up to 5.6 mAh.cm™ agreed to ~90% active material utilization.
To further load about 9.96 mgs:Tas2).cm™ boosted the capacity to 9.1 mAh.cm™ with an initial CE of
100% and retention of about 85% over 25 cycles. Although it was a basic study, the higher fraction of
sulfur was loaded in whole cathode composite when compared with the previously reported literature,
and it can be improved by impregnating nano-sulfur in the exfoliated TMD nanosheet materials in our
future studies in order to accommodate the volume changes of sulfur within the metallic nanosheet
further reduce carbon content for better sustainability and high energy density batteries. Note that all

our electrochemical studies were done at room temperature.
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Figure 4.8 Electrochemical profile of high active material mass loading at C/10 rate

To compare the results with other recently reported conversion and intercalation type cathode materials

for ASSLSBs with the active material were summarized below:

Table 4.1 Result summary compared with other reported literature

. Areal Capacity
Cathode Active
Type of Solid . (mAh.cm) and
composite material References
Cathode electrolyte Current Density
ratio 2
(mg.cm™) (mA.cm)
2
Anionic redox FeSr+S+C 3.55 mAhes2+s).cm s
Lil-Li3PS4 5 mg.cm? at 0.15 mA.cm?
t 20
ype (30:30:40) (C/42)
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Anionic redox FeSy+S+C 0.1 mAhes2+s).cm™ at 95
Li1oGe2PS12 0.8 mg.cm™
type (56:24:20) 0.24 mA.cm™ (1C)
CuS+S+C
7 mAhcus+s).cm? at 3
Conversion type (40:20:40) Lil-Li3PS4 5 mg.cm?
0.1 mA.cm2 (C/80)
MosSs+S 4.87 mAhMo6ss-+s).cm™
Conversion type Li3PS4 12.7 mg.cm? | at3.51 mA.cm? (C/2), %
(80:20) 80°C
, SHKB+C) 8.87 mAh.cm? at 0.2 %
Conversion type LGPS 6.5 mg.cm™
(56:44) mA.cm? (C/56)
STCNT 3.46 mAh.cm? at 0.25 97
Conversion type LGPS 3 mg.cm?
(52:48) mA.cm™ (C/ZO)
. S+KB 4.3 mAh.cm? at 0.72 92
Conversion type Li3PS4 4.5 mg.cm™
(71 :29) mA.cm™ (C/IO), 60°C
Intercalation and Mo6Ss+S 0.8 mAh.cm™ at 0.08 08
) LisPS4+/LGPS 1 mg.cm™
conversion type (67.5:32.5) mA.cm? (C/10)
Intercalation and VS2tS 7.8 mAh.cm? at 0.12 19
) LizPS4 15.5 mg.cm™
conversion type (67:33) mA.cm? (C/72)
Intercalation and MoS»+8+C 10.4 mAh.cm™ at 1.27 77
) LisPSsCl 12.8 mg.cm™
conversion type (60:33:7) mA.cm? (C/8), 60°C
Intercalation and TaS:+S+KB . 9.1 mAh.cm™ at 1.21
) LissPSasClis 9.96 mg.cm™ This Work*
conversion type (25:60:15) mA.cm? (C/10)

Calculation for sulfur contributed capacity:

To account for the sulfur contribution', the highest practical capacity was measured as 2.34 mAhs:tas2),
which corresponds to the active material loading of 1.938 mgs-+Tas2). To eliminate the contribution of
TaS; capacity from the whole cathode measured capacity by considering the theoretical capacity of
TaS; is 109 mAh.g"! based on one Li*/e” intercalated in the sheet to form LiTaS,. Based on that, the
capacity can be calculated as follows: 109 mAh.g™! x 0.57 mgras2) = 0.062 mAh. The capacity of sulfur

alone can be calculated as (2.34 mAhs:tas2) — 0.062 mAhrasz) / 1.368 mgs) = 1666 mAh.g'. The
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percentage of sulfur utilized can be calculated from the theoretical capacity as follows: Sulfur utilized

% = 1666 mAh.g"'/1675 mAh.g™!") x 100. This is attributed to ~99% sulfur utilization.
Calculation of theoretical capacity of active material:

In order to calculate the active material theoretical capacity, TCs+ras2) = 60%TCs) + 25%TC(ras2y/ Total
percentages+tasz). The theoretical capacity of the active material with different weight ratios is

described below:

Table 4.2 The theoretical capacity of the active material with different weight ratios

35:60 60:30 45:45 30:60 25:60
TaS2:S
(KB~5%) (KB~10%) | (KB~10%) (KB~10%) (KB~15%)
Theoretical
1098 mAh.g! | 631 mAh.g' | 892 mAh.g! | 1153 mAh.g" | 1214 mAhg'
Capacity
Conclusion

In summary, we reported that the utilization of layered transition metal sulfide with a combination of
high porous carbon material as a sulfur host via a single-step milling process exhibited significant
enhancement in the electrochemical performance of ASSLSBs. This superior hybrid neotype cathode
design, leveraging the mixed electronic and ionic conduction (MEIC) properties of 2H-TaS,, effectively
improves both lithium-ion mobility and sulfur redox kinetics. The layered structure of 2H-TaS., paired
with its metallic nature, facilitates efficient lithium-ion intercalation while concurrently acting as a
mediator for the sulfur conversion processes. This dual function resulted in remarkably high sulfur
utilization of approximately 99%, achieving a discharge capacity of 2.99 mAh.cm™ at a C/10 rate with
94% capacity retention after 50 cycles. Moreover, with a high active material loading of 9.96 mgs +
Tasy.cm2, the S/TaS»/KB cathode delivered a notable areal capacity of 9.1 mAh.cm?, revealing its
potential for high-energy-density battery applications. These findings highlight the efficiency of
integrating 2H-TaS: as a hybrid conversion-intercalation cathode material, offering a promising path

towards the emerging high-capacity, stable, and scalable ASSLSBs for future energy storage devices.
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Chapter 5 Summary and Future Perspectives

The research presented in this thesis provides new insights into the fundamental processes that
determine all-solid-state battery performance through a systematic analysis of lithium-ion interfacial
dynamics and lithium-sulfur intercalation-conversion mechanisms. These studies provide essential
insights that direct the development of sophisticated solid-state electrolytes and electrode structures to

improve the durability, performance, and mass production potential of future energy storage devices.

The first segment of this study examined how surface-treated LLZTO interacts with lithium metal and
lithium metal oxychloride (LMOC) solid electrolytes. The behavior of lithium-ion movement along
with constriction resistance effects at the solid-solid interface were studied using quantitative
electrochemical approaches like Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) and
Galvanostatic Electrochemical Impedance Spectroscopy (GEIS). The study presents new perspectives
on how interfacial resistance develops and reveals fundamental processes that regulate ionic transport
within garnet-based solid-state systems. The investigation demonstrated promising interfacial
performance yet future work must explore post-mortem characterization to understand interphase
degradation and morphological changes. Operating hybrid multilayer-stacked full cells under low stack
pressure at room temperature fails to deliver consistent performance which remains a significant hurdle
to reach commercial viability. Further research needs to optimize high-voltage cathode materials
together with scalable binder systems to create durable solid-state battery architectures suitable for

manufacturing.?

The second part of the thesis investigated 2H-TaS: as a transition metal dichalcogenide with layered
structure for its capability as a hybrid intercalation-conversion cathode in all-solid-state lithium-sulfur
batteries. The combination of metallic conductivity and layered crystal structure facilitated efficient
lithium-ion intercalation while serving as an electronic mediator for sulfur redox reactions which
resulted in a notably higher gravimetric capacity. This initial study revealed that the cathode composite
had considerably more sulfur loading than previous research indicated. Advancements in future
research should focus on embedding nano-sized sulfur particles into expanded TaS: nanosheets because
this method will improve sulfur volume management while decreasing carbon content and enhancing
both electrochemical reversibility and energy density. These advancements will help to establish
ASSLSBs as sustainable and scalable solutions for electric vehicle applications and energy storage

systems at the grid level.

This study provides a strong foundation that supports ongoing advances in interface-stabilized solid
electrolytes and multifunctional cathode materials. Progress in the field of all-solid-state lithium-based
batteries depends on future efforts to tackle existing issues with interface engineering, cathode

optimization, and material scalability.
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