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cycles. The Y axis represents the columbic efficiency values in each charge-discharge

cycle. Each plot from left to right represents the cycle numbers ranging from (a) 1-100™,
(b) 101-200" and (c) 201-300"

Multi-cathode Compatibility: typical charge-discharge profiles of paper separator
(P35SB7BT20SB2) against (a) LiMn,Os, (b) LiFePO4 and (c) NCM111

Multi-cathode Compatibility: Capacity vs cycle number profiles of paper separator
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Typical constant current charge-discharge (CDC @260 mA) patterns of SCs, made with
(a) developed paper separator (N1-SC-UTPS & N2-SC-UTPS) and NKK branded
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(a) Nyquist plot of full cell (Configuration: MCMB/Sep/LFP) fabricated with paper
separator P35SB7BT20SB2 during calendar aging (0-8 weeks), (b) Time dependent plot
of electrolyte resistance (Re) and charge transfer resistance (R.) of symmetrical cell
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TGA plot of paper separators samples; inset showing the differential weight loss from
room temperature to 600°C

Digital images taken during vertical flame test for both untreated (above) and
functionalized paper separator (below)

A comparison of electrochemical performance of composite separator
(P35SB7BT20SB2) with that of Commercial PP/PE based separator membrane at
elevated temperatures RT-80°C

(a)-(b) FESEM images of bare cellulose paper (CP) and (c)-(d) FESEM images of
commercial separator (PP)
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Electrochemical compatibility of developed paper separators (P5L03, P5A03) and
commercial separator (PP) with MCMB anode and different cathodes; showing typical
charge discharge profile and long cycling behavior against (a) & (b) LCO, (¢) & (d) LMO,
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(a) Thermogravimetric Analysis (TGA) plots of the developed paper separators (P5LO01,
P5L03, PSLOS, PSLO7 and P5A03) with their Differential Thermal Analysis (DTA) plots
in the inset; (b) Qualitative thermal shrinkage analysis of the developed paper separators
and commercial PP separator at room temperature (RT) and at 200°C (30 min at each
temperature); (c) Flame test for PSL0O3, PSA03 and PP

(a) Visualization of self-extinguishing time (SET) test for P5L03, PSA03 and PP
separators; (b) Electrochemical long cycling of the separators before and after SET in

MCMB/separator/LFP configuration; Typical charge-discharge profiles before and after
SET for (c) PP, (d) PSLO3 and (e) PSA03

Investigation of electrochemical and electrical properties of paper based develop
separator along with commercial separator under vigorous thermal treatment; (a) & (b)
Potential vs time plot after thermal shock treatment at two different temperature and
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(a), (b) Nyquist plots of Li/PLZ/Li and Li/PL/Li symmetric cells during cycling up to 60
h. (c), (d) Corresponding DRT spectra at various cycling times, decoupling the
contributions from electrolyte resistance, SEI resistance, charge transfer, and diffusion
processes. (e), (f) 2D contour plots of DRT intensity vs. time show the stable interfacial
kinetics for PLZL composite and unstable SEI for bare PL electrolyte
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Highlights of the Thesis

The present thesis addresses the pressing challenge of developing sustainable, cost-effective, and
safe alternatives to conventional polyolefin-based separators in lithium-ion batteries (LIBs).
Commercial separators made of polypropylene (PP) or polyethylene (PE) suffer from low thermal
stability, limited electrolyte wettability, and originate from non-renewable resources, which
collectively limit their performance and raise safety concerns. In contrast, natural cellulose paper,
with its fibrous network, abundant availability, and eco-friendly origin, provides a compelling base
material for constructing next-generation battery separators. This work systematically investigates
cellulose paper and its functional modification with ceramic fillers, hybrid systems, and natural
clays to achieve a new class of paper-based composite separators with enhanced thermal safety,

ionic transport, and electrochemical stability.

Throughout the thesis, multiple strategies were explored to modify cellulose paper through
scalable impregnation and coating processes. Inorganic fillers such as alumina (Al2Os), silica
(S102), and lithium-ion conducting garnets (LLZO) were incorporated to enhance structural
reinforcement, electrolyte affinity, and interfacial stability. Organo—inorgano hybrid systems,
derived from chelation of zirconium isopropoxide, were introduced to regulate lithium salt
dissociation and optimize ionic conductivity. In parallel, montmorillonite (MMT) clay, a naturally
abundant mineral with high ion-exchange capacity and strong flame-retardant properties, was
employed to fabricate sustainable paper—clay separators. The combination of cellulose fibers with
inorganic and hybrid domains gave rise to unique separators that demonstrated tunable porosity,

controllable wettability, and robust thermal resistance.

The structural and morphological studies confirmed that the fillers were uniformly distributed
within the paper matrix, creating a hierarchical network that maintained flexibility while enhancing
dimensional stability. Electrochemical investigations revealed that these modifications improved
ionic conductivity, broadened the electrochemical stability window beyond 5.0 V versus Li/Li*,
and reduced interfacial resistance compared to pristine paper and commercial PP separators. Full-
cell evaluations, particularly with NMC111 cathodes and MCMB anodes, validated the superior
performance of optimized paper composites, which delivered higher discharge capacities, stable

long-term cycling, and excellent coulombic efficiency. Notably, separators impregnated with
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MMT and LLZO outperformed the commercial PP membrane in both performance and safety

metrics.

A crucial highlight of this work is the significant improvement in thermal safety.
Thermogravimetric analysis demonstrated higher char yields and delayed decomposition for the
composite separators, while flame-resistance tests established their rapid self-extinguishing ability.
Unlike PP membranes, which undergo severe shrinkage and sustained combustion, the paper-based
composites retained their morphology and functionality even after flame exposure. This was
further corroborated by post-flame charge—discharge testing, where the clay-loaded paper
separator maintained stable electrochemical behavior, demonstrating its reliability under extreme

thermal stress.

Beyond performance, this thesis emphasizes sustainability and scalability. The use of cellulose and
montmorillonite clay, both low-cost and abundantly available, ensures that the developed
separators can be manufactured on an industrial scale using aqueous processing routes without
compromising environmental responsibility. By aligning material innovation with global energy
and environmental needs, the research establishes paper—clay and paper—ceramic separators as
strong contenders for next-generation LIBs, offering a safer, greener, and more economically

viable alternative to existing synthetic plastic membranes.

In summary, this thesis makes a comprehensive contribution to the design and development of
cellulose-based composite separators for lithium-ion batteries. It demonstrates how the integration
of natural polymers with functional inorganic fillers can overcome the limitations of current
separators, achieving a synergistic balance between ionic transport, mechanical integrity, thermal
stability, and cost-effectiveness. The findings not only enrich the scientific understanding of paper-
based hybrid separators but also pave the way for their practical application in sustainable and

high-performance energy storage systems.
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Chapter 1

Introduction

Highlights

e Green Earth, E-Mobility, Sustainable Energy Storage - Global and Indian Perspectives
e Better Lithium Storage technologies, Cost and Sustainability

e Lithium Battery Components - Impact on Safety and Performance

e Focus on Separators - Background and Choice of Materials

e Cellulosic Materials as Separator

e Motivation and Pathways of Present Research

Quest for “Better Batteries”: Sustainable Components, Low Cost & Efficiency

* Smart cities powered by batteries
Renewable energy storage
*  E-mobility

Figure 1.0 Graphical representation of broader motivation of the thesis

Sustainable energy storage devices have garnered recent research attention to meet both global
sustainability goals and increasing demands for energy. Rechargeable batteries can balance these two
quite well in terms of their high energy and power density, long cycle life and potential for using eco-
friendly materials. Among the components critical to the performance, safety, and longevity of metal-
ion and metal batteries as well as supercapacitors, separator plays a key but often underrepresented role.
This thesis focuses on the development of cellulose paper-based composite separator and electrolyte
membranes, which offer a unique combination of sustainability, mechanical integrity, and
electrochemical stability. From industry-friendly process development to rigorous performance
optimization at core level, the study provides an end-to-end approach of development of novel flexible
membranes that show high potential for use in various energy storage systems. Through a systematic
evolution from passive ceramic-impregnated systems to active composite polymer electrolytes, this
research bridges materials chemistry, electrochemical engineering, and green energy solutions.
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1.1 Motivation

The accelerated growth of global energy demand has intensified dependence on fossil fuels,
which are not only finite in reserves but also major contributors to harmful greenhouse gas
emissions and air pollution. The combustion of coal, oil, and natural gas accounts for nearly
75% of global CO: emissions and about 90% of all greenhouse gas emissions from human
activities, directly driving climate change and worsening public health due to particulate matter
and toxic pollutants'. Moreover, the uneven geographical distribution of fossil fuel resources
raises concerns of energy security and long-term affordability. These pressing challenges
highlight the urgent necessity of switching to renewable and low-carbon energy systems. The
transition toward carbon neutrality requires profound integration among energy generation,
storage, utilization and sustainability. With the focus on achieving the United Nations
Sustainable Development Goals (SDGs), the adaptation of green energy solutions helps to
attain technological advancement and economic diversification in line with the environmental
objectives®. SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate Action) influence the
global scientific community to put efforts of finding sustainable materials for efficient energy
storage and conversion, whereas SDG 9 (Industry, Innovation, and Infrastructure) and SDG 12
(Responsible Consumption and Production) promote the industrial adaptation and required

production of those materials.

Among various strategies, sustainable solutions for energy conversion and storage, such as
advanced rechargeable batteries, are pivotal to support clean power generation, stabilize grids,
and enable large-scale electrification of transport and industry. Lithium-ion batteries (LIBs),
with their light weight, high energy density and affordability, dominate the rechargeable battery
market, especially in consumer electronics and medical devices’. However, despite their
widespread adoption and immense application potential, reports of fire and thermal runaway
incidents in mobile phones and laptops have raised critical concerns regarding the intrinsic
safety of LIBs. Such incidents are generally caused by two of the major LIB components -
organic liquid electrolyte and plastic-based separators, which are highly combustible and
flammable in nature. The replacement of these components with some robust, sustainable and
and eco-friendly alternatives, thus become mandatory, especially for high energy applications
like electric vehicles (EVs). Apart from that, majority of the constituents of lithium-ion
batteries are exported from other countries to India, which enhances the cost and reliability of

the systems. With its Atmanirbhar Bharat and electric mobility mission, the Government of



India pushes the industries as well as researchers to focus more on R&D and develop our own

battery components domestically.

This thesis is motivated by that imperative. We have tried to develop cellulose paper-based
composite separators and paper-based electrolyte-cum-separator membranes that are (a)
fabricated via industry-friendly routes, (b) validated in full cells under application-relevant
cycling and temperature, and (c) assessed for sustainability, reproducibility and
manufacturability, thereby helping bridge the gap between sustainable policy timelines and

Make in India objectives.
1.2 Electric Mobility

The transport sector is one of the largest contributors to global carbon emissions, primarily due
to its heavy reliance on fossil fuels. Decarbonizing mobility has therefore become a central
pillar of climate action, with electric mobility emerging as a transformative solution. Unlike
conventional internal combustion (IC)

engine vehicles, electric vehicles eliminate Transition to Low-Carbon

tailpipe emissions and can integrate Mobility
seamlessly with renewable power sources, ﬁ)‘ OCE )
thereby reducing lifecycle greenhouse gas IC Engine Vehicles Electric Vehicles
emissions, as shown in Figure 1.1. Beyond () Hign Carbon Zero Tailpipe
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only a technological shift but also a

socioeconomic necessity. The global electrification surge is no longer speculative, rather it has
clear timelines and scale. NITI Aayog has reported that global electric vehicle sales rose from

under 1 million in 2016 to nearly 18.8 million in 2024, and global EV stock reached ~61.2



million vehicles in 2024, driving urgent demand for cell capacity, supply chains and safety

system4*5.

Rechargeable lithium ion-batteries (LIBs) are the cornerstone of EV technology. Among the
four major components of a commercial LIB, separator is made up of fully plastic-based
material and it is also costly. This inert yet safety critical component directly influences thermal
response, electrolyte retention, dendrite suppression and pack-level reliability. While
commercial polyolefin membranes are serving the markets quite well, the combined push for
(1) high-rate/fast-charging EVs, (ii) tropical-climate robustness, (iii) domestic manufacturing
and (iv) lifecycle sustainability demands separators that are technically superior, pollution-free

and manufacturable at large scale.
1.2.1 Global Scenario

Globally, electric mobility has entered a phase of accelerated growth, driven by policy
mandates, consumer adoption, and declining battery costs. In terms of sales and manufacturing
of EVs, China remains the largest market, accounting for nearly 66% of global sales. It holds
a dominant position cell manufacturing, raw material refining, and supply chain integration,
with global EV production of more than 70% as well®. The European Union has also
demonstrated strong momentum, supported by stringent CO: emission regulations for
passenger cars and its 2035 deadline to phase out IC engine vehicle sales. In the United States,
federal tax incentives, infrastructure investments, and state-level ZEV (Zero Emission Vehicle)

mandates have accelerated market penetration, with a national target of 50% new EV sales by
2030°.

Battery technology has been a central enabler of this transition. The average cost of LIB packs
has fallen from more than US$1,200 kWh in 2010 to nearly US$140 kWh" in 2024, moving
steadily toward the US$100 kWh™! threshold®. Such increasing cost-effectiveness of LIBs is
critical for mass-market affordability. In parallel, charging infrastructure deployment has
expanded rapidly, with more than 5 million public charging points and ~50% growth in ultra-
fast chargers (>150 kW) installed worldwide by 2024%”. EVs successfully displaced more than
1 million barrels of oil per day in 2024, projected to exceed 5 million barrels/day by 2030 under

current policies.



Nevertheless, challenges remain, such as supply chain bottlenecks for lithium, cobalt, and
nickel; regional disparities and uneven distribution among developed and developing
economies; and the urgent need for large-scale recycling to mitigate environmental impacts.
Consequently, global R&D efforts are increasingly focused on solid-state batteries, sodium-
ion systems, and sustainable component designs, especially separators and electrolytes, that
can deliver higher safety margins and sustainability. According to the International Energy
Agency (IEA), achieving a net-zero pathway by 2050 will require global EV sales to exceed
200 million units by 2030, alongside significant investments in battery recycling, renewable-
powered charging, and sustainable supply chains’. These trends underscore the dual challenge
faced by the global EV ecosystem: scaling rapidly to meet climate timelines while ensuring

that the underlying technologies are affordable, safe, and environmentally sustainable.
1.2.2 Indian Perspective

India’s transition toward electric mobility has accelerated in recent years, though it remains at
an early stage compared with global leaders. EV sales in the country increased from only
~50,000 units in 2016 to nearly 2.08 million units in 2024, raising the national penetration rate
to 7.6% of new vehicle sales. Despite this growth, India is still some distance from its ambitious
goal of achieving 30% EV sales by 2030, and the pace of adoption must therefore increase

dramatically in the coming decade®.

India’s policy targets and programmes set precise near-term and mid-term deadlines. Various
policy instruments have been developed, which are focused on these timelines. At the national
level, the Faster Adoption and Manufacturing of Hybrid and Electric Vehicles (FAME-I and
IT) schemes offered purchase incentives and charging infrastructure support with ~X10,000
crore outlay, while the recently launched PM e-Drive program (2024-2026) aims to sustain
demand through continued subsidies and ecosystem development*. Parallel initiatives such as
the Production Linked Incentive (PLI) scheme are fostering domestic manufacturing of
batteries and EV components, reducing reliance on imports. Importantly, nearly 27 states and
union territories have introduced their own EV policies, creating a diverse but sometimes
fragmented policy landscape®’. India has pledged net-zero by 2070 at COP26, with
intermediate commitments (e.g., carbon-intensity reductions by 2030). These schedules create
both global and India-specific pressure to deliver safe, affordable, and circular energy storage

technologies at scale>!°.



India’s EV transition is shaped by several unique contextual drivers. The country imports over
85% of its crude oil requirements, making electrification a strategic necessity for energy
security. Air pollution is another critical factor: 35 of the 50 most polluted cities globally are
in India, and road transport accounts for 20-30% of urban particulate emission'!. For a rapidly
urbanizing economy, EVs thus offer not only climate benefits but also significant co-benefits
in terms of public health, reduced import dependency, and improved grid efficiency through

managed charging and vehicle-to-grid integration.

Despite strong policy support, India’s EV transition faces persistent barriers. Financing
remains a key hurdle for capital-intensive segments like buses and trucks, highlighting the need
for innovative models such as battery leasing, vehicle leasing, and service-based procurement.
Charging infrastructure is unevenly deployed, with urban centers better served than highways,
prompting experts to recommend a “saturation approach” that prioritizes full electrification in
select cities and corridors*. Supply chain constraints are equally pressing, as India has limited
reserves of lithium, cobalt, and nickel, underscoring the importance of indigenous innovation
and the R&D Roadmap on Tropical EV Batteries, which emphasizes chemistries such as NMC,
LFP, and LMFP in the near term, and sodium-ion or solid-state systems in the longer run'!.
Strengthening battery management systems, diagnostics, and recycling frameworks, including
digital battery passports, is also essential for safety and circularity. Looking forward, the IEA
estimates that ambitious EV adoption and efficiency policies could cut India’s transport energy
demand by 30% and avoid up to 60% of projected CO: emissions by 2050, provided annual

investments of USD 20-30 billion and rapid infrastructure expansion are sustained

1.3 Background: Battery Landscape

The history of batteries reflects the broader trajectory of energy use and technological progress.
The concept of storing electricity in chemical form dates back to Alessandro Volta’s pile in
1800, which demonstrated a continuous source of current for the first time. Over the nineteenth
century, the Daniell cell and the lead-acid battery laid the foundation for practical
electrochemical storage. Lead-acid cells are widely used in automotive and backup applications
till today, due to low cost and robustness. The twentieth century witnessed the rise of nickel-
cadmium and nickel-metal hydride batteries, which provided higher energy densities and
dominated portable electronics before the advent of lithium-based systems. The

commercialization of lithium-ion batteries in the early 1990s marked a turning point in the



energy world: their combination of high energy density, long cycle life, light weight and
decreasing cost enabled the rapid growth of laptops, smartphones, and eventually today’s
electric vehicles. The invention of LIBs brought the 2019 Nobel Prize in Chemistry to its
inventors - John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for their

pioneering work on LIB electrodes and electrolytes.

The rising penetration of renewable energy sources such as solar and wind, while
environmentally favourable, produces significant challenges that necessitate reliable and
scalable energy storage systems (ESS). Among the various technologies, rechargeable
batteries, especially lithium-ion batteries (LIBs) have emerged as the most widely deployed
storage solution due to their high energy density, long cycle life, and adaptability across
multiple scales - from consumer electronics and electric vehicles to grid-scale storage'Z.
However, environmental concerns regarding lithium, cobalt, and nickel supply, as well as
issues of recyclability and environmental footprint, are fuelling the exploration of alternative
battery chemistries. Sodium-ion batteries (SIBs), owing to the abundance and low cost of
sodium, have recently gained traction as a competitive alternative, particularly for stationary
storage'®. Also, solid-state batteries, which replace flammable liquid electrolytes with
inorganic or polymeric solid electrolytes, are being intensively investigated for their promise

of higher energy density and enhanced safety'?.

Beyond rechargeable batteries, a diverse array of non-battery storage technologies plays an
equally critical role in the rechargeable world. Supercapacitors (SCs) play a pivotal role in
bridging the gaps persistent in renewable energy technologies. These charge storage devices
help in smoothing intermittent energy generation in solar and wind power systems, enhancing
the efficiency of electric vehicles etc!®. hybrid energy storage systems (HESS) combine
supercapacitors or flywheels with batteries to balance energy and power requirements'®!”.
Large-scale methods such as pumped hydro storage (PHS), thermal energy storage (TES), and
green hydrogen remain central to global capacity portfolios.'®?°. However, for India’s fast-

growing renewable sector and electrification goals, rechargeable batteries, particularly LIBs,

are emerging as the most viable near- to mid-term solution.

With the transition from internal combustion engines to electric vehicles, the battery pack has
become the core determinant of efficiency, lifetime, cost, and safety. While cathode and anode
chemistries often dominate discussions, sustainability goals demand equal attention to

supporting components. Life-cycle assessments highlight that beyond electrodes and



electrolytes, the separator is a critical enabler of ionic transport, thermal stability, and
mechanical integrity, yet it has historically been underemphasized. As global and national
priorities converge on decarbonization and circularity, innovations in separator design—
particularly with renewable, functionalized materials such as cellulose—are central to
advancing both performance and sustainability. This recognition motivates the focus of the

present thesis.

1.4 Lithium Storage: Intercalation Chemistry and Beyond

The dominance of lithium in modern electrochemical energy storage originates from its unique
electrochemical properties; it is the lightest metal with the smallest ionic radius, and it resides
at the top of the electrochemical series with the most negative standard reduction potential (—
3.04 V vs SHE)?!. This combination yields the highest possible cell voltage and gravimetric
energy density, while the small Li* ion enables fast intercalation into host electrode lattices
with minimal structural strain. As a result, lithium-based systems deliver superior energy and
power performance compared with other alkali or multivalent ion chemistries. These attributes
explain why lithium-ion batteries (LIBs) have become the backbone of today’s energy storage
technologies, spanning portable electronics, electric mobility, and stationary renewable energy
storage systems>>%3. In practical scenario, LIBs typically deliver specific energies of 150-250
Wh.kg™ with power densities exceeding 1,000 W.kg™!, outperforming conventional systems
such as nickel-metal hydride or lead-acid batteries**. Their success lies in the highly reversible
intercalation/deintercalation of Li* ions within host electrode structures, which allows for long

cycle life while maintaining structural integrity.

The lithium-ion intercalation mechanism is the heart of LIBs, which enables Li" ions to
reversibly insert into and extract from host electrode materials with minimal structural
disruption. The layered frameworks of cathode materials consist of alternating transition-metal
oxide sheets and Li layers, that facilitate suitable interlayer Li* diffusion?*. On the other hand,
graphitic carbon-based anodes remain the industry standard due to its ordered layered structure
capable of forming staged Li-C intercalation compounds. These layers accommodate Li* with
minimal lattice distortion, vital for enduring extensive cycling, high efficiency and low
potential?®. The intercalation process is schematically shown in Figure 1.2(a), along with their
corresponding chemical reactions in Figure 1.2(b). The layered matrix concept, both at cathode
and anode, offers several advantages. Firstly, the planar diffusion pathways facilitate low-

voltage hysteresis and long-term cycling retention. Secondly, layered structures permit one-
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dimensional or two-dimensional Li diffusion that helps to achieve high ionic conductivity and
high-rate charge/discharge. Also, substituting Ni, Mn, and Co tailors voltage, capacity, and
thermal behavior, while doping with Al, Ti etc further stabilizes the lattice against oxygen
release and structural phase

transitions under long cycling.
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metal oxide cathodes, have attracted researchers to dig into alternative electrochemical
reactions capable of delivering higher energy densities. Also, fast charging in LIBs often
triggers localized lithium plating, capacity fade, or safety hazards, while elevated C-rates
require electrodes and electrolytes capable of supporting uniform ion transport and heat
dissipation. In parallel, concerns regarding the availability and cost of lithium, cobalt, and
nickel have heightened the need to optimize lithium utilization and extend battery lifetime
through improved electrode chemistries and recycling strategies?’. Although alternative
chemistries such as sodium-ion and multivalent systems are being investigated, lithium remains

the benchmark for electrochemical energy storage. Its superior energy and power efficiency



serve as both a practical foundation for current technologies and a reference point for next-
generation systems. Due to this, three major classes of Li-based reactions have been actively
pursued: conversion-type, alloy-type, and lithium-metal-based systems. Conversion-type
reactions involve the full reduction of transition-metal compounds (oxides, sulfides, fluorides
etc) into metallic nanoparticles dispersed in a LiX (X = O, S, F) matrix. For instance,
transition-metal fluorides (e.g., FeF3) provide theoretical capacities above 700 mAh.g'%.
However, large volume changes and voltage hysteresis hinder their commercial use. Alloy-type
anodes, such as silicon, tin, and phosphorus, exploit Li-metal alloy formation to achieve
capacities far beyond graphite (e.g., 3579 mAh.g™!' for LiisSis)?. Silicon, in particular, has
emerged as a strong candidate for next-generation anodes due to its abundance and high
gravimetric and volumetric capacities. Yet, repeated lithiation/delithiation induces ~300%
volume expansion, leading to electrode pulverization and unstable solid electrolyte interphase
(SEI) formation®*3!. Strategies such as nanostructure engineering, binder modification, and
composite design are being developed to mitigate these issues. Lithium-metal anodes represent
the ultimate energy-dense option, with a theoretical capacity of 3860 mAh.g!' and the lowest
possible electrochemical potential (—3.04 V vs SHE). Lithium-metal cells enable the realization
of high-energy chemistries such as lithium-sulfur (Li-S) and lithium-oxygen (Li-O2) batteries.
Li-S batteries promise specific energies up to 2600 Wh.kg !, while Li-O; cells can theoretically
reach 3500 Wh.kg 32, However, both face critical challenges, including lithium dendrite

growth, polysulfide shuttling in Li-S batteries, and parasitic reactions in Li-air systems.
1.5 Critical LIB Components

The performance and safety of rechargeable batteries depend on the conjugal function of four
key components—cathode, anode, electrolyte, and separator, each contributing unique
physicochemical properties that govern capacity, cycling stability, ionic conductivity, and
thermal resilience. While cathodes largely determine energy density, anodes control specific
capacity and rate performance. Electrolytes, mainly in liquid form, provide the ionic medium
but introduce safety challenges due to volatility and flammability. Separators act as physical
and electrochemical safeguards, that basically prevents the handshaking of the two electrodes
by separating them. The synergy between these materials has been shaped by decades of
innovation, culminating in the 2019 Nobel Prize in Chemistry awarded to John B. Goodenough,
M. Stanley Whittingham, and Akira Yoshino for their pioneering work on LIB electrodes and

electrolytes™.
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1.5.1 Cathode

The cathode is the energy-defining component of rechargeable batteries. The earliest
breakthrough in battery cathodes was by M. Stanley Whittingham, who in the 1970s employed
titanium disulfide (TiS;) as a host for lithium intercalation, laying the foundation for
rechargeable LIBs**. Later, John B. Goodenough introduced lithium cobalt oxide (LiCoO> or
LCO) in 1980, a layered oxide cathode with high operating voltage (~4 V), which remains a
cornerstone in commercial batteries till date’. Today, layered oxides such as NMC and NCA
dominate EV applications due to their high energy densities, while LiFePO4 (LFP), discovered
by Padhi et al. in 1997, offers enhanced safety and cycle stability that are essential for portable
electronics®®. Cathode optimization now focuses on Ni-rich systems, doping, and structural

stabilization for longer lifetimes, safer operation and cost effectiveness.
1.5.2 Anode

The anode critically influences specific capacity and cycling efficiency of a battery. Akira
Yoshino’s pioneering work in the 1980s demonstrated a carbonaceous anode derived from
petroleum coke which enabled safe and reversible lithium-ion shuttling, eliminating dendritic
lithium deposition observed in earlier prototypes®’. This breakthrough, combined with
Goodenough’s cathode and stable organic electrolytes, formed the first commercial LIBs
released by Sony in 1991. Graphite soon replaced coke, offering a well-defined layered
structure with reversible intercalation up to LiCs (theoretical capacity ~372 mAh.g™!"). Beyond
graphite, alloy-type anodes such as silicon (3579 mAh.g!) and tin are under active
development for higher energy density, though they face challenges of large volume expansion
and unstable SEI formation®®. Lithium-metal anodes, with their ultrahigh capacity (3860
mAh.g!), remain the ultimate target, but dendrite formation and safety issues necessitate

innovative separators and electrolytes, linking directly to the theme of this thesis.
1.5.3 Electrolyte

Electrolytes, typically comprising a lithium salt (LiPFs) dissolved in carbonate-based organic
solvents, provide the ionic conduction medium. This formulation, introduced in the late 1980s,
enabled stable cycling of LIBs by forming a solid electrolyte interphase (SEI) on graphite
anodes>’. However, the flammability and volatility of organic solvents remain significant safety
concerns. High-voltage cathodes accelerate electrolyte decomposition, generating gas and

impedance rise. Additives such as fluoroethylene carbonate (FEC) and lithium
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bis(fluorosulfonyl)imide (LiFSI) salts have been developed to stabilize interfaces and extend
voltage windows*’. Current research emphasizes solid-state electrolytes (polymer, sulfide, and
garnet-type ceramics), which can eliminate leakage and reduce flammability risks while
enabling the use of lithium-metal anodes. Electrode-electrolyte compatibility remains critical

to overall battery stability.

1.5.4 Separator

The separator, though electrochemically inert, is a vital safety and reliability component. Its
primary role is to prevent short-circuiting by physically isolating the two electrodes while
allowing ionic conduction. Conventional separators are made of polyolefin-based polymers
like polypropylene (PP), polyethylene (PE) etc. Introduced in the 1980s, battery separator’s
multilayer variants (e.g., PP/PE/PP) provide mechanical strength and “shutdown” functionality

upon collapsing of pores at elevated temperatures*!.

From systems perspective, EV duty cycles demand wide temperature operation, frequent
partial-state-of-charge cycling, high C-rate charge/discharge events or fast charging, and
stringent lifetime targets. These conditions amplify the functional requirements of separators
beyond their basic role of physical isolation. High porosity with optimized pore-size
distribution and low tortuosity are needed to sustain uniform ion flux at high rates without local
concentration polarization. At the same time, adequate mechanical integrity must be preserved,
particularly when wetted with low-viscosity electrolytes. Also, mechanical robustness and
puncture resistance, stack pressure, particle asperities, gas evolution, and manufacturing
defects can impose localized stresses; separators must resist tearing and maintain dimensional
stability to avoid internal shorts during cycling and vibration typical of automotive use.
Elevated temperature events originating from exothermic reactions or external abuse can lead
to shrinkage and pore collapse in conventional polyolefin membranes. Engineered separators
must delay thermal runaway by maintaining structure at higher temperatures and, where
applicable, enabling controlled shutdown. The limited thermal stability and poor electrolyte
wettability of plastic-based separators present risks in high-energy cells. That is why with the
rising demand for safer and more sustainable batteries, advanced separators incorporating
ceramic coatings, functional polymers, and bio-derived substrates such as cellulose are being
investigated*?. These developments highlight the separator’s evolving role from a passive
physical barrier to an active enabler of stability and performance, which forms the central

research direction of this thesis.
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1.6 Evolution of Separator Materials

The development of battery separators has progressed through distinct stages, each reflecting
the growing performance and safety requirements of rechargeable batteries. In the earliest
generation, separators were adopted from porous membranes used in alkaline and lead—acid
batteries. These films provided only a mechanical barrier to prevent short circuits, with little

consideration of ionic conductivity or thermal endurance.

With the commercialization of lithium-ion batteries in 1991, polyolefin-based microporous
membranes became the industry standard. Their low cost, mechanical robustness, and ability
to be manufactured at large scale made them suitable for the first wave of portable electronics.
However, their inherent drawbacks like limited wettability toward polar carbonate electrolytes
and shrinkage above 120-140°C, posed safety risks under high-power or high-temperature
operation*!. To overcome these challenges, the next stage of evolution introduced multilayer
separators (e.g., PP/PE bilayers and PP/PE/PP trilayers), which enabled the shutdown
functionality effectively. The central PE layer in the three-layered matrix melted under abuse
conditions to block ionic transport, reducing the risk of thermal runaway. Still, their overall

thermal resistance and interfacial compatibility remained limited.

To improve these properties, thin ceramic or porous functional coatings were applied onto
PE/PP. The coating materials include AlOs, TiO., silica aerogel, porous organic polymer
(POP), or hybrid skins such as SiO/PVDF-HFP on PP. These coatings helped to increase
surface energy and wettability, raised the softening temperature, and hardened the surface
against particle asperities, while preserving the microporous scaffold underneath. A
complementary route also introduced surface activity directly on PE/PP. Grafting of some
functional materials (e.g., poly(ethylene glycol) methacrylate, SiO; etc) in the separator matrix
add polar and oxophilic moieties that anchor solvated Li* and reduce interfacial impedance.
Compared with simple coatings, grafting resists delamination, maintains pore

interconnectivity, and fine-tunes wetting without excessive mass gain.

In the next stage, polymer blends were developed that perfectly balance thermal stability, pore
formation and interfacial compatibility. Ultra-high-molecular-weight PE with poly(4-methyl-
I-pentene) (UHMWPE/PMP) and high-density PE with methyl cellulose (HDPE/MC) are
representatives of this series. Blending of polymers help to modify crystallinity and glass

transition temperature (Tg) to improve puncture resistance and to engineer pore size and
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tortuosity for uniform ion flux at higher C-rates. Next phase of separator development consisted
high-T polymers like polyamide (PA) and polybenzoxazole (PBO) which offer superior
thermo-oxidative stability. PVDF-HFP/PI multilayers pair ionic affinity (PVDF-HFP) with
high-temperature integrity (PI). Sandwich structures such as SiO:@PI/m-PE/SiO.@PI
nanofiber combine electrospun ceramic-reinforced membranes with a melt-blown PE core,
yielding low shrinkage, improved wetting, and enhanced puncture strength—key for abuse

tolerance and fast-charge conditions.
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Figure 1.3 Schematic representation of evolution of separator technology

Most recently, the focus has been shifted to functionalized and sustainable separators which
involve the cellulose-based separators. Cellulose, being the most abundant natural polymer on
earth, holds sufficient potential to be functionalized and used as battery separator. It possesses
good mechanical robustness and flexibility owing to the intra- and intermolecular hydrogen
bonded networks present in its structure. Cellulose structure contains numerous micro- and
nano-fibrils that shows immediate swelling upon liquid absorption; this results in excellent
electrolyte wettability of the cellulose-based separators. Paper is mostly composed of cellulose,
with some amounts of lignin and hemicellulose. With its firm structure, paper consists of all

the advantages of cellulose and can potentially be used as separators in different energy storage
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systems. Also, if paper can be functionalized to an extent that it becomes able to conduct ions,
it can also act as a flexible electrolyte that can be a game changer in research in electronics for
the curved surface applications. The journey of separator evolution has been summarized in
Figure 1.3. The research on battery separators, thus captures a trajectory where the separator
has transformed from a silent component into a critical controller of battery safety,

performance, and sustainability.

Globally, the separator market is growing rapidly due to the surge in electric mobility and
renewable energy storage systems. Countries like China, South Korea, and Japan dominate the
production landscape. In India, while battery manufacturing is rising, the development of
advanced separator materials remains relatively underexplored, highlighting a critical research
and industrial opportunity. Indian research on battery separators is in its early stages but
growing. Academic institutions and public laboratories are focusing on indigenous materials
like cellulose and clay, aiming to reduce import dependence and promote Atmanirbhar Bharat

in energy storage technology.

1.7 Critical Technical Parameters: Workable Separator in LIBs
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Figure 1.4 Various complex processes that a separator undergoes inside an electrochemical

cell [reproduced with permission from 43]

A separator inside a battery is not merely an inactive porous membrane, rather it has to endure
a lot of physico-chemical processes that take place during electrochemical cycling. These
include lithium dendrite growth, binder decomposition, particle cracking, SEI decomposition

etc, as illustrated in Figure 1.4. Thus, a practical separator combines a set of engineered
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parameters - this so-called inert component must have a suitable and uniform thickness, good
mechanical robustness, sufficient porosity, electrolyte wetting ability, thermal stability and it
should enable fast, uniform Li* transport while surviving mechanical stresses and abuse without
compromising safety. The different properties that need to be tuned for a separator are

summarized in Figure 1.5.
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Figure 1.5 The different properties of a separator membrane that need to be tuned for its successful

functioning [reproduced with permission from 44]

The properties explained below are optimized to design separator materials and to benchmark

their performance.

(@) Thickness & areal resistance: Thin separators lower cell impedance and boost
energy density; commercially useful thickness is typically below 25 um.

(ii) Porosity, pore size and electrolyte uptake: Porosity controls how much
electrolyte the membrane can hold and directly impacts ionic conductivity. Ideal
porosity of a separator is commonly in the 40—-60% range. Sub-micron, uniform
pores sized <l um, help block unwanted particle penetration and dendrite
propagation while enabling sufficient uptake and smooth ion transport. Excessive
porosity, however, can weaken mechanical strength and reduce effective ion

transport.

16



(iii)  Tortuosity and connectivity: Low tortuosity (approaching unity) with well-
connected porous network shortens ionic paths, minimizes concentration
polarization at high C-rates. Modern topological analyses highlight pore

connectivity as a primary determinant of rate performance.

Table 1.1 Ideal values of the main parameters of lithium-ion battery separators, their relevance in

battery performance and the typical experimental techniques for their determination

Parameter Ideal Relevance Measurement Method
Value/Range
Thickness (um) <25 Determines the mechanical strength of Micrometer
the separator membrane, help to restrict
short-circuit of the battery and affects
cell impedance and rate capability
Porosity (%)/ 40-60/ <1 Affects the swelling process and Pycnometer and/or
pore size (jum) electrolyte uptake of the separator mercury intrusion
method/scanning electron
microscopy (SEM)/BET
adsorption
Wettability High Controls the amount of electrolyte Contact angle

Tensile strength

>80 MPa along

retained in the separator

Determines the mechanical properties:

Dynamic mechanical

(%) MD Young modulus, yield strain analyzer or stress-strain
mechanical measurements
>40 MPa along
TD
Shrinkage (%) <5% in both Dimensional stability; the separator must Thermal analysis
MD and TD not shrink significantly and certainly
must not wrinkle when exposed into the
electrolyte solution
Thermal Stable Thermal properties strongly affect Thermogravimetric
behavior (°C) separator performance Analysis
(TGA)/Differential
scanning calorimetry
(DSC)
Tonic >10+ Influences power and energy of the Electrochemical
conductivity battery impedance spectroscopy
(S.cm™) (EIS)
Chemical/ 0-5vV Separator’s stability in reactive and Cyclic voltammetry
Electrochemical oxidative environment (CV)/Linear Sweep
Stability Voltammetry (LSV)
Lithium ~1 Charge transport during current flow in A.C. impedance
transference lithium-ion cell spectroscopy or
number potentiometric analysis
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(iv)  Ionic conductivity & Li" transference: Electrolyte-soaked separator should
deliver bulk ionic conductivity >10* S-cm™! for workable cells. The lithium
transference number, when approaches unity, helps to reduce concentration
polarization and improve high-rate performance. Separator surface
functionalization or tailored chemistries can enhance effective Li* transport.

v) Mechanical and thermal robustness: Tensile strength, puncture resistance and
low thermal shrinkage (<5% MD/TD) ensure mechanical integrity of a separator
under stack pressure and abuse. Thermal shutdown is also essential to delay or arrest
thermal runaway.

(vi)  Chemical/electrochemical stability & manufacturability: Stability across the
operational cell voltage window with most of the commercial electrodes (05 V),

is essential for a separator to ensure its real-world applicability.

In short, a “workable” separator is indeed an optimal combination of thickness, controlled
porosity/connectivity, low tortuosity, high wettability and ionic transport, and sufficient
mechanical and thermal integrity. The properties along with their required range and

measurement technique are summarized in Table 1.1.
1.8 Types of Separators

Conventionally, separator membranes can be of various types. The most important types are
based on polymers, and include microporous membranes, nonwoven membranes, electrospun
membranes, membranes with external surface modification, composite membranes and
polymer blends, or some combination of these types. Among these, microporous membranes,
composites and polymer blends are the most widely used separators. Recently, other types of
separators (e.g., nonwoven membranes, electrospun membranes and membranes with external
surface modification) have become highly relevant due to the many works showing improved
specific properties such as wettability or thermal properties. The mostly used polymers as
battery separators include polypropylene (PP), polyethylene (PE), polyvinylidene fluoride
(PVDF), polyethylene oxide (PEO), polyacrylonitrile (PAN), polyvinyl alcohol (PVA),
polyimide (PI), cellulose etc. Among them, PE, PP, and PVDF-based membranes show a

promising combination of ionic conductivity and capacity, as displayed in Figure 1.6.

Types of LIB separator along with brief fabrication process and examples are summarized

below:
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1.8.1 Microporous Membranes

Microporous membranes dominate commercial Li-ion cells. Typically fabricated from
polyolefins such as polyethylene (PE) and polypropylene (PP), they are produced by dry-
stretching (mechanical drawing of extruded films) or wet processes (solvent-induced phase
separation). The resulting membranes show uniform pore distribution and acceptable
mechanical strength, but limited thermal stability and poor electrolyte wettability restrict their

use in high-power or next-generation systems®’.
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Figure 1.6 lonic conductivity vs discharge capacity for various polymer membranes, mostly used as

battery separators [reproduced with permission from 46]
1.8.2 Nonwoven Membranes

Nonwoven separators are obtained from fibrous mats or polymer granules, often produced by
melt-blowing, spunbond, air and wet-lay processes. Their open structure provides high porosity
and electrolyte retention. However, mechanical weakness necessitates reinforcement or
coating*’. Recently, researchers are working on cellulose-based nonwoven membranes coated
with ceramic nanoparticles to achieve improved puncture strength and high-temperature

stability.
1.8.3 Electrospun Membranes

Electrospun membranes represent a highly versatile class. Electrospinning creates ultrafine

fibers with interconnected pore networks and large surface area, yielding separators with
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outstanding electrolyte wettability, rapid ion transport, and thermal tolerance. By adjusting
spinning parameters like applied voltage, needle-collector distance, flow rate and needle inner
diameter, morphology of the fibers can be precisely tuned*®. Functional additives (e.g., ceramic

nanoparticles or ionic liquids) can also be co-electrospun for enhanced safety and conductivity.
1.8.4 Membranes with External Surface Modification

Surface-modified membranes involve post-treatment of commercial polyolefin separators with
coatings or grafted layers. In recent years, conventional PP, PE and PVDF separators have been
surface modified in order to improve wettability, thermal stability and mechanical properties.
Surface modification has been accomplished externally by several strategies, which include
dip-coating with ceramic/polymer slurries, plasma treatment, polymer grafting and chemical
modification. These processes help to extend the usable lifetime of conventional membranes

without altering their bulk microstructure®®.
1.8.5 Composite Membranes

Composite separator membranes are developed by dispersing various fillers into polymer
matrix, followed by solvent casting. The fillers generally include inert ceramic oxides (Al2Os3,
Si0,, TiO2, ZrO»), ferroelectric materials (BaTiO3), super acid oxides (CaCOs3, AIPO4, Fe>Os,
Zr-0-S04, BN, SN, NiO, CuO, nano-Zn0O), natural clays (montmorillonite), carbonaceous
materials (CNT), molecular sieves, zeolites and metal-organic frameworks (ZSM, NaY, MCM-
41, MOF-5), as well as lithtum-ion conducting fillers (LiAlO2, LATP, LLTO). Such fillers
enhance dimensional stability, improve electrolyte uptake, and provide tortuous ion-blocking
pathways that suppress lithium dendrites. Fabrication routes include slurry casting, vacuum

impregnation, or in-situ nanoparticle growth on the polymer framework*S.
1.8.6 Polymer Blends

Polymer blend membranes combine two or more polymers with complementary characteristics
in order to improve the ionic conductivity, electrochemical stability and cycling performances
of battery separators. These membranes are produced by different techniques such as phase
inversion technique or UV-induced radical photo-polymerization etc*’. Polymer blends
typically used for battery separators are based in polymers such as PVDF, PVDF-HFP, PEO,
PAN, PMMA, PE and PVC and the commonly used polymer blends are PVDF-HFP/PAN,
PVDF/PMMA and PVDF-HFP/PMMA etc. Some novel polymer bland separators also include
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cellulose derivatives such as ethyl cellulose (EC), carboxymethyl cellulose (CMC) etc blended
in PVDF or PE.

Apart from the conventional types of separators, there are two other broad categories,

especially when we work with cellulose-based separators. They include:

(i) Passive filler impregnated separators: While developing cellulose-based, especially
paper-based separators, the cellulose paper matrix need to be functionalized with
different polymer and ceramic materials, in order to improve wettability, interfacial
contact and flame retardancy. Primarily, the passive or non-Li-ion-conducting ceramics
can enhance these properties quite well. In our work, we have incorporated
nanoceramics like Al,O3, BaTiO3, ZrO;, SiO2, Montmorillonite (MMT) clay in the
paper matrix and discussed their development and performance optimization in

Chapters 3-7.

(i) Active filler impregnated separators: Although the passive fillers help in enhancing
separator functionalities quite well, they also increase the dead mass inside an
electrochemical cell which may be disadvantageous for long term operation. That is
why we tried to incorporate ionically conducting ceramics in paper matrix such as
garnet-type LLZO to enhance ionic conductivity and extend cycle life. The research has

been discussed in detail in Chapter 8.

It is well-known that the flammable organic liquid electrolyte used in commercial cells causes
several safety concerns, which is why the global research is moving towards the development
of much safer solid-state electrolytes (SSEs). Solid electrolytes can be either inorganic solid
electrolytes (ISEs) or solid polymer electrolytes (SPEs). When solid electrolytes are used in a
cell, there is no requirement to use a separator since the electrolyte pellet or membrane itself
separates the electrodes. We have developed different ceramic-incorporated composite solid
polymer electrolytes (CSPEs) and finally paper-supported composite solid polymer electrolytes
(p-CSPEs). Their fabrication, performance and application potential in future Paper Cell

Technologies have been discussed in detail in Chapter 9.
1.9 Commercial Separator (PP/PE) & Drawbacks

Commercial separators used in lithium-ion batteries are predominantly made from polyolefin
polymers, such as polypropylene (PP) and polyethylene (PE). These commercial membranes

are typically fabricated through dry stretching (mechanical drawing of extruded films) or wet
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phase-separation processes, which yield microporous structures with controlled thickness and
porosity™’. The success of polyolefin in terms of commercial standards arises from a balance
of mechanical robustness, light weight, ductility, chemical inertness, large-scale
manufacturability, and shutdown functionality provided by multilayer PP/PE/PP designs’'.
These features have ensured their widespread adoption in commercial LIB cells, used in
consumer electronics, medical devices, and electric vehicles as well, despite their well-

recognized shortcomings.
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Figure 1.7 Thermal shutdown of a battery shown schematically, where separator play a critical role

[reproduced with permission from 52]

The major limitations of PP/PE-based membranes that constrain their performance, safety, and

long-term reliability, are as follows:

= Poor Thermal Stability: Polyolefin separators melt at elevated temperatures (>120
°C), thereby shrinking and leading to internal short-circuits and safety hazards such as
thermal runaway. Along with the separators, the flmmable organic liquid electrolyte
also has a significant contribution towards the accidents caused by thermal runaway, as
schematically represented in Figure 1.7.

» Limited Electrolyte Wettability: Non-polar polyolefin surfaces exhibit low affinity
for liquid electrolytes, resulting in high interfacial resistance, incomplete pore filling,

reduced ionic conductivity and longer battery fabrication time.
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= Limited Electrochemical Stability: Polyolefin membranes have limited oxidative
stability (~4.5-5 V vs Li"/Li), which constrains compatibility with high-voltage
cathodes. Lithium-ion Battery Cost Breakdown

= Dendrite Growth Vulnerability: Submicron
pores may still allow Li dendrite penetration
over prolonged cycling, causing internal short-

circuits.

= Environmental Concerns: Polyolefin Flecm vt

Separator
6%

separators are derived from non-renewable

Other materials
(Cu, Al, binder)
7%

petrochemical  sources and are not

Manufacturing &

biodegradable, and extremely inert to it
environmental changes which extends their life Electronis/ams
a lot. Polyolefins, primarily polyethylene (PE) -
and polypropylene (PP), are the most produced Tz:ﬁ?i;&ﬁt

polymers globally, representing approximately

Overheads & Profit

45.2% of the total plastic production®®. These

issues  raise  significant  concerns  of Figure 1.8 Cost comparison of LIB

sustainability and recycling. components and  manufacturing

» High Cost: The processing and fabrication of  process parameters
commercial plastic-based separator is quite
high. It contributes to around 7% of the total cost of a battery. The contribution of costs

from different components and process techniques has been summarized in Figure 1.8.

The limitations of polyolefin-based commercial separator membranes compel the researchers
to search for a sustainable and low cost alternative, that will simultaneously ensure the

performance and safety of an energy storage system.
1.10 Cellulose: A Potential Alternative

As already discussed, commercial polyolefin-based separator membranes show severe
environmental and safety issues, which garner the quest of sustainable separator materials as
suitable alternative. Other than conventional ceramic-coated membranes and non-woven
fabrics, cellulose can be considered as a potential alternative to commercial separator
membranes. Apart from being the highest abundant natural polymer on earth, cellulose consists

of some other suitable phenomena. Biodegradability, high affection towards water and other
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liquids and resultant excellent wettability, sufficient porosity, thermal stability, good
mechanical strength owing to its inherent hydrogen bonding network and easy processability
are some of them. These are the characteristics that make the functionalization of cellulose easy

and development of cellulose-based separators feasible.
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Figure 1.9 A schematic diagram showing different cellulosic materials having potential to be

functionalized as battery separator, along with cellulose structure and its advantages™

In recent past, several research groups attempted to process cellulose or its modified forms as
separator for use in lithium-ion batteries. Jiang et al. reported bacterial cellulose derived
separator, which showed excellent dimensional stability up to 180°C with good ionic
conductivity®®. In another approach, Xu et al.>® explored the preparation of polydopamine-
coated cellulose micro-fibrillated membrane and reported to have the superior mechanical

1.7 reported the development of a tri-layer

strength and electrochemical performance. Pan et a
cellulose-based separator, which showed effective thermal shutdown function with improved
wettability and thermal stability. Guo et al.>® has also reported the preparation of green
cellulose-based composite separator, which were thermally stable and the mechanical
strengthening were done through styrene-coacrylate latex. The structure of cellulose, its various

usable forms and advantages are summarized in Figure 1.9.
1.11 Paper Chemistry and Functional Paper

Among various cellulosic materials, the inherent chemistry of Paper is quite interesting. Rooted

in the semicrystalline microfibrillar structure of cellulose and its dense network of surface
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hydroxyl groups, paper combines both the mechanical integrity and the functional versatility

of cellulose

Paper is generally produced by isolating cellulose fibers from renewable sources such as wood,
cotton, jute, bamboo, or agricultural residues, followed by pulping to remove lignin and
hemicellulose. The purified cellulose fibers are then suspended in water, deposited as a thin
mat, and dried, during which hydrogen bonding between fibers gives the sheet its strength and
integrity. This simple yet scalable process underpins the wide availability and versatility of
paper. During sheet formation, intimate contact between hydrated fibers followed by drying
creates extensive inter-fiber hydrogen bonding (often assisted by adsorbed hemicelluloses),
which gives paper its surprising tensile strength, anisotropic layering, and recyclability. The

same fiber network and processing-
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chemistry of paper is readily modified: Figure 1.10 Summary of various scientific and
surface  sizing, grafting, polymer fechnological applications of paper

coatings, and inorganic impregnation can

tailor surface energy, thermal behavior, and interfacial chemistry without destroying the fiber
scaffold. These combined features - tunable porosity, high wettability, mechanical robustness
from hydrogen bonding, and straightforward chemical/physical functionalization, make paper

an attractive, low-cost scaffold for next-generation separator and separator-cum-electrolyte

membranes in energy-storage systems.

Recently, Zeng et al. has functionalized tissue paper with PVDF-HFP and SiO; to obtain a
paper separator for LIBs, with high Li-ion transport (tLi” = 0.56), better thermal safety and
flame retardancy®. In another study by Wang et al., cellulose paper is undergone acetylation

reaction followed by a metal-organic framework (MOF) coating, which helped to enhance the
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electrolyte wettability, ionic conductivity and capacity retention as an LIB separator!. Apart
from being used as battery separators, paper is substantially used in flexible electronics, such
as printed circuits, RFID tags, sensors, disposable electronics and wearable devices, as recently

reviewed by Ying et al®?

. A paper-based microfluidic analytical device is developed by Cai et
al. for blood glucose examination. It is named as pPAD, which is able to determine point-of-
care blood glucose and hematocrit concentrations accurately®’. Tanveer et al. has mentioned
various paper-based microfluidic fuel cells (PMFCs) and their potential applications in a recent
review®. Apart from these applications, paper also is diversely used in supercapacitors,
biosensors, energy harvesting devices, water purification, filtration and biodegradable

packaging purposes. The various possible applications of paper-based matrices are summarized

in Figure 1.10.
1.12 Next Generation Separators: Cost & Sustainability

The development of next-generation separators is not only a scientific challenge but also an
economic and environmental necessity. Commercial polyolefin membranes, despite their
performance in today’s cells, contribute substantially to battery cost and are derived from non-
renewable petrochemical sources, raising long-term sustainability concerns. The current status

of separator production in India’s EV market is given in Figure 1.11.

India Electric Vehicle Battery Study Period 2019 - 2030
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Market Size in USD Million Base Year For Estimation 2024

CAGR 14.43 Forecast Data Period 2025-2030
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Market Size (2025) USD 1.49 Million
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USD1.49M Market Concentration High

India Electric Vehicle Battery Separator Market Leaders
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o Entek International LLC

Figure 1.11 Current separator market in India for electric vehicles, along with the key market leaders

[source: report by Mordor Intelligence]
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In India, market leaders like Asahi Kasei, Sumimoto Chemicals etc are also tending towards
ceramic-based and sustainable separator options. As electric mobility and grid storage scale
globally, the demand for safe, low-cost, and recyclable separators has intensified more. Cost
competitiveness will be decisive for large-scale EV adoption, while circular design principles
are essential to reduce environmental footprint and resource dependency. Therefore, research
has increasingly shifted toward renewable, bio-derived, and functionalized alternatives, such
as cellulose paper-based membranes, which offer a compelling balance of affordability, safety,

manufacturability, and ecological responsibility.

Such commercial drive is compelling the global research community to intensify the quest for
sustainable alternatives, both for polyolefin separator and organic liquid electrolyte. It is a
common trend that research on battery separators is quite less in number as compared to
cathode, anode and electrolyte. However, the scenario is changing with, as can be observed in
Figure 1.12. As per the last ten years’ web of science data, research on separators is increasing
exponentially and it is expected to see more and more scientific and innovative research in

functional separators in the coming years.
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Figure 1.12 Trend of the research in separator for last 10 years (source: web of science)

1.13 Research on Separator-cum-electrolyte Membranes

Conventional liquid electrolytes in lithium-ion batteries, typically composed of LiPFs dissolved
in carbonate solvents (e.g., EC, DMC, DEC), provide adequate ionic conductivity but suffer
from severe safety, stability, and sustainability issues. Their high volatility and flammability
make them prone to leakage, fire, and thermal runaway, while decomposition at elevated

temperatures and freezing near 0°C limit their usable temperature range. Moreover, their
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electrochemical stability window rarely exceeds 4.3-4.5 V vs Li"/Li, restricting compatibility
with high-voltage cathodes. LiPFs-based electrolytes also form fragile SEI layers that degrade
at high temperature, undergo hydrolysis to generate HF in moist conditions, and fail to suppress
lithium dendrite growth in Li-metal configurations, leading to internal short-circuits. Beyond
these performance limitations, carbonate solvents are petroleum-derived, toxic, and difficult to

recycle, raising both environmental and cost concerns.

Replacing flammable liquid electrolytes with solid-state alternatives addresses these
limitations at the material level and enables the use of Li-metal anodes with theoretical
capacities of 3860 mAh g'. Solid-state electrolytes (SSEs) include inorganic ceramics (oxides,
sulfides) with high ionic conductivities but brittle mechanics, polymer electrolytes (PEO,
PVDF-based) with flexibility but low room-temperature conductivity, and composite polymer
electrolytes that combine polymer flexibility with ceramic fillers for improved ionic transport
and stability. Other variants such as gel polymers, ionic-liquid hybrids, and glassy electrolytes
offer intermediate solutions. In this context, paper-based composite polymer electrolytes, as
developed in Chapter 9, provide a sustainable, flexible platform that integrates separator and
electrolyte functionality, though further optimization of conductivity, interfacial resistance, and

large-scale processability remains essential.
1.14 Research Gap and Opportunities

Despite decades of progress in lithium-ion battery technology, separators and electrolytes
remain critical bottlenecks for performance, safety, and sustainability. Commercial polyolefin
separators (PP/PE) dominate the market, but their poor thermal stability, limited wettability,
dendrite vulnerability, and petrochemical origin raise serious concerns for next-generation
applications such as fast-charging EVs and high-voltage cells. Similarly, carbonate-based
liquid electrolytes, though widely adopted, are volatile, flammable, and chemically unstable,
restricting safe operation and complicating recycling. Research has produced partial solutions
through ceramic coatings, polymer blends, or inorganic/polymer solid-state electrolytes, yet
these approaches face challenges of cost, interfacial resistance, brittleness, and large-scale

manufacturability.

In this context, cellulose paper emerges as a sustainable, abundant, and low-cost platform with
inherent mechanical strength, porosity, and hydrophilicity, which can be further functionalized

with polymers and ceramics. While promising demonstrations exist, systematic optimization
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of thickness, filler distribution, ionic conductivity, and interfacial compatibility is still lacking.
Opportunities lie in tailoring paper-based matrices not only as separators but also as
multifunctional separator-cum-electrolyte membranes, thereby reducing component count and
enhancing circularity. Furthermore, integration with advanced chemistries such as lithium
metal, sodium-ion, and solid-state batteries offers exciting prospects. To bridge the gap
between laboratory feasibility and commercial adoption, future work must address scalability,
reproducibility, and cost-competitiveness, ensuring that paper-based technologies can align

with global sustainability goals and India’s Atmanirbhar Bharat mission.

1.15 Objectives and Scope of the Thesis

This thesis primarily aims to develop a sustainable, low cost and cost-effective alternative to
commercial polyolefin-based LIB separator membranes. Cellulose paper, being the most
abundant and potential material available, was our first choice in this perspective. The major

scopes and related objectives of this thesis are described as follows:

(1) Functionalizing the locally outsourced low cost paper matrix with suitable polymer
and ceramic materials along with the process and composition optimization was the
first and foremost task that has been completed and covered in Chapter 3. Paper
substrate from local market although is the most cost-effective option, its high
thickness (80-90 um) and inherent impurities caused the cell impedance to rise and
as a result limited electrochemical performance.

(11) Reduction of thickness of the paper separator to commercial standard (20 pm) was
crucial. Substituting that paper with a pure cellulose paper of low thickness proved
to be an effective approach, only with multilayer polymer coating and BaTiO3;
ferroelectric impregnation. Variant of this trilayer paper separator not only
performed well in lithium-ion batteries, but it showed optimal performance in
sodium-ion battery and supercapacitor applications, as described in Chapter 4.

(iii)  To improve cycling stability, interface compatibility and safety features of the
separator, a wide range of ceramic and clay materials has been explored as fillers in
paper matrix. AlbO3, BaTiO3 and ZrO, impregnation proved to be effective in
enhancing thermal stability and electrolyte wettability. However, ZrO,, for its
strongest surface charge-based interaction with cellulose, provided the most stable
electrode-separator interface, hence reducing the charge-transfer impedance and

facilitating ion transport. In another approach, a natural clay material namely
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Montmorillonite (MMT) has been incorporated in paper matrix to develop the most
sustainable and cost-effective separator for LIBs. MMT having a beautiful layered
structure, high porosity and flame resistance characteristics, helped to induce better
wettability, improved ion transport and better safety features into the separator
membrane. The effect of different ceramic and clay material impregnation in paper
separator on overall battery performance has been elaborated in Chapters 5 and 7.

(iv)  So far, ZrO»-based paper separators performed very well, mostly due to the
homogeneous distribution and high surface activity of ZrO» as well as the Lewis
acid-base interaction of Zr*' with the anions present in Li-salt-based liquid
electrolytes. However, Zr*" remain coordinated with O, thereby saturating the
positive charge and resultant decrease in interaction with anions and effective salt
dissociation. The research consisted in Chapter 6 focuses on the coordination
unsaturation of Zr*" via complexation with some organic chelating agent. This
approach helps in facilitating Li-salt dissociation as well as smooth Li-ion transport
through selective zirconia nanodomains. As a result, the chelated zirconia-modified
paper separators exhibit extended cycling, better Li transference number and high
interfacial stability.

(v) Apart from these passive ceramic and clay-based filler materials, ion-conducting
active ceramic such as LLZO has also been incorporated in paper matrix. This
provided an alternative lithium migration pathway, thereby enhancing ion
conductivity and transport phenomena. Also, LLZO helps in modifying the surface
of paper in such a way that the thermal stability and self-extinguishing nature of
separator enhanced significantly. This study is described in Chapter §.

(vi)  Finally, with all these optimizations, we moved toward the development of paper-
based electrolyte which will successfully replace both polyolefin separator and
liquid electrolyte. Development and performance optimization of this ultimate

separator-cum-electrolyte membrane have been demonstrated in Chapter 9.

A graphical overview of the research works conducted under this thesis timeline along with

their key findings, is provided in the thesis roadmap of Figure 1.13.
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Chapter 2

Research Methodology

Highlights

e Strategies adopted for the preparation and modification of paper-based separators and
composite electrolytes

e Experimental techniques used for structural, physicochemical, mechanical, and
electrochemical characterizations

e To establish the methodological framework linking material processing with performance
evaluation in sustainable energy storage applications

Flow of Work

/\

Paper-based Composite Polymer and Paper-based
Separator ‘ Composite Electrolyte

Structure and Microstructure
Porosity and Wettability Studies
Mechanical Properties

Conductivity and Ion-transport
Properties

Electrochemical Cycling
Post-mortem Analysis
Thermal and Safety Tests

Figure 2.0 Flow of the experimental works done under the scope of this research

Every scientific experiment needs a set of materials, instruments and techniques for it to attain success.
The present chapter provides the details of the experiments accomplished throughout the timeline of the
research summarized in this thesis. The development of paper-based ceramic separators and electrolytes
for sustainable energy storage applications went through various stages. During the material
development phase, we had to optimize the fabrication process as well as the component compositions
extensively. In the later stage, we measured the physical, mechanical and electrochemical phenomena
of the developed membranes, and tried to find the science behind the happenings.



2.1 Overview

This chapter outlines the experimental framework established to develop and evaluate
cellulose-based paper separators and composite polymer electrolytes for safe, high-
performance lithium-ion batteries. It first describes the selection and handling of raw materials
and the fabrication strategies - including aqueous and solvent-based sizing, ceramic
impregnation, lamination and solution-casting of PVDF-HFP/LiTFSI-based composite films -
that were optimised to produce mono-, bi- and tri-layer paper-derived membranes. A
hierarchical characterisation pathway is then presented: microstructural and morphological
features are examined (FESEM/EDX, XRD) to assess filler distribution and crystallinity;
physical properties (thickness, Gurley air permeability, porosity, wettability, tensile behaviour
and zeta potential) quantify electrolyte uptake, mechanical integrity and pore architecture;
thermal and safety performance is probed through TGA/DTA, shrinkage, flame test/SET,
shutdown and thermal-shock tests; and electrochemical functionality is evaluated via EIS (with
DRT analysis), LSV, DC polarization, CCD and galvanostatic cycling in symmetric and full-
cell configurations. All measurements were performed under controlled atmosphere where
required and with statistical replication to ensure reproducibility. The methods are organised to
correlate processing — structure — properties — performance, and the detailed procedures
and instrumentation are presented in the following sections; results and discussion of specific

compositions appear in Chapters 3—9.

2.2 Materials and Chemicals

The present thesis work focuses on the development of composite separator and electrolyte
systems for energy storage devices. A set of materials and chemicals was used to carry out the
research work. Table 2.1 represents a dedicated list of the chemicals and reagents used in this
thesis. All the commercial chemicals have been used without any further purification. Highly
moisture-sensitive materials have always been stored and handled inside an argon-filled glove
box (MBraun, Germany) (H>0<0.1 ppm and O,< 0.1 ppm, make: MBraun, Germany) to avoid
any exposure, degradation, or parasitic side reactions during synthesis, storage, and cell

fabrication.
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Table 2.1 Details of the materials and chemicals used in the research

Material

Cellulose paper (Thickness ~ 80/90
pm)
Cellulose paper (Thickness ~ 20/25
pm)
PP-based commercial separator for
LIBs
Chitosan
Polyvinyl alcohol (PVA)
Styrene butadiene rubber (SBR)
suspension
Polyvinylidene fluoride (PVDF)
Polyvinylidene fluoride co-
hexafluoropropylene (PVDF-HFP)
Polyethylene oxide
N-Methyl-2-pyrrolidone (NMP)
N,N-Dimethylformamide
Acetic acid
1-propanol
Miilipore water
Aluminum oxide
Barium titanium oxide
Zirconium dioxide
Silicon dioxide
Lithium
bis(trifluoromethanesulfonyl)imide
(LiTFSI) (anhydrous)
Li-foil
Mesocarbon microbead (MCMB)
powder
Li4TisO12 anode powder
LiFePO4 cathode powder
LiNi;3Mn;3Co130; cathode powder
LiMn,0O4 cathode powder
LiCoO; cathode powder
LiPFs in EC:DMC (1:2) liquid
electrolyte
NaPFs powder
Active carbon (Super P)
Lithium nitrate (LiNOs)
Lanthanum nitrate hexahydrate
(La(NOs3)3.6H,0)
Zirconyl nitrate hydrate
(ZI‘O(NO3)2.XH20)
Alanine (CsH7NO»)

Make/Source
Local market

Bat-Sol Equipment and
Technology, India
Maxtiger, China

Sigma-Aldrich
Sigma Aldrich
MTI Corporation, USA

MTI Corporation, USA
Sigma Aldrich

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
SRL
SRL

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

MTI Corporation, USA
MTI Corporation, USA

MTI Corporation, USA
MTI Corporation, USA
MTI Corporation, USA
MTI Corporation, USA
MTI Corporation, USA
MTI Corporation, USA

Sigma Aldrich
MTI Corporation, USA
SRL
SRL
Sigma Aldrich

Merck
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Purity/Assay

Impurities present

100% pure cellulose

100% pure PP/PE

>99.9%
>99.9%
49.0-51.0%

>99.99%
>99.9%

>99.8%
>99.99%
>99.99%
>99.0%
>99.0%
Pure

>99.99%
>99.99%
>99.99%
>99.99%
>99.99%

100% pure
>99.99%

299.99%
2>99.99%
>99.99%
299.99%
>99.99%
299.99%

>99.9%
2>99.9%
>99.5%
>99.5%
>99.9%

>99%



2.3 Development of Paper Separators

As directed by the introductory chapter, we have tried to develop cellulose paper-based
sustainable separators, that have shown comparable physico-chemical and electrochemical
performances as compared to commercial LIB separator. Optimized thickness and porosity,
high thermal and mechanical stability, good Li-ion conductivity etc are some crucial parameters
to develop a workable separator for batteries. With our broader vision of developing EV-ready
separators, greater emphasis has been put to enhance the thermal stability as well as cycling
performance. Paper consists of mainly cellulose along with some amounts of hemicellulose
and lignin. The linear chain structures of cellulose provide mechanical integrity to paper,
mainly due to the presence of intra- and intermolecular hydrogen bonds. Cellulose micro and
nanofibers create a cross-linked network inside the paper matrix along with some pore spaces.
The porosity and mechanical strength of paper are not always up to the standard of a battery
separator. That is why the paper substrate should be sized and functionalized with some suitable
polymer and ceramic materials prior to be used as a separator or as an electrolyte membrane.
The sizing and ceramic impregnation inside the paper matrix are done via a wet-coating process

using an in-house designed double-decker fabricator machine, as shown in Figure 2.1.

Figure 2.1 Digital image of the in-house designed separator fabricating semi-automated double-decker
machine; (4) feeding zone for cellulose based locally outsourced commercial paper roll, (B) coating
chamber, (C) Infrared thermal zone for drying at upper cabinet, (D) Infrared thermal zone for drying

at lower cabinet and (E) final separator product in roll form
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2.3.1 Separator with Higher Thickness

At the initial stage of the research work, a paper substrate was chosen from local market, whose
thickness (~80 pm) is much higher than the commercial separator standard. The aim was to
first confirm whether paper can truly be used inside an electrochemical environment or not.
After buying, we had observed the microstructure of the paper substrate and we had done EDX
analysis to see what elements were present inside it. Quite expectedly, the raw paper substrate
consisted of several impurities, which needed to be anchored before its implementation as a
separator in a battery.

For this purpose, the cellulose paper had been coated with Chitosan, which is the second most
abundant natural polymer on earth (first is cellulose itself). Chitosan was dissolved in acetic
acid in 0.25, 0.50 and 1.00 w/v% by continuous stirring. Next, an aqueous solution of polyvinyl
alcohol (PVA) and was prepared via stirring and mildly heating at 60°C. The concentration of
PVA was varied within the range of 0.1-0.6 w/v%. This solution was mixed with the already
prepared solution of Chitosan in 3:1 volume ratio. After that, a nanoceramic powder (BaTiO3
or Si07) was dispersed in the polymer solution via stirring for 12h. The amount of ceramic
powder was also varied with the concentrations of 0.1, 0.5, 1.0 and 1.5 w/v%. The details of
the compositions and their respective nomenclature used have been provided in Chapter 3.
After the final solution is prepared, it is put in the solution chamber of the separator fabricator
machine. The paper substrate was previously dried at 80°C under vacuum for de-moisturization
purpose. The ceramic-polymer blend with optimum viscosity was then applied to both the
surfaces of the cellulose paper substrate by dip-coating technique as illustrated schematically
in Figure 2.2. The coated paper was dried in-situ under two infrared thermal zones located
both at upper and lower decks of the fabricator machine and finally winded in roll form. The
dried separator roll was then compacted using double roller calendaring machine under varying
pressure of 60-300 tons. The thickness of the paper was reduced to 60-70 pm after drying and
compaction.

The paper separator was further named as Paperator and it was stored carefully for the physical
and electrochemical characterizations. Before each experiment, the paper had been oven-dried
at 60°C under vacuum since cellulose is generally very much hydrophilic in nature. Also,
before cell fabrication, the paper separators had been kept in the evacuated anti-chamber of the
Ar-filled glove box for overnight to remove any traces of surface moisture. The physical and
electrochemical experiments proved that paper can be successfully used as LIB separator after

effective treatment. While the electrochemical performance of paperator had matched the
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benchmark of commercial PP-based separator, the thermal stability and electrolyte wettability

had surpassed the commercial standard by a significantly high margin.

Stirring & Heating Ceramic powder -
Polymer in Homogeneous > Polymer-ceramic
solvent Solution Stirring slurry
Stirring
Another polymer Homogeneous Duo-Polymer and
in suitable solvent Solution Ceramic Blend

IR Drying Zone

Hot Compressing Roller
Feeding Roller L;l Q Fe-samss .
' Pulling Roller H
' \3 , , O ) Q
o

OHNONE©
@

! I e NI i ; ! 7
s@e 88885 ©

ﬁ H Final Product
Teflon Dip-Coating Chamber

Paperator Roll
Paper Roll IR Drying Zone

Figure 2.2 Process flow chart along with schematic representation of paper separator fabrication

process

2.3.2 Paper Separator with the Thickness of Commercial Standard

After successful conversion of the locally available paper into paper separator, we tried to
reduce its thickness to the commercial standard. While commercially available separators are
20-25 pum thick, our paper substrate’s thickness was nearly 4 times of that. This is the reason
we decided to change the paper substrate. NKK paper was already being used as separator in
Supercapacitors, whose thickness is 18-22 um. We had chosen a paper substrate very similar
to the NKK paper with no added impurities. With that, the issues with the unwanted substances
present inside the paper matrix were faded away. The surface morphology of the paper substrate
was observed by FESEM imaging; simultaneous EDX analysis proved the purity of paper.
These details are provided in Chapters 4, 5 and 8.

Similar to the previous method, this time also the paper substrate was oven-dried for 12h before
separator fabrication process. Since the paper substrate purely is made up of cellulose, aqueous
coating like previous is not possible. In aqueous medium, cellulose gets dissolved and the

structure of the paper is deformed, as paper is originally derived from aqueous cellulose slurry.
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Also, the surface of the raw paper is quite rough and uneven. These are the reasons that the
paper needs to be sized with a polymeric solution before any aqueous coating. The polymer
helps to coat the individual cellulose fibers, strengthen them and maintain their structural
integrity throughout further steps of separator fabrication. In the second layer of coating, the
ceramic particles are introduced which enhance the electrolyte wettability, thermal stability and
interfacial contact of the separator. However, one drawback of this bilayer separator is that
ceramics may leach out from the separator surface and contaminate the electrolyte during long-
term cycling of the battery. We faced such issues in the previous method also. To mitigate this
problem, a lamination layer of very low concentration of polymer solution is given on the top
surface of the paper separator. The overall process gives rise to a trilayer paper separator which

is elaborately discussed in Chapter 4.

2.3.2.1 Monolayer Separator

With the paper substrate of ~20 um thickness, monolayer separator can also be developed,
where the ceramic particles are introduced in the first sizing layer only. An optimized amount
(generally 3-5 w/v%) of polyvinylidene fluoride (PVDF) was dissolved in N-Methyl-2-
Pyrrolidone (NMP) solvent, by mild heating and continuous stirring for 6h. After that, the
desired ceramic nanopowder was added in the solution in optimal ratios and it was stirred for
overnight. On the next day, the solution is put in the solution chamber of the double-decker
equipment and the previously dried paper substrate was dip-coated by the solution . The coating
and drying were done following the previous processes mentioned in Section 2.2.1. The paper
separators in roll form were compacted in a double roller calendaring machine under 20-30
tons of pressure. In Chapter 8, paper separators impregnated with Li-ion active ceramics have

been developed by this process.
2.3.2.2 Bilayer Separator

The pure cellulose-based paper was first coated with a 3.5 w/v% PVDF in NMP solution for
sizing purpose. After coating and drying, the paper was compacted under a load of 50-60 tons
and named as P35. It was again dip-coated with an aqueous ceramic-polymer blend to get the
final bilayer paper separator. For this, styrene butadiene rubber is dissolved in deionized water
via stirring, in an optimized proportion. Then the ceramic material is added in the solution and
stirred for 12h. The oven-dried P35 paper is again dip-coated with this solution in the same

double-decker separator fabricator unit. The drying and compaction process are also same as

41



previous. The final product is a bilayer separator in roll form. Paper separators have been

fabricated using this process in Chapters 5, 6 and 7.
2.3.2.3 Trilayer Separator

After two layers of successive coatings, the paper was further coated with an aqueous solution
of SBR withs varying concentration of 1.0-3.0 w/v%. This is lamination step, which provides
smooth separator surface, minimized pore spaces and a protective layer to impede the
dissolution and/or leaching of ceramic particles in electrolyte under actual cell environment.
After lamination step, the in-situ dried paper separator was finally compacted under pressure
of 20-30 tons using the calendaring machine. Paper separators in Chapter 4 were fabricated

using this trilayer technique.

All the fabricated paper separators obtained at different stages (sizing, ceramic impregnation

and lamination) were stored carefully for further characterizations.

2.4 Development of Polymer Electrolytes

After successfully developing paper-based composite separators for metal-ion batteries and
supercapacitors, the next aim of this research work is to develop sustainable separator-cum-
electrolyte membranes that will potentially replace both the flammable liquid electrolyte and
plastic separator. It will also be used against Lithium metal whose capacity and energy density
are highest among the available battery electrodes. To develop composite polymer electrolytes,
we have used polyvinylidene fluoride co-hexafluoropropylene (PVDF-HFP) as the base
polymer. A Li-salt namely lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was
incorporated in the polymer matrix for enhancing Li-ion conductivity of the electrolyte

membranes.

2.4.1 Composite Solid Polymer Electrolytes (CSPEs)

The composite solid polymer electrolytes (CSPEs) were fabricated using a simple solution
casting method, as described in Figure 2.3. All the reagents were previously vacuum dried for
24h to remove residual moisture. The PVDF-HFP was then dissolved in N,N-
dimethylformamide (DMF) via stirring at high temperature. After dissolving, LiTFSI was
added, and the solution was stirred for a few more hours. Then, optimized amounts of ceramic

nanopowders were added to the solution to obtain the CSPE suspensions. Those were then cast
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on a PTFE substrate using a
PVDF-HFP

doctor’s blade. The free- in DMF CSPE shumy

standing CSPE films were Additon of Addtion of
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vacuum dried and then Nanoparticles
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Along with them, the Heating & Stirring Stirring Stirting
PVDF-HFP and LiTFSI- Casting and Drying

of the CSPE at 60°C
based CSPE film with no under vacuum

added ceramic was also

fabricated for comparison. Figure 2.3 Schematic representation of the fabrication process of
In Chapter 9, CSPEs were  (cspEs
developed  using  this

process; further details and compositions are duly reported in that chapter.

2.4.2 Paper-based CSPEs

Before proceeding with the paper-supported CSPE, a duo-polymer-based CSPE has been
developed to enhance the room temperature ionic conductivity to a significant extent. For this
purpose, an optimal amount of polyethylene oxide (PEO) of the total polymer was added in the
primary polymer solution of PVDF-HFP in DMF. After homogeneous mixing, the optimized
amount of nanoceramic powder was added to it and dispersed well via prolonged stirring. Some
portion of this solution was cast as it is to get a free-standing CSPE film. The remaining portion
is put in the sample chamber of the semi-automated double-decker separator fabricator unit,
presented in Figure 2.1. The oven-dried pure cellulose paper roll (thickness ~ 20 um) is coated
by the solution in both sides and air dried in the IR drying zone of the same instrument. After
initial drying, the paper-based CSPE membrane is transferred to a vacuum oven. The coated

paper is further compacted and collected in roll form with a uniform thickness of ~60+5 pm.
2.5 Characterization Techniques and Instruments

A comprehensive set of structural, physico-chemical, thermal, electrical, and electrochemical
experiments was used to investigate the functional properties of the developed separator and
electrolyte membranes inside and outside the cell environment. An effort was made to correlate
the fabrication processes and strategies with microstructure, thermal properties, ion-transport,

interfacial stability, and post-electrochemical studies. In this way, an end-to-end approach is
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produced which ranges from sustainable and cost-effective material design to performance

modulation.
2.5.1 Physical Characterizations

2.5.1.1 Thickness

A thickness gauge with model no. CD-6" CSX from Mitutoyo Corp., Japan has been used to

measure the thickness of all the fabricated as well as commercial membranes.

2.5.1.2 Air Permeability

Air permeability is a critical parameter for evaluating the porosity and tortuosity of separator
membranes, as these structural features strongly influence electrolyte uptake and ionic
conductivity. It is measured in terms of Gurley value, which can be defined as the time required
for a fixed volume of air to pass through a given area of the separator under a constant pressure.
The Gurley measurement was carried out using a Gurley precision instrument (Model No.
4110N). A lower Gurley number corresponds to higher air permeability, indicating a more open
pore structure, while higher values suggest denser membranes with restricted flow pathways.
In the context of battery separators, an optimum balance is essential: excessively high
permeability may compromise mechanical strength and safety, whereas very low permeability

can hinder electrolyte infusion and ionic transport.
2.5.1.3 Electrolyte Uptake and Wettability

To quantify the electrolyte uptake capability of fabricated separators, circular disks of each
sample with diameter of 19 mm have been cut and they are soaked in the standard liquid
electrolyte (1M LiPF¢ in Ethylene carbonate (EC):Dimethyl carbonate (DMC) (1:2)) for 2h
inside glove box. The following equation has been used to measure their electrolyte uptake
percentage:

Electrolyte uptake = W %X 100% (2.1)
dry

where Wdry and Wwet are the respective separator weights before and after the absorption of

liquid electrolyte.

Another important parameter for the separators is electrolyte wettability. In our research work,
this property is analysed by measuring the contact angle of the separator membranes with the

standard liquid electrolyte solution. The contact angle measurement has been carried out using
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Data Physics OCA 15PRO, Germany. Consecutive values of contact angle for each separator

have been measured in 10-60s time interval.
2.5.1.4 Pore Characteristics

The porosity (%) of the separator membranes is calculated using the following relation'~:

) — Wwet—=Wary)/Pe

Usep

Porosity (% (2.2)

where Wary and Wyt are the weights of the separator before and after electrolyte absorption, pe
is the density of the liquid electrolyte, and vsep is the geometric volume of the separator. This
method correlates the electrolyte uptake with the accessible pore volume, thereby providing an

estimation of the effective porosity available for ionic transport.

The Brunauer—Emmett—Teller (BET) adsorption isotherms of the developed separators were
obtained using a Surface Area & Pore Size Analyzer (NOVA 4000e, Quantachrome, USA).
Prior to analysis, all samples were degassed at 100 °C under vacuum (1x107* Pa) for 10 h.
Nitrogen adsorption—desorption at 77 K was used to evaluate specific surface area from the

BET equation,

1 1 c-1
= 2.3
w[(po/p)—1] wmxC + WmXCX(po/p) (2.3)

where, p is the equilibrium pressure of the adsorbate, py is the saturated equilibrium vapour
pressure of the adsorbate, w is the weight of gas adsorbed at a relative pressure, wy, is the weight
of adsorbate constituting a monolayer of surface coverage, C is a constant, which is an
indication of the magnitude of the adsorbent/adsorbate interactions. Pore volume and size
distributions have been determined by the Barrett-Joyner-Halenda (BJH) method**. The BET
model relates the volume of gas adsorbed to the exposed surface area, whereas the BJH

approach provides pore size distribution from the isotherm data.

2.5.1.5 Tensile Properties

Mechanical robustness is an indispensable property for separator and electrolyte membranes,
as they must withstand stresses during electrode stacking, cell fabrication, and repeated
electrochemical cycling without tearing or deformation. Tensile strength, elongation at break,
and Young’s modulus were measured using a Universal Testing Machine (Model No. 5500R,

INSTRON, UK) equipped with a 1 kN load cell, operated at varying crosshead speeds of 5-10
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mm.min~!. Samples were cut into rectangular strips of desired dimensions, and tensile tests
were performed along both the machine direction (MD) and transverse direction (TD) to
capture anisotropy in mechanical behavior arising from the fibrous paper matrix. The tensile
data provide insights into the reinforcing role of polymer sizing layers and ceramic
impregnation, which are expected to enhance fiber bonding and load distribution within the
separator. Thus, the tensile property evaluation not only benchmarks the developed paper
separators against commercial polypropylene (PP) membranes but also establishes their

reliability for practical battery applications.

2.5.1.6 Zeta Potential

Zeta potential measurements were performed by electrophoretic light scattering (ELS)
technique, to evaluate the surface charge of aqueous suspension of pure cellulose paper and
LLZO particles dispersed in ethanol. Zeta potential is an indicator of suspension stability
dominated by surface charge, whose higher absolute values correspond to better electrostatic
stabilization and a lower tendency for agglomeration. The zeta potential data were thus used to
assess the effective surface charge and dispersion stability of ceramic powders in contact with
cellulose paper, which influence subsequent processing and microstructural evolution. All
measurements were carried out using a Malvern Zetasizer Nano series instrument after

ultrasonication-assisted dispersion of the materials in suitable solvents.
2.5.2 Structure and Microstructure

The structural and microstructural details of the developed membranes are crucial for
determining their morphology, pore size and distribution, nature of ceramic impregnation,

crystallinity etc.
2.5.2.1 Digital Images

Digital images of separator as well as electrolyte membranes have been captured using a

normal mobile camera.

2.5.2.2 X-ray Diffraction (XRD) Pattern

To investigate the crystallographic structure of the separator and CSPE membranes, X-ray
diffractograms have been generated using an X’pert Pro MPD XRD system (PANalytical,
Netherlands) with nickel-filtered Cu Ka (A = 1.5406 A) radiation, irradiated at 40 kV and 40
mA, and a step size of 0.02.
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It is noteworthy to mention here that X-ray diffraction is a non-destructive analytical technique
used to determine the crystallographic structure, phase composition, and microstructural
parameters of materials. The method is based on the interaction of incident X-rays with the
periodic arrangement of atoms in a crystalline solid. When a monochromatic X-ray beam
impinges on a crystal lattice, the atomic planes act as diffraction gratings and scatter the X-rays
coherently. Constructive interference occurs when the path difference between reflected beams

from successive lattice planes satisfies Bragg’s law®:
nl = 2dsinf 2.4)

where n is the order of reflection, A is the wavelength of the incident X-ray, d is the interplanar

spacing, and 0 is the diffraction angle.

By recording the diffracted intensity as a function of 26, a characteristic diffraction pattern is
obtained. Each crystalline phase exhibits a unique set of diffraction peaks, allowing phase
identification, crystallite size estimation, and evaluation of lattice strain and preferred

orientation.

Crystallinity Index (CI) of a polymer is generally calculated from the XRD pattern using the
peak fitting method by using the following equation®’:

Ac
Act+Aq

Crystallinity Index (CI) = %X 100% (2.5)

Where, A is the area of the crystalline peaks and A. is the area of the amorphous peaks. So,
(ActA.) in the denominator indicates the area of all the crystalline and amorphous peaks
combined. In case of the CSPE films, the XRD peak for the PVDF-HFP polymer at ~20° is
amorphous in nature. So, to calculate the change in crystallinity index of the polymer with the
incorporation of different ceramic materials, the equation has been modified in the following

way:

cl = Area of the targeted peak (2.6)

" Area of all the crytalline and amorphous peaks

2.5.2.3 Microstructure by SEM and FESEM

The microstructure and morphology of the separators have been studied using a Scanning

Electron Microscope (SEM) of Phenom TM series, Model Pro-X, USA and a Field Emission
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Scanning Electron Microscope (FESEM, Supra VP35 Carl Zeiss, Germany) followed by
elemental compositional analysis by attached EDX setup.

The morphology of the composite solid polymer electrolyte (CSPE) membranes has been
analyzed using a field emission scanning electron microscope (FESEM, Zeiss Gemini FE-SEM
500, Germany). EDX and elemental mapping for the samples have been obtained from the

same instrument.

It is worthy to mention here that SEM basically works by scanning a focused electron beam
over the surface of the given sample. It produces microscopic images from the secondary and
backscattered electrons to reveal the overall morphology, surface porosity, and distribution of
impregnated particles. FESEM is the advanced version of SEM, which used a field emission
source of electron beam. It provides images with much higher resolution and depth. This
research focuses on the development of composite separator and electrolyte membranes by
incorporating polymer and ceramic in the paper matrix. Energy-dispersive X-ray spectroscopy
(EDX) coupled with FESEM was also used for elemental analysis and mapping, which is
highly useful for the visualization of any impurity present or distribution of the ceramic

nanoparticles.
2.5.3 Spectral Characteristics

Spectroscopic techniques provide valuable insights into the molecular structure and chemical
environment of the developed membranes. By probing characteristic bond vibrations and
lattice dynamics, these methods help in identifying functional groups, monitoring polymer-

ceramic interactions, and confirming structural modifications induced during fabrication.
2.5.3.1 Fourier Transformed Infrared (FTIR) Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a powerful analytical technique used to
identify and characterize the functional groups present in polymeric, organic, and composite
materials. It works on the principle of absorption of infrared radiation at characteristic
frequencies corresponding to the vibrational modes of chemical bonds. The resulting spectra,
represented as transmittance or absorbance versus wavenumber, provide information about the
chemical structure, molecular interactions, and possible modifications induced during
processing. In the present work, FTIR spectra were recorded using a JASCO FTIR-6300
spectrometer in the range of 4000-400 cm™'. The technique was employed to monitor the

incorporation of polymers, ceramic fillers, and salts into the cellulose paper matrix, as well as
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to detect any changes in bonding environment arising from their interactions. Shifts in
characteristic absorption bands and changes in peak intensities were carefully analysed to
confirm chemical modification, presence of hydrogen bonding, and uniform distribution of

additives in the developed separators and electrolyte membranes.
2.5.3.2 Raman Spectroscopy

Raman spectroscopy is a complementary vibrational technique that provides information about
molecular vibrations, lattice modes, and structural order in polymers and composite materials.
It is based on the inelastic scattering of monochromatic light, typically from a laser source,
where a small fraction of photons undergoes energy shifts corresponding to specific vibrational
transitions. The resulting Raman spectra serve as a fingerprint of the material, allowing the
identification of crystalline phases, degree of structural disorder, and interactions between
polymer chains and ceramic fillers. In the present study, Raman spectra of the developed
separator and electrolyte membranes were recorded using a Horiba Jobin Yvon LabRam HR
spectrometer with a 633 nm Ar-ion laser. The spectral data were analyzed to confirm the
incorporation of ceramic fillers, investigate polymer-filler interactions, and examine changes
in local bonding environments. Peak deconvolution was performed using XPSPEAK41
software to resolve overlapping vibrational modes, enabling a more accurate interpretation of

structural modifications in the composite membranes.
2.5.4 Cell Fabrication

The developed separators as well as commercial paper and commercial PP-based separator are
tested in real electrochemical cell environment. For this purpose, different types of cells have

been prepared, especially for different energy storage applications, as described below:
2.5.4.1 Battery

Various types of cells have been prepared to determine the application potential of the

separators in Li-ion Li-metal batteries:

(a) Symmetric cell
To investigate the interfacial stability and long-term Li plating/stripping behavior,
symmetric cells (Li/Electrolyte/Li) were fabricated with the polymer electrolyte as well
as the paper electrolyte membranes of 19 mm diameter. All cells have been assembled
inside an Ar-filled glovebox (O2 and H>O < 0.1 ppm) to prevent parasitic reactions of

Li-metal and electrolyte solvents with ambient air or moisture. Commercial Li foils
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(100 um thickness) were cut into discs (15mm diameter) and carefully stacked on both
sides of the electrolyte membrane. The stack was crimped into CR2032-type coin cells
with stainless steel spacers and spring components to maintain intimate contact. A
moderate pressure of ~800-1200psi was applied during assembly to minimize
interfacial voids, ensuring reproducible electrochemical performance. These symmetric
cells were used for impedance spectroscopy, DC polarization, and long-term cycling
stability tests.
On the other hand, cells with Li-ion blocking electrodes, such as stainless steel (SS),
were fabricated for the measurement of ionic conductivity of the separator and
electrolyte membranes.

(b) Full cell
To evaluate the practical application of developed separator and electrolyte membranes,
full cells have been fabricated with commercial cathode, anode, electrolyte and Li-
metal (where applicable). In most cases, mesocarbon microbead (MCMB) anode and
commercial LiFePO4 (LFP), LiMn204 (LMO), LiCoO> (LCO) and LiNii3Mn13C01302
(NMC111) cathodes were used along with LiPF¢ in EC:DMC (1:2) liquid electrolyte.
Homogeneous cathode slurries were prepared by mixing the active material (80 wt%),
Super P carbon (10 wt%), and PVDF binder (10 wt%) in NMP. Then, the slurry was
cast onto the aluminum foil using a doctor blade and dried at 100 °C overnight under
vacuum. The dried cathode sheets were roll-pressed, punched into discs, and transferred
into the glovebox. MCMB anode casting was done in similar manner; the only
difference is that the anode slurry is cast onto copper foil itched with HCI solution. Coin
cells (CR2032) were assembled, depending on the testing requirements. For NZSP-
based separator, commercial NVP as a cathode and Na metal as an anode are used. The
NVP cathode was cast in the same ratio (80:10:10), and 1M NaPFs solution in
tetraglyme was used as the wetting medium.
It 1s very challenging to design all solid-state flexible metal batteries using a hybrid
paper-polymer-based composite membrane. Two designs were explored in this study.
Firstly, the casted composite cathode consisted of a commercial LFP cathode,
composite polymer slurry, and active carbon in the weight ratio of 75:15:10. The casted
slurry was coated directly onto the hybrid paper-polymer matrix for good interfacial
stability. After drying and compressing, Au gold sputtering was used for coating over
the composite cathode to make the electrode connection. The cells were assembled with

Li metal and a hybrid paper-polymer electrolyte cum composite cathode inside the
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glove box. In the second method, an in-situ polymerization approach has been used to
transform the paper from an electronic insulator (>10° ohms) matrix to a high electronic
conductor (10-20Q2). And then the previous casting step was followed for both cathode
and anode. No liquid electrolyte is used in this all soli-state paper cell configuration to

understand the role of the solid electrolyte in the electrical and electrochemical process.

2.5.4.2 Supercapacitor

The electrochemical performance of some of the developed separators has been explored in
supercapacitors. Cylindrical type supercapacitors (SCs), of cell size 16 mm (¢) x 36 mm (H)
were fabricated and tested at C-MET (Thrissur, India) by using their state of the art
supercapacitor cell fabrication facility. Two wire-leaded carbon aerogel based electrodes
(aerogel carbon casted onto thin aluminium foil current collector) were used for this purpose.
Two active electrodes and two layers of separator were assembled as per the EDLC
configuration and then they were co-axially winded by using semiautomatic capacitor winding
machine. After degassing the electrode wounds at 60°C under vacuum, liquid electrolyte (1.0
M Et4NBF,, in propylene carbonate) was impregnated within electrode wounds, which then
immediately sealed in aluminium cans of size 16 mm (¢) x 36 mm (H). Electrochemical
characteristics (cell capacitacnce and cell ESR) of the SCs, thus made with the separators were
tested as per IEC 62391-1 (Class-I: energy storage and Class-II: power/surge power
application). Constant current charge-discharge and constant current pulsing technique were
used for evaluating the cell capacitance (Cef) and cell ESR respectively by using supercapacitor
testing system. The charge-discharge cyclying for SCs were done between the 0.10-2.50 V DC
and Cer of the SCs were calculated from the discharge line of the charge-discharge curves by

using the following expanded equation®,

Ig XAt Igx(ts —tq)
Cesr(Farad) = dAV = d(Vlez)l (2.7)

where Cefr is cell capacitance in farad, I4 (ampere) = discharge current, Vi (volt) = 80% of Vr
(VR = upper rated voltage, 2.50 V DC), V2 (volt) = 20% of Vr, At (seconds) = (t2 —t1) = time
taken to discharge a charged SC from V; to V2. Similarly, the cell ESR was measured by
applying five consequitive current pulses of 200 mA each sequentially for 10 mS on the SC,

charged at Vg (2.50V DC) and the cell ESR of SCs were caluated as®,
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ESR,y (Ohm) = —Lpulse. 2.8)

n Xlpylise

where AVpuse is the drop of voltage due to applied current pulse (Ipuise) and n = no. of

consequtive pulses.
2.5.5 Electrical and Electrochemical Tests

The electrical and electrochemical tests carried out under this study are as follows:
2.5.5.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a powerful and widely employed technique
for probing the electrochemical, interfacial, and transport properties of energy storage and
conversion systems. In this method, a small sinusoidal perturbation voltage (typically 5-10
mV) is applied over a broad frequency range (from MHz to mHz), and the resulting current
response is measured to obtain the system’s impedance as a function of frequency. Unlike
steady-state electrochemical techniques, EIS provides information in both the time and
frequency domains, thereby enabling the separation of resistive, capacitive, and inductive
contributions associated with charge transfer, double-layer formation, diffusion, mass
transport, and bulk ionic conduction. The resulting impedance data are generally represented
in the form of Nyquist plots (imaginary vs. real impedance) or Bode plots (magnitude and
phase vs. frequency). The ionic conductivity is calculated from the impedance recorded as real

axis intercept of the Nyquist plots, using the following equation:
o= —+xLt (2.9)

The ionic conductivity (o) was assessed using the bulk resistance (Ryp) of the cell, along with

the thickness of the composite membrane (1) and the area of the working electrode (a).
The activation energy is calculated from the Arrhenius equation:
oT = Ae Ea/KpT (2.10)

where A, Ea, and Ky are the pre-exponential factor, activation energy for ionic conduction, and

the Boltzmann constant, respectively] from 303 K to 363 K

Equivalent circuit modelling is used to extract physically meaningful parameters such as bulk

resistance (Ry), charge transfer resistance (Rc), solid-electrolyte interphase resistance (Rsgr),
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double-layer capacitance (Ca), and Warburg impedance (W) associated with diffusion-

controlled processes.

In the context of this work, EIS has been utilized to evaluate the ionic conductivity of
electrolyte-soaked separators as well as of composite solid polymer electrolytes, the interfacial
resistance at the electrode-electrolyte interface, and the stability of the separator under
prolonged cycling conditions. Measurements were performed in various cell configurations
over the frequency range of 1 MHz to 0.1 Hz in Metrohm AutoLab and ZIVE SP1 instruments,
with data fitted using equivalent circuit models in ZView software to extract the relevant

resistive and capacitive elements.
2.5.5.2 Distribution of Relaxation Time (DRT) Analysis

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to probe different
electrochemical processes occurring during battery operation. However, interpreting EIS
spectra with conventional equivalent circuit models (ECMs) can be challenging because
overlapping time constants often obscure the contributions of individual processes, leading to
possible misinterpretations” 2. To overcome this limitation, the Distribution of Relaxation
Times (DRT) method has been introduced, which separates electrochemical processes based

on their characteristic relaxation times, thereby simplifying EIS analysis.

The impedance response Z (w) of an electrochemical system can be expressed as an integration

of relaxation processes over a continuous distribution of characteristic times T,

Z(w) = R, + [ 2 dinr @.11)

+jwt

Where, R, is the ohmic resistance (high-frequency intercept), y (7) is the distribution function

of relaxation times, 7 is the relaxation time and w is the angular frequency is described as,
w = 2nf (2.12)

The function y(7) reveals the intensity of individual relaxation processes. The sharper peaks
correspond to distinct resistive or capacitive processes, while the broader signals typically
indicate overlapping processes. In general, the high-frequency signals correspond to bulk ionic
transport in the electrolyte, the moderate frequency signals correspond to grain boundary or
interphase contribution and the Low-frequency signals correspond to the electrode-electrolyte

interface polarization and charge transfer.
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In this work, EIS measurements were performed at different states of charge (SOC) and depth
of discharge (DOD) using a ZIVE SP1 electrochemical workstation over the frequency range
of 0.01 Hz-1 MHz with an applied AC amplitude of 50 mV. The DRT analysis was carried out
using the open-source MATLAB-based DRTtools algorithm'>!'4. A Gaussian method with
second-order Tikhonov regularization was employed, with the regularization parameter set to
0.0001. Both real and imaginary components of the EIS spectra were fitted, while inductive
contributions were excluded. The resulting intensity distributions are further compiled into a
two-dimensional map in MATLAB software, where the x-axis represents relaxation time (1),
the y-axis denotes cycling time (h), and the color scale corresponds to normalized DRT
intensity. Fitting of DRT is further analyzed in a custom script in MATLAB software. The

evolution of resistance was also shown in 2d contour map.

2.5.5.3 Linear Sweep Voltammetry (LSV)

Linear Sweep Voltammetry (LSV) is a widely employed technique to determine the
electrochemical stability window of separator and electrolyte membranes, which is a crucial
parameter for their safe application in rechargeable batteries. In this method, the current
response is measured while the potential is linearly swept at a fixed scan rate, allowing the
identification of the voltage range within which the material remains electrochemically inert.
In the present work, LSV measurements were performed using 2032-type coin cells in a
Li/Separator/SS asymmetric configuration, with the potential swept typically between open
circuit voltage (OCV) and 6.5 V at a constant scan rate of 10 mV.s™!. All LSV experiments were
performed using a ZIVE SP1 electrochemical workstation. The onset of current rise in the LSV
curve corresponds to the decomposition voltage, marking the upper stability limit of the
separator-electrolyte system. By comparing the electrochemical stability windows of
commercial polypropylene separators with the developed paper-based and composite
membranes, the influence of polymer sizing, ceramic impregnation, and lamination layers on
oxidative stability could be systematically evaluated. This analysis ensured that the fabricated
membranes are capable of withstanding the high operating voltages required against mostly

used electrodes in next-generation lithium batteries.
2.5.5.4 DC Polarization

DC polarization is an important electrochemical technique employed to evaluate the ionic
transference number of lithium ions (ti-) in separator and electrolyte membranes. The method

involves applying a small constant DC voltage (typically 10 mV) across a symmetric
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Li/Separator/Li cell and recording the initial current, steady-state current, and interfacial
resistance before and after polarization. In this work, DC polarization measurements were
carried out in combination with Electrochemical Impedance Spectroscopy (EIS) to decouple
the bulk and interfacial resistances, and the transference number was calculated using the
Bruce-Vincent-Evans relation'”, as follows:

_ Iss(AV—-IgRy)

bt = Io(AV—IoRo) 2.13)

A higher tri- value indicates efficient transport of lithium ions relative to anions, which is
desirable for reducing concentration polarization and improving rate capability in rechargeable
batteries. By comparing the transference numbers of commercial polypropylene separators
with those of the developed paper-based and ceramic-modified membranes, the role of ceramic
fillers and polymer coatings in modulating ion transport pathways was systematically analyzed.
This study thus provides critical insight into the ion-conduction mechanism of the fabricated

membranes under realistic cell conditions.
2.5.5.5 Galvanostatic Charge-Discharge of Full Cells

Galvanostatic charge-discharge cycling of full cells was performed to evaluate the practical
electrochemical performance of the developed separators and electrolytes under operating
battery conditions. In this method, a constant current is applied during charge and discharge
processes within a defined voltage window, and the cell voltage response is recorded as a
function of capacity and cycle number. The cycling behavior provides key parameters such as
specific capacity, coulombic efficiency, capacity retention, and interfacial stability, thereby
serving as a direct assessment of the electrolyte’s suitability in full-cell configurations. After
performing EIS measurements, all the cells were cycled at various current densities within a
potential range that depends on the cathode chemistry. All galvanostatic cycling experiments
were carried out using an Arbin automated battery testing system (Arbin Instruments, USA).
An isothermal vacuum oven was used to maintain a temperature of 30°C throughout battery

cycling.
2.5.5.5 Symmetric Cell Cycling

Symmetric Li/electrolyte/Li cells were galvanostatically cycled to evaluate the long-term
electrochemical stability and interfacial compatibility of the developed composite polymer

electrolytes with lithium metal. In this configuration, equal and opposite currents are alternately
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applied to the two lithium electrodes, inducing repeated plating and stripping of lithium across
the electrolyte. The temporal evolution of overpotential during cycling directly reflects the
interfacial stability, dendrite growth resistance, and durability of the separator-electrolyte
system. In this study, symmetric cells were operated under continuous plating/stripping cycles
at fixed current densities for extended durations, ranging from several hundred to over one
thousand hours. The voltage response was monitored throughout cycling, where the absence of
abrupt short-circuit events or sharp voltage drops indicated stable Li deposition and effective
suppression of dendritic growth. The galvanostatic tests were performed using an Arbin
automated battery tester (Arbin Instruments, USA), while Electrochemical Impedance
Spectroscopy (EIS) was carried out before and after cycling using a ZIVE SP1 workstation.
The impedance data helped decouple bulk and interfacial resistances, providing further insight
into the effects of prolonged cycling and potential dendrite penetration. Additionally, the results
were correlated with post-mortem analyses to comprehensively assess the reliability of the

electrolytes under long-term operation.

2.5.5.7 Electrochemical Ageing Test

The stability inside cell environment during ageing was examined by fabricating 2032 coin cell
using paper separators, standard MCMB anode, LiPFs in EC/DMC electrolyte and LiFePO4
cathode. The cells were aged for eight weeks without cycling at ambient temperature and EIS
measurement were carried out in regular interval of one week. To study the topology of
composite separator surfaces facing anode and cathode sides, the aged cells were dismantled
and FESEM images were taken. The elemental composition of separator surfaces was studied

using selected area EDX mapping.
2.5.6 Thermal and Safety Studies

Examining different thermal properties is crucial for separator and electrolyte membranes,

since they govern the safety aspects of a cell in large extent.
2.5.6.1 Thermogravimetric and Differential Thermal Analysis

Thermal stability is a key requirement for separator and electrolyte membranes in rechargeable
batteries, particularly for electric vehicle applications where safety under high-temperature
operating conditions is paramount. Thermogravimetric analysis (TGA) was performed using a
STA 449 F3 Jupiter thermal analyzer (NETZSCH, Germany) under air atmosphere, with a

constant heating rate of 10°C.min"' from room temperature up to 1200°C. In this technique, the

56



weight loss of the samples was continuously monitored as a function of temperature, providing
information on the decomposition steps of cellulose, polymeric binders, and ceramic fillers.
The onset degradation temperature, rate of mass loss, and residual weight were compared
among pure cellulose substrates, polymer-coated papers, and ceramic-loaded composites to
evaluate improvements in thermal endurance. The incorporation of ceramic nanoparticles and
polymer lamination layers is expected to enhance thermal resistance by retarding oxidative
degradation and stabilizing the fibrous matrix. Alongside TGA, Differential Thermal Analysis
(DTA) data were also recorded in the same instrument, which helped to record the heat flow
associated with physical or chemical transitions during heating. The DTA curves provided
complementary insights into the endothermic and exothermic events such as polymer
softening, decomposition, and char formation. Together, TGA and DTA offer a comprehensive
understanding of the degradation behavior, enabling direct correlation between material

composition, thermal response, and safety performance of the developed membranes.
2.5.6.2 Thermal Shrinkage

To assess the dimensional integrity of the fabricated paper separators at elevated temperatures
(up to 250°C), circular disks of 19 mm diameter have been placed in a heating oven fitted with
a camera, and dimensional changes were photographed at different intervals. From this
experiment, thermal shrinkage of the paper separators as well as the commercial paper and

commercial separator has been measured qualitatively to determine their thermal stability.
2.5.6.3 Flame Test

Flame test has been done with similar 19 mm disks of paper separators as well as polymer

electrolytes, by keeping them near a flame for some time to check their flame retardancy.

Fire retardancy has also been evaluated through a vertical burning test (VBT), classifying the
separators under UL 94 V ratings (V-0, V-1, and V-2)!®. This test involves soaking of the
separator samples in an electrolyte (LiPFs in EC/DMC) for 2 hours before exposing them to a
flame from a certain distance, with the changes photographed over time. The photos and videos

of these tests have been captured using a mobile phone camera.
2.5.6.4 Self-extinguishing Time (SET) Measurement

Self-extinguishing time is an important safety property for battery electrolytes as well as
separators. To check this parameter, 19 mm disks of the membranes were cut and placed on the

back side of a coin cell. Around 100 pL of liquid electrolyte was poured on their surfaces and
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then they are ignited with flame. The time of ignition of electrolyte on the separator until the
flame is totally extinguished was counted. It is always better for a system if the SET is less,
because it proves the ability of the separator or electrolyte to self-extinguish any accidental fire
occurred inside a cell'”'®, Digital images and videos of the SET tests were recorded thoroughly

with mobile camera.
2.5.6.5 Thermal Shutdown Property

Thermal shutdown is an essential safety feature of battery separators, designed to mitigate the
risk of thermal runaway under abusive operating conditions. It refers to the ability of the
separator to block ionic transport at elevated temperatures by pore closure or structural
collapse, thereby preventing uncontrolled current flow and subsequent overheating of the cell.
In the present study, shutdown behavior was investigated by monitoring ionic conductivity of
separator membranes using Electrochemical Impedance Spectroscopy (EIS) in
SS/Separator/SS symmetric coin cells, as described in detail in section 2.5.6.1. Measurements
were first performed at room temperature to obtain baseline conductivity values, and then
repeated over a temperature range of 25-160°C in steps of 5°C. The change in ionic
conductivity with increasing temperature was analyzed to determine the onset and completion

of shutdown.

2.5.6.6 Thermal Shock Treatment

Thermal shock experiment has been carried out to understand the behaviour of separators in a
cell environment during challenging conditions, particularly important for EV application. Full
cells with a configuration of MCMB/Separator/LFP, fabricated using our developed paper
separators as well as the commercial separator, were cycled initially at 0.05 mA.cm™. After
that EIS spectra of all the cells were taken and the cells were kept at 120°C for 1h. It was
carefully taken out from oven and stored in a fume hood for 24h at room temperature. Then,
ten electrochemical charge-discharge cycles were performed and EIS spectra of all the cells
were measured after 10 cycles. The same steps were repeated one more time with a preset

temperature of 150°C.

2.5.7 Data Analysis and Validation

The experimental data were analyzed with the help of Microsoft Excel and Origin 2018
Software. Every experiment has been carried out with minimum three specimens of each type

of separators. The results are found to be similar and reproducible in nature.
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2.6 Flow of Work

This thesis primarily focuses on the development of paper-based electrolytes for LIB
application. After the fabrication step, microstructural features and morphology of the
separators are observed via FESEM. Then the porosity studies and mechanical tests are
performed to evaluate the wettability and robustness of the membranes. When the separator
passes these tests, different types of Li-ion cells are prepared for the evaluation of ionic
conductivity, operating voltage window, specific capacity, coulombic efficiency and other
related parameters. When a full cell touches the specific capacity level of 20% DOD, the
cycling is typically stopped and the cell is undergone several post-mortem analyses.
Sometimes, the cell needs to be dismantled for this purpose. On the other hand, the separator
membranes are undergone the thermal studies, which are essential for affirming the safety of a
cell. For composite polymer electrolyte and paper-based electrolyte membranes also, a similar

order of experiments is followed.
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Chapter 3

Conversion of Paper into Paper Separator

Highlights

e Paper — an abundant, low cost and sustainable alternative to polyolefin

e Modification of rough surface of paper by polymer ‘sizing’

e Impregnation of ceramics to enhance thermal and electrochemical stability
e Thermal stability and safety of the cell assured

e Multi-system functionality of the separator

Poly vinyl alcohol (PVA)

-

i

[ Cellulose
\ abundant natural polymer |

g

_ Chitosan [
| Second mostabundant natural

Paper Substrate

Duo-polymer and ceramic-modified
cellulose paper substrate

s "ga

Ceramic nanopowder

Figure 3.0 Sustainable and eco-friendly components used for fabrication of paper separator

This chapter describes the development of paper-based composite separators functionalized with
polymer-ceramic blends, as sustainable alternatives to commercial plastic-based separator membranes.
The fabrication process and separator composition have been optimized to enhance structural integrity,
wettability, thermal stability, and mechanical strength of the separators. Electrochemical evaluations
demonstrated their compatibility with different electrodes and comparable performance with
commercial separators, while additional tests confirmed their safety and potential for large-scale
production.
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3.1. Background and Overview

‘Separator’ is an essential and important component for Li-ion batteries, supercapacitors and
other similar electrochemical energy storage devices. The major tasks of separator in energy
storage system, LIB & SC in particular, are to prevent physical contact between anode and
cathode, to avoid electrical short-circuit, and at the same time it enables transport of ions from
one electrode to other across the separator during charge-discharge process. Today’s
commercial lithium-ion batteries (LIBs) use polyolefin membranes as separator, which remains
inert throughout the cell performance without any participation in electrochemical reaction' >,
Polyolefin, especially PE/PP based separators have good mechanical and shutdown properties,
which can effectively prevent thermal runaway during short-circuits or overcharging of the
battery. Apart from tremendous commercial success, polyolefin separators still exhibit poor
electrolyte affinity due to their hydrophobic property, low electrolyte absorption rate and severe
dimensional shrinkage at elevated temperature*>. Modification of PP/PE surfaces with
ceramics proved to be effective to resist thermal shrinkage®; however, stripping of ceramic
particles from surfaces due to melting of binder in elevated temperature may result in
breakdown of ceramic coated layer. To resist such breakdown Peng et al.” suggested a
reinforcing layer of polypyrrole on top of ceramic coated polyolefin separator which was found
to improve thermal properties along with better wettability to the electrolyte. Another approach
is to use of inorganic ceramic separator without compromising other physical and
electrochemical performance. Although pure inorganic ceramic separator offers several
advantages over composite separator, large scale fabrication with optimum mechanical stability

and flexibility is still remained a challenge®.

Apart from these approaches, the separator materials derived from renewable sources are now
being considered as sustainable alternatives for application in future energy storage devices’.
Cellulose being a perfect sustainable material has the ability to replace traditional petroleum-
derived synthetic plastics!®!'2. In addition, cellulose can be modified or functionalized to make
it suitable as separators due to its several advantageous physico-chemical properties like
hydrophilicity, low-density, superior mechanical strength, high porosity, good liquid

13,14 " Therefore,

absorbability, high thermal stability, low cost and natural abundance
development of novel cellulose-based separator materials with appropriate modification and

functionalization would definitely widen the application scope of such materials in energy
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storage avenue and will significantly reduce the threats of environmental pollution associated

with plastic toxicity.

Various reports on cellulose-based separators, known so far depicted the scope of further
improvement of its performance both in terms of physical and electrochemical properties,
which would be an environment friendly alternate for use as separator in LIB and other similar

electrochemical energy storage devices. In a recent article, Sun et al.’

, suggested that the
electrochemical performances of batteries can further be enhanced by incorporating
ferroelectric nanoparticles within the polymer-ceramic based electrolytes, where ferroelectric
materials facilitate the dissociation of electrolytic salts and also enhance the Li-ion stability at
the electrode-electrolyte interface!S. All the related past literatures showed that embedding

ceramic nanoparticles inside any porous membrane for use either as electrolyte or separator

has significant effect in increasing ionic conductivity, thermal and mechanical stability.

In this context, the present chapter describes the development of facile low-cost and scalable
process for fabrication of ‘Paperator’, the paper-based cellulose-ceramic composite separator
and study of its physical and electrochemical performances, especially use of these paperators
in LIB/SC cells. Cellulosic matrix of low-cost commercial papers was modified with BaTiOs3
and Si0; nanoparticles and dual-polymer for the first time, for which ceramic and aqueous bi-
polymer blends of varying proportions were used as ceramic filler and anchoring polymer
respectively. In the later section, BaTiO3; was replaced with SiO2 nanoceramic to see the effect
of inert ceramic filler in the paper matrix. The paperators, thus developed showed excellent
physico-chemical and electrochemical performances with respect to the commercial
polypropylene-based separators. Under the present research, a new process has also been
established by using a custom designed semi-automated double-decker type separator
fabrication machine, where ‘paperator’ in roll form of defined sizes (say, width: up to 60 mm

& length: up to 50 m) can be fabricated.
3.2 Fabrication of Paper Separators

A paper substrate was chosen from local market with thickness of ~80 pum. From
microstructural and EDX analysis, it was observed that the raw paper substrate consisted of
several impurities, which needed to be anchored before its implementation as a separator in a

battery.
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Table 3.1 Compositions of the separators and their corresponding codes

Concentration of Concentration of = Name and concentration of Sample Code
Chitosan (w/v%) PVA (W/v%) ceramic powder
0.25 1.0 BaTiO3 0.1 w/v% C25PV1BTO1
0.50 1.0 BaTiOs 0.1 w/v% C50PV1BTO1
1.00 1.0 BaTiO; 0.1 w/v% C100PV1BTO1
0.25 2.0 BaTiO; 0.1 w/v% C25PV2BTO01
0.25 4.0 BaTiO3 0.1 w/v% C25PV4BTO01
0.25 6.0 BaTiOs; 0.1 w/v% C25PV4BTO01
0.25 1.0 BaTiO; 0.5 w/v% C25PV1BTO05
0.25 1.0 BaTiOs 1.0 w/v% C25PVI1BT10
0.25 1.0 BaTiOs 1.5 w/v% C25PVI1BTI5
0.25 1.0 Si0, 0.1 w/v% C25PV1S01
0.25 1.0 Si02 0.5 w/v% C25PV1S05
0.25 1.0 Si0; 1.0 w/v% C25PV1S10
0.25 1.0 SiO; 1.5 w/v% C25PV1S15
Commercial - - Untreated
cellulose paper paper/UP
Commercial - - PP/PPCom
separator

For this purpose, the cellulose paper is coated with a solution of Chitosan in acetic acid.
Chitosan was dissolved in the acid in 0.25, 0.50 and 1.00 w/v% by continuous stirring. Next,
an aqueous solution of polyvinyl alcohol (PVA) and was prepared via stirring and mildly
heating at 60°C. The concentration of PVA was varied within the range of 0.1-0.6 w/v%. This
solution was mixed with the already prepared solution of Chitosan in 3:1 volume ratio. After
that, a nanoceramic powder (BaTiO3 or SiO2) was dispersed in the polymer solution via stirring
for 12h. The amount of ceramic powder was also varied with the concentrations of 0.1, 0.5, 1.0
and 1.5 w/v%. The details of the compositions and their respective nomenclature used have
been provided in Table 3.1. The paper substrate is coated with the polymer-ceramic suspensions

following the process described in Section 2.3.1 in Chapter 2. The resultant paper separator
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was named as Paperator and it was stored carefully for the physical and electrochemical

characterizations.
3.3 Results & Discussion

An array of physico-chemical and electrochemical tests has been performed with the two
variants of developed paper separators and the results have duly been compared with those of
commercial PP-based separators. The tests include air permeability, electrolyte wettability,
contact angle, tensile test, thermal shrinkage test and several electrochemical experiments,

which have been performed following their respective methods discussed in previous chapter:
3.3.1 BaTiOs; Impregnated Paper Separator

3.3.1.1 Microstructural Details

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
Full Scale 8208 cts Cursor: 1.301 (1174 cts) ke'

Figure 3.1 Micrographs of (a) Commercial PPCom separator, (b) Untreated paper substrate, (c) EDX
spectrum of untreated paper along with corresponding micrograph in the inset
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Figures 3.1(a) and (b) show the SEM images of commercial PPCom separator and untreated
paper substrate respectively. Since the untreated paper rolls were procured from the local
market, these papers require some routine physical characterizations before use. The
micrograph of as-received paper shows randomly distributed cross-linked cellulose fibers
having diameter of 5-10 pum. Several unknown particles were found to be present on the
substrate as observed from the micrograph in Figure 3.1(b). To identify these unknown
impurities, EDX analysis has been carried out and the spectrum is presented along with the
FESEM image. The presence of elements such as Mg, Si, Ca, Al etc. can be confirmed as shown
in the EDX spectra presented in Figure 3.1(c). These impurities are probably added by the
commercial paper manufacturers as per their targeted applications. On the other hand, the
micrograph of commercial PPCom separator showed uniform porous structure with pore
diameter of ~0.1 um as shown in
Figure 3.1(a). The
microstructural analysis of as-
received  (untreated)  paper
suggested that the surface
modification by anchoring the
impurities is  crucial  for
converting paper to a functional
separator. Such modification of
surface is commercially termed as
sizing of paper. PVA and Chitosan
are strategically selected for this
purpose due to their intrinsic

capability of sizing any paper

substrates'”.
Figure 3.2 FESEM micrographs of (a) C25PVIBT01 (b)

showing lamination effect on increasing concentration of

PVA

paperators were prepared by
varying  Chitosan  (0.25-1.00
w/v%) and PVA (1.0-6.0 w/v%) in
order to optimize the content of polymer and the ceramic nanoparticles. It is important to
mention here that the process of fabrication of paperators by dip-coating technique was found

to be heavily affected by the viscosity of precursor solutions. The starting or minimum
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concentration of Chitosan, PVA and ceramic were kept in such a level that wet-coating could
be performed with double-decker fabricator machine without the possibility of tearing off paper
substrate. Thereafter, a gradual variation of polymer and ceramic concentration in paperators
was carried out to study the effects of constituent components on physico-chemical

performance of separators.

Figures 3.2(a)-(d) show the FESEM micrographs of fabricated paperators with varying PVA
concentration. From the FESEM images, it is clear that more and more pore spaces have been
found to be blocked when the polymer concentrations are increased and such pore-blocking is
common because of lamination effect of the polymer in cellulosic matrix. It is also important
to mention here that the lamination effect becomes more prominent when an increased amount
of polymer gets incorporated within the predefined porous structure of cellulose-based papers.
Further to mention here that such lamination effect is highly undesirable and generally has
detrimental impacts on the electrochemical performances, as the same will affect the
microporosity, ion permeability and ability to soak liquid electrolyte. Lamination effect is also
believed to affect the migration of lithium ion during the charge-discharge cycling and it is

discussed in detail later on.

Figure 3.3 (a) & (b) FESEM micrographs of C25PVIBT0I separator and (c) & (d) FESEM
micrographs of C25PVIBTI5 separator
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The FESEM micrographs of C25PV1BTO1 (with lowest ceramic loading, 0.1 w/v%) and
C25PV1BT15 (with highest ceramic loading, 1.5 w/v%) are represented in Figure 3.3(a) and
Figure 3.3(c) along with their higher magnification images as shown in Figure 3.3(b) and
Figure 3.3(d). Similar to untreated paper substrate, the morphology of the fabricated paperators
shows the cross-linking cellulosic tissues forming tortuous structure with deposition of ceramic
particles inside their pore spaces. Such kind of nanostructured ceramic in the substrate matrix
facilitates reinforcement of cellulosic substrate. The pore diameters of the separators are

estimated to be in the range of 5-10 pm.

EDX results of the paper separators as shown in Figure 3.4 confirmed the presence of BTO
nanoparticles within the paperator matrix. The elemental mapping for barium, titanium and
oxygen further reconfirmed the
presence of BTO, which are
clearly visible in the EDX

spectrum.

While working with paper-
based substrate, it has been

observed that the typical pores

are not found on the substrate,
rather it 1s better to define the
pores as  ‘pore  spaces’

originated due to overlapping

O Kal TiKat BaLat

and/or crosslinking of cellulose
fibers as seen in the SEM image  Figure 3.4 Typical EDX spectrum and its corresponding

in Figure 3.1(b). The size ofthe  elemental map showing the presence of Ba, Ti and O in
anisotropic pore spaces is fabricated separator C25PV2BT01

found to be in the range of 10-
45 um for untreated paper substrate which is too high for safe battery application. This is one

of the reasons the untreated paper has to be functionalized before its use in batteries.
3.3.1.2 Porosity and Electrolyte Wettability

Air permeability measurement reflects the ability of a separator towards migration of lithium

ions, through its pore spaces. The mobility of lithium ions across the separator is affected by
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the nature of the materials as well as available pores in the separator matrix. Thus, an efficient
separator requires high porosity and uniform distribution of pores'®. Table 3.2 summarizes the
air permeability values and measured thicknesses of commercial PPCom separator, untreated
paper substrate and developed paperators. The thickness of the untreated paper substrate was
measured to be 80/90 um with air permeability value of 7.5 seconds suggesting highly porous
nature of the cellulose substrate. Typically, a paper substrate comprises of numerous pore

spaces which originate from the cross-linked cellulosic fibrous structure.

Table 3.2 Thickness, Gurley value air permeability and tensile properties of developed paper

separators, untreated paper and commercial separator

Sample Code Thickness Gurley Tensile Tensile Young
value Stress at Strain at Modulus

(um) Max. Load Max. Load (MPa)

(s) (MPa) (%)

PPCom 20 438 183.35 40.70 990.10
Untreated paper 85 7.50 31.65 1.40 4071.19
C25PVA1BTO01 70 8.20 41.31 3.11 3275.42
C25PVAIBTO05 66 9.16 40.28 2.71 3306.88
C25PVA1BT10 68 11.64 37.49 2.57 2611.66
C25PVAI1BTI15 66 10.22 45.23 2.89 3543.36

During fabrication process, the duo-polymer-ceramic-coated paperators were dried and
compacted under varying load of 60-300 tons, thus, the thickness was found to be reduced to a
value of 60/70 um from its initial thickness of 80/90 um (i.e., untreated paper). The values of
air permeability as presented in Table 3.2 reveal that with increase in ceramic loading (i.e.,
BTO concentration), the Gurley values of the separators increase marginally suggesting that
the ceramics are lying trapped on the surface or inside the pore spaces without blocking the
micropores. The particle size of the commercial BaTiO3; ceramic powder is <100 nm, whereas
cellulosic pore spaces in paper substrate were found to be much larger (10-45 um) as confirmed
by FESEM. It indicates that ceramic particles can easily move inside the cross-linked pore
spaces of the paper matrix. The porosities of fabricated paperators are also calculated using
Equation 2.2 of the previous chapter, which have been found to be >40%, and are similar to

that of PPCom separator.
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The wettability of the developed paper separators was also evaluated, for which the extent of

uptake/soaking of xylene into the fabricated paperators were determined and the results were

compared with
commercial PPCom 0.020
separator. Paperator of
) — = st
defined size was first g 0.016 o ° i g o °
. o > / e
dried at 70°C under g g
vacuum for 3h and the E 0012
dried samples (after 5
2
noting  down  the s 9008
. ° oe— —© L4 o b
weight)  was  then o
. : 2 0.004 e
immersed into xylene = e e
. . : —@— C25PV1BT10
for the period of 20 min —®—C25PV1BT15
. . 0.000 1 " [ " 1 N 1 "
in order to equilibrate 0 60 80 100 120 140
the xylene soaking Time (min.)

within  the  paperator Figure 3.5 Time dependent liquid uptake capability of fabricated
matrix. Percentage of Paperators and commercial separator

liquid (xylene) uptake

was calculated from difference in two weights (before & after xylene soaking) by using
Equation 2.1 given in Chapter 2. Figure 3.5 shows the time dependent liquid retention plot of
paperators of different compositions and the same for the commercial separator. It is interesting
to note that developed paperators exhibit rapid wetting of organic solvent, while commercial
PPCom separator takes prolonged time, which might be due to the non-polar nature of
polypropylene. The greater wettability and quicker saturation time of paperators is attributed
to the presence of hydrophilic nature of ceramic nanoparticles (BTO) and the fast liquid
absorption may be due to passage of liquid formed through the pores of paper by capillary
effect. The volume of liquid uptake in paper separators is found to be relatively high (1x1072
mL) in the first instance than that of PPCom separator (2x10~ mL).

Similarly, liquid electrolyte uptake percentage of the developed paperators has been measured
by immersing the separators into standard electrolyte solution (LiPFs in EC/DMC) for 2h inside
the Ar-filled glove box. The results are found to be much better (electrolyte uptake values
ranging from 99-170% depending on various ceramic loading) with respect to the commercial

separator (PPCom, 90%). It is worthy to mention here that the wettability of separator in LIB

70



greatly influences the cell performance. Therefore, it is expected that greater liquid wettability
will also result in better electrolyte soaking performance of the separator membrane. To test
the time dependent electrolyte

soaking ability of fabricated (a) (b) (c) (d) : commercial
t=120- B

separators and  commercial
PPCom, standard LiPFe solution
(EC/DMC, 1:1 w/w%) was drop-
casted on the circular disks of

separator membranes inside a

glove box. The digital images of ! —
spreading of electrolyte on é
membrane surface have been %
captured at a regular time interval E

and presented in Figure 3.6. All
the fabricated paperators are
found to be saturated with
electrolyte readily, which
successfully solved the problem

of  sluggish  absorption of

electrolyte in the case of Conc. of Ceramics (BTO)/w/v% &

commercial PP-based separator
(PPCom). Figure 3.6 Digital pictures of fabricated paperators ((a)

C25PVIBTO01, (b) C25PVIBT05, (c) C25PVIBTI0 and (d)
The excellent wettability of the  C25PVIBTI5) showing electrolyte soaking ability at

separator has also been confirmed  different time interval along with PPCom

by measuring liquid electrolyte

contact angle, which is presented in Figure 3.7. In general, lower the contact angle higher is
the affinity to the liquid. The measured contact angle of commercial PP separator (PPCom) is
almost double (Contact angle left: 79.2°, Contact angle right: 75.3°) to that of fabricated
paperators. The contact angle of the developed paper separators are measured to be in the range
of 31.0° - 44.6°. This results further corroborate the findings of faster electrolyte saturation and

superior electrolyte soaking ability of the fabricated paperators.
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CA left: 79.2° CA left: 38.6° CA left: 44.6°
CA right: 75.3° CA right: 37.0° CA right: 42.7°
PPCom C25PV1BTO01 C25PV1BTO0S

A

W e CA left: 36.4° W crenos
CA right: 39.5°9

CA right: 30.1° CA right: 28.0°
C25PV1BT10 C25PV1BT15 Untreated Paper

. e

Figure 3.7 Digital images of contact angle of the separators (PPCom, C25PVIBT01, C25PVIBT05,
C25PVIBTI10, C25PVIBTI15 and untreated paper substrate) with liquid electrolyte along with their

values of commercial separator
3.3.1.3 Mechanical Properties

To understand the mechanical robustness of the fabricated separators, tensile tests were carried
out in machine direction (MD) for commercial PPCom, untreated paper and the fabricated
separators. The load vs extension plots for all the samples are shown in Figure 3.8 along with
larger view in their inset. The mechanical testing data clearly indicates that the commercial
polyolefin membrane is much more flexible with higher elongation value than the fabricated
paper based separators. The values of tensile strength of different separator compositions along
with PPCom and untreated paper have been summarized in Table 3.2. The tensile strength of
commercial membrane was found to be 183.35 MPa, whereas fabricated paperators showed
values ranging from 37.49-45.23 MPa. It was also observed that ceramic reinforcement and
duo-polymer coating in fabricated separator significantly increased the tensile strength when
compared with untreated paper (31.65 MPa). It was found to be 42% higher than that of
untreated paper substrate. This is may be due to the combined effect of PVA-Chitosan and BTO
on cellulose paper, wherein PVA strengthens the crosslinking of cellulose fiber and BTO plays

a role as reinforcing agent or filler inside the pore spaces of paper matrix.

In general, ceramic particles in any composite separator function as reinforcement filler.
Therefore, while making paper-based cellulose-ceramic composite separator, perfect adhesion
between all the constituents has to be assured. Otherwise during mechanical stress, ceramic
particles may spill over from the surface or loosen from the substrate. The enhancement of

mechanical strength from untreated paper substrate to functionalize paperators is originated
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mainly due to good quality adhesion among the polymers (PVA, Chitosan) with cellulose
substrate and partly supported by BTO ceramic reinforcement. It is worthy to mention here that
the mechanical

strength of any 40

e PPCom (a)
paper-based Untreated Paper (b)

C25PV1BT01 (c)
a—C25PV1BT05 (d)
e C25PV1BT10 (e)
e C25PV1BT15 (f)

separator directly
depends on how

much strength the

substrate itself can = 204

o
deliver'®. Thus, S

-
with the increase in
ceramic  loading 10
keeping all other

0.5 1.0

polymers Extension (mm)

. 0+ T T T T v T v T T
concentration 0 5 10 15 20 25
constant  showed Extension (mm)
only marginal

Figure 3.8 Plots of load vs extension of paperators, untreated paper,
increase in ) ) )

commercial separator (PPCom); The inset shows the expanded view of load
mechanical

vs extension plots of untreated paper and fabricated paper separators
strength.  Results

obtained also focuses that higher ceramic loading may have effect on wettability and thermal
performance of the separator, but has limited effect in enhancing mechanical strength of paper

separator after some threshold loading.
3.3.1.4 Ionic Conductivity

To understand the lamination effect on paper substrate with the increase in polymer
concentration, EIS studies were performed using electrolyte-soaked separators and commercial
membrane in symmetrical cell configuration (SS/separator/SS). Figure 3.9 shows the Nyquist
plots of paperators with different PVA concentrations ranging from 1.0-6.0 w/v%. The
frequency dependent impedance plot of the separators showed a linear inclination towards Z’
axis representing electrode-electrolyte double layer capacitance behavior. The bulk resistances

of the fabricated separators are estimated from the high frequency intercept of the Nyquist plot
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on the Z’ axis?’. The value of bulk resistances is shown in the inset of Figure 3.9. It is evident

from the figure that with the increase in the concentration of polymer (PVA), the resistance of

the separator 200 _
=@=C25PVIBTO01
membrane gradually =@=C25PV2BTO01
175 : : === C25PV4BTO1
. " Sampled Rb{ohm) —@—C25PV6BTO01
increases from 6.87 PPCom 093 | —g—PPCom
160 = = | :
Q (C25PV1BT01) to C25PV4BTO01 13.42
e 125 C25PV6BTO1 140.53 !
140.53 Q £ ey 5
= 5 fofo |
(C25PV6BTO1). :Q 100 . //./ e
N - ) i 5
However, the bulk 75 JJ [ : f
/ i ;
resistance of fod :
. 20 30 4 50
commercial PPCom - ' AR gt
is found to be - /-—""50'
0 ¥ [l i 1 3 1 3 ’ 1 3 I 3
lowered than the 0\ 25 ,50 75 100 125 150 175 200
fabricated = Z'(ohm)

tors. Thi
paperators 15 Figure 3.9 Nyquist plots of developed paperators along with PPCom;

could be due to the Inset shows the enlarged view of the plots
effect of thickness. It
is worth mentioning here that while PPCom is around 20 pum thick, the fabricated paperators

have thicknesses as high as 60-70 um.
3.3.1.5 Electrochemical Tests

To understand the ion-transport phenomena across the porous separator membranes, several
electrochemical tests have been performed with different electrode systems. The tests have

been conducted both in LIBs and SCs;
3.3.1.5.1 In Lithium-ion Battery

Electrochemical cycling performance in 2032 coin type lithium-ion cells
(LiFePOa4/Separator/MCMB) was evaluated using both fabricated and commercial separators
and the results were duly compared. To examine the effect of polymer concentration (Chitosan;
0.25-1.00 w/v% and PVA; 1.0-6.0 w/v%) and ceramic loading (BTO; 0.1-1.5 w/v%) on

fabricated separators, a large number of cells were fabricated with different separator
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compositions. The initial charge-discharge plots have been given in Figures 3.10(a)-(c) and

their discharge capacities have been summarized in Table 3.3.

The initial discharge profiles
as shown in Figure 3.10(c)
reveal that the separator with
lowest Chitosan concentration
exhibits an initial discharge
capacity of 118.69 mAh.g’!.
As the Chitosan concentration
increases, the capacities fall
and reach to a minimum value
of 94.18 mAh.g!
(C1I00PVIBTO1). A similar
trend of decrease in capacity is
also observed for increase in
concentration of PVA in the
composition as shown in
Figure 3.10(b). This may be
due to the localized lamination
effect i.e., blocking of pore-
spaces at higher concentration
of polymers which results in

decrease in porosity as well as

Table 3.3 Discharge capacities of fabricated paperators along

with their compositions

Chitosan Composition Discharge

Variation Capacity
Chitosan conc. (W/v (mAh/g)
%)

C25PV1BTO01 0.25 118.69

C50PV1BTO01 0.50 102.59

C100PV1BTO1 1.00 94.18

PVA variation PVA conc. (W/v %)

C25PV2BTO01 2.00 114.63
C25PV4BTO01 4.00 95.79
C25PV6BTO01 6.00 47.23
BTO Variation = BTO variation (w/v
%)

C25PV2BTO05 0.50 81.50
C25PV4BT10 1.00 82.31
C25PV6BT15 1.50 79.94

lithium ion mobility. The effect of BTO ceramic loading on separator composition has also

been studied by varying the concentration of BTO on paper separator in the range of 0.1-1.5

w/v%. At lower ceramic concentration, the cells delivered a discharge capacity of 118.69

mAh.g!. However, a five fold increase in ceramic loading resulted in the reduction of capacity

to a value of 81.5 mAh.g™! as shown in Figure 3.10(a). The capacities remained constant with

futher increase in ceramic concentration in paper separator. The decrease in capacity value may

be attributed to the formation of BTO agglomerates at higher concentration, which might have
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created dead pores by blocking the pore spaces, a similar effect of lamination as observed in

higher polymer loading.
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delivered steady but lowered
discharge capacities on cycling
without fading. The decrease in  Figure 3.10 Initial charge-discharge profiles of fabricated
the discharge capacities for  separators by varying concentration of (a) BTO (0.1-1.5 w/v
higher ceramic loading samples %), (b) PVA (1.0-6.0 w/v %) and (c) Chitosan (0.25-1.0 w/v %)
is mainly due to the pore

blocking by BTO agglomerates. However, higher BTO loading may provide interfacial stability
with the electrodes, which is reflected in the long term stability. All the cells showed excellent

coulombic efficiency in the range of 95-100%.

To study the electrochemical rate performance, the cells were cycled in different current
densities ranging between 0.1-0.4 mA.cm™. After being subjected to higher current densities,
the cells were once again cycled at lower current density of 0.2 mA.cm™ so that the repeatability

in electrochemical performance could be tested. The capacity vs cycle number plot at different
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current densities for C25PV1BTO1 separator is given in Figure 3.12 along with those of the

commercial PPCom membrane and untreated separator.
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Figure 3.11 Charge-discharge capacities against cycle number plot of C25PVIBT01, C25PVIBT05,
C25PVIBTI0 and C25PVIBTI15, the corresponding coulombic efficiencies are also plotted w.r.t right

Y-axis

With increase in current densities, a gradual reduction in capacities is observed for all the
separators. The commercial PPCom sample shows an average capacity of 114.43 mAh.g™! at
0.1 mA.cm™, 103.30 mAh.g! at 0.2 mA.cm™ and 83.98 mAh.g at 0.4 mA.cm?, whereas
C25PVIBTOI shows average capacity values of 111.48 mAh.g™!, 101.74 mAh.g!' and 85.38
mAh.g! at that current density respectively. A marginal difference in capacity values is due to
the effect of thickness of paperator which is about three times higher (60/70 pm) than that of
commercial polymer separator membrane (20 um). The thickness and tortuosity of cellulosic
structure in fabricated separator possibly hamper the movement of lithium ion during
electrochemical cycling by resulting in decrease in specific capacities. Therefore, it is felt that

the minimization of thickness is necessary to make the charge-discharge profiles
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superimposable to each other at different curent densities. Further, it was observed from

Figure 3.12 that the rate capablity of paperators are found to be much better in comparison

with  untreated 140
q 0 ) 2
paper. when Gl ey e : 0.2 mAfem’ : 0.4 mAlcm® : 0.2 mA/cm
cycled at 120 _\"Oo...'; Y
- S5ec . :
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functionalization 0 _ : . ;\ _________ i/ . it
of untreated 0 10 20 30 40
paper with Cycle No.
ceramic Figure 3.12 Capacity vs cycle number plots for paperator (C25PVIBT01),

nanoparticle and  commercial membrane (PPCom) and untreated paper substrate at different

duo-polymers current densities (0.1-0.4 mA.cm™)

has  significant

role on electrochemical cycling and incorporation of such polymer-ceramic moiety within the
cellulosic matrix is very essential to improve its electrochemical performances. Further
considering the safety aspects of LIB and/or similar energy storage devices, direct use of such
commercial papers are not recommened because of anisotropic large sized ‘pore-spaces’ in
untreated paper substrate might be dangerous to trigger short circuits during cycling and also

it may result poor electrochemical performance.

Compatibility of developed paperators with other cathodes was studied by fabricating 2032
coin cells against commercial LiMn,04 (LMO) and LiCoO, (LCO) cathodes. The cells were
tested using highest (C25PV1BT15) and lowest loaded ceramic (C25PV1BTO01) samples. The
eelectrochemical charge-discharge performance of the developed paperators along with
commercial PPCom against (a) LiMn2O4 and (b) LiCoO> cathodes and MCMB anode were
presented in Figure 3.13. It is observed that the developed ‘paperators’ delivered the specific
capacities, comparable with that of PPCom when cycled against commercial LiMn,O4 cathode

(C25PV1IBTO1: 47 mAh.g!, C25PVIBT15: 61 mAh.g! and PPCom: 51 mAh.g'). The
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performance of ‘paperator’ was found to be better with respect to the commercial PP separator,
when cycled against commercial LiCoO» cathode (C25PVIBTO1: 177 mAh.g",
C25PV1BT15: 176 mAh.g"!' and PPCom 118 mAh.g!). These results further corroborate that

the paperators thus developed are compatible with major commercially used cathodes.
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Figure 3.13 Electrochemical charge-discharge performance of paperators C25PVIBT01,
C25PVIBTI1S5 along with Commercial PPCom against (a) LiMn;Oy and (b) LiCoO:; cathodes and
MCMB anode

3.3.1.5.2 In Supercapacitor

Electrochemical performance of the newly developed ‘Paperators’ were also studied for
extending its applications in supercapacitors. Supercapacitor (SC) cells were fabricated by
using the SC cell fabrication facilities of C-MET (Thrissur, India), where two leaded carbon
aerogel based electrodes (aerogel carbon coated onto thin aluminium current collector) and the
developed paperator of optimized composition were assembled as per electric double layer
capacitor configuration. Tetraethyl ammonium tetrafluoroborate (1.0 M) in propylene
carbonate (as electrolyte) was vacuum impregnated within electrode assemblies/wounds
followed by hermetic sealing of electrode wounds in aluminium cans of size, 16 mm (¢) x 36
mm (H). Five such SC cells were fabricated with the developed ‘paperator’ and their
electrochemical performances were evaluated as per IEC 62391-1 by using supercapacitor
testing system (SCTS, Arbin Instruments, USA). According to IEC 62391-1, a constant current
charge-discharge technique was used in determing the cell capacitance (Cefr) of paperator based
SCs, while the constant current pulsing technique was used to measure the effective cells ESR.
Ten current pulses of each 400 mA with pulse duration of 10 mS were applied on a fully charged
SC cells. All the paperater based SC cells showed highly reversible charge-discharge patterns,
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which indicated that there is no significant degradation of paperator during charge-discharge
cyclying. The cell capacitances and cell ESR of ‘paperator’ SC cells were found to be in the
range of 17.2+0.8 F and 76+£3 mQ. Few numbers of identical SC cells were also fabricated by
using commercial cellulose based separator (NKK brand, Japan) in a similar fashion and they
were also tested as per IEC 62392-1. The cell capacitances & ESR were found to be 18.0+0.6
F and 2242 mQ respectively, which indicated that apart from use of the ‘paperator’ in LiBs,
the newly developed ‘paperator’ also possess high application potential for use as separator in
electrochemical capacitors/supercpacitors or similar devices. A typical charge discharge plot of
supercapacitors fabricated by using Paperator and commercial separator (NKK paper) is

presented in Figure 3.14.

—— SC_Paperator

Test voltage (V)

0 500 1000 1500
Test time (s)

Figure 3.14 Typical constant current charge-discharge (CDC, @200 mA) patterns of selected
supercapacitors, fabricated by using (a) paperator and (b) commercial cellulose-based paper (NKK,
Japan)

3.3.1.6 Thermal Properties and Safety Studies

Figure 3.15 shows the thermal profile of (a) untreated paper, (b) commercial PPCom separator
and (c¢) C25PV1BTOI1. All the three samples show similar type of weight loss around 100-
150°C due to evaporation of moisture from the surfaces. At around 200°C, commercial

separator showed three-fold mass loss (9.32%) compared to the untreated paper (3.09%) and

80



fabricated C25PVI1BTO1 (3.43%). On further increasing the temperature, the mass of
commercial separator continued to degrade. A major degradation peak was observed at around
350°C followed by complete weight loss till 453°C which corresponds to complete de-

polymerization of commercial PPCom separator under thermal treatment. The thermal profile

of Paperator

(C25PV1IBTO01) showed wod : : Untreated Paper (&
three distinct weight loss ] h z:‘;s\ﬂgﬂm ©
steps in three temperature 80 - :

zones — (1) the primary 50 .

weight loss associated in g

the temperature range of ﬁ 401 :

50-200°C is due to the = ] '

removal  of  weakly

bonded absorbed water 0- .

molecules on the external 20 — e
or internal surface of the 0 100 200 300 400 500 600 700
papers, (2) at 200-350°C, Temperature (°C)

a slight weight loss is ) )
Figure 3.15 TGA curves of (a) untreated paper, (b) commercial

observed attributed to the separator and (c) C25PVIBT0I

removal of  strongly

bounded water molecules to the hydroxyl groups present in the polymer matrix (PVA-Chitosan)
and (3) above 350°C, a sharp weight loss is found due to the decomposition of polymers. In
case of untreated paper, although the profile looked similar to that of paperator till 200°C which
was primarily due to the removal of weakly bonded surface water molecules, no significant
weight loss could be visible above 200°C up to 350°C. This is due to the fact that cellulosic
paper substrate absorbs only loosely bound water molecules on its surface. After 350°C, both
untreated and paperators follow similar decomposition behaviour. At around 355°C, untreated
paper and C25PV1BTO01 showed weight losses of 55.38% and 55.34% respectively. At 453°C
where commercial separator completely degraded, the paperator showed a significantly higher

residual mass of 36%.

The results thus obtained from thermal analysis clearly suggest that thermal stability of

developed paperator is superior to the commercial PPCom separator.
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Further, to understand the dimensional stability at elevated temperature the fabricated
paperators were subjected to heat treatment at temperatures ranging from 50°C to 200°C, with
an interval of 25°C and equilibrating time of 10 minutes. The photographs of heat-treated
separators are shown in
Figure 3.16, where no
apparent change either in a 5 180s e o kun%”z;“;‘ﬂ ;,..W
color or in dimension could |
be observed in the case of
paper separators, whereas
the commercial separator
displays a gradual change in
its color with increasing
heat-treatment temperature.
It is also observed that
commercial PPCom
separator starts shrinking ‘ “?"“' 10 B 19116 17 1 : MCA 1o a ‘65’1“.'3'171“
with its color changing from ‘ L

white to transparent at 150°C

onwards and the structure of
commercial separator
T T
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change in the case of
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Figure 3.16 (a)-(h) Image showing thermal stability and
found which indicates that dimensional shrinkage from RT-200°C at every 25°C interval and
developed  paperators  are holding time 10 minutes at each temperature for Paperators
thermally stable without any  (above the scale) and Commercial Separator (below the scale); the
dimensional shrinkage up to  paper separator samples were placed above the scale based on
200°C, which corroborates increasing ceramic loading (from left to right) i.e., C25PVIBT0I,

in TGA analysis.

Safety is always a major concern while dveloping any internal component and/or materails for

LIB system, particularly separator because of the fact that during thermal runaway, flame

82



retardance property of separator plays the vital role in preventing combustion/ explosion of

batteries.

It has been reported elsewhere that besides coating with ceramic nanopowder, thermal-resistant
polymers used in making separator are also effective in improving the safety of LIBs. In this
context, both PVA and chitosan, although not intrinsically flame retardant, are considered to
be a very good carbon source that when applied to a polymer substrates, like cellulose, cotton,
bulky polymer, textile, foam, wood etc. they can give rise to the formation of stable
carbonaceous residue, called ‘Char’ upon exposure to the flame?!2*. The formation of char is
considered to be one of the most important condensed-phase mechanisms that serves as a
protective barrier to heat and mass flow, that prevents conversion of combustible gaseous

species further by means of stabilizing carbon?*2°.

Before Ignition

C25PV1BTO01

PPCom

- y
-
' ‘ —
i .
.

Figure 3.17 Digital images of Paperator (C25PVIBT01) and Commercial separator (PPCom), taken

during Flame Test (Combustion) as well as before and after ignition

To explore the fire returdant characteritics of developed paperator, a cumbusion test were
carried out for the developed paperators. Preparator were soaked with electrolyte (LiFPs in
EC/DMC) for 2h, which then exposed to a flame (from gas lighter) with proper safety
precaution. It was observed that on exposure to the flame, paperator (C25PV1BTO1) initially
ignited due to burning of electrolyte vapour, however flame momentarily self-extinguished and

resulted formation of significant amount of char. Observation are shown in Figure 3.17, which
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revealed interesting flame retardation properties for developed paperators having the
compositions of ceramic (BTO) and duo-polymer (PVA and Chitosan), coated on cellulosic
paper substrate. A similar type of findings for HAP-NW based separators was also reported?’.
Recorded flaming time for paperator was measured to be 3s, which can be categorized to V-0
according to IEC 60695-11-10 vertical flame standard test. It was also observed that
commercial polypropylene separator (PPCom), comprising aliphatic hydrocarbon backbone
burnt itself rapidly without leaving any residual ‘char’. This findings clearly indicated that
‘paperator’ thus developed can offer additional safety feature during thermally abused

condition, retarding the propagation of flame that may inhibit further damage to the cell.

3.3.2 SiO; Impregnated Paper Separator

Apart from polymeric blend, addition of nanostructured SiO- has several advantages as it may
decrease the crystallinity of the polymers, can improve electrolyte uptake capability, thus can
subsequently increase the ionic conductivity of the separator®®. Furthermore, the presence of
ceramic nanoparticles within the cellulosic matrix is also reported to have improved the heat
resistance property of the separator, which in turn enhances the safety features of separator

membrane during LIB operation®®-°,

3.3.2.1 Microstructural Features

Figure 3.18 represents the FESEM images of developed paper separators taken in different
magnifications; Figures 3.18(al-a3) show the image of paper separator CPS01 with lowest
ceramic loading and Figures 3.18(b1-b3) correspond to CPS15 paper separator with highest
ceramic loading. The images showed that the SiO> ceramic nano particles are homogeneously
distributed throughout the paper substrate and embedded with the cross-linked cellulose
tissues. It is worthy to mention here that due to smaller size of the SiO; particles (<100 nm)
than that of pore spaces (10-55 pm) which were created by cellulose crosslinking, particles are

predominantly stick to the tissues.

Therefore, the ceramic could not block the micron sized pores spaces of the paper substrate.
The diameter of the pore spaces of UP (untreated paper) measured from the micrographs (not
shown here) was found to be ranging from 10 um to 65 pum, which is very large than its

acceptable pore dimension required for separator for battery applications. The duo-polymer
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coating was applied in this study to create micropores in order to block those large sized pore
spaces. With the increase in the ceramic concentration, the distribution of ceramic particles per
unit area on paper substrate was found to be increased as expected. However, due to high
surface energy of nano particles, they were present in agglomerated form on the separator as
confirmed by FESEM [enlarged views of Figure 3.18(a3)-CPSO01 and Figure 3.18(b3)-
CPS15].

Figure 3.18 FESEM images of fabricated paper separators, (al-a3) CPS0I and (b1-b3) CPS15 taken

in different magnifications
3.3.2.2 Porosity and Electrolyte Wettability

Estimation of Gurley value (in seconds) is an indicator of air permeability and considered as
one of the most important technical parameters to characterize porous membrane. Lower the
Gurley value means higher the air permeability. Here, the highly porous paper substrate has
been modified with duo-polymer and ceramic, thus change in Gurley value is expected due to
blocking of large pore spaces of paper substrate either by Chitosan-PVA or large sized
agglomeration formed due to nano-SiO. The Gurley value of commercial untreated paper
substrate (UP) was found to be 7.5s, which increased to a value of 15.83s for lowest ceramic
loaded composition, CPS01. However, with further increase in ceramic concentrations for
CPSO05 (25.08s), CPS10 (21.95s) and CPS15 (23.25s), no significant change could be observed
in air permeability. This suggests that the blocking of pore spaces in paper substrate might be

affected by the polymers, but has little effect on ceramic loading. The porosity of fabricated
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paper separators were found to be in the range of 52.62-55.18%, similar to that of commercial

PP membrane.

When a liquid comes in
contact with a porous material
like paper, the liquid in contact
with the pores become curved
surfaces due to differential
surface tension. At
equilibrium condition, if the
contact angle between solid
and liquid is greater than 90°,
the liquid will not be able to
penetrate by capillary force.
However, the capillary suction
of fluid into porous matrix like
paper is basically a dynamic
process

described by

equation model’!. In the

of penetration as

Washburn

present study, paper has been
critically modified with duo-
polymer and ceramic. The
film-forming  ability  of
polymers (PVA and chitosan)
used along with ceramic filler
SiO2 makes a dense layer of
materials on the surfaces of
the pristine paper substrate
through which the fluid will
have to penetrate. Thus, the

rate at which the liquid will
penetrate through the . On the
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Figure 3.19 (a) Variation of contact angle with increasing
ceramic load, (b) Comparison of contact angle of CPS01 and
CPS15 with respect to PP, (c) Electrolyte volume uptake
capability of different ceramic loaded paper separators (CPS01,
CPS05, CPS10 and CPS15), (d) Time dependent liquid retention

plot of developed paper separator along with commercial PP

USRS

other hand, commercial PP showed a contact angel of ~78° which almost remain unchanged
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over several minutes. This is due to the fact that the presence of ceramic materials accelerates
the spreading of polar electrolyte molecules, and provides a path for soaking through the
capillary channels originated due to agglomerated ceramic clusters of SiO2 nano particles and
crosslinked-polymeric network of cellulose-PVA-chitosan. The electrolyte soaking ability was
also determined and plotted in Figure 3.19(c) with respect to increasing ceramic loading. It
was found that the paper separators showed higher electrolyte soaking ability of 147% and
131% for higher ceramic loaded samples of CPS10 and CPS15 respectively. On the basis of
the above, time dependent liquid retention capability in term of volume (ml) of the paper
separator was also calculated using xylene as liquid and the results were plotted in Figure
3.19(d). It was found that the paper separator showed faster liquid saturation capability than

that of commercial PP separator.

The time to achieve maximum
saturation was found to be two
times faster than the commercial T=60
PP. The spreading of commercial
electrolyte on the surface of

) ) T=45
paper separators with varying
ceramic concentrations along

T=30

with commercial PP separator
with respect to time was further T=15 | . ! U
examined inside the glove box
and the digital images were T=5 E
presented in Figure 3.20. The
images showed that higher the T=0 “ m
ceramic  concentration, the

electrolyte quickly spread over —Ceramic Conc. (W/v %)—

the surface, whereas commercial

PP separator showed very Figure 3.20 Time dependent electrolyte soaking ability of

paper separators with varying ceramic loading (a) CPS01,

sluggish type of spreading with
(b) CPS05, (c) CPS10 and (d) CPS15 along with PP

respect to time. All the above
findings suggest that the developed paper separator showed both superior wettability and

electrolyte uptake capability than that of commercial PP based separator membrane. Such
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properties of the separator are acceptable and plays very important role during electrochemical

performance in actual cell environment.
3.3.2.3 Mechanical Properties

Paper is generally considered a sheet material made up of a network of natural cellulosic fibre.
The process of manufacturing paper results in a preferential orientation of fibres which gives
rise to physical anisotropy and small-scale non-uniformity in the paper matrix**. Inside the
tortuosity of paper matrix, the contact between the cellulosic fibres is considered to be through

hydrogen bonding between

polysaccharides. Therefore, - | —
the mechanical and other ol | —
[ ——CPS05
properties not only depend 30 - —
on the nature of the fiber 25
z -
tortuosity or distribution, 5 20
. © I
but also the bonding (H- S 15

1
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bonding) between the fibres 10

and its inherent strength.
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Any modification of paper

substrate with other

polymers and filler materials
can have thus limited effect  Figure 3.21 Load vs Extension plot of fabricated Separators,
in enhancing the mechanical untreated paper (UP) and commercial separator (PP) at machine

properties. However, if the direction (MD)

coating polymer creates
enough hydrogen bonding with the existing cellulosic fibers of paper substrate, an

improvement in its mechanical property can be achieved.

The load vs extension curve of (a) commercial separator PP, (b) untreated paper UP, (c) CPSO1,
(d) CPSO05, (e) CPS10 and (f) CPS15 are shown in Figure 3.21 and the inset shows their
enlarged views of (b) to (f). The mechanical properties as evaluated in this study using test
specimens of all separators have also been presented in Table 3.4 and their values were
compared with untreated paper substrate-UP and PP. As expected, the commercial separator PP
showed a maximum tensile strength of 183.35 MPa having 40.7 % elongation due to its

inherent plastic nature. The untreated paper substrate revealed a tensile strength of 31.65 MPa
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with 1.4 % elongation in machine direction (MD). The tensile strength of fabricated paper
separators showed their values ranging from 34.86 MPa to 38.31 MPa with two-fold increase
in elongation (tensile strain at max. load: 2.61-2.98%) compared to the untreated paper (1.4%).
It is evident from these results that the effect is due to the modification made on the paper
substrate using duo-polymer and nano-sized ceramic. This has led to improve the mechanical
properties than that of UP, though the value is far less than that of commercial separator (PP).
Similar values of mechanical strength have been reported for cellulose-ceramic composite
separators®>. However, a significant enhancement of mechanical properties (increase in
elongation and tensile strength) which have been observed could be due to the combined effect
of cellulosic network modification and formation of hydrogen bonds with respect to untreated
paper. Moreover, the nanostructured SiO> used as filler materials within the cellulosic network

might be helpful in increasing the packing density to regulate the pore-spaces.

Table 3.4 Comparison of mechanical performance properties of fabricated paper separators with

respect to commercial PP and UP, measured along machine direction

Sample ID Thickness  Max. Load Tensile stress Tensile strain Modulus
at Max. at Max.
(mm) N) Load Load (MPa)
(MPa) (%0)
PP 0.020 36.670 183.35 40.70 990.10
UP 0.080 22.153 31.65 1.40 4,071.19
CPSO01 0.070 26.278 35.67 2.87 3,010.92
CPS05 0.070 27.978 37.30 2.70 3,166.20
CPS10 0.070 26.146 34.86 2.98 2,855.39
CPS15 0.070 28.735 38.31 2.61 3,143.50

3.3.2.4 Electrochemical Potential Window and Ionic Conductivity

2032 type coin cells were fabricated (configuration: Li/Separator/SS) using electrolyte-soaked
paper separators and their working electrochemical potential window was calculated from the
Current vs Potential plot (LSV) as given in Figure 3.22(a). As shown in the LSV curves, small
humps are appeared in the LSV plots of all paper separators nearly at 4.0V. This could be
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correlated to the formation of passivation layer at the working electrode side**. Above 4.5V, a
sharp increase in current could be found for the paper separators which were due to the
decomposition of the electrolyte. On the other hand, the working potential window of untreated
paper and commercial PP were found to be around 5.0V. Therefore, the working potential
window as obtained for the paper separators was found to be in the range of 2.5-4.5V, which
might be suitable for most of the conventional commercial cathode materials. Apart from

electrochemical potential window, the resistivity of separator is also crucial parameters to be

analysed.
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Figure 3.22 (a) Current vs Potential plot of Li/Separator/SS asymmetric cells using electrolyte soaked
UP, PP and paper separators (b) Impedance plot of symmetric cell with configuration of
SS/Separator/SS using developed paper separators, UP and PP soaked in LiPFsin EC/DMC(1:2)

The electrochemical impedance spectroscopy (EIS) was carried out for untreated paper (UP),
commercial polyolefin-based separator (PP) and fabricated paper separators soaked with
standard electrolyte using stainless steel plates (15 mm dia) on both sides of the separator
specimens (SS/separator/SS) in 2032 coin cell configuration and their corresponding EIS plot
was given in Figure 3.22(b). All the graphs showed capacitance type behaviour and their
intercept value along x axis (Z') provides the bulk resistance values of the fabricated separator
samples. The bulk resistance of fabricated separator samples was found to be higher than that
of commercial PP. This was due to the higher thickness (60/70 um) of fabricated paper
separators compared to commercial PP membrane (20 um). The conductivity of electrolyte-
soaked fabricated paper was also calculated from their corresponding impedance values and
found to be 0.44 mS/cm (CPS01), 0.48 mS/cm (CPS05), 0.58 mS/cm (CPS10) and 0.38 mS/cm

(CPS15) respectively. In comparison to the conductivity value obtained from electrolyte-
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soaked commercial PP membrane (1.21 mS/cm), the fabricated separators show somewhat

lower values which might be also due to the thickness of the fabricated separator.
3.3.2.5 Electrochemical Tests

The electrochemical performances of fabricated separators were studied using 2032 coin cells,
against commercial LiFePO4 cathode, MCMB anode and standard LiPFs liquid electrolyte (1:2
EC/DMC) and the results were presented in Figure 3.23. In Figure 3.23(a), the initial charge-
discharge profiles were displayed within the potential window of 2.5-3.7V for fabricated paper
separators. The specific discharge capacities values obtained were 84.71 mAh/g, 115.94
mAh/g, 118.98 mAh/g and 120.94 mAh/g for CPS01, CPS05, CPS10 and CPS15 respectively.
A significant difference in specific capacities for lowest and highest ceramic loaded paper
separators could be observed. Apart from the enhanced electrolyte wettability for all paper
separators, the pore volume also plays a crucial role in determining capacity. To estimate the
rate capability and repeatability of fabricated cells comprising different ceramic loaded paper
separators (CPS01. CPS05. CPS10 and CPS15), the cells were cycled at step current densities
ranging from 0.1-0.4 mA/cm? and finally restored to the initial current density of 0.2 mA/cm?.
The results were presented in Figure 3.23(b), which suggests the increase in ceramic density
in paper separator helped in sustaining the high current densities compared to that of low
ceramic loaded samples. Even at lower current density of 0.1-0.2 mA/cm?, the capacity of the
cells having CPS01 and CPS05 (with low ceramic loading) gradually decreased and almost
reached to <20 mAh/g. At a current density 0.4 mA/cm?, CPSO1 and CPS05 showed lower
capacity values. On the other hand, the highest ceramic loaded separator (CPS15) revealed
good capacity retention (~60 mAh/g) at current density as high as 0.4 mA/cm?. The cycle life
test along with columbic efficiency of fabricated paper separators were plotted in Figure
3.23(c), which revealed that all the cells using different ceramic loaded paper separator showed
>97% coulombic efficiency when cycled at current density of 0.2 mA/cm? and good capacity
retention on long term cycling. To compare the cycling performance at different step-current
densities, the cells fabricated with paper separator of highest ceramic loading, CPS15 and
commercial PP were cycled and the results were presented in Figure 3.23(d). 1t showed
comparable cycling performance at different current densities. The average capacity obtained
for both CPS15 and commercial PP separators at individual current densities ranging from 0.1-

0.4 mA/cm? were plotted in Figure 3.23(e), which further confirmed that the electrochemical
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performance of paper separator is almost superimposable in nature with that of commercial

separator.
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Figure 3.23 Electrochemical performance of developed paper separators, (a) Initial charge- discharge
profiles, (b) Cycle number vs step current density plot of CPS01, CPS05, CPS10 and CPS15, (c¢) Cycling
profiles at a current density of 0.2 mA/cm2 along with their corresponding coulombic efficiencies of
developed paper separators: CPS01, CPS05, CPS10 and CPS15, (d) Comparison of capacity vs cycle
no. plot between fabricated paper separator (CPS15) and commercial PP separator, and (e) Average
capacity vs current density plot of CPS15 and Commercial separator (PP)

The multi-cathode compatibility study was carried out in 2032 coin type cells using fabricated
paper separators (CPSO1. CPS05. CPS10 and CPS15) coupling with MCMB anode and
commercial cathodes such as LiFePO4, LiMn>O4 and LiCoO». To obtain the specific capacities
of standard commercial cathode materials against fabricated paper separators and commercial
PP, the cells were cycled in CC mode and their charge-discharge profiles are plotted in Figure
3.24. While testing these cells the cathode loading was almost kept same for all the commercial

cathodes, preferably 0.02g active materials coated on 15 mm diameter circular aluminium foil
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(20 pm) with similar weight ratio of coating composition, cathode:PVDF:conducting carbon:

=80:10:10. The specific discharge capacities were also summarized in Table 3.5.
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Figure 3.24 Typical charge-discharge profiles of 2032 cells made with commercial cathodes (LiFePOy,
LiCoO: and LiMn;O4) and MCMB anode. Separators used are commercial polymer (PP) and paper
separators CPS01, CPS05, CPS10 and CPS15 as developed in this investigation

The electrode compatibility study revealed that the paper separators with relatively higher
ceramic loading i.e., CPS05. CPS10 and CPS15, resulted in discharge capacities ranging from
115.93-120.94 mAh/g, similar to that of PP (117.83 mAh/g), when cycled against commercial
LiFePO4 cathode material. In case of commercial LiCoO> cathode, the separator CPS10 was
found to deliver a satisfactory specific capacity of 167.08 mAh/g. The developed paper
separators when tested against LiMn,O4 cathode could not perform satisfactorily compare to
that of commercial PP. Therefore, the initial electrode compatibility study suggests that the
developed separator is well compatible with LiFePO4 and LiCoO> cathode; however for
commercial LiMny;O4 cathode, further in-depth studies might be necessary to achieve

acceptable performance.

Table 3.5 Summary of specific discharge capacities (mAh/g) of different commercial cathodes achieved
with separator PP and paper separators (CPS01, CPS05, CPS10 and CPS15)

Cathode specific discharge capacity (mAh/g)

Separator LiFePO4 LiCoO: LiMn204
PP 117.83 187.10 88.78
CPS01 84.70 122.48 50.36
CPS05 115.93 154.44 51.50
CPS10 118.98 167.08 35.95
CPS15 120.94 99.09 21.76
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3.3.2.6 Thermal Study and Safety Tests

Thermogravimetric analysis (TGA and DTA) was carried out to perform the thermal stability
of separator materials by measuring its degradation behaviour at high temperature and amount
of residue left during thermal treatment. The thermal behaviour of developed paper separators
(CPSO1 and CPS15), untreated paper (UP) and commercial separator (PP) were carried in the
temperature range of RT-700°C and shown in Figure 3.25(a). The thermal profile of fabricated
separators i.e., CPS01 and CPS15 showed similar kind of multi-step weight loss between RT-
500°C. The untreated paper (UP) also followed the similar trend of weight loss up to 250°C,
which was assigned as removal of water from cellulosic paper surfaces. On the other hand,
commercial PP separator showed a sluggish weight loss up to 350°C followed by a sharp weight
loss due to decomposition of Polypropylene networks. The PP suffered a complete weight loss
at 450°C as shown in the Figure 3.25(a). The corresponding DTA plots of the separators were
shown in the Y-axis, which revealed three major exothermic peaks. This can be explained
considering the thermal degradation profile of cellulosic materials. When heated at
temperature above 250°C, cellulose starts its decomposition process resulting in the formation
of products like tar, flammable and inflammable gases, other by-products (such as water,
alcohols, organic acids etc), and char (residual mass)®®>. However, in this case the cellulosic
fibers of paper substrate have been functionalized using two others types of polymers namely
chitosan and PVA. Both these two polymers are highly compatible with that of cellulose fibers
in terms of forming intra and inter H-bonding networks as shown schematically in the Figure
3.25(b). Thus, the decomposition behaviour of paper separators is appeared to be somewhat
different than the commercial untreated paper (UP). Any cellulose substrate is intrinsically
hydrophilic in nature and naturally moisture (H20) is bound on the surfaces of cellulosic
substrate. But in case of paper separator, water molecules might be predominantly attached
through H-boding with the polymers used for functionalization. Thus, the removal of water
molecules from the paper separators takes place in two distinct temperature ranges-(i) below
250°C, removal of moisture trapped on the both surfaces of the separator and (ii) above 250°C-
300°C, the release of water molecules which were H-bonded with the -OH groups of the
cellulose, chitosan and PVA. Above 300°C, pyrolysis and exothermic combustion of
carbonaceous materials occurred in multi steps as reflected also by the DTA peaks. Around
25% of residual mass could be observed even after heat treatment of 500°C. This is due to the
reason that the commercial paper that are being used as substrate in this study were directly

being procured from market, and it was observed that several ceramic particles were
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intentionally used by the paper manufacturer for their purpose of application. Again, to
functionalize the separator, SiO2 ceramic particles were also been used. Thus, the residual mass
was a cumulative mass of ceramic and char produced after thermal decomposition of paper
separators. The residual mass remained unchanged throughout the set experimental

temperature up to 700°C.
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Figure 3.25 (a) TGA/DTA plot of paper separator, untreated paper (UP) and Commercial Separator
(PP), (b) Intra and inter H-bonding network in cellulose-chitosan and PVA and (c) comparative study
of thermal shrinkage with commercial PP separator and fabricated paper separators (CPS01, CPS05,
CPS10 and CPS15) at different temperatures (Room Temperature to 200°C)

The dimensional stability on elevated temperature is one of the crucial properties regarding the
safety aspects of batteries. The commercial plastic separator (PP) does not withstand high
temperatures (>90°C) and severe dimensional shrinkage is typically observed for PP beyond
100°C. In Figure 3.25(c), the thermal stability of the fabricated paper separators (CPSO1,
CPS05, CPS10 and CPS15) were compared with commercial PP up to 200°C and the digital
images taken during the experiment were presented. PP was found to be completely collapsed
above 150°C. Unlike PP, no dimensional shrinkage could be observed for the developed paper
separators up to 200°C. It clearly suggests that developed paper separator can offer higher

safety than commercial PP during thermally abused condition.
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The thermal stability and phase transformation of fabricated separators (CPSO01, CPS15),
untreated paper (UP) and commercial polyolefin-based separator (PP) was examined by

differential scanning

calorimeter (DSC) 24
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separator

membrane. On the other hand, a broad endothermic peak could be detected for the paper
separators (CPS01 and CPS15), which might be due to the moisture removal (both surface and
H-bonded water molecules) from the cellulose composites. No peaks could be found related to
phase transformation or melting of paper separators. Beyond 350°C, exothermic peaks were
detected for both untreated paper (UP) and fabricated paper separators (CPS01 and CPS15).
The DSC result was found to be corroborating the findings as obtained in TGA/DTA analysis.
The change in enthalpy was also calculated by using the software Proteus thermal analysis
8.0.3 by measuring the area under the curve. The AH (kJ/mol) values as obtained were found
to be 74.5, 47.05 kJ/mol for commercial separator, whereas it showed the value of 164.5 kJ/mol
for CSPO1 and 107.6 kJ/mol for CPS15 respectively. The DSC results clearly described the

better thermal profile of the fabricated paper separators compared to the commercial polyolefin

separator membrane.

To enhance battery safety features, flame retardant additives (FRAs) are commonly used in the

electrolyte composition to reduce its flammability with a view that the FRAs may help in
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releasing free radicals with flame-retardant effects during thermal decomposition®®. Another
way is to develop a separator material with flame retardant properties in-built which does not
collapse its dimension under thermal runaway preventing handshaking between active
electrodes. A commercial plastic separator (PP/PE)
has proven to be completely failed due to its easy
melting and dimensional collapse. In the present
work, in-flame combustion test was carried out for
the developed separator-CPS15 along with
commercial PP separators. Both the separators
were soaked with standard electrolyte solution
before conducting the test. Figure 3.27 shows the
digital images taken during flame test using two
separators; CPS15 and PP. It was observed that due
to its aliphatic hydrocarbon structure, commercial
PP separator readily shrinked with a relatively

smoke-free flame once exposed to flame and burnt

out very rapidly without leaving a char residue (as

shown in Figure 3.27). It is due to the fact that at

Figure 3.27 Digital images taken during
flame test at different time intervals for PP
commercial separator started, followed by and developed paper separator, CPSI15;
the source of continuous flame is a gas
lighter

initial phase of flame heating, depolymerisation of

volatilization of mass. On the other hand,
developed paper separator (CPS15) revealed
excellent flame retardant properties in combustion test. An initial flame due to the presence of
electrolyte was seen momentarily; however, no further flame or its propagation could be
detected on 10 seconds continuous exposure to flame. The flame retardant property of paper
separator might be originated due to build-up of char layer which shielded the inner tortuous
cellulose fibers against oxygen retarding its combustion or further flame propagation. Duo-
polymer and ceramic coating used on paper substrate might have provided a barrier against the
heat source creating a carbonaceous surface structure as thermal barrier. The combustion test
thus revealed that the developed paper separator can also offer excellent safety features by
successfully retarding the propagation of flame. As per UL 94 V ratings, the developed paper

separators can be classified as V-0 category in terms of safety.
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3.4 Conclusion

This chapter demonstrated a scalable and eco-friendly route to transform commercial cellulose
paper into functional paper-based composite separators, termed “Paperators,” by surface
modification with polymer—ceramic blends. The incorporation of BaTiOs and SiO:
nanoparticles, together with chitosan and PVA as dual binders, enabled effective reinforcement
of the fibrous paper matrix, anchoring large pore spaces, and imparting enhanced structural
integrity, wettability, and electrochemical stability. The BaTiOs-impregnated separators
benefited from the ferroelectric nature of the filler, which improved electrolyte affinity and
contributed to interfacial stability during long-term cycling, though excessive loading
occasionally led to agglomeration and reduced capacity due to pore blocking. In contrast, SiO»-
based separators offered homogeneous particle distribution, high porosity, and superior
electrolyte uptake without adversely affecting pore connectivity, which translated to stable
ionic conductivity and favorable electrochemical performance. Both separator types showed
significantly faster electrolyte soaking and lower contact angles compared with commercial
polypropylene membranes, underlining their strong affinity toward liquid electrolytes.
Mechanical testing revealed substantial reinforcement compared to untreated paper, while
thermal analysis and dimensional stability tests confirmed resistance to shrinkage and
degradation up to elevated temperatures, surpassing commercial PP membranes. Safety tests
further highlighted the inherent flame-retardant characteristics of the functionalized papers,
with the formation of protective char layers suppressing flame propagation. Electrochemical
evaluations in LiFePOas, LiCo00O2, and LiMn204 half cells confirmed that the optimized
Paperators delivered capacities and cycling stability comparable to commercial separators,
with minor limitations arising from higher separator thickness and tortuous ion pathways
intrinsic to the cellulose network. Furthermore, demonstration of their application in
supercapacitors validated their multifunctional potential beyond lithium-ion batteries. The
integration of both BaTiOs and SiO: systems thus establishes that cellulose-based composite
paper separators can effectively combine sustainability, safety, and practical performance.
Collectively, this work highlights that ceramic selection and optimization of polymer—filler
ratios are critical in tailoring performance, while processability using semi-automated roll-to-
roll fabrication demonstrates clear pathways for industrial scalability. Overall, the findings
confirm that “Paperators” present a promising, sustainable, and safe alternative to conventional
polyolefin separators for next-generation rechargeable batteries and related energy storage

devices.
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Chapter 4

Tri-layer Paper Separator: Reduction of
Thickness and Performance Enhancement

Highlights

e Paper separator with multiple functional layers

e Industry-friendly wet-coating process for large scale development

e Comparable physico-chemical, and electrochemical performance with commercial
separator; applicability in LIBs and SCs

e Excellent electrolyte wettability, porosity, and safety features
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Figure 4.0 Schematic representation of the tri-layer paper separator matrix

This chapter describes the development of a tri-layer cellulose paper separator prepared by surface
sizing, ceramic impregnation, and lamination. The structural modification improves electrolyte
wettability, porosity control, and mechanical robustness while ensuring excellent thermal stability and
flame resistance. The in-cell chemical stability as tested via EIS for 8 weeks, revealed nominal change
in bulk resistivity with no significant morphological changes. Electrochemical evaluation demonstrates
stable cycling, good rate capability, and compatibility with multiple cathodes in lithium-ion batteries,
as well as effective performance in supercapacitors. The findings establish ceramic-impregnated
cellulose paper as a sustainable and safe alternative to conventional polyolefin separators.
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4.1 Background and Overview

Extensive research is being carried out globally on cellulosic papers to convert them into
effective separator materials in LIBs!?. However, pristine cellulosic paper with anisotropic
pore distribution, large relative pore size and poor mechanical strength has limited its
opportunity of being used as separator in LIBs or other energy storage devices because of
undesired self-discharge phenomena and vital safety risks caused by lithium dendritic growth'.
Therefore, paper needs to be functionalized before its use in real cell environment. In the
previous work, we have tried to convert locally outsourced paper into paper separator. Although
the approach was cost-effective and eco-friendly, the impurities present in the paper matrix
hinder the ability of long cycling in an electrochemical cell. The high thickness of the separator
contributed significantly in enhancing the bulk resistance and limiting the electrolyte

wettability. Also, the issue of ceramic leaching was quite persistent.

To mitigate these problems, an effort has been made here to develop tri-layer ultrathin paper
separator (will be henceforth referred as UTPS) using a scalable industry friendly wet-coating
method by functionalizing thin paper with polymers and ceramic nanoparticles. It is worthy to
mention that the word “ultrathin” is used with respect to the previously developed paper-based
separator'’, not in commercial comparison such as PP or PE based separators. During
functionalization of paper substrate, porosity and pore size are two major critical parameters
which were duly optimized prior to application in cells. This is due to the fact that large number
of pores in any separator material is essential, but those need to be uniformly distributed to
prevent dendritic growth of lithium during cycling and also to prevent the percolation of active
electrode particles across the porous membrane?. It is thus argued that the pore size of typical
separator materials should be less than 1 pm*. In this context, the untreated pure cellulose paper
chosen here, does not qualify as separator material to be used directly in the cells. Cellulose-
based paper is intrinsically porous in nature, with large anisotropic pore spaces (ranging from
10-45 pm) originated from entangled cross-linked cellulosic fibers. Such high porosity may
have adverse impact on electrochemical performance of the cells due to poor mechanical
strength and higher internal resistance. Keeping this thought in mind, in this research, the pore
spaces present in untreated paper substrate has been systematically manipulated to fabricate
paper separator and to do that, the pristine paper has been coated with cellulose compatible
polymers namely polyvinylidene difluoride (PVDF) and styrene-butadiene rubber (SBR) via a

scalable method. PVDF is a well-known fluoropolymer consisting of valuable properties:
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relatively high melting point, high mechanical strength at elevated temperatures, chemical
resistance, resistance to hydrolysis, physiological inertness, low thermal conductivity, and
exceptional resistance to ignition®. Furthermore, PVDF is widely used in paper making
industries as sizing agent. On the other hand, ultrafine ferroelectric BaTiO3 (BTO) nano powder
was introduced here mainly as a filler to enhance structural integrity and thermal stability of
paper matrix. It is reported elsewhere that presence of BTO may also facilitate electrolyte salt
dissociation in charged species, can improve ionic conductivity of polymer used by increasing

amorphous content and can enhance lithium interface stability?®.

The present chapter thus demonstrates a systematic study towards development of a
technologically important low cost sustainable paper based separator component for energy
storage devices like lithium-ion batteries (LIBs) and supercapacitors (SCs). A detailed
discussion has also been presented here on the strategy of process scaling-up. Separators with
varying polymer-ceramic compositions were fabricated and thoroughly characterized in terms
of porosity, pore size distribution, microstructure, electrolyte wettability, thermal
stability/shrinkage, mechanical behaviour, and electrochemical performances both in lithium-
ion cells and supercapacitors. The chemical stability of paper separator inside lithium-ion full
cell during calendar ageing (without cycling) for eight weeks was evaluated using impedance
spectroscopy (EIS) and surface imageing (FESEM and EDX) continuously. The combustion
safety test was also carried out to evaluate the flame retardant properties of composite paper
separators. The obtained results were also duly compared with commercial PP based separator.
The paper separators thus developed under this study might be considered a step towards
achieving sustainability in energy storage domain both for LIBs and supercapacitors. The
current research status on cellulose or its derivatives as separator materials for LIBS are duly

summarized in Table 4.2.
4.2 Separator Fabrication Process

The process of fabrication of UTPS has been carried out in three major steps- (i) Sizing, (ii)
Ceramic impregnation and (iii) Lamination, as described in Section 2.3.2.3 in Chapter 2. The
commercial cellulose paper of ~20 pum thickness, as named here untreated paper (UP), is
initially coated with 3.5w/v% polyvinylidene fluoride (PVDF)in NMP solution via wet-
coating method using an in-house fabricated double-decker (DD) coating machine, as shown

in Figure 2.1 of Chapter 2. The dried PVDF coated paper was then compacted using a
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calendaring machine under a load of 50-60 tons. This process is called surface ‘sizing’ which
offers certain benefits towards large scale fabrication process improving the tensile strength of
the thin paper substrate and extending the scope of further functionalization. Sizing process
also consolidates the surface of the paper sheet reducing its tendency to extricate surface fibers
and moisture absorption under humid atmosphere’. Another most important role of this step is
to reduce of pore spaces of untreated bare paper substrate. Such minimization of pore spaces
is required to offer directional penetration of electrolyte through the pores rather than fibers.
The untreated paper coated with 3.5 w/v% PVDF thus obtained in this step will be henceforth
termed as P35.

In next step, the PVDF coated paper was subjected to second coating using an aqueous blend
of styrene-butadiene rubber (SBR, 7.0 w/v%) and BaTiO3 nano-ceramic powder (BTO, 2.0
w/v%) using the same wet-coating technique. This step may be termed as ‘ceramic
impregnation’ or internal sizing using ceramic fillers. Through this process of internal sizing,
several purposes are served. The surface energy of PVDF coated paper becomes lowered. The
ceramic filler BTO sits on the top surface of the fibers giving reinforcement to the entangled
cellulosic fibers of paper and further pore spaces are reduced due to SBR coating. Both the
above two steps i.e., surface sizing and ceramic impregnation steps have crucial impact on the
wettability of separator membrane. The paper separator at this functionalization stage will be

henceforth terms as P35SB7BT20.

After two layers of successive coatings in the final step, the paper was further coated with SBR
aqueous solution of varying concentration of 1.0-3.0 w/v%. This is called ‘lamination’ step. It
provides smooth separator surface, minimizes pore spaces and also works as protective layer
to impede the dissolution and/or leaching of ceramic particles in electrolyte under actual cell

environment.

After lamination step, the in-situ dried paper separators were finally compacted under pressure
of 20-30 tons using the calendaring machine. Depending on the concentration of SBR solution
used for lamination layer, the separator will be henceforth referred as - P35SB7BT20SB1
(coated with 1.0 w/v% SBR), P35SB7BT20SB2 (coated with 2.0 w/v% SBR) and
P35SB7BT20SB3 (coated with 3.0 w/v% SBR).
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4.3 Results and Discussion

The structural, physical and electrochemical properties of the developed paper separators have
been described below, along with proper comparison with commercial PP-based separator,

where necessary:

4.3.1 Microstructural Features

Microstructural imageing was carried out in every step of fabrication process starting from

untreated paper (UP) to lamination step and shown in Figures 4.1 (a)-(d).

The untreated paper showed entangled cellulose fibers with heterogeneous porosity or pore
spaces measuring 5-20 pm in length as shown in Figure 4.1(a). Thereafter, the surface sizing
as done with PVDF polymer resulted in reduced number of pore spaces as well as pore
dimension in separator P35, as reflected in Figure 4.1(b). From the micrograph of P35, it was
also observed that the sized surface of paper was found more compact (in terms of fiber density
per unit volume) compared to the untreated paper (UP). In the step of ceramic impregnation,
the porosity and pore diameter were found to further reduce due to the introduction of SBR and
BTO nano powder as seen in the micrograph presented in Figure 4.1(c). A typical micrograph
of laminated paper separator- P35SB7BT20SB2 as given in Figure 4.1(d) describes a
significant reduction of pore spaces and increase in fiber compact-density due to application of
lamination coating with SBR. EDX spectrum presented in Figure 4.1(e) taken after ceramic
impregnation step for the fabricated separator P35SB7BT20 clearly indicates the presence of
Ba, Ti and O.

It is interesting to observe that the untreated paper substrate is composed of several cellulosic
fibers of different length and width as shown in Figure 4.1(g). However, such fibers are not
elementary in nature, rather composed of large number of microfibrillar bundles. FESEM
image taken at the torn edge of fabricated P35SB7BT20 separator as shown in Figure 4.1(f)
revealed the presence of cellulose microfibrils. It was further observed that the ceramic
nanoparticles are also present on the surface of the microfibrils. Thus, it can be stated that the
ceramic impregnation step not only changed the surface properties but also modified the
surface of the elementary fibers, which might be helpful in strengthening mechanical properties

of composite paper separator.
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Figure 4.1 FESEM micrographs of (a) untreated paper (UP), (b) P35 separator obtained after sizing,
(c) P35SB7BT20 separator after ceramic impregnation, (d) P35SB7BT20SB2 separator after
laminating with 2 wv% SBR, (e) selected area elemental mapping by EDX of separator P35SB7BT20),
() & (2) A schematic representation of cellulosic fiber and its elementary microfibrils is displayed along
with FESEM images taken on P35 sized separator

4.3.2 Air permeability, Porosity and Electrolyte Wettability

Figure 4.2(a) shows the air permeability values of UP, P35, P35SB7BT20 and other fabricated
paper separators (P35SB7BT20SB1, P35SB7BT20SB2 and P35SB7BT20SB3). Estimation of
air permeability of separator membrane in terms of Gurley values (in seconds) is considered to
be one of the critical characterization tools which helps to evaluate the nature of porosity and

the homogeneous distribution of pores in separator matrix. To perform this test, separator
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samples were cut into circular disks from different portions of fabricated separators,
particularly front, middle and rear segments of separator roll. The time required for permeation
of 100 cc air through those samples is estimated in this test. As shown in Figure 4.2(a), the
untreated paper (UP) show very low Gurley value of 5s due to the presence of large sized pore
spaces. However, after completion of first layer coating (sizing) with PVDF 3.5 w/v%, the P35
separator shows a fourfold increase in Gurley value (20s). Thereafter, with the introduction of
SBR-BTO ceramic blend over P35, the Gurley value further increases to 28s for P35SB7BT20.
The final coating with SBR (in the lamination step) with increased concentrations of 1-3 w/v%,
Gurley values increased to 85s (P35SB7BT20SB1), 120s (P35SB7BT20SB2) and 140s
(P35SB7BT20SB3), respectively. The sharp decrease in air permeation ability of the separator
membranes reveal that the addition of polymeric layers (PVDF and SBR) during sizing,
ceramic impregnation and lamination processes has significant effect in reducing number of

pore spaces as well as their dimensions in separator matrix.
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Figure 4.2 (a) Air permeability values in terms of Gurley seconds (per 100 cc air) of untreated paper
and fabricated paper separators, (b) comparison of electrolyte wettability of untreated paper and

fabricated separators with commercial PP (red dotted line)

Figure 4.2(b) shows the variation of electrolyte (LiPFs in EC/DMC) wettability values of
untreated paper and fabricated composite paper separators calculated using Equation 2.1. The
estimated values are duly compared with the electrolyte wettability value of commercial PP
based separator. The untreated cellulosic paper showed wettability values of 285.29%, three
times higher than commercial PP (electrolyte wettability ~ 90%) due to its large number of
pore spaces and also high volumetric dimension. In P35 separator, it was observed that PVDF

coating significantly increased the hydrophobicity of untreated paper substrate, which further
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enabled the cellulosic surface of wide spreading of organic liquid electrolyte and its faster
adsorption process resulting in higher wettability value of 353.84%. In the next step i.e.,
ceramic impregnation process, further coating with SBR and BTO ceramic blend reduces the
number of pore spaces that existed in P35 surface and also it reduced its dimension which was
reflected in decreased wettability value of 216.67% for P35SB7BT20 separator. In the final
lamination step, the P35SB7BT20 separator when coated with 1 w/v% SBR solution
(P35SB7BT20SB1),
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Figure 4.3 Contact angles measured using standard electrolyte
still electrolyte | o1 ion for (i) PP (ii) P35SB7BT20SBI, (iii) P35SB7BT20SB2 and (iv)
wettability values are | p3s9p78720SB3 with respect to time

significantly higher than
the commercial PP separator membrane. It clearly suggests that the three-layer multi-step
coating process as executed on untreated paper substrate had intrinsically increased the

electrolyte soaking ability of the developed composite paper separators.
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Another most convincing method to assess wettability is to measure the angle of contact
between the probe liquid (water or electrolyte) and the surface of the paper substrate®. The
variation of electrolyte contact angles in terms of compositions of developed paper separators
has been presented in Figure 4.3. The image represents the time dependent changes in contact
angles in electrolyte for commercial PP-based separator as well as P35SB7BT20SBI,
P35SB7BT20SB2 and P35SB7BT20SB3 paper separators. The laminated separators showed
low contact angle ranging from 38.0-42.5° at the moment of dropping electrolyte, which almost
instantly reduced to 22-25° after 10 seconds while commercial PP-based separator showed
contact angle of 78.7° initially, which decreased to the value of 67.7° after 10 seconds duration.
Such lower contact angles of fabricated separators in comparison to the commercial one
corroborates the findings obtained during estimation of electrolyte wettability. Lowering of

contact angle basically relates to the higher spreading of liquid on substrate surface.
4.3.3 Mechanical Properties and Thermal Shrinkage Test

Tensile properties of the separator are important from cell manufacturing point of view wherein
the separator has to endure certain tension of winding machine during cell assembly®°.
Figures 4.4(a) and (b) show the Load vs Extension plot of untreated paper (UP) and
P35SB7BT20SB1, P35SB7BT20SB2 and P35SB7BT20SB3 paper separators both in (a)
machine direction and (b) transverse direction. The mechanical properties as obtained are

summarized in Table 4.1.

Table 4.1 Summary of mechanical properties of the developed paper separators

Code Width Thickness Max. Load Tensile Tensile Modulus
(mm) (nm) (N) stress at strain at (Automatic)
Max. Load Max. Load (MPa)
(MPa) (%)
UP-MD 10.00 20.000 9.253 46.26 1.75 5,200.81
UP-TD 5.00 20.000 1.183 11.83 2.97 921.58
P35-MD 10.00 0.02 10.140 50.70 4.37 3000.00
P35-TD 7.00 0.02 3.353 23.95 9.84 780.00
P35SB7BT20-MD 10.00 0.02 9.216 46.08 4.83 3290.00
P35SB7BT20-TD 6.00 0.02 3.220 26.84 8.61 900.00
P35SB7BT20SB1-MD 10.00 20.000 9.587 4793 4.73 3,351.14
P35SB7BT20SB1-TD 5.00 20.000 2.768 27.68 8.50 842.51
P35SB7BT20SB2-MD 10.00 20.000 10.030 50.15 4.23 3,534.45
P35SB7BT20SB2-TD 5.00 20.000 2.821 28.21 8.44 940.71
P35SB7BT20SB3-MD 10.00 20.000 8.791 43.96 3.89 3,445.46
P35SB7BT20SB3-TD 5.00 20.000 2.657 26.57 6.98 970.50
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It is revealed that the functionalization of paper separators using duo-polymer and ceramic
offered marginal increase in their tensile stress at maximum load (43.96-50.15 MPa) compared
to untreated paper substrate (46.26 MPa), however, two fold increase in tensile stress (paper
separators: 26.57-28.21 MPa) was achieved in transverse direction (UP-TD: 11.83 MPa). A
plot presenting variation of tensile strengths both in machine direction (MD) and transverse
direction (TD) with respect to paper separator composition is shown in Figure 4.5 for better

understanding.
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Figure 4.4 Load vs extension curve (a) in machine direction (MD) and (b) in transverse direction (TD).
(c) Digital images of thermal shrinkage up to 200°C for the separator specimen with code (a) P35, (b)
P35SB7BT20, (c) P35SB7BT20SB1, (d) P35SB7BT20SB2, (e) P35SB7BT20SB3, (f) UP and (g)

commercial PP based separator

The increase in tensile strain as observed at maximum load both in (MD) and (TD) might be
due to functionalization of paper substrate. It is worthy to mention here that mechanical

properties of any paper-based material not only depend on the nature of the fiber, but also on
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the bonding (H-bonding) between the fibers and their inherent strength!!. Functionalization of
paper substrate with polymers and filler materials can thus have limited effect in enhancing the
mechanical properties. However, if the coating polymers are able to create new hydrogen
bonding with the existing cellulosic fibers of paper matrix, an improvement in its mechanical

property can be achieved'?.
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Figure 4.5 Comparison Plots of Tensile Properties

Therefore, enhancement in mechanical properties in terms of tensile strain (MD and TD) in
fabricated paper separators is a combinational effect of both natural cellulosic fibers present in

the paper substrate and inter- and intra H-bonding created by duo polymers (PVDF and SBR).

Also, the structural integrity of developed separators at elevated temperatures has been
examined by qualitative thermal shrinkage test in an oven from 50°-200°C for UP, PP and
fabricated separators-P35, P35SB7BT20, P35SB7BT20SB1, P35SB7BT20SB2 and
P35SB7BT20SB3, as given in Figure 4.4(c). It has been observed that the commercial
polyolefin membrane shows a dimensional shrinkage at ~120°C and it is totally degraded at
200°C, whereas our developed paper separators are able to hold their dimensional integrity
even at 200°C and beyond. This is due to the fact that heat can readily dissipate though the
fibrous cellulosic network of paper separator and ceramic filler materials can provide high
thermal resistance. Apart from that, SBR also acts as binder material to maintain the structural
integrity of the separator at elevated temperature. Thus, due to this improved thermal stability,
fabricated paper separators can offer additional safety to the batteries by impeding short circuits

at thermally abused state.
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4.3.4 Electrical Properties

The various electrical tests performed for the developed paper separators are described as

follows:
4.3.4.1 Ionic Conductivity

EIS was carried out using 2032 coin type symmetrical SS/Separator/SS cells and the frequency
dependent impedance plot of the fabricated separators were shown in Figure 4.6(a). All the
separators revealed straight line profiles inclined toward the Z' axis representing electrode-
electrolyte double-layer capacitance behaviour. The bulk resistance values of the fabricated
separators were estimated from the high-frequency intercept of the Nyquist plot on the Z' axis

and presented in tabular form in the inset of Figure 4.6(a).

The effect of sizing, ceramic impregnation and lamination was quite evident with the increase
in resistance values of fabricated paper separators-P35 (1.27Q), P35SB7BT20 (1.70),
P35SB7BT20SB1 (4.23Q), P35SB7BT20SB2 (5.84Q2), and P35SB7BT20SB3 (7.33Q). The
surface sizing in P35 resulted in lower impedance value of 1.27 Q due to the presence of
comparatively greater number of pore spaces than the ceramic impregnated and laminated
separators. Ceramic impregnation of separator by introducing polymeric blend of nano-ceramic
powder (SBR and BTO) although sacrificed few pore spaces in P35 separator matrix, the
presence of ceramics on the other side facilitated the wettability of the separator. Thus, the dual
competing effect resulted in a marginal change in impedance value in P35SB7BT20 separator.
In laminated separators i.e., in P35SB7BT20SB1, P35SB7BT20SB2, and P35SB7BT20SB3,
large number of pores were sacrificed with the increasing concentration of SBR (conc. range

1.0-3.0 w/v%) resulting in higher impedance values.

The corresponding ionic conductivities of electrolyte-soaked separators are also tabulated in
the inset reflecting gradual decease in ionic conductivities. The EIS results in summary
suggested that the manipulation of pore spaces definitely has adverse effect in separator
resistance and ionic conductivities; however, an optimization is necessary to achieve a balance
between wettability and separator impedance values. In that respect, all the paper separators
might be qualified as good quality working separator with acceptable porosity, wettability and

resistance.
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4.3.4.2 Electrochemical Potential Window

The working electrochemical window for the paper separators were measured by Linear Sweep
Voltammetry technique scanning from OCV to 6 V at 2.44 mV.s™! scan rate. For this experiment,
2032 type coin cells with cell configuration Li/Separator/SS using liquid electrolyte-soaked
paper separators were fabricated. In current vs potential plots shown in Figure 4.6(b), small
humps can be observed for all paper based composite separators nearly at 4.0 V. This can be
due to the formation of passivation layer at the working electrode side. A sharp increase in
current could be found above 5.1 V for the paper separators which might be due to the
decomposition of the liquid electrolyte. On the other hand, the working potential window of
untreated paper (UP) and commercial plastic separator (PP) were found to be around 5.0 V
from their LSV profiles in Figure 4.6(b). Therefore, the working potential window as obtained
for the paper separators was found to be nearly 5.1 V, which is suitable for almost every

conventional commercial cathode material.
4.3.5 Electrochemical Tests

Electrochemical performance tests of the separators are conducted in both LIBs and SCs. The

results are summarized below:
4.3.5.1 Full Cell Performance

A comparison of initial discharge profiles of 2032 coin cells with cell configuration of
MCMB/separator/LiFePOg4 fabricated using untreated paper-UP, commercial PP and fabricated
paper separators is given in Figure 4.6(c). Prior to cell fabrication all the separators were
saturated with commercial standard LiPFs (EC:DMC = 1:2) electrolyte for two hours inside
glove box. The specific discharge capacities of the cells were found to be 112 mAh/g (UP),
125 mAh/g (PP), 122 mAh/g (P35), 129 mAh/g (P35SB7BT20SB1), 117 mAh/g
(P35SB7BT20SB2) and 133 mAh/g (P35SB7BT20SB13). The cycling performance at 0.2
mA/cm? current density was studied for all the fabricated separators including UP and
commercial separator, PP. UP showed lower capacity values than PP and fabricated separators.
A comparable cycling performance to that of PP was obtained for P35SB7BT20SB2 separator

with similar capacity retention up to 100 cycles.
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Figure 4.6 (a) Nyquist plot of fabricated paper separators, (b) electrochemical stability window of
fabricated paper separators at scan rate 2.44 mVs'; Electrochemical cell performance in 2032 coin
type cell fabricated with MCMB anode, LiPFs (EC/DMC) liquid electrolyte soaked separators and
LiFePOy cathode (c) initial charge-discharge profiles of UP, commercial PP along with fabricated
separators (d) cycleability plot at current density of 0.2 mA/cm?® and (e) cycling performance of UP,

P35 and fabricated separators at current densities in the range of 0.1-0.8 mA/cm’

From Figure 4.6(d), it was also found that both lower and higher concentration (1.0 w/v% and

3 w/v%) of SBR used for lamination in P35SB7BT20SB1 and P35SB7BT20SB3 separator
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could not performed well in cycling test. It is might be due to the fact that lower SBR
concentration might not be sufficient to laminate the separator matrix homogeneously, whereas,
a high SBR concentration of 3 w/v% suffered from uneven lamination coating along with
polymeric segregation on separator surface leading to exposure of ceramic layer. An interesting
result were found when the cells were cycled at increasing current densities from 0.1 mA/cm?
to 0.8 mA/cm? and thereafter, reversing back to initial current density. All laminated separators-
P35SB7BT20SB1, P35SB7BT20SB2, and P35SB7BT20SB3 delivered higher capacities at
lower current densities than the UP-untreated paper, but failed to perform at very high current
density of 0.8 mA/cm? for impedance developed due to lamination layer resulting in hindrance
of Li-ion mobility across the separator membrane. On the contrary, separator without
lamination-P35SB7BT20 still produced some capacities at 0.8 mA/cm? The results
corroborated with the ionic conductivities found for different separator compositions. While
reversing back to lower current densities, laminated separator was found to recover the capacity

better than the UP and non-laminated paper separators (P35, P35SB7BT20).
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Figure 4.7 Capacity vs cycle number plot of fabricated separator- P35SB7BT20SB2 up to 300 cycles.
The Y axis represents the coulombic efficiency values in each charge-discharge cycle. Each plot from

lefi to right represents the cycle numbers ranging from (a) 1-100", (b) 101-200" and (c) 201-300"

Figure 4.7 describes the long term cycling behaviour of laminated P35SB7BT20SB2 separator
at current density of 0.2 mA/cm? up to 300 cycles including coulombic efficiency of the cell.

The cell showed > 95% coulombic efficiency throughout cycling test.
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4.3.5.2 Multi-cathode Compatibility of the Separators
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Figure 4.8 Multi-cathode Compatibility: typical charge-discharge profiles of paper separator
(P35SB7BT20SB2) against (a) LiMn;Oy, (b) LiFePOy4 and (c) NCM111

To evaluate multi-cathode compatibility, the developed composite paper separator
(P35SB7BT20SB2) was tested in 2032 coin cell configuration using MCMB anode, standard
electrolyte and three different commercial cathodes namely LiFePO4 (LFP), LiMn2O4 (LMO)
and LiNi13Co1sMn1302 (NCM 111). Their typical charge-discharge profiles were presented in
Figure 4.8. It was found that the composite paper separator delivered a specific discharge
capacity of 114.66 mAh/g, 59.18 mAh/g and 164.99 mAh/g with respect to LFP, LMP and
NCMI11 respectively. The obtained capacity values were found well matched with their

practical achievable capacities in Li-ion Batteries.
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Figure 4.9 Multi-cathode Compatibility: Capacity vs cycle number profiles of paper separator
(P35SB7BT20SB2) against LiMn:04 and NCM 111 with step current density
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The capacity vs cycle number plots of MCMB/P35SB7BT20SB2/LMO and
MCMB/P35SB7BT20SB2/NCM cells were presented in Figure 4.9. Both the cells were cycled
at different current densities ranging from 0.1-1.2 mA/cm? for 20 cycles at each current density
and their performance shows good cycle retention of both electrodes with the designed

separator.

4.3.5.3 Electrochemical Performance in Supercapacitors
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Figure 4.10 Typical constant current charge-discharge (CDC @260 mA) patterns of SCs, made with
(a) developed paper separator (N1-SC-UTPS & N2-SC-UTPS) and NKK branded commercial paper
separator (N3-SC-NKK & N4-SC-NKK), carried out as per IEC 62391-1 (Class-1I) by using the
supercapacitor testing system. Inset represents the enlarged portion of CDC patterns during the

constant current pulsing stage for measuring cell ESR of SCs

The charge-discharge patterns of the SCs thus fabricated using UTPS were found to be identical
and are highly reversible, that indicated no significant loss or disintegration of UTPS during
the charge-discharge cyclying. The Cesr and ESRcen of the UTPS based SC were found to be in
the range of 25.79+0.2 F and 20.6+0.3 mQ. In order to compare the UTPS performance in SC,
two SCs were also fabricated by using two identical carbon aerogel based active electrodes and
commercial cellulose based paper separator (NKK brand, Japan) in a similar fashion (labelled
as N3-SC_NKK and N4-SC NKK) and they were also tested in similar manner. The cell
capacitances & ESR of the SCs made with NKK branded paper separator were found to be
26.1+0.06 F and 13.24+0.5 mQ respectively. Typical charge-discharge plot of SC fabricated
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using UTPS and NKK branded commercial paper separator is shown in Figure 4.10, which
clearly revealed that the newly developed paper separator (UTPS) are highly compatible with
commercial products and possess high application potential for use as separator in wide range

of electrochemical energy storage systems including Li-ion batteries and supercpacitors.
4.3.6 Calendar Ageing Test

The chemical stability of separator membrane inside cell environment needs to be addressed to
examine its performance for long term cycleability. Inside the lithium-ion cell, both the surfaces
of the separator are exposed to LiPFs (EC/DMC) based organic liquid electrolyte, different
chemical constituents and of course, different redox environment (anodic and cathodic
compartments) during cycling. Therefore, to observe the related changes in the microstructure,
surface topology and electrical properties of separator calendaring ageing in full cell
configuration (MCMB/Sep/LFP) has been studied here by using impedance spectroscopy (EILS)
and microscopic imageing (FESEM and EDX) techniques. In contrast to cycling ageing, the
results obtained in calendar ageing can be helpful to interpret the mechanism of formation of
passivation layers (SEI), facts related to dissolution of electrode particles and chemical stability

of separator membrane depending on the cell chemistries.

For this purpose, 2032 coin cells were fabricated using developed paper separator
(P35SB7BT20SB2) both in full cell (MCMB/Sep/LFP) and symmetrical cell (SS/Sep/SS)
configurations; and thereafter, measured their impedance in every one week interval throughout
a total duration of eight weeks without electrochemical cycling. At the end of the study after
eight weeks, the cells were dismantled and the separators were cleaned thoroughly several
times with dimethyl carbonate (DMC) solvent to clear the soaked electrolytes. The surface
properties of separator membrane thus examined and compared with the separator which was

dismantled just after 24 hours of fabrication, and cleaned in the similar way as stated earlier.

The Nyquist plots representing the time dependent changes during ageing in electrolyte
resistance (Re) and charge transfer resistance (Ret) of symmetrical cell fabricated with the
developed separator is shown in Figure 4.11(a). It was observed that the electrolyte resistance
of the cell was found to be apparently constant (6-8 Q) throughout the ageing process, whereas,
the charge transfer resistance (Rct) gradually increased over time. The Rt value of as fabricated
cell was found to be 121.11 © which increased to a value of 1112.89 Q after eight weeks. For
better understanding, the results further plotted in Figure 4.11(b) and Figure 4.11(c) showing
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the changes in impedance values of symmetric cell with respect to time. It suggested that the
electrolyte resistance remained constant, where due to side reactions and SEI formation, the
charge transfer resistance increased to higher values. This further indirectly confirmed that
ceramic particles embedded in the paper separator composite matrix might not be leaching out
from surface during ageing; otherwise incremental changes in electrolyte resistance might be

observed due to dissolution of BTO particles in the electrolyte.
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Figure 4.11 (a) Nyquist plot of full cell (Configuration: MCMB/Sep/LFP) fabricated with paper
separator P35SB7BT20SB?2 during calendar ageing (0-8 weeks), (b) Time dependent plot of electrolyte
resistance (R.) and charge transfer resistance (R.) of symmetrical cell fabricated with the developed

separator and (c) Nyquist plot taken at regular interval reflecting changes in bulk impedance of paper
separator P35SB7BT20SB2 during calendar ageing
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Robert et al. reported that separator morphology (PP based) might be changed upon storage in
a cell containing LiPFs-EC-EMC electrolyte at elevated temperatures'®. They argued such
changes may affect the lithium movement across the separator membrane due to
blocking/covering the pores of the separator resulting in increase in local ionic impedance. A
non-uniform distribution of deposits originating from the liquid electrolyte was found in their
study during ageing of full cell. In our case, we have dismantled the aged cell after eight weeks,
and both the surfaces of aged paper separator (cathode facing surface and anode facing surface)
were exposed under FESEM followed by elemental analysis by EDX as shown in Figure 4.12.
The surface topology of aged separator was duly compared with the non-aged separator
dismantled after 24 hours of assembly. The micrographs of separator surfaces for freshly
dismantled cells after 24 hours as shown in Figure 4.12(a-al) and Figure 4.12(c-c1) for both
anode and cathode facing surfaces, the morphology and microstructure looked apparently same
as the surface of as-fabricated paper separator. However, cubic shaped particles could be found
homogeneously deposited on both anode and cathode facing surfaces of the aged separator
after eight weeks of calendar ageing at RT, as shown in Figure 4.12(b-b1) and Figure 4.12(d-
d1). To identify the elemental composition of the deposits on paper separator surfaces, selected
area EDX was carried out on freshly dismantled separator and eight weeks’ aged separators

and presented in Figure 4.12(a2-b2) and Figure 4.12(c2-d2).

The EDX profiles for both anode and cathode facing surfaces of freshly dismantled and aged
separators revealed the presence of phosphorus along with other known elements like C, O,
Ba, Ti, F, Si etc. The relative peak intensities of phosphorus were found to be increased on long
term ageing. To probe this phenomenon, the EDX profile of as-fabricated separator was
compared and it was found that no phosphorus peak could be detected in the spectrum (refer
to Figure 4.1(e)) of as-fabricated paper separator. These observations co-related that
phosphorus might be deposited on both anode and cathode facing surfaces of the aged
composite paper separator due to decomposition electrolyte salt in cell environment. The
phosphorus containing precipitate as found uniformly distributed on the separator might be one
of the reasons for capacity fading on long term cycling of the cells. It is also envisaged that

such depositions could also be found on plastic PP/PE based separators.

Therefore, it is worthy to mention here that the reason of capacity fading on long term cycling
might not be co-related with the developed paper based composite separator, rather it was the

degradation property of liquid electrolyte during calendar ageing. Such depositions may block
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the active pores of any such separator membrane impeding Li-ion transport and subsequently,

capacity loss of the cell.

Separator surface facing anode side
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Figure 4.12 FESEM micrographs of anode facing surface of (a)-(al) as fabricated and (b)-(b1) aged
cell dismantled after 8 weeks;, FESEM micrographs of cathode facing surface of [(c)-(c1)] as fabricated
and (d)-(d1) aged separator after 8 weeks, Corresponding selected area EDX profile of anode facing
(a2-b2) and cathode facing surfaces (c2-d2) for both as-fabricated and aged separators, (e) A schematic

illustration of phosphorous containing material deposition on separator surfaces after ageing
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4.3.6 Thermal Safety

The thermal safety tests are crucial for battery separators, since they determine the practical
applicability inside a standard battery. We have performed several thermal tests for our
developed separators, including thermogravimetric analysis (TGA), flame test and
galvanostatic charge-discharge at elevated temperatures. The key findings and their possible

causes are explained below;

4.3.6.1 Thermogravimetric Analysis
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Figure 4.13 TGA plot of paper separators samples, inset showing the differential weight loss from room
temperature to 600 C

For analysis of thermal degradation from RT to 600°C, TGA/DTA was performed for all the
fabricated paper separators and shown in Figure 4.13. A sharp peak of major weight loss could
be observed in the inset of Figure 4.13 for all the paper separators at 321°C followed by two
small weight losses at about 461°C and 486°C. The major weight loss was attributed to the
removal of surface and intrinsically H-bonded water molecules from cellulosic matrix. The

later peaks correspond to the thermal degradation of polymers (PVDF and SBR) used as

binders in paper separators.
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4.3.6.2 Flame Safety Test

The internal short circuit is one of the major causes of
battery failure, fire hazards and explosion. Short circuit
(both internal and external) may lead to heat
accumulation inside the cell causing decomposition of
the transition oxide cathodes, and subsequently release
gaseous oxygen'*!3. Such phenomena may further result
in oxidation of electrolyte and separator in exothermic
fashion. Therefore, both separators and liquid
electrolytes have to play a significant role in preventing
thermal runaway in LIBs. In our case, the functionalized
composite paper separator thus subjected to IEC 60695-
11-10 vertical flame standard test of combustion to
measure its fire retardant property. In our previous study,
we observed that commercial polypropylene-based
separator comprising an aliphatic hydrocarbon backbone
burnt itself rapidly without leaving any residual “char”
under flame'®. The same is reported in other studies
also!’. Here, we compared the effect of functionalization
on resisting flame and/or combustion by comparing the
nature of decomposition on exposure to flame for 10s for
both untreated paper and composite functionalized paper

separator (P35SB7BT20SB2). As demonstrated in the

Untreated Paper

Paper Separator

Figure 4.14 Digital images taken
during vertical flame test for both
untreated (above) and functionalized

paper separator (below)

Figure 4.14, the untreated paper was seen to catch fire readily under flame due to intrinsic

combustible nature of cellulose, whereas cellulose ceramic composite paper separator

interestingly remained flame resistive throughout the total exposure time. Therefore, as per IEC

60695-11-10 vertical flame standard, the composite paper separator can be classified into V-0

ratings. Such flame retardant properties will add extra safety features to the developed

composite separator in real time applications.

4.3.6.3 Electrochemical Cycling at Elevated Temperatures

In another attempt, electrochemical cycling performance at elevated temperature for the

composite paper separator was evaluated from room temperature to 80°C and is duly compared
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with cell performance of PP/PP based commercial separators. Figure 4.15(a) demonstrates the
performance of commercial separator which revealed that the plastic separator initially
performed well up to 60°C, however, at 80°C it was showing false charging due to its
dimensional degradation caused by intra-molecular motion of polymeric moieties present in

plastic separator.
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Figure 4.15 A comparison of electrochemical performance of composite separator (P35SB7BT20SB2)

with that of Commercial PP/PE based separator membrane at elevated temperatures RT- 80 °C

On the other hand, our developed paper based composite separator (P35SB7BT20SB2)
satisfactorily cycling at 80°C [Figure 4.15(b)]. The results further corroborate the intrinsic

integrity of composite separator at elevated temperature in real cell environment.
4.4 Conclusion

A sustainable, economic and flexi paper based composite separator was developed by
functionalizing low cost commercial paper applying three critical processing steps - sizing,
ceramic impregnation and lamination. The wet coating method as designed to fabricate paper
separator was intrinsically simple, single step and industry-friendly. The developed
microporous paper separators showed excellent wettability (216-270%) with quicker saturation
to the commercial liquid electrolyte and no dimensional shrinkage up to 200°C. The
mechanical strength was found satisfactory to a value of 50.15 MPa in machine direction and

28.21 MPa in transverse direction.
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Table 4.2 Literature study and comparison of other relevant research work with this chapter work
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To establish the chemical stability of developed paper based composite separator in organic
electrolyte, calendar ageing test via EIS was carried out, which showed that no chemical
degradation or ceramic leaching even after eight weeks of ageing at room temperature. The
electrochemical performance of composite paper separator in full cell configuration
(MCMB/Sep/LFP) was found to be comparable to that of commercial PP/PE based plastic
separator in terms of specific capacity, rate capability, coulombic efficiency (>95%) and long
term cycling performance (>300 cycles). To check multi-device compatibility, developed
separator was tested in supercapacitors as per [IEC 62391-1 (Class-11) method. The performance
was found comparable to that of commercial separator both in terms of effective capacitance
(Cefr) and equivalent series resistance (ESRcen). As per IEC 60695-11-10 vertical flame
standard, developed composite paper separator was found to be flame retardant, a feature
necessary in terms of safety aspects. The present research on engineered flexible composite
paper separator thus provides an opportunity to develop sustainable “Better Batteries” for

future applications.
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Chapter 5

Surface Charge-Directed Ceramic
Impregnation in Cellulose Paper Separators

Highlights

e The intrinsic effect of different nanoceramics impregnation into cellulose paper matrix

e Variation of physico-chemical, thermal, and electrochemical properties as Li-ion battery
separator

e Improved electrolyte wettability, ionic conductivity, and Li* transport phenomena

e Stable electrode-separator interfaces enabled by ZrO, incorporation

Cathode Cellulose paper

Al current collector

Figure 5.0 Graphical Abstract showing the nature of ceramics impregnation in cellulose matrix

This chapter presents the development and performance evaluation of cellulose-based paper separators
impregnated with three different nano-structured ceramic fillers (Al20s, BaTiOs, and ZrO-). The nature
of ceramic impregnation, influenced by surface charge and morphology, impacts the physico-chemical,
thermal, and mechanical properties of the separators. Electrochemical performance is assessed through
full-cell configurations, highlighting the role of ceramic fillers in enhancing cycling stability, rate
capability, and interfacial compatibility. It is well known that increase in SEI and charge transfer
resistance are major issues in long-term Li-ion full cell operation. To mitigate these problems, the
impregnated nanoceramics inside the separator matrix play a crucial role. Especially, the zirconia
modification helps to create a stable interface between the separator and the electrode, which assists in
long-term stable cycling and very negligible enhancement in SEI and charge-transfer resistance after
several charge-discharge cycles. Particular emphasis is placed on the safety aspects of the developed
separators, including dimensional stability at elevated temperatures, flame retardance, and thermal
shutdown behavior.
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5.1 Background and Overview

It can be stated from our experience so far that the reinforcement of ceramic particles on
cellulose tissues of paper matrix can directly affect the dimensional integrity, thermal stability
and to some extent the mechanical tension of the ceramic-based paper separator. Therefore, it
is important to understand the nature of the impregnation while constructing paper-based
separators 2. The homogenous distribution of ceramic particles, surface charge and the type
of deposition of ceramic particle on the surface of the entangled, cross-linked cellulose fibers
play significant role on the performance of cellulose-ceramic based composite sseparators.
Apart from these, there are various factors that can impact the cycle life and overall
performance of a Li-ion battery, including the growth of the solid electrolyte interphase (SEI)
layer, lithium plating, instability at the electrode-separator interface, electrode degradation,
electrolyte decomposition etc’.Over repeated charge-discharge cycles, these issues can lead to
a notable increase in the internal charge transfer resistance degrading the efficiency of the
battery. In this regard, Zeng et al* has demonstrated that tissue paper once modified with
nano-Si0; hybrid cross-linked polymer electrolyte as coating layer can offer superior cycling
performance. A paper-supported inorganic composite separator as developed by Wang et al.’
also showed better electrochemical performance in Graphite/LiCoO; full cell than PE
separator. Zhang et al® used a commercial rice paper in lithium-ion batteries showing improved

electrochemical performance and multi-electrode compatibility.

In the study covered in the present chapter, an effort was made to produce three different types
of paper-based ceramic separators employing nano-structured Al,O3, BaTiOs, and ZrO». In
previous reports, it was exhibited that aluminum oxide (Al>O3) can enhance cycling stability
and lifetime of lithium-ion cells by preventing surface phase transitions of cathodes most
probably by forming stable SEI layers”®. Similarly, barium titanate (BaTiO3 or BTO), being a
dielectric material, can enhance Li* mobility owing to its ability to effectively ionize LiPF¢”°,
On the other hand, zirconium dioxide (ZrOz) has gained considerable recognition for its ability
to reduce charge transfer resistance by stabilizing electrode interfaces. Recently, various
researchers exhibited increased battery performances when cathodes and anodes were coated
with ZrO,!''"13. In our case, the above nano-structured ceramic particles were used as
reinforcement fillers in paper matrix in presence of polymeric binder. Using an in-house

designed double-decker dip-coating equipment together with an in-situ drying and calendaring

process and scalable roll to roll technology, the cellulosic paper matrix was impregnated with
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those ceramic materials in an optimized concentration. In terms of physical, structural, thermal,
mechanical, and electrochemical properties, all the three developed separators showed either
better or comparable performances with those of polyolefin based commercial separators. The
exhaustive electrochemical tests were performed for all the paper separators along with their
post-electrochemical analysis. The developed separators showed excellent cycling
performance, high rate capabilities at different current densities and excellent columbic
efficiencies. The multi-electrode compatibility studies clearly revealed that paper separators
could be used for application specific cells. In terms of safety, the paper separators exhibited
good flame retardant properties in standard flame tests. The current study thus as a whole
showcases the feasibility of developing sustainable paper based ceramic separators for
application in LIBs by probing physico-chemical and electrochemical cell performances of

separators impregnated with various nano-structured ceramic materials.

5.2 Separator Fabrication Process

The paper separator fabrication process is mainly divided into three critical process steps; (1)
de-moisturization of untreated paper roll, (2) preparation of ceramic-polymer suspension for
dip-coating, and (3) coating of the paper substrate with in-situ drying and compaction. The
commercial paper roll (W-62 mm, L-100 m) is initially kept in a vacuum oven at 80°C
overnight for complete drying and moisture removal. Thereafter, a clear suspension comprising
3.0 w/v% of PVDF in NMP is prepared under constant heating at 70°C and stirring at 400 rpm.
The bare cellulose paper substrate (hereafter termed as CP) first goes through a sizing process
by coating with PVDF solution. An aqueous solution of 7.0 w/v% of SBR is prepared by
continuous stirring at 400 rpm for 4h which was used for ceramic impregnation. The ceramic
nanopowders namely aluminum oxide (Al>O3), barium titanate (BaTiOs; or BTO) and
zirconium oxide (ZrO2) are added separately in the concentration level of 2.0 w/v% to make
three different SBR-ceramic aqueous suspensions. Finally, the three different polymer-ceramic
suspensions are uniformly coated on both sides of the dehydrated PVDF-coated sized paper
using in-house designed semi-automated separator fabrication equipment as schematically
represented in Figure 2.2 in Chapter 2. The coating, drying and compaction of the separators
have been done following the procedure mentioned in Section 2.3.2.2 of Chapter 2. The
thickness of the fabricated paper separators is measured to be in the range of 20-25 um. The
mass of each separator per unit volume is calculated after the fabrication process. Firstly,

circular disks with diameter of 19 mm have been cut from the separator rolls as well as from
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the untreated cellulose paper. They are dried under 60°C inside a vacuum oven for overnight

and their weights are measured. With the values of their thickness and radius, the volumes of

those separator disks have been calculated. Dividing the mass of each separator with its

respective volume, the mass per unit volume is calculated to exactly identify how the polymer

and ceramic impregnation can affect the mass and volume composition of the separators. The

values obtained are summarized in Table 5.3. All the experiment has been conducted with six

different type of separator membranes — (i) untreated cellulose paper (CP), (i1) 3.0 w/v% PVDF
coated paper (P3), (iii) 7.0 w/v% SBR coated P3 (P3S7), (iv) 2.0 w/v% Al>O3 and 7.0 w/v%
SBR coated P3 (P3S7A2), (v) 2.0 w/v% BaTiO3 and 7.0 w/v% SBR coated P3 (P3S7B2) and
(vi) 2.0 w/v% ZrOz and 7.0 w/v% SBR coated P3 (P3S7Z2). Henceforth, the fabricated paper

separators comprising three different nano ceramic particles will be termed as P3S7A2 (Al,03),

P3S7B2 (BaTiO3), and P3S7Z2 (ZrO).

5.3 Results and Discussion

5.3.1 Microstructural Features

The microstructural features of different ceramic-impregnated paper separators namely

P3S7A2,P3S7B2 and P3S7Z2 are shown
in Figure 5.2. For comparison, the
FESEM images of the untreated cellulose
paper (CP) and of the commercial PP
based separator (PP) are also presented in
Figure 5.1. FESEM images of CP shown
in Figures 5.1(a) and 5.1(b) clearly
reveal that the paper matrix is made up of
cross-linked  cellulose  fibers and
microfibers creating random pore spaces
inside it, while the micrographs of
commercial PP separator shown in
Figures 5.1(c) and 5.1(d) showcase the
regular and ordered pores inside the

polymeric matrix.

Figure 5.1 (a)-(b) FESEM images of bare cellulose
paper (CP) and (c)-(d) FESEM images of commercial
separator (PP)

In case of developed paper separators, Figures 5.2(a) and 5.2(b) display the low and high

magnification images of Al,O3; impregnated P3S7A2 paper separator. A fibrous mat composed
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of cross-linked cellulosic fibers is visible. The nature of the deposition of AI>O3 nanoparticles
on entangled fibers is found to be random and agglomerated. The corresponding EDX profile
as shown in Figure 5.3(a) also indicates the presence of the constituent elements of P3S7A2.
In same magnifications, as displayed in the micrographs in Figures 5.2(c)-(d) of P3S7B2,
homogeneous deposition of BaTiO3 nanoparticles is observed on the cellulosic surface. The
BTO nanoparticles are found both on the fiber surface and also into their pore spaces as
confirmed by the micrographs and their selected area EDX profile as shown in Figure 5.3(b).
The deposition pattern of ZrO; in P3S7Z2 is found to be somewhat different than the other two.
The particles of ZrO» adheres mainly to the cellulosic fibers, not in the pore spaces as displayed

in Figures 5.2(e)-(f).

(a) P3S7A2

Figure 5.2 (a)-(b) FESEM images of Al:Oz impregnated paper separator (P3S742) in low and high
magnification respectively; (c)-(d) FESEM images of BaTiOs impregnated paper separator (P3S7B2)
in low and high magnification respectively, (e)-(f) FESEM images of ZrO, impregnated paper separator
(P3S772) in low and high magnification respectively
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It suggests that the zirconia particles have an intrinsic affinity to interact with the cellulose
fibers and/or microfibers and all the cross-linked fibers are found to be grafted with nano ZrO,.
Their presence is again confirmed by EDX as shown in Figure 5.3(c). Such different patterns
of deposition of ceramic nanoparticles on cellulosic paper substrate are primarily due to their
different morphologies associated with surface charges. The mechanism of deposition of
ceramic particles on any substrate is well reported
in the literature in terms of their zeta potential in a
particular pH range. The cellulosic aqueous
suspension consistently exhibits a negative zeta
potential value in the entire pH range of 1-10',

which signifies that cellulose fibers carry a

negative surface charge across a broad pH range.
In the case of SBR-ALLOs aqueous coating
suspension, the pH level is found to be 6-7,
indicating that the developed wet-coating process
during the fabrication of P3S7A2 separator occurs
under mildly acidic conditions. It is reported at
this pH range, alumina registers a zeta potential on
the lower positive side, typically falling within the
range of 10-20 mV'. It is worthy to mention here
that zeta potential values >30 mV are typically

B

indicative of a well-dispersed solution, while P3S722

values <5 mV result in significant agglomeration

of particles during deposition. The zeta potential
Figure 5.3 EDX profiles of (a) P3S7A42, (b)

P3S7B2 and (c) P3S7Z2 separators

in the intermediate range between 5SmV to 30 mV
typically shows a tendency towards forming
agglomeration. Due to this, the alumina nanoparticles which have reported intermediate
positive zeta potential value favors the interactions with negatively charged cellulose fibers and
also shows their inherent inclination to form the agglomerates. In Figures 5.2(a)-(b), the
micrographs clearly show such nature of the distribution of Al,O3 particles on the P3S7A2
separator surface. In contrast, the coating solution of SBR-BaTiO3 aqueous suspension exhibits
a pH value in the range of 4-5, within which the BaTiO3 nanoparticles display a negative zeta
potential ranging from -5 mV to -15 mV as reported in the literature'®!”. Thus, in our case, the

limited negative surface charged BaTiO; is found reluctant to interact with the negatively

133



charged cellulose fibers. And, the BaTiOs particles are thus found distributed almost
homogeneously on the surface of the paper substrate along with some agglomeration. It is
known that nano-ZrO; particles typically possess a high positively charged surface in the
working pH range of 4-5 and exhibit 30-40 mV of positive zeta potential value'®!?. Such high
positive zeta potential of ZrO, facilitates strong interaction with the negatively charged
cellulose fibers and also demonstrates good deposition on the paper surface while fabricating
paper separator. In summary, it can be inferred that the deposition pattern of ceramic
nanoparticles on cellulosic paper substrate is primarily driven by the nature of surface charge,
its magnitude and particle morphology, and such pattern will have genuine impacts on the
physical and electrochemical characteristics of the P3S7A2, P3S7B2, and P3S7Z2 separators.

We will explore the effects in detail in subsequent discussions.

5.3.2 Air permeability, Pore Characteristics and Electrolyte Uptake
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Figure 5.4 (a) Gurley values and electrolyte uptake capabilities; (b) time dependent contact angles
measured for developed paper separators (P3S7A2, P3S7B2 and P3S7Z2); (c) Variation of pore

diameter with respect to separator compositions (BJH method)

The Gurley value is a crucial technical parameter for assessing porous membranes in terms of
their air permeability. It also plays a significant role in characterizing the separators for use in

batteries, because a lower Gurley value signifies higher air permeability which in turn indicates
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smooth Li-ion transport across the porous separator?’. In this study, a highly porous cellulosic
paper substrate is modified by incorporating duo-polymers (PVDF and SBR) as binders and
ceramic nanoparticles (Al2O3, BaTiOs and ZrO,) as fillers. Thus, it is expected that the
introduction of such materials may affect the air permeability values of the separator
membranes if the pore spaces within the paper substrate are blocked either by the polymer
binders or by the formation of large aggregates originating from nanosized ceramic particles.
The Gurley value of the untreated cellulose paper (CP) is measured to be 5s*!. After sizing with
3.0 w/v% PVDF, the value increases to 7s. Such nominal change in Gurley value might be due
to the fact that low concentration of polymer has a mere effect on the overall porosity of the
sized paper. Even the incorporation of ceramics on PVDF coated paper for making paper
separators results in minor alteration in Gurley values, i.e., 7.46s for P3S7A2, 13.05s for
P3S7B2, and 13.16s for P3S7Z2. All the Gurley values as estimated for paper separators are
cited in Figure 5.4(a). The curve explains a marginal change in air permeability concerning
the nature of the ceramic particles. It is thus worthy to mention here that although the surface
and morphological properties of nano-ceramic particles are different, their inclusion in the
paper matrix did not change the porosity, keeping the facile path for Li*-ion transaction across
the paper separator membranes.

The electrolyte uptake capability serves as another critical indicator of separator membrane
towards its wettability performance. Commercial separators comprising polyethylene or
polypropylene typically exhibit lower electrolyte wettability resulting in extended periods for
electrolyte absorption. Conversely, cellulose with its inherent hydrophilic properties bestows
paper separators with the capacity of rapid and enhanced electrolyte absorption. P3S7A2 paper
separator exhibits highest electrolyte uptake capacity of 375.00% compared to P3S7B2
(179.48%) and P3S7Z2 (287.17%) respectively. Another indirect method for assessing
wettability involves measuring the contact angle between the probe liquid (liquid electrolyte)
and the surface of the separators®?. The variation of contact angle for the three different ceramic
impregnated paper separators is presented in Figure 5.4(b). Notably, the contact angle values
for the developed paper separators are found to be substantially lower than that of PP, as
detailed in Table 5.3. The contact angles as measured substantially corroborates the results
found in their electrolyte uptake or soaking ability. For instance, P3S7A2, with the highest
electrolyte uptake of 375.00%, registers the lowest initial contact angle of 17.8°, which further
reduces to 6.7° after 60 s. Conversely, P3S7B2, with the lowest uptake of 179.48% among the
three paper separators, exhibits the highest initial contact angle value of 42.6°, which further

decreases to 24.8° after 60 s. As expected, P3S7Z2 demonstrates intermediate values for both
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electrolyte uptake (287.17%) and also contact angle (41.7° initially and 27.1° after 60 s) among

the three separators.

The pore size distributions of paper separators with different ceramic impregnation are
presented in Figure 5.4(c). Also, their surface area, average pore diameter and total pore
volume are summarized in Zable 5.3. The BJH plots of separator samples reveal the average
pore radius of paper separators impregnated with different ceramic materials is mostly
mesoporous in nature with their average pore diameters lying in the range of 3-4.5 nm. It is
worthy to mention here that although BJH test results show the pore size in the range of <100
nm, SEM micrographs demonstrated much larger pores on separator matrix in the range of few
micrometres. BJH method is most probably describing the small pores without taking into
account the large pore spaces originated from cellulosic cross linking. Therefore, it will be good
to consider the sizes of pore spaces of the separators in micron ranges as observed in their

FESEM images.
5.3.3 Mechanical Properties and Flexibility

The separators must be mechanically strong enough to sustain the winding tension applied
during lithium battery fabrication process. The mechanical properties are thus important
parameters to be estimated for any developed separators. The ceramic impregnated paper
separators as developed under this study are found to be easily rollable, bendable and twistable
as shown in Figures 5.5(a)-(c). To estimate the tensile strength of the developed paper
separators, load vs extension curves both in machine direction (MD) as well as in transverse
direction (TD) are presented in Figures 5.5(d) and 5.5(e) respectively. For comparison, the
data obtained from untreated paper substrate are also included in the curves. Before discussing
the mechanical strength of different paper separators, it is worthy to mention here that the
tensile strength of any paper or paper modified matrix (e.g., paper separator) intrinsically
depends on the strength of cellulosic tissue, their nature of cross linking and inter- and intra-
hydrogen bonding among the cellulose units or functional polymers added to it**2°, It is
considered paper to be a continuous network of hydrogen bonds with no other type of bond
contributing to its mechanical strength. Therefore, any functionalization which creates
opportunity of making more H-bonds, will only add values to their mechanical strength. In
another assumption, we can consider the origin of mechanical strength of paper in terms of

combination of fibre strength and fiber-to-fiber bonds?®.
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In this case, the paper substrate including polymeric binders is same for all the compositions
except impregnated ceramics- Al2O3, BaTiO3 and ZrO;. Here, the addition of polymeric binders
(PVDF and SBR)in paper separators plays crucial role in making extra hydrogen bonds with
the cellulosic hydroxyl groups which results in two-fold higher mechanical strength of 22.82
MPa-27.88 MPa compared to CP (11.2 MPa), particularly in the transverse direction.
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Figure 5.5 The flexibility and mechanical properties of the developed paper separators: (a)-(c)a strand
of paper separator showing utmost flexibility; (d)-(e)load vs extension curves of paper separators

(P3S7A2, P3S7B2 and P3S7Z2) along with the untreated cellulose paper (CP) both in machine and

transverse directions respectively

On the other hand, impregnated ceramic nano-particles in paper substrate most probably
providing structural integrity to the paper separators. The mechanical test data for paper
separators reveals that the tensile strength in machine direction (MD) are in the range of 40-47
MPa. Such variation in their mechanical strength might be due to the variation in moisture
content in the separators because the weakening effect of paper can arise due to temperature
and moisture content in it?*, However, the addition of polymeric binders and ceramic

nanoparticles probably able to increase the elongation on stress up to 2.5 times in machine
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direction (MD) and 3 times in transverse direction (TD) providing better structural integrity

compared to CP.

5.3.4 Electrical Properties

The electrochemical impedance spectra (EIS) are recorded for symmetric cells comprising
SS/Separator/SS and SS/PP/SS and the results are illustrated in Figure 5.6(a). All the
developed separators exhibit linear profiles trending towards the Z' axis, indicative of the
characteristic behaviour of electrode-electrolyte double-layer capacitance. To quantify the bulk
resistance, the low-frequency intercept on the Nyquist plot along the real axis is measured.
From the obtained impedance data, the ionic conductivity of electrolyte-soaked paper
separators is calculated using the conductivity equation given in Chapter 2. The respective
values are documented in Table 5.3. The ionic conductivity estimated to be 1.24x1073, 0.99x10°
3, 1.08x107 and 0.83x103 S.cm™ for P3S7A2, P3S7B2, P3S7Z2, and PP respectively. It
suggests that the developed paper separators having more and quick electrolyte soaking ability
also demonstrates enhanced ionic conductivity to that of commercial polypropylene-based

separator.

In order to assess the electrochemical stability of the developed paper separators, linear sweep
voltammetry (LSV) has been carried out and described in Figure 5.6(b). The current vs
potential plot infers that the working potential window for all the developed paper separators
fall in the range of 4.7-4.8 V, which is comparable to that of commercial plastic separator. This
wide potential window is highly required to ensure the optimal performance of the separators

within real redox environment of the cell.

To understand the extent of Li*-ion transport through the developed paper separators, the Li*
transference number was calculated with the Bruce-Vincent method using the DC polarization
technique for Li/Separator/Li symmetric cells?>’. The DC polarization curves along with the
Nyquist plots taken before and after the polarization for PP, P3S7A2, P3S7B2 and P3S7Z2 are
represented in Figures 5.6(c)-(f), respectively. The Li" transport number for PP is determined
to compare and it is estimated to be tri+=0.21, while those values for P3S7A2 and P3S7B2 are
found to be 0.29 and 0.30, respectively. In contrast, the P3S7Z2 separator exhibits a
significantly higher lithium transference number of 0.51. The increase in Li" ion transference
observed with the P3S7Z2 separator can be attributed to the interaction between the opposite
surface charges of ZrO, and cellulose. This creates a smoother and hindrance free internal

pathway allowing more facile movement of free Li" ions compared to the other matrices. The
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structural modification of the cellulose fibers with ZrO» nanoparticles is thus proved to be the

main catalyst for the improved electrical and electrochemical performance of the P3S7Z2

separator.
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Figure 5.6 Electrical properties of the developed paper separators along with the commercial
separator: (a) ionic conductivity, (b)electrochemical potential window, (c) Li-ion transference number
for PP, (d) Li-ion transference number for P3S7A42, (e) Li-ion transference number for P3S7B2, (f) Li-

ion transference number for P3S722
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5.3.5 Electrochemical Tests

Multiple electrochemical tests have been performed with the developed paper separators as

well as commercial PP to compare and analyse their performances duly;

5.3.5.1 Full Cell Performance

To further investigate Li"-ion transport during LIB operation, full cell performance is measured
using developed paper separators (P3S7A2, P3S7B2 and P3S7Z2) with a cell configuration of
NMCI111/Separator/MCMB. Initially, three consecutive charge-discharge cycles are carried out
at low current density of 0.05 mAcm for establishing smooth Li*-ion migration pathway
across the tortuous paper separators. The typical charge-discharge profiles in those formation
cycles are displayed in Figure 5.7(a). The charge-discharge profile of commercial PP separator
with similar cell configuration is also included for comparison. The initial discharge capacities
as obtained using P3S7A2, P3S7B2 and P3S7Z2 separators are found to be 166.66 mAhg!,
158.97 mAhg'and 170.52 mAhg! respectively, quite comparable to that of commercial PP
based separator (169.26 mAhg™!).
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Figure 5.7 Electrochemical properties of the developed paper separators in 2032coin cell with the
configuration of NMC111/Separator/MCMB: (a) typical charge-discharge profiles at a low current
density i.e., 0.05 mAcm™, (b) cycling performance at different current densities i.e., 0.1-1.2 mAcm™, (c)

long cycling test at 0.2 mAcm™, (d) analysis of the long cycling plot for PP, P3S7A42, P3S7B2 and
P3S8772 separators
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To further probe the performance of paper separators, the cells are cycled at various current
densities ranging from 0.1-1.2 mAcm™. The average capacities obtained for P3S7A2, P3S7B2,
P3S7Z72 and PP separators at various current densities are summarized in Zable 5.1. On analysis
of Figure 5.7(b), it is found that at current densities ranging between 0.1-1.0 mAcm™, P3S7Z2
separator retains similar average discharge capacities to that of commercial separator. While
the other two separators, P3S7A2 and P3S7B2 demonstrate somewhat lower average
capacities. At a high current density of 1.2 mAcm™, while PP shows average capacity of 71.01
mAhg!, P3S7A2 and P3S7B2 delivers average capacities of 52.06 mAhg™! and 36.98 mAhg'!
respectively. On the contrary, P3S7Z2 exhibits higher average capacity of 74.40 mAhg™'. After
completion of 140 cycles at step up current densities, the cells are again cycled at a lower
current density of 0.2 mAcm™ to check their reversibility in terms of capacity recovery. It is
further observed that P3S7Z2 retains almost 89.23% (138.16 mAhg™) of its initial average
capacity when it is cycled at 0.2 mAcm™ (154.83mAhg™'), a close match value to that of
commercial separator. Other two paper separators although retain more than 85% of their
average capacities at 0.2 mAcm™, however, specific capacities as obtained are still found to be

lower than those of commercial PP and P3S7Z2 separators.

Table 5.1 Average specific capacity of 20 cycles for PP, P3§7A2, P3S7B2 and P3S7Z2 at various

current densities ranging from 0.1-1.2 mAcm™

Current density Average specific capacity (mAhg™) at different current densities
(mAcm?) PP P3S7A2 P3S7B2 P3S7Z2
0.1 156.58 153.22 155.59 167.29

0.2 140.75 138.56 138.49 154.83

0.4 126.36 108.82 90.25 131.74

0.6 93.86 85.01 70.23 107.44

0.8 85.48 72.78 59.72 97.01

1.0 80.43 62.74 51.41 84.06

1.2 71.01 52.06 36.98 74.40

0.2 133.14 121.83 117.88 138.16

The long cycling characteristics of developed paper separators along with commercial PP are
displayed in Figure 5.7(c). The plot also demonstrates the coulombic efficiencies of separators
up to 300 cycles. All the developed paper separators show steady charge-discharge cycling
profiles resulting in more than 98% coulombic efficacy. The capacity decay after 300 cycles is

calculated and displayed in Figure 5.7(d). 1t reveals that P3S7Z2 separator demonstrates
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capacity retention of 53.89%, higher than that of PP separator (48.56%). On the contrary, Al>O3
and BaTiOs; impregnated paper separators demonstrate lower capacity retentions of 26.57%
and 36.26% respectively. On compilation of obtained electrochemical performances, it is found
that ZrO; based impregnation in paper separator has profound effect on cell performance. ZrO-
nanoparticles have a tendency to incorporate Lewis acidic characteristics to the separator
surface which interact with the Lewis basic site (PF¢ ) of LiPF¢ that slows down the
decomposition of PFs¢ ", thereby enhancing the electrochemical stability of the P3S7Z2
separator’®%’, Also, the superior cycling stability and high rate capability of P3S7Z2 separator
may be due to the fact that the nature of deposition of ZrO, particles is completely different
than in cases of Al2O3 and BaTiOs ceramics. While ZrOais capable to coat the entangled
cellulosic fibers without sacrificing porosity, other two ceramics either remain as agglomerated
clusters deposited on pore spaces or completely block the mesopores. Such patterns of
deposition of Al03; and BaTiOs ceramics probably hinder the Li-ion migration across the
electrolyte-filled pore spaces during cycling, and also possibly fail to create compatible
interface with the electrode surfaces resulting in higher interfacial resistances. In contrary,
cellulose fibers coated with ZrO, particles created good ceramic-ceramic interfaces with
electrode surfaces lowering the interfacial impedance. The EIS examination will be thus crucial

to understand the intrinsic phenomena happening during cycling of the cells.

5.3.5.2 Pre- and Post-electrochemical EIS Study

Table 5.2 Values of electrolyte resistance, SEI resistance and charge-transfer resistance before and after
electrochemical cycling for the NMC111/Separator/MCMB cells comprising the three developed paper
separators i.e., P3S742, P3S7B2 and P3S772

Composition R. (2) Rser (2) Rer ()
(electrolyte resistance) (SEI resistance) (charge-transfer
resistance)
Separator Before After Increa Before After Increa Before After  Increase
cyclin cyclin sein cyclin cyclin sein cyclin cyclin in
g g resista g g resista g g resistanc
nce(% nce e (%)
) (%)
P38742 0.85 2.79 228.23 4.88 12.37  153.48 8.64 429.80 4874.53
%
P3S7B2 1.61 4.19 152.66 4.77 139.50 2824.5 13.57 67.97 400.88
2 %
P38772 1.01 3.88 284.15 2.50 31.62 1164.8 6.67 8.50 27.44%
0
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The reason behind better electrochemical performance of ZrO; based paper separator can be
understood with respect to the impedance profiles obtained before and after cycling. The pre-
and post-electrochemical EIS spectra are demonstrated in Figures 5.8(a)-(c) for P3S7A2,
P3S7B2 and P3S7Z2 along with their equivalent circuit and enlarged view of profiles in the
inset. The equivalent circuit as described in the graphs comprises of three components: (i) Reas
it denotes the bulk resistance or the electrolyte resistance, (ii) Rsgr attributes to the solid
electrolyte interphase (SEI) formed at the cathode-separator interface and (iii) Rcr contributes
to the charge transfer process®°. On analysis of EIS data, it is found that the magnitude of each
of these resistance components typically increases after 300 cycles compared to their pre-
cycling values, however, the extent of increment significantly differs for different separators.
These resistance values are presented in tabular form in Zable 5.2. While electrolyte resistance
of the cell comprising three different separators increases more than two times after cycling,

the increments in SEI and charge transfer resistances somewhat differ for three separators.
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Figure 5.8 Pre- and post-electrochemical impedance spectra of (a) P3S7A2, (b) P3S7B2 and (c)
P3S772 along with their equivalent circuit and enlarged view of profiles in the inset; The variation of
different impedance components is displayed against paper separator compositions:(d) electrolyte

resistance, (e) SEI resistance and (f) charge transfer resistances

More interestingly, the charge transfer resistances are found to be markedly different for
P3S7Z72 separator compared to the other two separators (P3S7A2 and P3S7B2). P3S7Z2 cells
demonstrate slight increase in their charge transfer resistance from 6.67 € to 8.50€2 before and

after cycling respectively. On the other hand, Rcr values for P3S7A2 and P3S7B2 are found to
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increase from 8.64 Q to 429.80 Q and 13.57 Q to 67.97 Q respectively. Therefore, the EIS
analysis clearly demonstrates the perfect compatibility of ZrO, impregnated separator with the

electrodes (anode and cathode) resulting in facile charge transfer process at their interfaces.

5.3.5.3 Multi-electrode Compatibility of the Separators

To examine the multi-electrode compatibility of developed separators, 2032 coin cells are
fabricated using mesocarbon microbead (MCMB), LisTisO12 (LTO) as anodes and
LiNi13Mni3Co01302 (NMCI111), LiFePO4 (LFP) and LiMn2O4(LMO) as cathode materials. For
comparison, the commercial separator has also been cycled under same current densities.
Figure 5.9 demonstrates the typical charge-discharge profiles of P3S7A2, P3S7B2 & P3S7722
along with PP separator with cell configurations of LMO/separator/MCMB,
LFP/separator/MCMB and LFP/separator/LTO. As shown in Figure 5.9(a), in a cell
configuration of LMO/separator/MCMB, all the developed separators delivered similar
specific discharge capacities ranging from 67-71 mAhg!, while PP delivered marginally higher
capacity of 72.73 mAhg.
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Figure 5.9 Multielectrode compatibility of commercial and developed paper separators showing (a)-
(c) typical charge-discharge profiles and (d)-(f) cycling performances with respect to different
electrodes (LiMn;O4/Separator/MCMB, LiFePOy/Separator/MCMB andLiFePO./Separator/LisTis0;3)

While Al2O3 and BTO based paper separators deliver comparable capacities of 120.78 mAhg”
""and 110.76 mAhg' with that of commercial separator (121.65 mAhg') when tested in

LFP/separator/MCMB configuration, ZrO; based separator delivered slightly lower capacity

144

)

Coulombic Efficiency (CE, %



of 81.65 mAhg™! (Figure 5.9(e)). In LFP/Separator/LTO configuration, all the three separators
along with commercial one delivered comparable capacities ranging from 66-72 mAhg™!
(Figure 5.9(c)). The cycle life test is also carried out using the similar cell configurations and
the cycling profiles are demonstrated in Figures 5.9(d)-(f). In LMO/Separator/MCMB
combination, all the paper separators showed fairly similar cycling profiles with that of
commercial separator with >97% coulombic efficiency. As shown in Figure 5.9(e), using cell
configuration of LFP/Separator/MCMB, initially P3S7A2 and P3S7B2 paper separators
delivered higher discharge capacities than P3S7Z2 during cycling, however, on prolonged
cycling, their discharge capacities drastically reduced and became comparable to that of
P3S772.While calculating the capacity loss on cycling, ZrO> impregnated paper separator
showed lower capacity loss than that of AIbO3 and BTO based separators in LFP/MCMB
combination. Figure 5.9(f) demonstrated the cycling patterns of P3S7A2, P3S7B2 and P3S772
separators with cell combination of LFP/Separator/LTO. All the separators showcased better

cycling ability and comparable coulombic efficiency than the commercial separator.

5.3.6 Thermal Safety Tests

A qualitative observation of thermal shrinkage at temperature of 200°C for developed paper
separators along with the commercial PP based separator and pristine cellulose paper (CP)is
presented in Figures 5.10(a)-(b). 1t is observed that the bare paper and the developed paper
separators retain their structural integrity at 200°C, whereas the commercial PP based separator
completely collapses. This demonstrates higher dimensional stability of the paper separators at
elevated temperature ensuring safety of the battery. In addition to thermal shrinkage, the
developed separators are exposed to flame to measure their flame resistance properties, as
illustrated in Figures 5.10(c)-(d). The commercial PP separator, on exposure to flame, rapidly
shrinks whereas the ceramic impregnated paper separators exhibit remarkable resistance to
ignition either by char formation or by resisting the flame to achieve its ignition temperature.
Interestingly, P3S7Z2 paper separator stands out as the top performer in flame among the
developed three paper separators. Even during a prolonged exposure to flame for 25s, it does

not undergo any char formation or catches flame.

The TGA curves as depicted in Figure 5.10(e) reveal thermal characteristics of all the paper
separators. The thermal degradation of paper separators exhibits similar type of profiles with
five distinct stages between the range of RT-1200°C in air; (i) an initial weight loss occurs due

to the removal of residual moisture between RT-150°C, (ii) between 150-270°C, the thermal
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stabilization occurs followed by slow removal of hydrogen bonded water from the cellulosic
bulk matrix, (iii) pyrolysis stage between 250-350°C where the polymer binders used in paper
separators start decomposing with notable weight loss, (iv) slow pyrolysis stage between 350-
500°C is characterized by gradual release of volatile substances and (v) at temperatures above
500°C, the solid content in paper separators particularly ceramics remain without showing any
further weight loss up to 1200°C 3!. This stage is often accompanied by a plateau in weight
loss. In the inset of Figure 5.10(e), the corresponding DTA curves of the paper separators are

shown.
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Figure 5.10 Thermal behaviour of the developed paper separators: qualitative thermal shrinkage
measurement (a) at room temperature and (b) at 200°C; (c) & (d) flame safety test of the developed
separators along with the commercial one; (e) thermogravimetric analysis (TGA) plot and differential

thermal analysis (DTA) plot (inset of e); (f) Thermal shutdown properties via ELS method

The temperature dependant impedance plot is given in Figure 5.10(f) to understand the
shutdown properties of developed paper separators. For this purpose, the developed paper

separators are sandwiched between two stainless (SS) electrodes and their resistivity is
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measured with respect to incremental temperature ranging from RT-160°C. It is observed that
at about 140°C, commercial separator demonstrates abrupt increase in resistance value, more
than eighty times than its average resistance. On the other hand, a nominal two-fold increase
in resistance value can be observed for paper-based ceramic separators. This further

corroborates the high safety aspects of developed cellulosic separators.

Table 5.3 Comparison chart of different properties of the developed paper separators (P3S742, P3S7B2

and P35772)

Separator composition P3S7A2 P3S7B2 P3S772
Properties

Air permeability (Gurley, s) 7.46 13.05 13.16
Surface area (m?g") 1.317 0.152 1.017
Average pore diameter (nm) 3.305 3.307 4.219
Pore volume (cc.g™) 0.01944 0.01311 0.01274
Electrolyte uptake (%) 375.00 179.48 287.17
Contact angle (0s/60s) 17.8°/6.7° 42.6°/24.8° 41.7°/27.1°
Tensile strength in MD/TD (MPa) 43.71/22.82 46.46/23.29 40.08/27.88
Tonic conductivity (S.cm™) 1.24x1073 0.99x107 1.08x1073
Li* transference number 0.29 0.30 0.51
Typical specific capacity (mAhg™) 166.66 158.97 170.52
(NMC111/Separator/MCMB)
Average coulombic efficiency for 300 98.23 99.72 98.29
cycles (%)

5.4 Conclusion

Sustainable, low cost, flexible ceramic-based paper separators have been developed under this
study using an industry friendly wet coating process. Three different nano-structured ceramics
(Al203, BaTiO3 and ZrO») are impregnated into paper substrate along with polymeric binders
to fabricate ceramic based paper separators. It is found that the nature of impregnation of
different ceramics within the cross-linked cellulosic fibers of paper substrate heavily relies on
their physical properties and surfaces charges and becomes crucial in determining physico-
chemical properties as well as electrochemical performances of developed separators. All the
three paper separators exhibit excellent porosity (8-14 Gurley s), electrolyte uptake capabilities

(175-350%), dimensional stability at elevated temperature (>200°C) and flame retardance
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properties. Paper separators when tested in full cell configuration show remarkable
performance in terms of cycleability (300 cycles), rate capability at different current densities
(0.1-1.2 mAcm™?) with excellent coulombic efficiency (>98%). When compared with
commercial polyolefin-based separator, the developed paper separators demonstrate
comparable electrochemical performances. While examining post-electrochemical results, it
appears that although Al,O; and BaTiOs impregnated paper separators show satisfactory
performance in all other physical tests, ZrO> based paper separator exhibits more compatibility
with commercial ceramic-based electrodes. It is understood that the impregnation of ceramics
not only helps in enhancing structural integrity and electrolyte wettability of paper separators,
but also incorporates flame resistance properties, a critical safety aspect for cellulose-based
separators. In summary, the current study opens up a new horizon for developing functional

ceramic based cellulosic separators for future sustainable metal-ion batteries.
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Chapter 6

Effect of Chelated ZrQO:; in Paper Separator

Highlights

Chelated zirconia precursors with coordinatively unsaturated Zr*"/Zr-OH sites

Strong Lewis acid—base interactions enhance electrolyte affinity and promote efficient Li-
salt dissociation

Optimized balance of structural disruption, wettability, and mechanical reinforcement at
moderate zirconia loading

Cellulose-based separator integrates ceramic surface chemistry for superior electrochemical
performance
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in Paper Separator

Figure 6.0 Graphical representation of the chapter content

This chapter explores the development of cellulose-based paper separators modified with chelated
zirconia precursors. By employing acetylacetone-assisted chelation and controlled hydrolysis of
zirconium isopropoxide, zirconia nanodomains with Lewis acid—base active sites were generated and
uniformly integrated into a PVDF-sized cellulose matrix. These functional domains improved
electrolyte affinity, promoted salt dissociation, and facilitated stable ionic conduction pathways, while
simultaneously reinforcing mechanical integrity. The systematic evaluation of separators with varying
zirconia loadings highlights the critical role of precursor chemistry and surface site engineering in
optimizing performance for advanced lithium-ion battery applications.
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6.1 Background and Overview

Lithium-ion batteries (LIBs) require separators that not only provide mechanical and thermal
stability but also facilitate efficient ionic transport and stable electrode-electrolyte interfaces.
Conventional polyolefin-based separators often suffer from limited wettability, poor electrolyte
uptake, and safety concerns under high current densities, motivating the search for advanced
alternatives'?. Cellulose-based paper separators have emerged as a promising class owing to
their renewable origin, porosity, mechanical flexibility, and inherent electrolyte affinity?.
However, pristine cellulose suffers from uncontrolled swelling, lesser mechanical robustness
than polyolefin, and limited ability to regulate ion-electrolyte interactions. These drawbacks
can be overcome by introducing ceramic fillers, which enhance mechanical integrity, thermal

resistance, and in certain cases, ion transport.

Zirconia (ZrO-) has been widely investigated as a ceramic additive because of its high chemical
stability and mechanical strength. Yet, bulk ZrO. nanoparticles tend to agglomerate and their
surfaces are dominated by stable Zr—O—Zr linkages, with only limited densities of under-
coordinated Zr** or hydroxyl (—OH) sites. Such surfaces are less effective in promoting lithium
salt dissociation or in providing solvophilic sites for electrolyte wetting. Consequently, simple
impregnation of bulk ZrO: often results in separators with restricted ionic conductivity and
poor long-term electrochemical performance. To address these limitations, engineering the
zirconia precursor chemistry to deliberately generate coordinatively unsaturated sites

represents a rational design strategy.

Lewis acid—base interactions have recently been recognized as a powerful tool to modulate ion
transport and interfacial behavior in polymer electrolytes and separators. Lewis acidic sites
such as under-coordinated metal centers can coordinate to salt anions (e.g., PFs"), weakening
ion pairing and thereby increasing the concentration of free Li* ions. Simultaneously, Lewis
basic sites (-OH or O* groups) provide complementary coordination environments that
stabilize solvated Li*. This dual functionality enhances salt dissociation, lowers bulk resistance,
and promotes selective Li* conduction pathways. Several recent studies exemplify this concept:
An et al. demonstrated that incorporating molecular Lewis-acid centers into PEO electrolytes
improves salt dissociation and extends oxidative stability up to 4.8 V, enabling stable cycling
in high-voltage cells*. Zhou et al. reported yolk-shell Al.Os-coated separators where Lewis-
acidic Al sites enhanced ionic conductivity (5.55x107 S-cm™) and increased Li* transference

number (t:=0.62), while stabilizing symmetric Li/Li cycling for over 400h>. Wu et al.
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highlighted that engineering pentacoordinated AI** sites in Al.Os generates abundant Lewis-
acidic centers, as confirmed by Al MAS-NMR, directly correlating coordination state with
ionic functionality®. Similarly, Hu et al. showed that introducing ZSM-5 nanosheets containing
Si/Al-OH groups into PEO-based electrolytes improved conductivity (1.34x1072 S-cm™ at
60°C), Li* transference (t- = 0.37), and electrochemical stability (4.8 V), underscoring the role

of Lewis-acidic fillers in tuning transport properties’.

In this context, this chapter provides a comprehensive approach to design a chelated zirconia
precursor via controlled acetylacetone chelation and subsequent hydrolysis of zirconium
isopropoxide. This was done to suppress uncontrolled agglomeration and crystallization, while
generating coordinatively unsaturated Zr*" (Lewis acid) and Zr—OH (Lewis base) sites. These
functional sites are expected to improve electrolyte affinity, promote Li-salt dissociation, and
create stable ionic conduction pathways when embedded in a PVDF-sized cellulose paper
matrix. The resulting composite paper separators were systematically evaluated in terms of
structure, wettability, mechanical reinforcement, ionic conductivity, electrochemical stability,
and cycling performance. The results show that moderate zirconia loading yields the most
balanced and superior properties, highlighting the critical role of Lewis acid-base site
engineering in separator design. By integrating concepts from recent literature with a tailored
sol-gel route for zirconia, this work establishes a new framework for separator development
that combines the sustainability of cellulose with the functional tunability of Lewis acidic

ceramics.

6.2 Experimental Details

6.2.1 Preparation of Chelated Zirconia Precursor

For making 5 wt% zirconia (ZrO2) sol, 19.23 g zirconium isopropoxide (ZIP) was added in 40
g l-propanol solvent in a beaker and stirred for 10 minutes in room temperature (RT).
Simultaneously, 2 g acetylacetone (acac) as a chelating agent and 15 g 1-propanol were
obtained in another beaker. The mixer of acac solution was added slowly in ZIP solution with
continued stirring for 1 h for partial chelation to stabilized ZIP solution in 1% step. The molar
ratio of ZIP:acac was maintained at 1: 0.5. In 2™ step, mixer of 0.2 g 1(N) HNOs, 1.70 g
Millipore water, and 22 g 1-propanol were added in 1% step ZIP solution and mixed with proper
stirring for 2 h in RT to complete the hydrolysis reaction. The equivalent 0.5, 1.0, 1.5, 2 and
2.5 wt % ZrO; sols were prepared from above 5 wt % sol. Finally, sols were kept in refrigerator

before using for coating applications.
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Figure 6.1 Proposed reaction mechanism of ZIP during preparation of zirconia sol

6.2.2 Fabrication of Paper Separators

Table 6.1 Composition and codes for different paper separators developed under this study

1% layer of coating on paper 2" layer of coating on paper Nomenclature
3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water HY00
3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water : 0.5% HY05

zirconia precursor in 1-propanol

3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water : 1.0% HY10
zirconia precursor in 1-propanol

3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water : 1.5% HYIS5
zirconia precursor in 1-propanol

3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water : 2.0% HY20
zirconia precursor in 1-propanol

3.5 w/v% PVDF in NMP 7.0 w/v% SBR in de-ionized water : 2.5% HY25
zirconia precursor in 1-propanol
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After preparing different concentration of chelated zirconia precursor, they are incorporated
into paper matrix using the separator fabrication process described in Section 2.3.2.2 of
Chapter 2. The zirconia sol precursors in 1-propanol are mixed in aqueous solution of styrene
butadiene rubber (SBR) in 3:1 volume ratio. The 3.5 w/v% PVDF-coated paper is undergone
another layer of wet-coating with the SBR-zirconia slurry. The SBR mainly acts as a binder
here. The dried and compacted paper separators are then stored for further characterizations.
The compositions and respective nomenclature used for the developed separators is mentioned

in Table 6.1.
6.3 Results and Discussion

Physical and electrochemical properties of the zirconia precursor as well as the developed paper
separators have been determined and analysed by following the procedures mentioned in

Chapter 2.

6.3.1 Properties of the Zirconia Sol
Tentative reaction pathway of ZIP precursor in scheme 1 represented during preparation of sol
through sol-gel wet chemical method. In Scheme 1(a), ZIP precursor forms in dimeric structure
of it in the presence of excess coordinating alcohol molecules®®. Dimeric ZIP alkoxide
precursors partially chelated with acetyl acetone (ZIP:acac = 2:1) to retard the hydrolysis
reaction rate and it control from first rate of reaction which shown in the scheme of Figure
6.1(b). In  Hydrolysis : Chelation Zirconia

reaction in the scheme of 3328 294§ goce ?T ’}

Figure 6.1(c), hydrolyzed

the reactive prone —OR |
groups in dimeric ZIP
structure with hydroxyl
group (—OH) in acidic

condition where —OH

Transmission (a.u.)

group have strong

. 1062771
exchange ability. - 10137} 971
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stable zirconium (IV) ions Figure 6.2 ATR-FTIR spectra of zirconia sol

based solution which has
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been prepared through sol-gel wet chemical technique. Solution was formulated from ZIP
precursors with acetyl acetone to control rate of reaction and followed by hydrolysis reaction
to create the active site of OH group in skeletal system of zirconium ions and OH group will
participate to react with active species of various surface of substrates after deposition using
different techniques likes dip and spray coating methods etc. Inorganic-organic network
structures of zirconium ions were characterized by ATR-FTIR spectra (Bruker ECO, ALPHA)

! with a resolution of

spectrometer (using a ZnSe crystal) in the spectral range of 500-4000 cm™
4 cm™!. Stretching vibration band of O-H at 3328 cm’is associated with the network structure
of zirconium ions'®. C-O vibration absorption band in partially chelated zirconium ions are
associated at 1237, 1062, 1013 and 971cm™'!°. The strong absorption stretching band C-H at
2945 and 2868 cm™! can be attributed due to presence of -CH,/-CH3 group associates in ZIP
and asymmetric C-H and C-C bands at 1467 and 1107 cm™ can be assigned in isopropoxide
part of zirconium respectively!'®!!. Zr-O or Zr-OH vibration peaks around were assigned to 627
and 754 cm™ which proved that the presence of zirconium ions in solution. Chelated acac with

zirconium precursors (ZIP) in solution stage can be assigned to the bands at 1606, 1530 and

1376 cm™'12,

6.3.2 Structural and Microstructural Properties of the Fabricated

Separators

To understand the structural features of the chelated zirconia embedded paper separators, their
XRD patterns are analysed first along with that of the pure cellulose-based pristine paper (CP).
Fron the X-ray diffractogram shown in Figure 6.3, it can be confirmed that CP exhibits the
characteristic cellulose-I structure, with prominent diffraction peaks around 26 =~ 14-17° and
22-23°. These peaks are sharp and well defined, giving a crystallinity index (CI) of 58.29 %,
which reflects the highly ordered arrangement of cellulose microfibrils and their extensive

hydrogen-bonding network in native cellulose'*!'.

Upon introducing the chelated zirconia precursor into the PVDF-sized cellulose matrix,
substantial changes in the diffraction profiles are observed for samples HY00-HY?25. Although
the characteristic cellulose-I reflections remain, the intensity of the peaks is significantly
reduced, and they become broader. The CI value for HYO00 appears to be 22.33%, which is
much lower than that of the pure cellulose paper. This may happen because of the amorphous
nature and polymer chain mobility of PVDF introduced into the cellulose matrix. The CI values

for HYO0S, HY 10, HY 15, HY20 and HY2S5 are 26.66%, 29.86%, 15.63%, 23.19% and 22.59%,

155



respectively. This reduction in crystallinity as compared to CP indicates a considerable degree

of lattice disorder. The most pronounced reduction is observed at HY 15 (CI = 15.63%), which

suggests maximal disruption of the

native cellulose crystalline domains.

This disordering effect arises from
the hydrolysis and condensation of
the zirconia precursor within the
cellulosic network. The
acetylacetone stabilized chelate
structure, undergoes controlled
hydrolysis during the fabrication
process to form Zr—OH and Zr—O-
Zr bonds. These species intercalate
between cellulose micro and
nanofibrils, disrupting their
hydrogen-bonding network and
reducing cellulose crystallinity.
Here, the absence of sharp
crystalline zirconia peaks confirms
that the chelation process suppresses
uncontrolled crystallization,
ensuring that zirconia remains in an
amorphous or nanocrystalline state
that is intimately dispersed within

the cellulose matrix.

Interestingly, the CI values do not
decrease =~ monotonically  with
increasing zirconia content but

instead show a minimum at HY15
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Figure 6.3 X-ray Diffraction (XRD) patterns of all the

developed paper separators (HY00, HY05, HY10, HY15,

HY20 and HY25), along with pristine cellulose paper
(CP)

before slightly recovering at higher loadings (HY20 and HY25). This non-linear trend suggests

that moderate loadings allow maximum penetration and disruption of cellulose domains, while

at higher loadings the zirconia network itself partially densifies and organizes, giving an

apparent increase in order. Also, the hydroxyl moieties of the chelated precursor can create new
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hydrogen bonds with the cellulose structure to give it a more ordered network at higher
concentrations. Thus, the XRD data collectively indicate a strong interaction between cellulose
crystallinity and the formation of zirconia nanodomains, which further help in enhancing ionic

conductivity and electrochemical performance of the separators in battery environment.

The FTIR spectra in Figure 6.4
further corroborate the XRD 0
findings and provide 51
. . =
substantial evidence of 5
o -10-
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Figure 6.4 Fourier Transformed Infrared (FTIR) Spectra in

ATR mode for HY00, HY05, HY10, HY15, HY20, HY25 and CP

H stretching appears for all the
cellulose separators including
CP. In modified separators, this band broadens further and intensifies progressively with
increasing zirconia content. This enhancement is attributed not only to cellulose hydroxyl
groups but also to newly generated Zr—OH groups formed during precursor hydrolysis. The
peak at 3000-2850 cm™ can be attributed to C—H stretching vibration of the aliphatic C—H
bands associated with cellulose, PVDF, and residual alkoxide ligands. This band show a
gradual reduction in intensity, indicating the progressive consumption of organic alkoxide
groups (—OR) as they are converted into Zr—OH or Zr—O-Zr bonds. The reduced intensity also
points to decreased organic ligand content within the network, corroborating the enhanced
inorganic character of the modified paper. A distinct feature appears in this range of 1730-1650
cm™!, which contributes to C=0 stretching of the acetylacetone (acac) chelating ligand along
with water bending. The persistence of this band across all modified samples confirms that
chelation remains intact even after hydrolysis. This stabilization is critical, as it prevents
uncontrolled growth and aggregation of zirconia particles, thereby ensuring uniform dispersion
across the cellulose/PVDF network. Intensity is decreasing gradually for the peak at 1375—
1350 cm™, which generally comes for CH: bending and ligand methyls. This region, linked to
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O0CH: vibrations in cellulose and residual ligand groups, shows a moderate decrease with
increasing zirconia content. The loss of intensity suggests the consumption of alkoxide groups
and reduced contribution of organic ligands. The cellulose-associated peaks remain visible,
confirming the structural backbone of cellulose is preserved even though its crystallinity
decreases. The signals at 1150-900 cm™ correspond to C—O—C stretching, glycosidic linkages,
and Zr—-O—C stretching frequencies. This region is dominated by cellulose glycosidic vibrations
(~1050-1030 cm™) in the pristine paper. But, in zirconia-containing samples, these features
broaden and shift, indicating the overlap of cellulose bands with newly formed Zr—O-C and
Zr—0O vibrations. The evolution of this region reflects the chemical transformation of zirconia
precursors from Zr—OR to Zr—OH and Zr—O—Zr. Zr—O—Zr lattice vibrations reflect in the region
of 750-450 cm™. A clear set of bands emerges in this region with increasing precursor
concentration, corresponding to Zr—O-Zr stretching vibrations of condensed zirconia
nanodomains. These features become stronger and better defined at higher loadings,
confirming the successful in-situ formation of zirconia oxide networks within the cellulose

matrix.

Figure 6.5 FESEM micrographs (a)-(b) HY05 and (d)-(e) HY25; EDX profiles of (c) HY0S5 and (f)
HY25, respectively

Figure 6.5 shows the FESEM surface morphologies and EDX elemental profiles of HY05 and
HY25 separators. Panels (a) and (b) correspond to HYOS, revealing a relatively open and
uniform fibrous cellulose network coated with thin PVDF layers. The fibers remain well-
separated, and the surface appears smooth with minimal pore blocking. This structure

facilitates effective electrolyte infiltration while retaining mechanical integrity. The
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corresponding EDX profile in Figure 6.5(c) confirms the presence of dominant carbon and
oxygen peaks from cellulose and PVDF, along with fluorine from PVDF sizing. A discernible
but low-intensity zirconium peak indicates that at 0.5 wt% zirconia precursor loading (HY05),
Zr species are present but sparsely distributed within the matrix. Figures 6.5(d) and (e) show
the morphology of HY25. Compared to HY05, the higher zirconia content produces a denser
and rougher surface, with visible clusters and particulate deposits embedded within the
cellulose-PVDF network. These features suggest partial agglomeration or localized
accumulation of zirconia domains at high loadings, which may block pores and reduce
homogeneity. The EDX profile in Figure 6.5(f) exhibits stronger zirconium peaks relative to
HYO05, confirming higher Zr incorporation. The increase in Zr signal, together with intense
fluorine peaks, verifies that zirconia is successfully impregnated into the PVDF-sized paper

but with a tendency to form concentrated regions at high precursor concentrations.

Overall, the FESEM and EDX analyses demonstrate that low zirconia loadings (HY05) ensure
homogeneous dispersion of chelated ZrO: within the fibrous matrix, while higher loadings
(HY25) cause surface densification and partial aggregation. This microstructural evolution
explains the observed performance trends: moderate loading (e.g., HY15) maximizes
wettability, electrolyte uptake, and conductivity due to well-dispersed solvophilic Zr—OH sites,
whereas excessive loading reduces structural uniformity and slightly compromises ionic

transport.
6.3.3 Porosity, Wettability and Mechanical Properties of the Separators

Figure 6.6 presents the comparative wettability, permeability, electrolyte uptake, flexibility,
and mechanical performance of the pristine cellulose paper (CP), PVDF-sized separator
(HYO00), and chelated ZrO.-impregnated separators (HY05-HY25). Contact angle is the angle
of contact formed at the interface of a substrate in contact with a liquid drop. Here, the
experiment is done by putting a drop of liquid electrolyte on the paper or paper separator
substrates, as mentioned in Chapter 2. Pure cellulose shows high affinity for most of the
solvents since cellulose can absorb liquids and get swelled very easily. This phenomenon is
reflected in the contact angle value of CP that comes to be nearly 0° after instant soaking of the
liquid electrolyte. However, PVDF-sized HY00 separator shows contact angle of nearly 22.9°,
as can be seen in Figure 6.6(a). The PVDF sizing deposits a thin polar fluoropolymer layer

that reduces immediate wetting and increases the contact angle. This observation can also be
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corroborated from its electrolyte uptake of 266.98%, which is lower than that of CP (285.29
%).
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Figure 6.6 (a) Contact angle in LIB liquid electrolyte (IM LiPFs in EC:DMC (1:2)), (b) Air
permeability in terms of Gurley value and electrolyte uptake percentage, (c) flexibility of the developed
paper separators demonstrated via stretching and bending activities, (d) demonstration of separator
flexibility,; Tensile stress vs tensile strain plots at (e) machine direction (MD) and (f) transverse direction

(TD) for CP, HY00, HY0S5, HY10, HY15, HY20 and HY25, respectively

The electrolyte uptake percentage along with air permeability data for all the paper separators
are depicted in Figure 6.6(b). Coating the pristine paper with PVDF block the large pore spaces
of the paper substrate partially and decrease the wettability, which is why the contact angle
values for all the separators are higher than that of CP'>. Addition of chelated Zr precursor
progressively reduces the contact angle from HY05 to HY'10 to HY 15. The minimum contact
angle occurs at HY'15, which is 11.6°. This behavior is consistent with hydrolysis of chelated
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precursor producing Zr-OH surface groups that are strongly polar and solvophilic in nature.
Nonetheless, the contact angle increases again at slightly higher loadings, with the values of
13.6° and 17.7° for HY20 and HY?25, respectively. This rise likely arises either from surface
reorganization effect of PVDF or residual organics or from partial densification and
organization of zirconia nanodomains. The Gurley value increases moderately with PVDF and
zirconia impregnation, indicating slight pore blockage, but remains within a practical range for
separator operation. Electrolyte uptake increases from 266.98% for HY00 to a maximum of
338.23% for HY15, reflecting the balance of porosity disruption and solvophilic Lewis
acid/base surface sites. The slight decrease at HY20-HY25 indicates probable reduced solvent

accessibility due to densification.

The digital images presented in Figure 6.6(c) demonstrate the excellent flexibility of the
composite separators, which can be bent and folded without cracking or delamination,

underscoring their suitability for practical battery assembly.

Figures 6.6(d) and (e) show the tensile stress-strain behavior in the machine direction (MD)
and transverse direction (TD), respectively. CP exhibits anisotropic mechanical performance
with higher MD (45.35 MPa) but poor TD strength (11.13 MPa). PVDF sizing and zirconia
impregnation markedly reinforce the TD, nearly tripling the strength relative to CP. The
maximum MD strength (51.73 MPa) and balanced TD strength (27.56 MPa) are obtained for
HY15, confirming that moderate zirconia loading yields optimal mechanical reinforcement
through strong filler-fiber-polymer interactions. Beyond HY 15, mechanical gains plateau or
slightly decline, suggesting that excessive zirconia might disrupt inter-fiber cohesion. Overall,
HY15 demonstrates the most favorable combination of low contact angle, high electrolyte
uptake, and superior mechanical strength, highlighting the synergistic role of chelated ZrO-
nanodomains in tailoring both physicochemical and mechanical properties of cellulose-based

paper separators.
6.3.4 Ionic Conductivity and Electrochemical Potential Window

Figure 6.7 represents the Nyquist plots of symmetric SS/Separator/SS cells assembled with
pristine cellulose paper (CP), PVDF-sized separator (HY00), and the chelated-ZrO-
impregnated separators (HY05-HY25). The equivalent circuit used for fitting, consisting of
bulk resistance (Rp) and constant phase elements for electrode/electrolyte interfaces (CPEy,

CPEy), is shown in the inset.
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Figure 6.7 Nyquist plots for all the developed paper separators along with CP

The pristine cellulose separator (CP) exhibits the lowest bulk resistance (=0.57 Q), attributable
to its highly porous and hydrophilic structure, which allows rapid electrolyte uptake and ionic
conduction'®. However, PVDF sizing (HY00) significantly increases the bulk resistance (=1.92
Q) due to pore blocking and the reduced wettability introduced by the fluoropolymer layer.
Upon impregnation with chelated ZrO-, a progressive decrease in bulk resistance is observed
from HYO05 (=1.36 Q) to HY 15 (=0.87 Q), highlighting the beneficial role of polar Zr-OH and
under-coordinated Zr*" sites in enhancing effective Li-salt dissociation and facilitating Li*
transport. HY 15 exhibits the lowest resistance and highest ionic conductivity (1.30x10 S.cm’
1) among the modified samples, correlating directly with its highest electrolyte uptake
(338.23%), minimal contact angle (11.6°), and lowest cellulose crystallinity index (15.63%).
These synergistic structural and chemical modifications establish continuous ion transport

pathways within the paper matrix.

At higher zirconia loadings (HY20 and HY?25), the resistance increases slightly (=1.04-1.26
Q). This is consistent with FESEM observations (Figure 6.5), where excessive zirconia
incorporation leads to surface densification and partial aggregation, which impede ion transport

despite the presence of Lewis acid sites.
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Overall, the Nyquist plots clearly establish that moderate zirconia loading (HY'15) yields the
most favorable ionic transport, balancing electrolyte affinity, structural disruption, and
mechanical stability. This electrochemical evidence supports the conclusion that controlled
incorporation of chelated ZrO: precursors optimizes separator performance, while excessive
loading diminishes the benefits due to microstructural densification. The various properties of

the developed  paper

0.0008
separators as well those of Cell conf: $S/SeparatoriLi ——HY00
. 0.0007- HY15
commercial cellulose
0.0006 -
paper (CP) have been
summarized in Table 6.2. 20'0005'
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Figure 6.8 Linear Sweep Voltammetry plots for HY00 and HY15, for

linear sweep voltammetry

(LSV) in an S/Separator/Li

determining electrochemical potential window

configuration. Both separators exhibit negligible current response up to ~5.5 V, indicating that
they are electrochemically stable within the conventional operating window of lithium-ion
batteries and also beyond that supporting high voltage cathode chemistries. Beyond this
potential, a gradual rise in current is observed due to electrolyte decomposition. Notably, HY 15
demonstrates a slightly delayed onset of decomposition and maintains a lower and more stable
current than HY00 in the intermediate voltage range, suggesting improved oxidative stability.
The enhanced stability of HY 15 compared to HY 00 can be attributed to the presence of polar
Zr—OH and under-coordinated Zr** sites, which promote stronger Lewis acid—base interactions
with electrolyte species. These interactions facilitate controlled salt dissociation and help
suppress premature decomposition, thereby extending the safe operational voltage window.
This improved electrochemical robustness complements the superior wettability, electrolyte
uptake, and ionic conductivity previously demonstrated for HY 15, underscoring its suitability

as a high-performance separator material for advanced lithium-ion batteries.

163



Table 6.2 Comparison of different properties of the chelated zirconia embedded paper separators with

those of commercial cellulose paper

Separator type Cp HY00 HY05 HY10 HY15 HY20 HY25
Property

Crystallinity 58.29 22.33 26.66 29.86 15.63 23.19 22.59

Index (%)

Contact Angle ~0° 22.9° 17.5° 13.6° 11.6° 13.6° 17.7°

Air Permeability 5 9 11 13 14 13 15

(Gurley/s)

Electrolyte 285.29 266.98 294.43 313.68 338.23 322.59 306.71

Uptake (%)

Tensile Strength 45.35/ 46.16/ 47.18/ 48.28/ 51.73/ 50.18/ 49.26/

(MPa) 11.13 24.97 25.97 27.28 27.56 27.53 27.09

MD/TD

Bulk 0.57 Q/ 1.92 Q/ 1.36 Q/ 1.13 Q/ 0.87 Q/ 1.04 Q/ 1.26 Q/

Resistance/Ionic 1.98x1073 0.58x103  0.83x10°  1.00x10°* 1.30x10° 1.08x103  0.89x1073

Conductivity S.cm’! S.cm’! S.cm’! S.cm’! S.cm’! S.cm’! S.cm’!

6.3.4 Electrochemical Performance

Figure 6.9 compares the electrochemical cycling stability and rate performance of PVDF-sized
separator (HY00) and zirconia-impregnated separator (HY15) in MCMB/LFP full-cell
configuration. Figure 6.9(a) shows the long-term cycling at a constant current density of 0.2
mA-cm 2. The HY00-based cell exhibits a rapid decline in discharge capacity from ~100
mAh-g! to below 40 mAh-g' within 300 cycles, reflecting poor electrolyte affinity and high
interfacial resistance. In contrast, the HY 15-based cell retains significantly higher discharge
capacities (~60 mAh-g after 400 cycles), indicating enhanced ionic conductivity, better
electrolyte uptake, and a more stable electrode—separator interface. This pronounced
improvement directly correlates with the optimized wettability, structural disruption, and Lewis

acid-base interactions offered by the chelated zirconia domains.

The rate performance of the HY00-based cell is shown in Figure 6.9(b) across a wide range of
current densities. At low rates (0.1-0.4 mA-cm2), the cell delivers moderate capacity, but at
higher current densities (>1.0 mA-cm™2), the capacity drops sharply and becomes negligible.
This highlights the sluggish Li* transport across the PVDF-sized separator with limited

solvophilic surface functionality. On the other hand, the rate performance of the HY 15-based
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full cell under identical conditions is significantly better than HY00, as can be observed in
Figure 6.9(c). Even at a high current density of 2.2 mA.cm?, the cell continues to deliver
appreciable capacity and does not touch 20% depth-of-discharge threshold. The superior rate
capability of HY 15 validates the role of Zr—OH/Zr*" surface sites in enhancing Li" transport
pathways and mitigating polarization under high current loads. Taken together, the
galvanostatic results confirm that HY 15 enables both long-term cycling stability and high-rate
performance, outperforming the baseline PVDF-sized separator. The synergistic improvements
arise from (i) increased electrolyte wettability and uptake, (ii) enhanced ionic conductivity via
Lewis acid-base interaction induced salt dissociation, and (iii) reinforced mechanical stability

that prevents structural collapse during repeated cycling.
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Figure 6.9 Galvanostatic charge-discharge cycling of HY00 and HYI15 in MCMB/LFP full cell
configuration; (a) long term cycling at 0.2 mA.cm™, (b) cycling at varying current densities for HY00
and (c) cycling at varying current densities for HY15
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Table 6.3 Literature review of Lewis acid-base interaction-driven performance modulation of

electrochemical systems by various strategies

SI.
No.

Material / Strategy

1 Lewis-acid coordinated
PEO-based electrolyte
(molecular Lewis-acid

centers in polymer)

2 ST@AILOs (Ti-doped
Si0:(@AI1205) yolk-shell
particles layered on PE

separator - engineered
Lewis acid sites on
separator surface

3 Pentacoordinated Al**-
enriched ALLOs —
demonstration that

changing surface
coordination creates
abundant Lewis acidic
sites

4 2D ZSM-5 nanosheets
as Lewis-acidic
inorganic filler in PEO
CPEs - unsaturated
Si/Al-OH sites act as
Lewis centers

5 Zirconium isoproxide
chelated with acac is
embedded in cellulose-
based paper separator
matrix

Mechanism

Lewis-acid
coordination to polymer
backbone improved salt

dissociation and
oxidation stability up to
high voltage

Lewis acid sites tune Li
plating/stripping and
electrolyte interactions
at separator interface

Surface spectroscopy
(*?Al MAS-NMR)
confirms high
pentacoordination;
correlated to high
Lewis acidity and
unusual reactivity (H
activation, catalysis)

Strong Lewis sites
promoted salt
dissociation and
improved ion transport

Co-ordinately
unsaturated Zr*"
interacts with the
anions of Li-salt,

promoting effective salt
dissociation and
separator performance
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Key Performance

Demonstrated 4.8 V
oxidative stability;
device energy >580
Wh.kg!; stable cycling
~300 cycles in high-
voltage cells

Ionic conductivity
5.55%x1073 S-cm™!; Li*
transference t+ = 0.62;
Li/Li symmetric stable
>400 h at 1 mA-cm™2;
improved cycling/rate

Structural & surface-
chemistry
characterization (27Al
MAS-NMR peaks at
~64, 33, 6 ppm
indicating
tetra/penta/octa
coordination); proof
that coordination
tuning — new surface
Lewis sites

6=1.34x103S-cm™!
(at 60°C); t- = 0.37;
electrochemical
window 4.8 V; solid-
state LFP/Li cells:
initial capacity 152.3
mAh-g with 91.4%
retention after 200
cycles

6 =1.30x103S.cm™,
extended potential
window up to 5.5 V;
long term cycling up to
450 cycles and high
rate performance (~9C)

Ref.

An
et
al.*

Zhou

al.?

et
al.

Hu
et
al.”

This
work



6.4 Conclusion

This chapter has demonstrated the effectiveness of chelated zirconia precursors in tailoring the
structural and electrochemical performance of cellulose-based paper separators for lithium-ion
batteries. By employing acetylacetone-assisted chelation of zirconium isopropoxide followed
by controlled hydrolysis, zirconia was introduced in a highly dispersed form with abundant
coordinatively unsaturated Zr** and Zr—OH surface sites. These functional groups not only
suppressed uncontrolled agglomeration but also provided Lewis acid—base centers capable of
interacting strongly with electrolyte components. Such interactions promoted enhanced salt
dissociation, improved electrolyte affinity, and facilitated continuous ionic transport pathways
across the separator. Systematic evaluation revealed that moderate zirconia incorporation
(HY15) delivered the most balanced performance. At this composition, the separator exhibited
optimal structural disruption of cellulose crystallinity, superior wettability, and strong
mechanical reinforcement. These properties collectively translated into reduced bulk
resistance, enhanced ionic conductivity, and improved electrochemical stability. The
galvanostatic cycling and rate capability results further confirmed that HY'15 enabled stable
long-term cycling and supported high current densities, in contrast to the baseline PVDF-sized

separator.

Importantly, the findings align with recent literature on the role of Lewis acid—base interactions
in improving ion transport and interfacial stability. The work establishes that rational design of
ceramic precursors and their integration into sustainable cellulose substrates can yield
separators that combine mechanical robustness, high electrolyte uptake, and electrochemical
reliability. Thus, chelated ZrO2 nanodomains represent a viable strategy for advancing paper-

based separators toward high-performance and safe energy storage applications.
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Chapter 7

Montmorillonite Clay Impregnated
Sustainable Paper Separator

Highlights

e Natural cellulose paper is combined with montmorillonite clay to design sustainable battery
separators

e Simple wet-coating fabrication for integrating clay platelets into paper matrix

e Detailed structural, mechanical, electrochemical, and thermal characterization of the
developed separators

e Improved thermal stability, cycling performance, mechanical integrity

:::.Illlw.ln 45n

Clay Particle + Binder

Figure 7.0 A graphical demonstration of paper-clay separator

Paper-Clay Separator
for Lithium Batteries

This chapter reports the development of montmorillonite (MMT) impregnated paper—clay separators as
cost-effective and sustainable alternatives to commercial polyolefin membranes in lithium-ion batteries.
Structural and morphological studies confirmed uniform incorporation of clay platelets into cellulose
networks, tuning porosity and enhancing electrolyte wettability. Mechanical tests revealed improved
flexibility and isotropy, while electrochemical analysis demonstrated wide stability windows (>5 V)
and excellent cycling with high coulombic efficiency. Thermal tests showed strong flame retardancy
and self-extinguishing behavior, with the M15 composition retaining electrochemical functionality after
flame exposure. These findings establish paper—clay separators as safe, sustainable, and high-
performance candidates for next-generation batteries.
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7.1. Background and Overview

The use of clay as raw materials by mankind is almost a 4000 year old story. These versatile
minerals are now being used in many modern industrial applications such as paper, paint,
petroleum, ceramic, cement, adhesive, asphalt, and health-care industry due to their wide
abundance, lower cost and sustainability. Out of its many varieties, Montmorillonite (MMT) is
widely being researched due to its high ion exchange capability, layered structure, large specific
surface area and excellent adsorption properties. MMT is a layered structure sandwiching an
alumina octahedral sheet by two silica tetrahedral sheets. The in-plane strong chemical bonds
and weak van der Waals and electrostatic forces between the sandwiched layers provide MMT

a strong ability to form freestanding exfoliated layers.

Recently, MMT is being studied extensively in energy storage devices mainly in metal ion
batteries (MIBs) or lithium metal batteries (LMBs) as an additive material in electrolyte or in
composite separator membrane. In a recent past, lithiophilic montmorillonite has been used as
an additive in the ether-based electrolyte to regulate the lithium-ion concentration on the anode
surface facilitating the uniform lithium deposition!. Para et al. showed a modification of
commercial separator using montmorillonite/polyaniline composites resulting in an increase in
ionic conductivity compared to the untreated one’. A separator membrane developed by Li
et.al., using organically modified montmorillonite (OMMT) reinforced with polyimide (PI)
demonstrated a significant enhancement in mechanical strength, superior electrolyte wettability
and high ionic conductivity along with higher thermal stability®. Dong et al., successfully
utilized MMT coated separator which showed minimization of the shuttle effect by preventing
the diffusion of the polysulfide in Li-S batteries*. Poly(vinylidene fluoride) (PVDF)-MMT
based separator membrane prepared by Pereira et al. also reported stable electrochemical
performance compared to commercial PP membrane®. All these reports reveal that the presence
of MMT has thus significant effect in battery performance due to its versatile capability of ionic

exchange, particularly with Li-ions during electrochemical cycling.

In this chapter, we have attempted to fabricate MMT impregnated Paper-Clay separator for its
application in Lithium-ion Batteries (LIBs). The combination of both low cost paper and cheap
clay material for making sustainable Paper-Clay separator using wet-coating method for LIBs
was found to be an interesting study. The Paper-Clay separator fabrication process carried out

both in aqueous using an in-house designed double decker fabricating machine. The effect of
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impregnation of bare MMT in different mass ratio in Paper-Clay separator was examined and
the electrochemical performance of the separator evaluated using full cell configuration.
Finally, a detail comparison of performances of developed Paper-Clay separator with that of

commercial membrane was also presented here.
7.2 Experimental Details

7.2.1 Preparation of MMT Clay

The purification of raw clay was done via the following stages: 1) removal of non- clay fraction
through wet-sieving ii) destruction of organics and carbonates iii) separation of submicron
fraction be repeated gravity settling and finally iv) ion exchange to form Na+ -MMT. Raw clay
(50g) was dispersed in 5 Litre deionised water under stirring for 24 hours. The pH of the
dispersion was decreased to 4.5 by adding 0.01N HCI to decompose carbonates. Then the
dispersion was treated with H202 for decomposing the organics. Excess H202 was
decomposed by heating. The dispersion was then was sieved through 150 Micron sieve to
remove non-clay impurities. The pH was then adjusted to 6.5 with 0.01N NaOH. Then 0.02N
Sodium hexametaphosphate solution was to added to it under stirring to disperse the clay
fraction. The suspension was allowed to settle under gravity. The settling velocity of the
particles was calculated as per the Stokes law

— P~Po 2
V=T .g.-d (7.1)

Where v is the settling velocity of particle of diameter d and density p under gravitational

acceleration g in a dispersion medium of density p, and viscosity n°.

Accordingly, the depth of settling of > 1 pm particles were calculated and the <I pm particles
were collected from the supernatant above 20 cm height after 53 hours of settling. This clay
fraction was passed through ion-exhange resin Amberlite 120H in Na* form to generate Na*

MMT particles.
7.2.2 Fabrication of Paper Separator

The purified Montmorillonite clay is dispersed in 7.0 w/v% SBR aqueous solution, in varying
amounts, by stirring for 12h. The PVDF-coated paper substrate is again dip-coated with the
SBR-MMT slurry in double-decker separator fabricator unit, as described in Chapter 2. The
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fabricated separators are dried, compacted and stored carefully for further experiments. The

composition and codes for the developed separators have been provided in ZTable 1.

Table 1 Codes and compositions of the developed paper-clay separators

Initial coating on paper Final coating on the paper Code
substrate

3.5 w/v% PVDF in NMP 7.0 w/v% SBR + 0.5 w/v% MO5
MMT

3.5 w/v% PVDF in NMP 7.0 w/v% SBR + 1.0 w/v% MI10
MMT

3.5 w/v% PVDF in NMP 7.0 w/v% SBR + 1.5 w/v% M15
MMT

3.5 w/v% PVDF in NMP 7.0 w/v% SBR + 2.0 w/v% M20
MMT

7.3. Results & Discussions

7.3.1. Structural and Microstructural Features

7.3.1.1 MMT Clay

The chemical analysis of the purified clay shows presence of SiO2, A1>O3 as major components,
alongside fewer amounts of MgO, Na,O, K»O, TiO2 and CaO’. The cation exchange capacity
of the MMT was 64 cmol.kg™.

Figure 7.1 represents the structural and microstructural features of the purified sodium
montmorillonite (Na-MMT). The XRD pattern in Figure 7.1(a) exhibits a sharp reflection at
20 = 5.2° corresponding to a basal spacing of ~1.7 nm, which is characteristic of
montmorillonite (JCPDS 00-012-0219). The presence of this well-defined (001) reflection
confirms the layered silicate structure, while the absence of significant impurity peaks
demonstrates the high purity of the clay fraction obtained after ion-exchange treatment. A
minor reflection around 12.4° indicates traces of kaolinite (JCPDS 00-014-0164), but its

relative intensity suggests negligible contribution.
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Figure 7.1 Structural and microstructural features of Na-MMT powder; (a) X-ray diffraction pattern,
(b) FTIR spectrum, (c) FESEM image and (d) EDX spectrum

The FTIR spectrum of Na-MMT, demonstrated in Figure 7.1(b) further validates the structural
integrity of the clay. The broad absorption band at 3445 cm™ corresponds to O-H stretching of
adsorbed water molecules, since the clay materials have an extremely hydrophilic nature. The
shoulder at 3690 cm ™ arises from structural hydroxyl groups associated with octahedral cations
(AI-OH). The bending vibration of interlayer water is observed at 1640 cm™. A strong peak at
1030 cm™* corresponds to Si-O stretching vibration of the tetrahedral sheet, whereas the bands
at 538 cm ' and 472 cm™! are attributed to Si-O-Al and Si-O-Si bending vibrations, respectively.
These features are consistent with reported spectra of montmorillonite and confirm the

retention of layered aluminosilicate framework®.
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The surface morphology, examined by FESEM, reveals typical aggregated platelet-like
structures with curled, rose-petal-like edges, suggesting exfoliated and stacked lamellae of
MMT, as can be observed in Figure 7.1(c). Such
morphology provides a large accessible surface area
and hierarchical porosity, beneficial for enhancing
electrolyte uptake when incorporated into paper
matrix. Elemental composition analyzed by EDX in
Figure 7.1(d) confirms the presence of major
constituents such as Si, Al, O, Mg, Fe, Na, K, and Ca,
in agreement with the expected chemical composition
of montmorillonite. The dominant Si and Al peaks
correspond to the tetrahedral and octahedral sheets,

while minor peaks of Fe, Mg, Ca, and K indicate

isomorphic substitutions within the aluminosilicate

Figure 7.2 Structure of Na-MMT clay,
lattice. The absence of significant extraneous s obtained using the standard JCPDS
elements reaffirms the purity of the processed Na- file

MMT.

Thus, the combined XRD, FTIR, FESEM, and EDX analyses confirm the successful
preparation of purified Na-MMT clay with preserved layered aluminosilicate structure,
structural hydroxyl groups, and surface morphology, which might be beneficial for further

incorporation into paper matrix as a low-cost functional filler.
7.3.1.2 MMT-incorporated Paper Separators

The XRD patterns of the pristine cellulose paper (CP) and MMT-impregnated paper separators
with lowest and highest clay loadings (M05 and M20) are shown in Figure 7.3. The CP exhibits
a broad diffraction peak at 20 = 22.5°, which corresponds to the (200) crystalline plane of
cellulose I structure, confirming the semi-crystalline nature of the fibrous network of cellulose.
Upon incorporation of MMT into the paper matrix, additional reflections appear at lower angles
(20 = 5.8°-6.0°), which can be attributed to the (001) basal plane of Na-MMT, indicating

successful embedding of layered silicate within the fibrous substrate. The intensity of this
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reflection becomes more pronounced with higher MMT content (M20), suggesting an
increased degree of clay intercalation/exfoliation within the cellulose network. Simultaneously,
the characteristic cellulose peak at 22.5° shows a 0 10 20 30 40 50 60 70 80

T T T T T T T

reduction in relative intensity for both M05 nd M20

M20, reflecting partial masking of cellulose

crystallinity due to the homogeneous distribution "\ .M.
of clay particles. The coexistence of characteristic WW 1‘a~
peaks for cellulose and MMT confirms the Mo5
formation of a composite paper—clay structure ;;,
without altering the fundamental crystalline g
E

framework of cellulose, while the progressive

enhancement of the clay signature peak validates ——cP

the controlled impregnation of MMT into the
fibrous matrix. These results provide strong
evidence of successful fabrication of paper-clay M

separators with tunable clay incorporation, which 0 10 20 30 40 50 60 70 80

is expected to improve thermal stability and ionic 20 (Degrees)

transport properties in subsequent ~ Figure 7.3 X-ray diffractogram of CF, M05

) ) and M20
electrochemical studies.

The surface morphology and elemental distribution of the lowest and highest MMT-
incorporated paper separators were investigated using FESEM and EDX, as presented in Figure
7.4. The FESEM micrographs of M05 displayed in Figures 7.4(a) and (b) reveal a relatively
smooth fibrous surface with well-entangled cellulose fibers. At this lower loading, the clay
particles are sparsely distributed and predominantly located within the voids of the fibrous
network, ensuring good structural integrity and porosity retention. The presence of fine
lamellar MMT platelets attached to fiber surfaces are visible in Figure 7.4(b). In contrast, the
morphology of M20, in Figures 7.4(d) and (e), exhibits denser coverage of clay particles across
the cellulose matrix, resulting in a more compact structure. The stacked clay layers appear to
bridge between adjacent cellulose fibers, leading to reduced surface roughness and smaller pore
openings. It is also confirmed from Gurley values trends of the MMT-loaded paper substrates,
described in next section. This microstructural change implies enhanced thermal stability and

dimensional rigidity, but at the expense of slightly lower porosity compared to M05. Such
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variation in microstructural features with clay loading highlights the tunability of the paper—

clay separator architecture depending on performance requirements.

Figure 7.4 FESEM micrographs of (a) & (b) M05, (d) & (e) M20; EDX profiles of (c) M0S5, (f) M20

The EDX spectra for M05 and M20, presented in Figures 7.4(c) and (d) respectively, further
confirm the successful incorporation of MMT within the paper matrix. For both M05 and M20,
strong signals of Si, Al, and O are clearly evident, corresponding to the aluminosilicate layers
of montmorillonite. Minor peaks of Mg, Na, K, and Fe are also detected, arising from
isomorphic substitutions within the aluminosilicate lattice. The simultaneous presence of high
intensity C and O peaks indicates the pure cellulose backbone of the paper. These results
confirm that MMT has been effectively incorporated within the cellulose network, with its

distribution density strongly dependent on the clay loading.

Overall, the combined FESEM and EDX analyses demonstrate that controlled incorporation of
MMT into cellulose paper modifies the surface morphology and composition of the separator,
enabling a balance between porosity, stability, and functional properties crucial for high-

performance LIB applications.
7.3.2 Pore Characteristics and Electrolyte Wettability

Figure 7.5(a) illustrates the variation in air permeability in terms of Gurley value and electrolyte
uptake of the developed Paper-Clay separators. The pristine cellulose paper (CP) shows the
lowest Gurley value of 5s, indicating high porosity and easy air passage through the fibrous

network’. With increasing MMT content, the Gurley value gradually increases, suggesting a
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decrease in pore openness due to partial blocking and filling of inter-fiber pore spaces by clay
particles and their agglomerates. This effect is more pronounced at highest loading (M20) with
Gurley value of 57s, where dense packing of clay platelets restricts pore connectivity to a
significant extent. Nevertheless, the Gurley values of all paper-clay separators remain
significantly lower than that of commercial polyolefin membranes (Gurley value ~ 438s),

confirming the superior intrinsic porosity of the cellulose-based matrix'°.

70 360 Electrolyte uptake measurements reveal the
(a) 60+ 240 opposite trend, as shown in Figure 7.5(a).
Eso- m% The CP exhibits high electrolyte uptake of
%40 m-; 286.15% owing to its hydrophilic cellulose
;;” ( s fibers and open porous framework.
280 uu:
? “  Incorporation of a small amount of clay
10 260

further enhances electrolyte uptake to

o-—. . I 240 Y P
P Mmos Mo M15 Mz0 298.30% and 315.86% for M05 and M10,

Separator composition
(b)"'“m e respectively, attributed to the hydrophilic
m10
0:00087 ——— nature and large surface area of MMT
3 00004 particles, which provide additional sites for
% 000031 electrolyte adsorption'!. However, at higher
3 00002 loadings in M15 and M20, the electrolyte
0.0001 4 uptake although increases, but reaches a
0.0000 1 o e stagnant level of ~340%, likely due to
0 25 50 75 100 125 150 175 . . .

Pore radius (A) significant pore filling and reduced free

Figure 7.5 (a) Air permeability in terms of Gurley volume available for liquid absorption at

value and electrolyte uptake, (b) BJH plots for — highest loading. The balance between
MO05, M10, M15 and M20 derived from BET

adsorption porosity and surface functionality therefore

plays a critical role in optimizing electrolyte

affinity in paper-clay separators.

The pore structure was further examined using nitrogen adsorption-desorption isotherms, as
displayed in the BJH plots of Figure 7.5(b). All samples exhibit type-IV isotherms with H3
hysteresis loops, characteristic of slit-like pores associated with layered structures. The BET
surface area increases for M05 and M10 compared to CP, reflecting the introduction of

additional mesopores from well-dispersed clay platelets. At higher loading, the BET surface
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area decreases, consistent with agglomeration and stacking of clay layers that reduce accessible

surface sites. This trend correlates well with the air permeability and electrolyte uptake

behavior.

Taken together, the air permeability, electrolyte uptake, and pore characteristics confirm that
moderate incorporation of MMT provides an optimal balance of porosity, wettability, and

surface area, making it promising for high-performance separators.

7.3.3 Separator Flexibility and Mechanical Properties
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Figure 7.6 Mechanical integrity of the developed separators: (a) bending and twisting experiments
showing good flexibility, Tensile stress vs tensile strain curves along (b) machine direction and (c)

transverse direction for M05, M10, M15, M20 and CP

The flexibility of the paper-clay separators was first examined by simple folding and twisting
experiments, as shown in Figure 7.6(a). The MMT-imperganted separators could be bent,
twisted, and folded without any visible cracking or mechanical failure, demonstrating their

inherent flexibility and mechanical integrity.
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To quantify the mechanical strength of the developed separators, tensile stress-strain analysis
was carried out in both the machine and transverse directions, as illustrated in Figures 7.5(b)
and (c) respectively. In the machine direction, the pristine CP exhibited a tensile strength of
46.26 MPa with relatively low elongation at break. In comparison, the incorporation of MMT
showed tensile strength values of 41.98 MPa, 44.30 MPa, 46.51 MPa and 46.17 MPa for M05,
M10, M15 and M20 respective, with nearly three times more elongation. In the transverse
direction, the effect of polymer and clay incorporation is even more pronounced. The CP
displayed a low tensile strength of 11.13 MPa with premature fracture, highlighting the
anisotropic mechanical character of commercial paper. In contrast, the PVDF and MMT-
containing papers exhibited significantly improved strength of 22-26 MPa and much higher
elongation. This suggests that the PVDF polymer reinforces the cellulose network effectively
via new H-bonding interactions, while the clay particles also act as stress-distributing fillers,

reducing localized stress concentration in the matrix and thereby enhancing toughness.

Overall, the incorporation of MMT and PVDF not only retains the flexibility of the paper
substrate, but also enhances isotropy in mechanical properties by strengthening the transverse
direction and enhancing the elongation at break. This improved balance of robustness and
flexibility ensures that the paper—clay separators can withstand mechanical handling, battery
winding tension, electrode contact pressure, and dimensional stress during battery operation,

thereby making them suitable candidates for high-performance LIB separators.

7.3.4 Ionic Conductivity and Electrochemical Stability Window

The 1onic conductivity and electrochemical stability of the fabricated paper-clay separators
were evaluated by electrochemical impedance spectroscopy (EIS) and linear sweep

voltammetry (LSV), respectively, as shown in Figure 7.7.

The Nyquist plots, demonstrated in Figure 7.7(a), for SS/Separator/SS symmetric cells reveal
distinct differences in bulk resistance (Ry,) among the separators. The commercial
polypropylene (PP) membrane although exhibits the lowest bulk resistance of 2.47€), it suffers
from very low electrolyte uptake capability of ~90%!2. The ionic of conductivity of electrolyte-
soaked commercial PP separator is 4.58x10* S.cm™!, which is the highest among all, probably
due to the isotropic porous structure of polypropylene. In contrast, the paper-clay separators
show higher resistance values of 15.57Q, 13.54Q, 2.73Q) and 5.46Q, resulting in ionic
conductivities of 7.27x107 S.cm™, 8.36x10” S.cm™, 4.15x10* S.cm™ and 2.07x10* S.cm™,
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for M05, M10, M15 and M20 respectively. Where M05 and M10 display relatively higher
resistance as compared to M15 and M20, it suggests that moderate clay incorporation of 1.5
wt% preserves interconnected pore channels and facilitates ionic transport. M15 delivers nearly
similar ionic conductivity as that of commercial PP and all the developed separators benefit
from superior electrolyte wettability and uptake, which can offset resistance in practical battery
operation. The corresponding equivalent circuit in inset of Figure 7.7(a) demonstrates that the
overall impedance behavior is dominated by bulk electrolyte resistance and constant phase

element contributions from electrode/electrolyte interfaces.
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Figure 7.7 Electrical properties: (a) Nyquist plots and (b) LSV plots for M05, M10, M15 and M20 along

with commercial PP

The electrochemical stability of the developed separators was further analyzed by Linear
Sweep Voltammetry (LSV) using SS/separator/Li cell configuration. As per the LSV curves of
Figure 7.7(b), all paper-clay separators exhibit a broad stability window extending beyond 5.0
V versus Li/Li*, significantly wider than that of the PP separator. The inset of Figure 7.7(b)
highlights the magnified view of the same plots, to show the difference in voltage windows of
the different separators. The enhanced stability arises from the presence of inorganic MMT

platelets, which act as thermal and electrochemical stabilizers within the cellulose network.

Overall, the EIS and LSV analyses confirm that the incorporation of MMT enhances the
electrochemical robustness of the paper separators, providing a favorable trade-off between
ionic conductivity, electrolyte wettability, and oxidative stability. The stability window above
5V also demonstrates the suitability of paper-clay separators for next-generation high-voltage

LIBs.
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7.3.5 Electrochemical Performance

The charge-discharge characteristics of NMCI111/MCMB full cells assembled with the
fabricated paper-clay separators and commercial PP-based membrane are presented in Figure

7.8. All separators exhibit typical
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Figure 7.8 Typical galvanostatic charge-discharge cycles

shows higher discharge capacities for M05, M10, M15 and M20 along with commercial PP-
of ~185 mAh.g"!, attributed to its  based separator in NMCI111/MCMB cell configuration

improved electrolyte wettability

and ionic conductivity derived from the moderate incorporation of MMT platelets. However,
for other loadings of MMT (M05, M10 and M20), the discharge capacity decreases slightly to
~170-175 mAh.g'. The superior performance of M15 demonstrates that an optimal clay

concentration enhances both ionic conduction and electrode-electrolyte interface stability.

The long-term cycling performance of these separators is depicted in Figure 7.9. The PP
separator shows a steady capacity fading, dropping below 60 mAh.g! after 400 cycles, with a
coulombic efficiency stabilizing around 98%. In contrast, the MMT-impregnated separators
exhibit much improved cycling stability, retaining specific capacities above 70-80 mAh.g™!
after 400 cycles with coulombic efficiency consistently exceeding 99%. This clearly highlights
the advantage of paper—clay separators in sustaining reversible capacity over extended

operation.

Overall, the electrochemical results demonstrate that controlled incorporation of MMT into
cellulose paper significantly improves the ionic transport, electrolyte affinity, and long-term

cycling stability of the separators. The optimized composition of M15 not only outperform the
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commercial PP membrane but also provide sustainable and low-cost alternatives for next-

generation lithium-ion batteries.
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Figure 7.9 Long cycling profiles for M05, MI10, M15, M20 and PP in NMCI111/MCMB cell

configuration: charge and discharge capacity with coulombic efficiency
7.3.6 Thermal Safety Tests

Even after good electrochemical stability, it is essential for a separator to become thermally

stable for ensuring safety of an electrochemical cell.

The thermal stability of the

1
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evaporation of physically  with the DTA curves in inset

adsorbed water molecules.
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A major decomposition step occurs between 300-400 °C, corresponding to the pyrolysis of
cellulose and hemicellulose, which results in significant mass loss and formation of volatile
products. Beyond 500 °C, the CP sample shows almost complete degradation with negligible
char residue, indicating poor thermal resistance of the pristine paper matrix. In contrast, all the
paper-clay separators (M05-M20) exhibit markedly improved thermal stability. The onset of
thermal degradation is shifted to slightly higher temperatures, and the overall decomposition
rate is reduced compared to CP. This improvement arises from the barrier effect of
montmorillonite platelets, which restrict the diffusion of volatile decomposition products and
retard the thermal degradation process. Furthermore, the char yield at 800-1000°C is
significantly higher in the clay-loaded separators (~15-20%), while CP shows almost no
residual mass. The increased char residue reflects the inorganic contribution of MMT, which
remains stable at high temperatures and provides structural reinforcement to the cellulose

network.

The DTA curves displayed in the inset of Figure 7.10 corroborate these observations. The sharp
exothermic peak of CP at ~360°C, corresponding to cellulose pyrolysis, is broadened and
reduced in intensity for the MMT-based separators, indicating a delayed and less severe thermal
decomposition process. The extent of stabilization increases with clay content, with M15 and
M20 showing the highest thermal resistance and most stable thermal behavior among the
samples. Overall, the TGA-DTA analysis confirms that the incorporation of montmorillonite
clay enhances the thermal robustness of the cellulose paper separator by improving char
formation and retarding decomposition. This superior thermal stability is expected to play a
vital role in enhancing the safety of lithium-ion batteries, particularly under high-temperature

or thermal runaway conditions.

The flame-resistance of the developed separators was evaluated using the self-extinguishing
time (SET) test, as shown in Figure 7.10. For the M 15 paper-clay separator (Figures 7.10(a)-
(c¢)), the sample initially ignites when exposed to the flame but quickly self-extinguishes within
4.50 seconds of removal of the ignition source. This behavior is attributed to the presence of
inorganic MMT platelets, which provide a barrier effect by limiting heat transfer and volatile
gas release from the cellulose matrix. The clay layers also contribute to char formation, thereby
suppressing continuous combustion and enhancing the intrinsic flame-retardant property of the

separator.
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In stark contrast, the commercial PP separator, as observed in Figures 7.10(d)-(f), shows rapid
melting, shrinkage, and sustained burning once ignited, without any tendency to self-
extinguish. The poor thermal stability of PP arises from its low melting point (~165°C) and
hydrocarbon backbone, which promote easy propagation of flames and complete combustion.
The observed differences between M15 and PP highlight the superior fire safety of the paper-
clay separator, demonstrating its ability to minimize thermal runaway risks in lithium-ion

batteries.

Thus, the SET analysis confirms that incorporation of montmorillonite clay into the cellulose
framework significantly improves the flame-retardant properties of the separator, providing a

critical safety advantage over conventional polyolefin-based membranes.

11.10s

Figure 7.11 Digital images of various stages of the self-extinguishing time measurement for (a)-(c) M15
and (d)-(f) PP

The electrochemical stability of the separators before and after the flame-resistance test was
further assessed through galvanostatic charge-discharge cycling, as shown in Figure 7.11. For
the PP separator (Figure 7.11(a)), the cells fail to retain electrochemical functionality after the
SET test. The discharge capacity in LFP/MCMB cell drops drastically and the voltage profile
is highly distorted, reflecting severe thermal deformation of the PP membrane and resultant
short-circuit of the cell during exposure to flame. The melting and shrinkage of PP not only
compromise its mechanical integrity but also lead to increased internal resistance and poor

ionic conduction, rendering the cell electrochemically unstable. In contrast, the M15 paper-
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clay separator (Figure 7.11(b)) retains stable charge-discharge characteristics even after flame
exposure. The voltage plateaus remain well-defined around 3.7 V, and the discharge capacity
shows negligible deterioration compared to the pre-SET state. This superior retention of
electrochemical behavior is directly linked to the flame-retardant capability of the clay-loaded
cellulose network, which preserves separator morphology and maintains continuous ionic

pathways under thermal stress.

These results clearly demonstrate that the paper-clay separators, particularly M15, offer
substantial improvements in thermal safety over commercial PP membranes. The ability to self-
extinguish and sustain electrochemical performance after flame exposure underscores their

potential for safe operation in high-energy lithium-ion batteries, where safety concerns are

paramount.
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Figure 7.12 Typical galvanostatic charge-discharge cycles for (a) PP and (b) M15 before and after SET
test

7.4 Conclusion

This chapter demonstrated the fabrication and evaluation of montmorillonite (MMT)
impregnated paper-clay separators for lithium-ion batteries. Structural analysis confirmed the
coexistence of cellulose and montmorillonite reflections in XRD, while FESEM-EDX
revealed a progressive transition from sparse platelet distribution at low loading (M05) to dense
stacking at higher loading (M20). This controlled incorporation modified the pore structure,
improving electrolyte affinity and thermal stability. The separators retained excellent flexibility
and showed significant reinforcement in the transverse direction, overcoming the anisotropy of
pristine cellulose paper. lonic conductivity and electrochemical stability measurements

indicated that M15 offered the most balanced performance, with adequate porosity, strong
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electrolyte uptake, and stability window exceeding 5.0 V, superior to the commercial PP
separator. Full-cell studies further validated these findings. Cells assembled with M15
exhibited higher discharge capacities (~185-190 mAh g™') and superior cycling stability with
>99% coulombic efficiency after 400 cycles. Even at higher clay loadings, the separators
outperformed PP, demonstrating the inherent benefits of the cellulose—clay composite design.
Thermal safety tests highlighted a clear advantage of the paper—clay separators. The M15
membrane quickly self-extinguished after flame exposure, while the PP separator sustained
burning and structural collapse. Moreover, the M15-based cell retained stable charge—discharge
profiles after the SET test, unlike PP, which showed catastrophic performance loss. TGA results
corroborated these observations, showing delayed decomposition and higher char yield for

clay-loaded membranes.

In summary, montmorillonite impregnation enhances the structural, electrochemical, and
thermal properties of cellulose paper separators. 1.5% MMT impregnation in paper matrix
delivers the best compromise between ionic conductivity, wettability, mechanical integrity, and
safety, while higher loadings provide additional thermal robustness. These results demonstrate
that low-cost, sustainable paper—clay separators can serve as safer and more efficient

alternatives to commercial polyolefin membranes for next-generation lithium-ion batteries.
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Chapter 8

Active Ceramic Impregnated Paper

Separators for High-Performance LIBs

Highlights:

Sustainable cellulose-based paper separators impregnated with varying concentrations of Li-
ion conducting LLZO.

Investigation of structural properties, ionic transport, electrochemical, and thermal stability
of the separators

Comparison with inert Al,Os-coated paper and commercial PP separators

Enhanced thermal stability and safety

P5L03 P5A03 PP

Low SET a Thermal Shock

Highly Flame Retardant

Figure 8.0: Graphical abstract illustrating effect of LLZO impregnation in the cellulose matrix

This chapter investigates the effect of active (LLZO) and inactive (Al,Os3) ceramic impregnation in
paper-based cellulose separators fabricated via an industry-friendly dip-coating process. Among the
developed separators, the LLZO-loaded separator (P5L03) demonstrates superior ionic conductivity,
Li-ion transport, and electrochemical stability compared to Al,Os-based and commercial PP separators.
Its enhanced performance is mainly due to the intrinsic Li-ion conductivity of LLZO and PVDF chain
modification in a Lewis basic environment. PSLO3 further shows improved cycling stability, multi
electrode compatibility, excellent flame retardancy, and resistance under self-extinguishing and thermal
shock tests. In summary, LLZO-impregnated paper separators combine sustainability, safety, and cost-
effectiveness, offering a promising alternative to conventional plastic separators for next-generation

lithium-ion batteries.
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8.1 Background and Overview

To mitigate environmental pollution contributed by petrol-diesel-driven transportation
systems, a shift from internal combustion engines (ICE) to electric engines (EE) is imminent '.
This typically requires powerful, long-life, and safe batteries for powering electric engines.
Lithium-ion batteries (LIBs) are the first choice of energy storage systems among all other
alternatives owing to their high power and energy densities>. However, the major bottleneck in
current LIB technology is use of liquid electrolytes in the cell that poses a severe threat of
thermal hazard and short-circuiting, further restricting its full-scale use in electric vehicles
(EVs)**. Among the various battery component, separator though electrochemically inert,

plays a critical role in both cell safety and Li-ion transport.

To address these limitations, three main strategies can be explored — firstly, to fabricate ceramic
composite separators by coating inorganic particles such as Al.Os3, SiO2, and ZrO: onto
polyolefin separators®, secondly, to substitute polyolefin-based commercial separator with
cellulose based sustainable separator® and thirdly, to explore all solid-state configuration of
battery using lithium-ion conducting solid electrolytes’. While inorganic oxide coating in
commercial separator shows better performance particularly in terms of safety but still possess
a threat in challenging condition. On the other side, making functional solid-state batteries with
inorganic solid electrolyte seems to be far from expected due to several challenges including
complexity in manufacturing scalability. In this scenario, cellulose based materials show great

potential for using as separator in metal ion batteries particularly for EV application.

Recently, researchers are exploring different types of cellulose-based materials by
functionalizing them to use as separator. For example, Zeng et al.® modified tissue paper with
nano-Si02 hybrid cross-linked polymer electrolyte as coating layer which offers superior
cycling performance. One approach to overcome these limitations can be the introduction of
any Li-ion conducting material such as lithium nitrate, lithium acetate, lithium lanthanum
titanate (LLTO), lithium aluminum titanium phosphate (LATP) and lithium lanthanum
zirconium oxide (LLZO) etc. into the separator matrix to enhance battery rate performance
without compromising electrolyte wettability and thermal stability. A summary of separators

developed with Li-ion active ceramic materials is given in Table 8.6.

In this direction, the present study focuses on developing cellulosic paper separators
impregnated with fast Li-ion conducting LLZO using an industry-friendly dip-coating process.

The synergistic interactions between LLZO and PVDF binder enhance lithium transport
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through structural modifications of the polymer backbone. The resulting separators
demonstrate improved thermal stability, flame retardancy, and superior electrochemical
performance, even under harsh conditions such as self-extinguishing and thermal shock tests.
The developed LLZO paper separator also delivers superior performance against different
cathodic (LFP, LMO, LCO, NMC) and anodic (LTO, MCMB) configurations and resulted in
excellent compatibility. Thus, this chapter introduces an innovative approach of making paper
supported LLZO impregnated separator for the development of sustainable, low cost, high

performance and safe separator for advanced LIBs.
8.2 Experimental Details

8.2.1 Preparation of Cubic LLZO

To synthesize cubic phase of LLZO (LisLa3;Zr.O12), a homogeneously mixed solution was first
prepared by dissolving constituent metal salts LiNO3, La(NO)3;, ZrO(NOs)zand a chelating
agent alanine (C3H7NO2) in deionized water. Through consistent stirring and heating at
approximately 150°C, the solution eventually transformed into a thick, viscous gel which
underwent a brief combustion phase, accompanied by the release of a significant volume of
gaseous byproducts. This led to the formation of a light, fluffy white substance containing
ultrafine particles, referred to as the as-synthesized powder. This as-synthesized powder was
further calcined at 900°C for 10 hours in air to get cubic phase of LLZO powder. Digital image
of cubic LLZO powder is presented in Figure 8.1. Subsequently, the cubic LLZO powder was
ground using a mortar pestle and then stored in a glove box to avoid any interference of

moisture.
8.2.2 Fabrication of Paper Separators

The fabrication of paper separators in “Roll to Roll” form, relies heavily on the basic
characteristics of the untreated paper such as its thickness, moisture absorption, overall
porosity, mechanical strength etc. In this work, pure cellulose based commercial paper with
thickness of 20 um and porosity of nearly 65% was collected from local manufacturer. Initially,
the commercial paper roll (W-62 mm, L-100 m) was kept at vacuum oven at 80°C overnight
for its complete de-moisturization. Next day, a clear suspension comprising 5.0 w/v% of PVDF
in NMP was prepared under constant heating at 70°C and stirring at 400 rpm for 6 hours.
Different weight percentages of cubic LLZO powder (10, 30, 50 and 70 wt%) with respect to

the total weight of the polymer was added to the solution. These solutions were ultrasonicated
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for about 30 minutes followed by prolonged stirring. The process was repeated few times to
get a homogenous slurry. It is worth mentioning here that dehydrofluorination of PVDF chains
as discussed earlier could be clearly visualised by analysing the colour of the ceramic-polymer
solution, where the colour of the solution turned to deep brown with the presence of higher
concentration of white LLZO particles (70 wt%). The pH of the solution was measured to be
around 12. However, lower concentration of LLZO (10 wt%) shows light brown colour with a
pH of around 9. The colour of Al,O3 loaded PVDF solution was white with a pH in the acidic
range same as 5 w/v% PVDF solution, suggesting no dehydrofluorination of PVDF chains.
Finally, the polymer-ceramic suspensions were uniformly coated on both sides of the
dehydrated commercial cellulose paper in an in-house designed semi-automated separator
fabrication equipment. Following in-situ drying in the infrared heating zone within the
fabricator machine, the ceramic-coated papers underwent compaction and were collected in
roll form. Subsequent measurements revealed that the thickness of the fabricated paper
separators fell within the range of 20+2 pm. For comparison, a homogenous solution of 5 wt%
PVDF in NMP and 30 wt% nano-Al,O3; powder was prepared and uniformly coated in the
similar way. 7Table 8.1 describes the nomenclature of various separators developed in this
study. All the fabricated separators as well as the commercial PP separator were dried under
vacuum at 60°C for overnight and stored in an Argon filled glove box for further

characterizations.

Table 8.1 Nomenclature of various composite paper separator developed in this study

Ceramic Concentration (wt%) Nomenclature
LLZO 10 P5SLO1
30 P5SLO03
50 P5SLO5
70 P5SLO7
ALOs 30 P5A03

8.3 Results & Discussion

8.3.1 Structural, Microstructural and Surface Properties of LLZO Powder

X-ray diffractograms of calcined LLZO powder are plotted in Figure 8.1(a) along with the
standard profile (JCPDS 00-064-0141). All the major intense peaks could be indexed as the
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cubic LLZO (c-LLZO) along with the secondary impurity phases of La(OH)s. The quantitative
phase analysis as carried out revealed that the c-LLZO appeared as the major phase (73.7%)
along with 26.3% of La(OH)s. Typically, lanthanide impurity phases, such as La(OH)3, La;O3
etc. are found in LLZO materials due to the exposure of the bulk powder in ambient atmosphere
during synthesis and calcinations processes. The details of such phenomena have duly been
described in some recent studies °. It is worthy to mention here that the rate of formation of
such lanthanide impurities depends on the surface area and morphology of the bulk powder, as
concluded by Fleming et al '°. Although, presence of Li>COs is not detected in X-ray
diffractogram, it may even remain as a surface impurity of LLZO powder due to the Li"/H"
exchange between the garnet material and moisture which is one of the reasons of reduced
ionic conductivity of LLZO. The formation of cubic LLZO phase was further verified by FTIR
and RAMAN spectroscopy as shown in Figure 8.1(b) and Figure 8.1(c). In FTIR spectra of
calcined LLZO, the existence of La(OH)3 could also be identified by the appearance of strong
peak at 3609 cm™'. The OH vibration at 3448 cm™ and C-O stretching vibration at 1441 cm!
and 866 cm! attribute to the absorbed moisture and presence of Li»COj3 respectively. Other
stretching and bending vibrations at 1639, 1496, 1088 cm™ etc are attributed to the presence of
different hydrocarbon and organic moieties in the LLZO sample. Few more peaks below 800
cm™! are found which reflect the presence of characteristics vibrations of La-O and Zr-O in

LLZO ',
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Figure 8.1 (a)-(c) describes X-ray diffractogram, FTIR spectra and Raman spectra of LLZO
powder calcined at 900°C respectively, (d) FESEM image of LLZO calcined powder; (e)
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Particle size distribution of LLZO powder calculated from the micrograph, (f) particle size
distribution pattern of LLZO powder; Measured Zeta potential of (g) commercial cellulose
paper and (h) LLZO powder

While carrying out RAMAN spectra as shown in Figure 8.1(c), the presence of cubic phase in
pristine LL.ZO powder could also be evident. Here, signals at the low frequency vibration <300
cm™! demonstrate the translation modes of the mobile cations and the presence of cubic phase
is confirmed by obtaining a smaller number of broad and partially overlapping peaks at the mid
frequency range of 300-550cm™! !3. The peaks at 644 cm™! as shown could be assigned to the
vibrational stretching of ZrOg octahedra in LLZO.

8.3.2 Microstructural Features of the Developed Separators

0 02 04 06 08 1
Ful Scale 43951 cts Cursor. 0.014 (1558 cts)

Figure 8.2 FESEM micrographs of (a) P5L01, (b) P5L03, (c) P5L05, (d) P5L07, (e) P5403
and (f) PP with their higher magnification images in the insets and EDX profiles of (g) P5L03
and (h) P5403

The microstructural features of the developed paper separators are shown in Figure 8.2.

Figures 8.2 (a)-(d) demonstrate the FESEM micrographs of LLZO impregnated paper
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separators with different ceramic loading, namely P5LO01, P5L03, P5L05 and P5L07
respectively. Their higher magnification images have also been displayed in the insets of the
respective images. For comparison, FESEM images of the paper separator impregnated with
AlOs; nanoparticles named P5A03 are displayed in Figure 8.2(e). In a similar manner,
microstructures of commercial PP separator are also shown in Figure 8.2(f). To ensure the
presence of LLZO and Al,O3 nanoparticles inside the paper matrix, EDX spectra of P5L03
(LLZO based) as well as of PSA03 (Al,O3 based) have been presented in Figures 8.2(g) and
(h) respectively. On the other hand, the FESEM micrograph of calcined LLZO powder as
shown in Figure 8.1(d) shows a unique neck fused microstructure of LLZO grains. The particle
size as measured using IMAGE J software from FESEM micrographs is presented in Figure
8.1(e) which shows a distribution of particles in the size range of 50-310 nm. It is obvious that
such particles remain in agglomerated form in the bulk powder. The average agglomeration
size of LLZO grains further measured by particle size analyzer (DLS) is shown in Figure
8.1(f). The size of the agglomerated particles corresponds to almost 745.5 nm.

Paper is typically made of cross-linked cellulose fibers which create randomly distributed pore
spaces . Therefore, while impregnating ceramic, it is possible that the agglomerated ceramic
particles will unevenly either block the pore spaces or remain in between the three-dimensional
network of fibers. The FESEM micrographs as shown in Figures 8.2(a)-(d), display that LLZO
nanoparticles reside on cellulose paper matrix randomly and in agglomerated forms. With
increase in concentration of LLZO from 10 wt% to 70 wt%, the tendency and size of
agglomeration increases. As shown in Figure 8.2(e), while impregnating Al,O3; nanoparticles
the distribution of particles on the paper matrix found to be similar to that of LLZO, but reduced
agglomeration size. The nature of deposition, the distribution of ceramic on paper matrix during
wet coating process, and the effect of homogeneity of ceramic filler on paper separator is well

reported in some recent reports 1%,

It is important to probe the surface properties for both
the filler material and the cellulosic surface while developing paper-based separator. The
measurement of zeta potential is thus crucial before impregnation of ceramic filler in paper
substrate. The zeta potential curves of aqueous suspension of pure cellulose paper as well as
LLZO powder are displayed in Figures 8.1(g) and (h) respectively. Typically, the surface of a

cellulose base matrix holds negative charge '®!”

, which has been further confirmed by obtaining
a highly negative zeta potential value of -37.6 mV for pure cellulose paper used in the present
study. While measuring LLZO, it also shows a negative zeta potential value of -27.2 mV

(Figure 8.1(h)); describing its Lewis base characteristics. As both the paper substrate as well
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as LLZO particles are found to have negative zeta potentials, uneven ceramic distribution and
particle agglomeration in between the cross-linked cellulosic fibers is expected. It is worthy to
mention here that zeta potential values >30 mV are typically indicative of a well-dispersed
solution, while values <5 mV result in significant agglomeration of particles during deposition.
The zeta potential in the intermediate range between 5 mV and 30 mV typically shows a
tendency towards forming agglomeration. Thus, alumina nanoparticles which have reportedly
lower negative zeta potential value do not favor the interactions with negatively charged
cellulose fibers and thus show their inherent inclination to form the random yet smaller
agglomerates. In spite of the uneven distribution LLZO particles within the paper matrix, the
presence of such ion-conducting LLZO significantly contributed in improving Li-ion transport

phenomena as well as other required properties of separator materials.

8.3.3 Air permeability, Electrolyte Wettability and Mechanical Properties

30 700
(a) - Gurley value
- s Electrolyte uptake 600
w
ak PSLO1 PSLO3 PSL05 P5L07 PSA03 500
= C.A. (av)=6.1° C.A. (av) =6.7° C.A. (av) =8.2° C.A. (av) = 11.7° C.A. =7.0° =<
o (av) (av) (av) (av) (av) 400 ©
2 15 S
— 300 &
F S
Q 104 o
E 200 5
[}
S L,
= 54 100 =
<
0- -0
P5L01 P5L03 P5L05 P5L07 P5A03
55 35
Machine Direction (MD) Transverse Direction (TD,
50 =%
304
454 Crosshead speed = 10 \ S Crosshead speed = 10 mm/min
= a C
& a0 b / 25 ( )
£«(b) 3
; n
] /7 3
8 30 | o 20 g
b= s
(7] (7]
o 25 o 15;
f_’ 15 Sepstatorcompositionlensile stiess (MEa) P5LO1 '2 10 Separator composition  Tensile stress (MPa) P5L01
i:tg; ::'gi P5L03 PSLO1 27.39 P5L03
b P5L03 29.37 —
L P5L05 50.79 —P5L05 51 P5L05 30.78 PBLOY
54/ P5LO7 51.85 = P5L07 P5L07 3371 ——P5L07
P5A03 50.08 P5A03 P5A03 28.06 P5A03
g_oo 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.02 004 006 0.08 010 0.12 0.14
Tensile Strain (mm/mm) Tensile Strain (mm/mm)

Figure 8.3 (a) Gurley values and electrolyte uptake capabilities of our developed separators

and the corresponding contact angle measurement was provided in the inset for each
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separator, Tensile stress vs tensile strain plot of developed paper-based separator in (b)

machine direction (MD) and (c) transverse direction (TD)

Measurement of Gurley value indicates the air permeation ability of a porous membrane which
is an important parameter to analyze the resistance of the battery separators towards movement
of lithium ions '8. Herein, the paper matrix being a highly porous matrix shows Gurley value
of 5 s. Therefore, it is mandatory to examine the modified paper as we have introduced PVDF
polymer as binder and LLZO, Al,Os ceramic fillers because of their tendency to form
agglomerates and block the pore spaces. On sizing the pure cellulose paper with 5.0 w/v%
PVDF, the Gurley value increases marginally to ~7s. This nominal change suggests that the
low concentration of polymer has minimal impact on the overall porosity of the paper. It is
further observed that even with the introduction of ceramics on to the sized PVDF-coated paper,
the change in Gurley values is not substantial; 7s for PSL0O1, 8s for P5L03, 13s for PSL05 and
15s for PSLO7. Figure 8.3(a) demonstrates the change in air permeability values with respect
to compositions. For reference, the air permeability value of PSA03, which is 8s, is also plotted.
Therefore, it may be stated that the incorporation of ceramics (LLZO and Al»O3) in sized paper
matrix does not significantly affect their air permeation efficiency, ensuring a facile pathway

for Li'-ion transport across the paper separator membranes.

The electrolyte uptake capability stands as another pivotal indicator of separator membrane
performance regarding its wettability towards electrolyte. Traditional separators made from
polyethylene or polypropylene often demonstrate limited electrolyte wettability, resulting in
prolonged periods for electrolyte absorption. Conversely, cellulose, with its inherent
hydrophilic properties, endows paper separators with the ability for rapid and enhanced
electrolyte absorption '°. Among the developed paper separators, PSLO1 exhibits the highest
electrolyte uptake capacity of 365%, whereas P5L07 demonstrates the lowest electrolyte
uptake of 250% as shown in Y-axis of Figure 8.3(a). Similarly, PSA03 separator is also found
to retain quite high liquid electrolyte uptake capacity of 325%. These results thus clearly
indicate that cellulosic paper separator is far superior to that of commercial plastic separator

which demonstrates only 90% electrolyte uptake capacity.

An alternative method for evaluating wettability involves measuring the contact angle between
the liquid electrolyte and the surface of the separators 2!, The variation of contact angle for
the three different ceramic-impregnated paper separators is displayed in the inset of Figure

8.3(a). Notably, the contact angle values as summarized in Table 8.2 for the developed paper
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separators are significantly lower than that of commercial polypropylene (PP) 2. The measured
contact angles strongly correlate with the observed electrolyte uptake or soaking ability. For
instance, PSLO1, with the highest electrolyte uptake of 365%, exhibits the lowest contact angle
of 6.1°. Conversely, PSL07, with the lowest electrolyte uptake of 250%, shows the higher

contact angle value of 11.7°.

Table 8.2 A summary of different physical parameters of our developed paper separators

Code d Gurley Contact  Electrolyte Tensile (MPa)
(um) Value (s) Angle (°) Uptake MD TD
(o)
PSLO1 20+2 7 6.1 365 46.08 27.39
PSL03 202 8 6.7 360 48.34 29.37
PSLO05 2042 13 8.2 273 50.79 30.78
PSL0O7 20+2 15 11.7 250 51.85 33.71
P5A03 20+2 8 7.0 325 50.08 28.06

Here, d stands for the thickness of separator.

The mechanical properties of a separator hold immense significance to ensure the safety and
efficiency of a battery °. Any separator needs to withstand the winding tension during battery
manufacturing process; thus, it should have to acquire sufficient structural integrity towards
tension in machine direction. The tensile properties of all the developed paper separators are
estimated and presented in Figure 8.3(b) and (c¢) in terms of tensile stress vs strain curve both
in machine direction and transverse direction respectively. It is worthy to discuss here that the
mechanical strength in any paper-based matrix is intrinsically depends on the three key points;
strength of cellulosic tissue, the degree of cross-linking of cellulose fiber and the inter- and
intra-molecular hydrogen bonds among cellulose units, or any added functional polymers. As
mechanical strength of paper comes only from the continuous H-bonding, so any
functionalization that create more and more H-bonds will eventually increase the mechanical
strength of the system?*. Herein, the concentration of polymeric binder (5 wt% PVDF) in all
the paper separators is kept identical; however, only the concentration of ceramic particles in
the separator matrix has been systematically varied. The tensile strength for untreated paper is
found to be 11.83 MPa in transverse direction (TD) and 46.26 MPa in machine direction (MD)
22 Tt is worthy to mention here that the additions of polymeric binder along with ceramic
particle has significantly enhanced the tensile strength in transverse direction (almost three

times for P5L07), however, the tensile strength in machine direction found to be somewhat
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similar in nature, in the range of 46-52 MPa. Thus, it suggests that the polymeric binder is
probably making few extra hydrogen bonds with the cellulosic hydroxyl groups to enhance
their tensile strength. With the increase in concentration of LLZO filler from 10.0-70.0 wt% in
paper matrix, the increase in tensile strength is found to be in the range of 12-13% in MD and

23-24% in TD. This suggests that the impregnated ceramic particles are probably contributing

to the structural integrity in the paper matrix resulting in changes in tensile strength.

8.3.4 Electrical Properties
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Figure 8.4 Electrical properties of developed paper separator along with the commercial
separator, (a) EIS spectra along with the corresponding equivalent circuit of SS/Separator/SS
cell for measurement of ionic conductivity, (b) Current vs Potential sweep voltammetry (LSV)
for measurement of electrochemical potential window, (c) Lithium-ion transference number
(t1:*) calculated using Bruce-Vincent-Evans equation, DC polarization with the EIS spectra
before and after polarization along with its corresponding equivalent circuit in the inset for (d)

P5L03, (e) P5A03 and (f) PP respectively

The function of a separator is not just to prevent the direct contact between anode and cathode,
rather it directly impacts on the lithium-ion transport properties and consequently, the overall
performance and safety of the cell. So, it’s important to measure the lithium-ion transport
properties of all the developed separator along with the commercial PP separator. Figure 8.4(a)
represents the EIS spectra of electrolyte soaked LLZO and Al>,Os coated paper separators along

with commercial separators, measured using symmetrical blocking electrodes (SS). The
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corresponding equivalent circuit is also given in the inset of Figure 8.4(a). All the EIS spectra
of different separators show a straight-line profile describing characteristic behaviour of
electrode-electrolyte double layer capacitance. At the lower frequency region, the intercept on
the real axis gives the bulk resistance value. The corresponding ionic conductivities of
fabricated separators are estimated to be 1.11 mS/cm, 1.23 mS/cm, 1.04 mS/cm, 0.98 mS/cm,
0.73 mS/cm and 0.82 mS/cm for PSLO1, P5L03, PSLOS, PSLO7, P5SA03 and PP separator
respectively. These values suggest that the inclusion of Li-ion active LLZO in the paper matrix
is showing significantly higher ionic conductivities compared to inactive Al>O3. The insulating
nature of AlOs particles in PSA03 thus may contribute to offer higher resistance, which may

limit its overall electrochemical effectiveness.

Separator’s electrochemical stability against the overall potential of the cell may affect the
durability of lithium-ion battery and its compatibility against any commercial cathode or anode
materials. The linear sweep voltammetry (LSV) of all the developed and commercial separator
has been carried out ranging from 0 to 6.5 V at room temperature and displayed in Figure
8.4(b). The electrochemical potential window of LLZO separator is estimated to be in the range
of 5.0-6.0V and appears to be suitable for high voltage lithium-ion batteries. It is worthy to
mention here that with the increasing content of LLZO particles in the paper matrix the
electrochemical potential window increases systematically which suggest that LLZO particle
collectively improving the stability of the electrolyte-soaked paper separator by preventing its

electrochemical decomposition at voltages >5V.

The understanding of transport phenomena through lithium-ion transference number is
essential as it describes the ion transport efficacy, reduction of concentration polarization which
in turn enhances the cycle life and power density of a battery. Figures 8.4(e)-(g) represent the
DC polarization curve along with the EIS spectra before and after polarization, and its
corresponding equivalent circuit is displayed in the inset for specimens P5SL03, PSA03 and PP
respectively. Lithium-ion transference number calculated using Bruce-Vincent-Evans equation
as described in experimental chapter and found to be 0.21 for PP, 0.35 for PSA03 and 0.64 for
P5L03 separators. A significant enhancement in lithium-ion transference number for LLZO
coated paper separator (P5SL03) is observed which suggests that an additional conduction
pathway for lithium ions exists in the separator matrix which may facilitate ionic mobility in
synchronization to the electrolyte pathway. However, such benefit is absent in Al2O3 coated
paper-based, as well as in commercial PP separator. Figure 8.4(c) represents variation of

lithium-ion transference number of developed paper-based separators and commercial
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separator. It is interesting to observe that with the increasing content of LLZO in paper-based
separators, the lithium-ion transference number first increases, reaches to a maximum value
and then decreases. It may be due to the factors associated with the blocking pathways by
LLZO agglomerates in paper matrix, followed by less electrolyte wettability. In summary, it
can inferred that the optimum concentration of LLZO particle in paper separator is 30 wt%
loading based on the parameters such as ionic conductivity and lithium-ion transport efficacy
at room temperature. The in-cell electrochemical performance of developed LLZO paper may

clear this fact more profoundly.

8.3.5 Electrochemical Performance
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Figure 8.5 Electrochemical characterizations of all the developed paper separators (P5L01,
P5L03, P5L05, P5L07 and P5A03) as well as of the commercial separator (PP): (a) typical
charge-discharge profiles, (b) capacity vs cycle number plots with varying current densities
from 0.1 mA.cm™ to 0.8 mA.cm™ in (bl) forward and (b2) reverse directions, (c) summary of
average capacity loss or gain in different current densities, (d) long cycling profiles and (e)

their summary for the different separators, (f) EIS spectra of MCMB/P5L03/LFP cell before
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cycling (BC) and after cycling (AC), (g) EIS spectra of MCMB/P5A03/LFP cell before cycling
and after cycling, (h) summary plot of change in different type of resistance values before and
after cycling

The full cell performances have been carried out using the developed separators as well as the
commercial PP separator in 2032 type coil cells with MCMB/separator/LFP configuration.
Each cell is initially cycled at a very low current density of 0.05 mAcm™ to form smooth
migration paths for the Li-ions. The typical charge-discharge profiles of these formation cycles
for all the separators are shown in Figure 8.5(a). The discharge capacities of PSLO1, PSL03,
P5L05 and P5L07 separators are found to be 119.20 mAhg!, 124.17 mAhg™, 112.75 mAhg’!
and 112.56 mAhg! respectively. The discharge capacity of PSA03 separator (112.74 mAhg™')
also fall in the similar region, whereas the commercial PP separator shows a much higher
capacity of 127.09 mAhg!. Analyzing all the specific capacity values, it is understood that the
P5L03 separator with 30 wt% LLZO impregnation gives almost similar capacity as that of the

commercial separator (PP).

To further examine the correlation of LLZO impregnation with full cell performance, the
MCMB/LFP cells are cycled at various current densities ranging from 0.10 mAcm™ to 0.80
mA.cm™ and the profiles are displayed in Figure 8.5(b1). The cells are undergone to lower
current densities stepwise to estimate the reversible capacity losses during cycling for a
particular current density, as shown in Figure 8.5(b2). As the current density is gradually
increased, the average capacities of the cells got decreased irrespective of the separator
compositions and vice versa. The percentages of loss or gain in the average capacity values
obtained from Figure 8.5(b) are summarized in Figure 8.5(c). It is clearly visible that PP and
P5A03 face capacity loss of almost 100% in the highest current density of 0.80 mAcm?,
whereas the all LLZO impregnated paper separators can retain up to 20-35% capacity at that
current density. Although all LLZO based paper separators cycles better than PP and PSA03
(with inert filler) at higher current densities, 30 wt% LLZO impregnation delivers the best
capacity retention among all. The electrochemical cycling performance of P5L03 is thus
corroborates to its superior physical and electrical performances compared to its analogous
varieties. Compared to P5L03, the capacity degradation in 50 wt% and 70 wt% LLZO may be
due their large agglomeration which leads to the blocking of pore spaces in separator matrix,
comparatively lower electrolyte wettability, and lithium transference numbers. Different
electrical and electrochemical parameters of P5LO1, P5L03, P5S5L05, P5L0O7, PSAO3 and

commercial PP separators are summarized in Table 8.3.
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Table 8.3 A summary of different electrical and electrochemical parameters of P5SL01, P5L03,
P5L05, P5L0O7, P5A03 and commercial PP separators

Code Electrical Performance Electrochemical performance
Gi Windo  tui Initial Capacity Capacity Retention
(mS. cm” W (mAh.g-1) @100 Cycles (%)
) V)
PSLO1 1.11 5.36 0.55 119.20 63.41
PSLO03 1.23 5.54 0.64 124.17 82.54
P5L05 1.04 5.70 0.59 112.75 80.97
PSLO7 0.98 5.95 0.51 112.56 78.13
PSA03 0.73 5.15 0.35 112.74 56.49
PP 0.82 5.14 0.21 127.09 77.12

Here, g, stands for the ionic conductivity of electrolyte.

The long cycling profiles of the developed paper separators (PSLO1, PSL03, PSLOS5, PSLO7
and P5A03) as well as the commercial separator (PP) at a current density of 0.20 mA.cm™ are
displayed in Figure 8.5(d). P5L03 separator shows superior cycling performance compared to
all other paper separators and almost reflecting the similar cycling profile like PP up to 100
cycles as examined. Among all, the full cell with commercial PP separator shows the highest
initial capacity of 115.67 mAh.g™! which decreases to 89.20 mAh.g™! after 100 cycles, showing
22.88% decay in the capacity. The full cell with PSL0O3 separator starts with slightly lower
initial capacity of 112.76 mAh.g™!' than PP, however it shows more stable cycling performance
with only 17.46% capacity degradation even after 100 cycles. LLZO impregnated other
separators such as PSLO1, PSLO5 and P5L0O7 show higher losses in capacities, i.e., 36.59%,
19.03% and 21.87% respectively. On the other hand, alumina coated paper separator PSA03
shows the highest capacity loss of 43.51% with respect to their initial capacity. All the data are
summarized in Figure 8.5(¢) which further corroborates that the introduction of Li-ion
conducting material in paper matrix has profound effect in cycling life as well as cell

performances.

To further pinpoint the causes of capacity degradation phenomena in AlbO3 coated paper
separator and LLZO coated paper separator, EIS spectra was taken before and after the long
cycling. Figure 8.5(f) and (g) represent the EIS spectra before and after cycling along with the
equivalent circuit in the inset for PSL0O3 and P5A03 respectively. Here, the equivalent circuit

comprises of three distinct resistance components: (i) Ry which denotes the bulk resistance or
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the electrolyte resistance of the cell, (i1) Rsgr originates due to the solid electrolyte interphase
(SEI) formed at the cathode-separator interface and (iii) Rcr attributes to the charge transfer
resistances. After analyzing in Zview software, a summary plot has been given in Figure 8.5(h)
describe the change of resistance in percentage due to electrochemical cycling for PSL03 and
P5A03 separators. On analysis of EIS data, it is observed that all the three distinct resistances
increase after the completion of 100 cycles. While the electrolyte resistance increases more
than 85.39% for PSL0O3 and 186.05% for PSA03 separator before and after cycling, the SEI
resistance changes from 81.37Q to 112.70Q for PSL03 and 123.50Q to 134.60Q for PSA03.
More interestingly, the charge transfer resistance increases 797.98% for Al>Os coated paper
separator, whereas it increases only 271.48% for LLZO coated separator. Therefore, higher
increment in electrolyte resistance and charge transfer resistance for Al,Os; coated paper
separator causes the capacity degradation which may be due to the insulating nature of the
AlLOs particle that might create a barrier for lithium-ion movement at the electrode-electrolyte
interface. In a similar fashion, thinner SEI layer due to less interaction with the electrolyte leads
to no significant increment in SEI resistance for Al203 coated paper separator during cycling.
On the other side, LLZO, being an ionic conductor, can provide more uniform and efficient ion
transport, further lowering the electrolyte and charge transfer resistance. Also, LLZO can react
with the electrolyte to form a stable SEI layer, leading to higher SEI resistance during cycling.
Therefore, the EIS analysis further corroborates that the LLZO impregnated paper separator
has superior compatibilities than the Al>O3 coating paper separator with the electrodes (anode

and cathode).

8.3.6 Multielectrode Compatibility

Figure 8.6 describes the typical charge discharge profile and long cycling plots of the
developed separators (P5SL03 and P5SA03) along with commercial PP using LTO anode and four
different cathodes. As shown in Figure 8.6(a), for a cell configuration of LCO/Separator/LTO,
LLZO coated paper separator delivers initial specific discharge capacity of 123.46 mAh.g™!,
whereas AlbO3 coated paper separator and commercial PP separator delivers capacities of
113.43 mAh.g'and 125.54 mAh.g! respectively at a current density of 0.05 mA.cm™. The long
cycling test in Figure 8.6(b) suggests that an impressive capacity retention of 94.99% was
observed for LLZO coated paper separator. In comparison, capacity retentions of 80.20% and
88.67% are observed for AloOs; coated paper separator and commercial PP separator. In
LMO/Separator/LTO cells, all the separators deliver an initial discharge capacity in the range
of 92-86 mAh.g™! as shown in Figure 8.6(c). Although, during cycling at 0.2 mA.cm™, LLZO
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coated paper separator exhibits no capacity loss, whereas, Al,O3 coated paper separator and
commercial PP separator retain more than 75% capacity after 100 cycles as shown in Figure

8.6(d).
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Figure 8.6 Electrochemical compatibility of developed paper separators (P5L03, P5A03) and
commercial separator (PP) with LTO anode and different cathodes; showing typical charge
discharge profile and long cycling behavior against (a) & (b) LCO, (c) & (d) LMO, (e) & (f)
LFP and (g) & (h) NCM respectively
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For LFP/Separator/LTO cell configuration, LLZO coated paper separator and commercial PP
separator show an initial discharge capacity in the range of 74-78 mAh.g!, but Al,O3 coated
paper separator delivers an initial discharge capacity of 56.52 mAh.g! as shown in Figure
8.6(e). In the similar manner at long cycling, Al>O3 coated paper separator shows a poor
capacity retention of 22.06%, whereas LLZO coated paper separator and commercial PP
separator retain more than 60% capacity after 100 cycles as shown in Figure 8.6(f). In a cell
configuration of NCM/Separator/LTO, LLZO coated and Al,O3 coated paper separator deliver
an initial discharge capacity of 130.08 mAh.g'and 120.72 mAh.g"! respectively, although
commercial PP separator delivers a poor capacity of 91.88 mAh.g™! as shown in Figure 8.6(g).
In long cycling in Figure 8.6(h), all the cells retain more than 70% capacity after 100 cycles.
All the separators maintain an impressive average coulombic efficiency of more than 97% over

any combination of cathode used against LTO anode.

Figure 8.7 shows the electrode compatibility of our developed and commercial separators
using MCMB anode and four different cathodes (LCO, LMO, LFP, NCM). In
LCO/Separator/MCMB cells, LLZO coated paper separator i.e. PSLO3 delivers an impressive
initial discharge capacity of 195.47 mAh.g"!, whereas P5A03 and commercial PP separator
deliver initial capacity in the range of 184-186 mAh.g™! at a current density of 0.05 mA.cm™ as
shown in Figure 8.7(a), although very poor coulombic efficiencies at initial cycle are observed
for all the fabricated cells. During long cycling at 0.20 mA.cm?, all the cells are unable to
retain their capacity which leads to rapid rate of discharge as shown in Figure 8.7(b). For a cell
configuration of LMO/Separator/MCMB, developed paper separators and commercial PP
separator deliver an initial discharge capacity in the range of 68-76 mAh.g! as shown in Figure
8.7(c) and during long cycling at a current density of 0.20 mA.cm™, all the separator retains
more than 70% of capacities as presented in Figure 8.7(d). In an LFP/Separator/MCMB cell
combination, P5SL03 and commercial PP separators deliver higher initial capacities than the
AlLOs coated paper separator as shown in Figure 8.7(e). In similar fashion, PSA03 shows very
poor performance and only retained 56.49% of capacity after 100 cycles, whereas LLZO coated
paper separator and commercial PP separator retain more than 75% of capacity as shown in
Figure 8.7(f). For NCM/Separator/MCMB cells, P5L.03 separator delivers a higher initial
capacity of 176.92 mAh.g”! than PSA03 and commercial PP separator as shown in Figure
8.7(g). During cycling at 0.20 mA.cm™, all the separator shows consistent performances in
terms of capacity retention of more than 70% as shown in Figure 8.7(h). All the developed

paper separators and commercial separator maintain an excellent average coulombic efficiency
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of more than 97% over any combination of cathode used against MCMB anode. A summary of
electrochemical performances of three different separator (P5SL03, PSA03 and PP) during multi
electrodes compatibility test is presented in Table 8.4. Among all the separators, LLZO coated
paper separator shows a better and more consistent performance against the combination of

two different anodes and four cathodes.
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Figure 8.7 Electrochemical compatibility of developed paper separators (P5L03, P5A03) and
commercial separator (PP) with MCMB anode and different cathodes,; showing typical charge
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discharge profile and long cycling behavior against (a) & (b) LCO, (c) & (d) LMO, (e) & (f)
LFP and (g) & (h) NCM respectively

Table 8.4 A summary of electrochemical performances of three different separator (P5L03,
P5A403 and PP) during multi electrodes compatibility test

Cell Conf. Sep. Initial Avg Cou. Capacity
Capacity Effi. (%) retention (%)
(mAh.g)

LTO/Sep./LCO P5SLO3 123.5 97.8 94.9
P5A03 113.4 98.4 80.2
PP 125.5 99.1 88.7

LTO/Sep./LMO P5L03 91.9 99.5 >100
P5SA03 89.5 98.2 77.0
PP 86.4 99.2 75.9
LTO/Sep./LFP P5L03 77.8 98.4 62.9
P5SA03 56.5 >100 22.1
PP 74.6 97.9 66.6
LTO/Sep./NMC P5SLO3 130.1 98.3 78.3
P5SA03 120.7 >100 70.1
PP 91.9 98.8 82.6

MCMB/Sep./LCO  P5L03 195.5 >100* 19.2%*
P5SA03 185.8 >100%* <I*

PP 184.9 >100* 18.18*
MCMB/Sep./LMO  P5L03 76.2 98.1 77.8
P5SA03 68.1 98.6 73.3

PP 71.4 99.3 >100
MCMB/Sep./LFP P5L03 124.2 97.9 82.5
P5SA03 112.7 98.0 56.5
PP 127.1 98.1 77.1
MCMB/Sep./NMC  P5L03 176.9 99.3 77.4
P5SA03 161.9 98.1 75.2
PP 172.8 99.2 73.7

Capacity retention and average coulombic efficiency were calculated after 70 cycles.
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8.3.7 Thermal, Flame-Retardant, and Shock-Resistant Properties
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Figure 8.8 (a) Thermogravimetric Analysis (TGA) plots of the developed paper separators
(P5L01, P5L03, P5L05, P5L07 and P5A03) with their Differential Thermal Analysis (DTA)
plots in the inset; (b) Qualitative thermal shrinkage analysis of the developed paper separators
and commercial PP separator at room temperature (RT) and at 200°C (30 min at each

temperature), (c) Flame test for P5L03, P5A03 and PP

Even after achieving good ionic conductivity, long cycle life, high-rate capability and
multielectrode compatibility, it still remains very important for a separator to achieve high
thermal stability and flame-retardant characteristics for its practical use in a lithium-ion battery.
Thermogravimetric analysis can test the thermal stability of a separator in a broad range of
temperature. It also helps to detect the presence of moisture or any volatile substance inside the
separator matrix. In Figure 8.8(a), the degradation in masses of the separators from RT to
120°C temperature is mainly due to the removal of surface moisture that was present on the
separator surfaces. Apart from that, there is intrinsic moisture also present inside the paper
matrices, which gets removed in the region of 120-280°C. After this stage, pyrolysis of polymer

binder used during separator fabrication takes place with a remarkable weight loss in between
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280°C to 360°C. And the last stage where the separators again lose majority of their remaining
masses lies between 360°C to 500°C. Here, only the volatile substances present inside the
separators release gradually. After 500°C, there is no significant loss in the separator weights
as only the thermally stable ceramic particles remain inside the matrices®. The TGA curves in
Figure 8.8(a) and the DTA curves in its inset deliver nearly similar thermal characteristics for
all the developed paper separators. From the TG analysis, an idea of how the paper separators
can behave in high temperatures can be derived easily. To compare their behavior with the
commercial separator, a qualitative thermal shrinkage experiment has been carried out and
depicted in Figure 8.8(b). Although all the separators maintain same dimension at room
temperature, the commercial separator shows a huge dimensional shrinkage when the
temperature rises to 200°C. On the other hand, there was no notable change in the dimensions
of any of the paper separators at such this elevated temperature. This ensures the safety and

lesser chances of short-circuit inside the Li-ion cells when paper-based separators are used.
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Figure 8.9 (a) Visualization of self-extinguishing time (SET) test for P5L03, P5A03 and PP
separators, (b) Electrochemical long cycling of the separators before and after SET in
MCMB/separator/LFP configuration,; Typical charge-discharge profiles before and after SET
for (c) PP, (d) P5L03 and (e) P5A03

Polypropylene and cellulose both have tendency to catch fire very easily, however treatment
with certain polymer and ceramic can make the separator membranes flame resistant and safe.

To clarify this fact, a vertical burning test was carried out by keeping the flame at a certain
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distance from the separator specimens. This time also, PSL03 separator outperformed the other
two by remaining dimensionally intact even after exposure of more than 10 seconds. When
alumina-based paper separator PSA03 although performs well with a very little amount of char
formation at the end, the electrolyte-soaked commercial separator catches fire after 2-3 seconds

only as can be observed in Figure 8.8(c).

Apart from the separator, another safety component in LIBs is the flammable organic liquid
electrolyte which may catch fire very easily. Even after using cellulose based separators, some
unavoidable risks may arise where the electrolyte soaked by the separator would catch fire. In
such circumstances, a flame-retardant separator would be highly effective for ensuring the
ultimate safety for the battery. Self-extinguishing time (SET) is an important parameter which
can determine the fire resistance characteristics of separators as well as for electrolytes?. Since
we are using commercial liquid electrolyte, i.e., LiPFs in EC: DMC in our cells, the SET is
measured only for the separators. The less time a separator takes to fully extinguish the fire,
the more effectively it can retard the flame on it. From Figure 6(a), it can be observed that the
LLZO based paper separator PSL03 registers the least SET of 5.55 s among the three, making
it the most suitable and safe separator for practical use inside LIBs. The SETs for PSA03 and
PP are 8.76 s and 11.10 s respectively. Although, dimensions of P5L03 and P5A03 separator is
not changed but commercial PP separator failed to maintained its dimensional stability in SET
measurement as visualized in Figure 8.9(a). After the SET measurement, all the separators are
vacuum dried over 48h and then stored in a glove box for electrochemical measurement. Figure
8.9(b) shows the electrochemical cycling behavior of PSL03 and P5A03 separators before and
after the SET measurements in MCMB/separator/LFP full cell configuration. As compared to
the before SET measurement, both the cells are maintained almost similar capacity retention.
However, the discharge capacity is found to be less for PSA03 and almost identical for PSL03.
Typical charge-discharge profile at a current density of 0.05 mA.cm™ are also shown in Figure
8.9(c) for PP, (d) for PSLO3 and (e) for PSA03. As expected, the cell fabricated using
commercial PP separator after the SET measurement is short circuit. As earlier, cell with PSA03
separator delivered less initial discharge capacity whereas P5SL03 delivered similar discharge
capacity before and after SET measurement suggesting that the LLZO coated paper separator

shows better thermal retardant properties as compared to Al,O3 coated paper separator.

LLZO coated paper separator shows excellent thermal retardant and self-extinguishing
properties for thermally durable high-performance batteries. While, it is equally important to

evaluate the electrochemical and electrical performance of battery cells using various separator
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Figure 8.10 Investigation of electrochemical and electrical properties of paper based develop
separator along with commercial separator under vigorous thermal treatment, (a) & (b)
Potential vs time plot after thermal shock treatment at two different temperature and
corresponding changes in EIS spectra after cycling for P5L03 respectively. (c) & (d) Potential
vs time plot after thermal shock treatment at two different temperature and corresponding
changes in EIS spectra after cycling for P5A03 respectively. (e) & (f) Potential vs time plot
after thermal shock treatment at two different temperature and corresponding changes in EIS

spectra after cycling for P5SL03 respectively. (g) Cycling behavior of developed separator and
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commercial PP separator after thermal shock treatment. (h) Thermal shutdown measurement

by EIS method with temperature variation for P5SL03, P5A03 and PP.

under vigorous thermal treatment to simulate real world thermal shock. Such measurement is
essential to predict and understand any changes which is occur during thermal stress,
particularly important for EV application where it is expected that the battery would operate at
different challenging condition. In this scenario, full cells with LFP/Separators/MCMB
configuration are fabricated using PSL03, PSA03 and commercial PP separator and undergone
10 cycles each after two different thermal shock treatment. All the cells are kept for 1h at 120°C
and 150°C under vacuum and kept 24 hours in room temperature. After each thermal shock
treatment, the electrochemical and electrical properties are carefully measured and summarized
in Figure 8.10. Cells with P5L03 separator shows no significant changes in electrochemical
charge discharge profile at 0.40 mA.cm™ after two thermal shock treatment as shown in Figure
8.10(a). However, EIS studies reveled that no significant changes in electrolyte resistance and
SElI resistance are observed but charge transfer resistance is increased almost ~ 330% for LLZO
coated paper separator after 20 cycling as shown in Figure 8.10(b). Cell with PSA03 separator,
shows stable potential vs time plot after thermal shock treatment at 120°C as presented in
Figure 8.10(c). Although, unstable behavior of charge-discharge profile is observed after
150°C due to abrupt change in electrolyte, SEI and charge-transfer resistance as measured after
20 cycles, presented in Figure 8.10(d). For commercial PP separator, the cell delivers stable
galvanostatic charge-discharge profile after thermal shock treatment at 120°C as shown in
Figure 8.10(e), but lost all its capacity which is a sign of premature cell failure when the cell
undergone thermal shock treatment at a temperature above the melting temperature of PP
separator. The EIS studies reveled that significant rise in SEI and charge transfer resistance
after 20 cycles, as presented in Figure 8.10(f). Cycling behavior of PSL03, PSA03 and PP
separator after thermal treatment shown in Figure 8.10(g). Among all the cells, the cell with
PSLO3 separator delivers a stable cycling behavior with an average discharge capacity of
around 92 and 78 mAh.g”! after 10 and 20 Cycles respectively. It also maintained a good
average coulombic efficiencies of ~97% and ~95% after subsequent thermal treatment.
Whereas, PP and P5A03 delivers an average discharge capacity of around 77 and 43 mAh.g™!
and average coulombic efficiencies of ~90% and ~92% respectively after thermal shock
treatment at 120°C. After 150°C, cell with PP separator loss it’s all capacity and PSA03 delivers
a poor average discharge capacity of around 7 mAh.g™! and average coulombic efficiencies of

~87%. So, LLZO coated paper separator delivers excellent electrochemical performance under
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vigorous thermal treatment. Different behavior obtained for PSL03, PSA03 and PP separator

during thermal stability test are summarized in Table 8.5.

Table 8.5 An overview of different behavior observed for P5L03, P5A03 and PP separator
during thermal stability test

Code Shrin  Flame Self-extinguishing  Electrical and electrochemical
kage retardan (SE) properties study after thermal shock
at t treatment
200°C properti
€s SE cell study 120°C/1h 150°C/1h
time(s)
P5L.03 No No flame  5.55 No change Stable Stable charge-
shrink  or chur charge- discharge cycling,
age discharge rise in Rer
cycling
P5A03 No No flame  8.76 Initial Stable Rapid decay in
shrink  but char capacity  cycling but discharge
age formed decreases  significant  capacity, rise in

rise in Rsgr Ry, Rsprand Rer
PP Melte Shrink/ca 11.10  Short after Stable Lost all capacity,

dand tches fire SE test cycling but  abruptly rise in
shrink  within 2- rise in Rp Rsgrand Rer
3 sec

Figure 8.10(h) describes the shutdown characteristics of the separators. When there is a sudden
rise in the environmental temperature of a battery, the polymer-based separators with their
melting points in between 120°C to 160°C show a natural tendency to melt, due to which their
pores get blocked and Li-ions face hindrance to move. This phenomenon of commercial
polyolefin-based separators force to increase the resistance of the Li-ion cells at elevated
temperatures. But natural polymer cellulose consists of a much higher melting temperature,
due to which it shows no such shutdown phenomenon. These facts are clearly visible in Figure
8.10(h) where PP shows nearly 8000% increase in its resistance value at 140°C, the paper
separators P5L03 and P5A03 show only 30% and 118% increase respectively. In ZTable 8.5, a
comparison chart of Li ion active ceramic material coated separator developed in recent times
are summarized along with the present work for better understanding.Analyzing the various
thermal properties for the separators, it can be safely inferred that the LLZO coated paper
separators not only show superior electrical and electrochemical performances, they hold
significant thermal stability and flame resistivity which make them safe and suitable separator

to be successfully used in commercial LIBs as well as in EV battery packs.
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Table 8.6 Comparison of Li-ion active ceramic-coated separators and their key properties

Separator d Gi Electrochemical cell Thermal Stability R
composition (um (mS. performance e
) cm” f
D)
PVDF- 30 1.10 148.8 mAh.g! against  No thermal shrinkage at 2’
HFP/LLZO thin LiCoOz/graphite pouch 160°C for 60mins, a
film with 80% cell, 92.3% retention (@  thermal trigger for self-
LLZO content 300 cycles at 0.5C heating around 80°C and
ignited after 1107 min
LTO coated on 32 0.72 173.2 mAh.g! in Shrink only 1.1% at 28
Al2Os3 coated PE Li/LTO cell at 0.5C, 160°C, consistent thermal
separator 90.2% retention @100  distributions, highly flame
(PEAO-LTO) cycles at 0.5C retardant
LiFePO4 coated 40 0.85 168.4 mAh.g"! in Shrink only 1.1% at »
PE separator Li/LFP cell at 0.5C, 140°C, uniform thermal
with coating lower cycling stability  distributions, highly flame
thickness is 28 that PE resistance
pm
LLTO coated 12 0.38 157.2 mAh.g"! in Good thermal stability and 30
PE separator NCM523/Graphite no melting at 160°C
pouch cell at
0.5C,88.7% retention
@1000 cycles at 1C.
LLZO based 75  2.80 Discharge capacity Higher thermal stability 3!
polymer in decreases rapidly in and better retardation
ceramic Li/NMC811 cell thermal runway
membrane propagation
LLZO-PVDF 30 1.97 168 mAh.g"! in No thermal shrinkage at 32
based nonwoven NCM622/Graphite cell 150°C/30mins
composite at 0.1C,97% retention
separator using @100 cycles at 3C in
electrospinning full cell and 86%
method retention @250 cycles
at 0.5C at half cell
PVDF-HFP- 25+ 0.74 165.8 mAh.g! in Uniform thermal 33
LLZO 3 Li/LFP cell at 0.1C, distribution and no
composite ~140 mAh.g! even noticeable thermal
separator after 500 cycles at 2C, shrinkage still 160°C
(4.29wt%) ~160 mAh.g"! even
after 100 cycles at 0.5C
PVDF-LLZO 20 1.23 124.17 mAh.g ! in No shrinkage at 200°C, T
(30wt%) coated 2 MCMBY/LFP cell at Low Self-extinguishing  h
paper separator 0.05 mA.cm?, 82.54%  time (SET), Highly flame is
retention @100 cycles retardant and thermal W
at 0.20 mA.cm?, shock resistive even at 0
Excellent Multi- 150°C r
electrode compatibility k

Here, d stands for the thickness of separator and a; for the ionic conductivity of electrolyte.
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8.4 Conclusion

This study demonstrates the successful development of an eco-friendly, cost-effective, and
flexible paper-based separator impregnated with Li-ion active LLZO using a scalable wet-
coating process. The LLZO powders were synthesized through an aqueous alanine-assisted
auto-combustion method and incorporated into cellulose matrices with various loadings. All
the fabricated separators showed high porosity, excellent electrolyte uptake, good mechanical

robustness, and remarkable dimensional stability above 200 °C.

Among the developed separator, the 30 wt% LLZO-loaded paper separator (P5L03) proved
optimal, delivering the highest ionic conductivity (1.23 mS cm™), superior Li-ion transference
number (0.64), and excellent electrochemical stability across diverse cell configurations. In
contrast, the Al,Os-based separator (P5A03) showed only moderate transport properties and
poor long-term cycling behavior. Comparative studies further confirmed that LLZO
impregnation enhances the ionic transport, thermal durability, flame retardancy, and self-

extinguishing ability, outperforming both Al>O3-based and commercial PP separators.

Overall, this chapter highlights the dual role of LLZO as both a structural stabilizer and an
active ion conductor within a sustainable cellulose framework. The developed LLZO-paper
separator offers a balance between safety and electrochemical performances. Thus, LLZO
impregnated paper separator emerging as a promising candidate to replace the conventional

polyolefin separators in next-generation lithium-ion batteries.
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Chapter 9

Composite Solid Polymer Electrolytes for
Paper-Supported Solid-State Li-metal
Batteries

Highlights

e Ceramic fillers in polymer electrolytes tune crystallinity, interfacial stability, and overall
electrochemical performance

e Zirconia-incorporation induces superior conductivity, mechanical robustness, and stable Li-
metal cycling

e Duo-polymer design enhances ionic transport, while cellulose reinforcement provides
mechanical strength and safety

e Paper-based CSPEs emerge as scalable and flexible electrolytes for next-generation all solid-

lonic Conductivity
Enhanced By 11x ’

PLZ
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Figure 9.0 Graphical abstract

This chapter presents the development of composite solid polymer electrolytes tailored for safe and flexible solid-
state lithium batteries. By incorporating ceramic fillers into a PVDF-HFP matrix, the study demonstrates how
polymer—ceramic interactions govern conductivity, stability, and mechanical strength. Zirconia emerged as the most
effective filler, offering enhanced ionic transport and interfacial stability. A duo-polymer strategy with PEO further
improved conductivity, while cellulose reinforcement enabled scalable, robust, and flame-safe paper-based
membranes. Together, these approaches establish a pathway toward next-generation electrolytes that balance
performance, safety, and sustainability for advanced lithium-metal and paper-based battery technologies.
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9.1 Background and Overview

Both liquid electrolyte and polyolefin-based separator pose serious safety concerns on
applicability of LIBs, especially in EVs and high safety applications like medical devices,
portable electronics etc. Here, solid electrolytes can be an effective alternative of both, since
they do not present any risk of leakage and flammability, and can additionally provide a wider
electrochemical stability window, high performance, and good compatibility with Lithium
metal anodes'. Solid electrolytes can be of three major types: (a) inorganic solid electrolytes
(ISEs), (b) solid polymer electrolytes (SPEs), and (c) composite solid polymer electrolytes
(CSPEs)*3. The inorganic solid electrolytes like oxides (LLZO, LLTO), phosphates (LATP),
sulfides (LSPSCI), etc, mostly have high ionic conductivity and excellent thermal stability,
suitable for high-performance and high-safety applications*®. However, ISEs could not
become the ultimate choice in various cases due to their lack of flexibility, air and moisture
sensitivity, and scalability issues’. These drawbacks can be made up by solid polymer
electrolytes (SPEs) which consist of a polymer backbone (PVDF, PEO etc) along with a
Lithium salt (LiTFSI, LiClOs etc)*®. Although SPEs are easily scalable and flexible in nature,
their low ionic conductivity, poor mechanical strength and high interfacial resistance compel
researchers to think about incorporating ceramic particles, ionic liquids, and plasticizers into
them’!!. This introduces the concept of composite solid polymer electrolytes (CSPEs) that
contain polymer, Li-salt, and some additive like inorganic ceramic filler or plasticizer as
necessary components'2. When ceramic particles are incorporated, they impose the appropriate
flexibility, robustness, and improved ionic conductivity in the CSPEs, which are suitable for

applicability in high-performance Lithium metal batteries.

While active ceramic fillers (LLZO, LATP, LSPSCI etc) enhance ionic conductivity of CSPEs
by providing additional pathways for Li-ion transport'?, passive ceramic fillers (Al,O3, TiO>,
BaTi0s3, ZrO; etc) help in Li-ion migration in a different way. They reduce the crystallinity of
the polymer backbone and increase the amorphous content, leading to facile Li-ion transport
and enhanced electrochemical stability'*!°>. The ceramic fillers also help to increase the
mechanical integrity and thermal stability of the CSPEs, which is essential for ensuring the cell
safety. Recently, Liu et al. fabricated a CSPE by incorporating Co-doped cubic-ZrO; (C-ZrO».
x) into a PVDF/PVDF-HFP matrix!®. ZrO, provides oxygen vacancies as well as Lewis acidic
characteristics, which are beneficial to capture TFSI" and Li" respectively, thus escalating
LiTFSI dissociation rate. The enhanced salt dissociation later helped in increasing ionic
conductivity and cycle life. In another research conducted by Erwei Tan and group, the
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introduction of a metal-organic framework named ZIF-8 and PVDF-HFP in PEO-based SPE
helps to decrease the crystallinity of PEO and promotes facile Li-ion transport!’. SiO, can also

help to provide excellent ionic conductivity of 2.4x107* S.cm™

and high Li-ion transport
number of 0.54, along with stable cell performance, when incorporated into PVDF-
HFP/PEA/PEGDE matrix as a cross-linking agent'8. Another work by Tao Wei and group
showed the incorporation of metal-organic frameworks (MOFs, UiO-66-NH>) and superacid
71Oy (S-ZrO») fillers into PVDF-HFP matrix as anion-immobilizing agents through Lewis
acid-base interactions, and they have got high ionic conductivity, enhanced Li-ion transport
number, and better electrochemical properties as a result'®. Researchers have also worked with
Al>03 and BaTiOs-based CSPEs and observed significant increments in ionic conductivity, Li-

ion transport and electrochemical stability>*2!.

In view of the recent research works, it has been observed that PVDF-HFP is a potential
polymer backbone for developing efficient polymer electrolytes, as it can provide good ionic
conductivity and it is compatible with a wide range of ceramic materials. While various studies
are available where CSPEs have been successfully developed by incorporating an active or
passive ceramic in PVDF-HFP, there is a lack of comparison of CSPEs with different ceramic
materials incorporated in the PVDF-HFP matrix. In the initial part of this chapter, we have
incorporated three different ceramic nanopowders, namely aluminium oxide (Al203), barium
titanium oxide (BaTi103), and zirconium dioxide (ZrO.), and incorporated them into the PVDF-
HFP-LiTFSI system to develop three different CSPEs. Upon this introduction, mechanical
strength, ionic conductivity, and thermal stability were increased in all three CSPEs from the
pristine SPE. However, their microstructural, physical, and electrochemical properties varied
within themselves to a significant extent, most probably due to the different kinds of surface
interaction of the ceramics with the polymer chain structure. In the later stage, we moved
forward to the development of paper-based electrolytes and finally to all solid-state flexible
paper battery configuration. The paper matrix provides sufficient flexibility and mechanical

robustness to the system to impede Li-dendrite growth for a long cycle life.
9.2 Fabrication Process

The fabrication of composite electrolytes under this research has undergone two stages, which

are as follows:

9.2.1 Development of CSPEs
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The composite solid polymer electrolytes (CSPEs) were fabricated using a simple solution
casting method, as schematically described in Figure 9.2.3 of Chapter 2. All the reagents were
previously vacuum dried for 24h to remove residual moisture. The PVDF-HFP was then
dissolved in DMF via stirring at high temperature. After dissolving, LiTFSI was added, and
the solution was stirred for a few more hours. Then, 10 wt% of the three ceramic nanopowders,
namely Al,Os, BaTiOs3, and ZrO;, were added to the solution to obtain the three CSPE
solutions. Those were then cast on a PTFE substrate using a doctor’s blade, following the
process described in Section 2.4.1 of Chapter 2. The free-standing CSPE films were vacuum
dried and then collected for further testing. Digital images of those films were taken with a
mobile camera and they are displayed in Figure 9.1(a). The CSPE films were named as PLA,
PLB, and PLZ for Al>O3, BaTiO3, and ZrO», respectively. Only in the case of ZrO, three
different CSPEs were developed with Swt%, 10wt%, and 15wt% ZrO: incorporation to
optimize the ceramic concentration. Along with them, the PVDF-HFP and LiTFSI-based CSPE
film with no added ceramic was also fabricated for comparison. The composition and codes

used for all the developed CSPEs are given in Table 9.1. The thickness of the membranes varied

| |e]ele
K

&~ PVDF-HFP @ Li* w TFSI” ¢ Al,04 ® BaTiO; e ZrO,

within the range of 40-60 um.

Figure 9.1 (a) Digital images of the four developed membranes, (b) Schematic representation of the
orientation of polymer, Li-salt, and ceramic nanoparticles inside the CSPEs

9.2.2 Development of Paper-based CSPEs (p-CSPEs)

Before proceeding with the paper-supported CSPE, a duo-polymer-based CSPE has been
developed to enhance the room temperature ionic conductivity to a significant extent. For this

purpose, an optimal 30 wt% polyethylene oxide (PEO) of the total polymer was added in the
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primary solution of PVDF-HFP in DMF. After homogeneous mixing, the optimized amount of
71O, was added to it and dispersed well via prolonged stirring. Some portion of this solution
was cast as it is to get a free-standing CSPE film, further named as PELZ. The remaining
portion is put in the sample chamber of the semi-automated double-decker separator fabricator
unit, presented in Figure 2.1 of Chapter 2. The oven-dried pure cellulose paper roll (thickness
~ 20 um) is coated by the solution in both sides and air dried in the IR drying zone of the same
instrument. After initial drying, the paper-based CSPE membrane is transferred to a vacuum
oven. The coated paper is further compacted and collected in roll form with a uniform thickness

of ~60+5 pm.

Table 9.1 Composition of the developed CSPEs along with the codes assigned to them

S1 Base matrix Li-salt Ceramic Amount of Code of the

No. Nanopowder ceramic CSPE
added

1 PVDF-HFP LiTFSI - - PL

2 PVDF-HFP LiTFSI AlOs 10 wt% PLA

3 PVDF-HFP LiTFSI BaTiO3 10 wt% PLB

4 PVDF-HFP LiTFSI 710> 5 wt% PLZ.05

5 PVDF-HFP LiTFSI V4{0)) 10 wt% PLZ10/PLZ

6 PVDF-HFP LiTFSI 710> 15 wt% PLZ15

7 | PVDF-HFP, PEO LiTFESI y4{0)) 10 wt% PELZ/CSPE

8 PVDF-HFP and LiTFSI 710> 10 wt% p-PELZ/p-

PEO reinforced in CSPE

cellulose paper

This unique paper-based electrolyte configuration provides a promising platform for the

development of next-generation flexible solid-state lithium batteries.

9.3 Results and Discussion

The structural, microstructural, mechanical and electrochemical test results help us better

understand the effect of dual polymer and ceramic in the paper matrix.

9.3.1 Structural, Microstructural and Mechanical Features

The microstructural features of the PL, PLA, PLB, and PLZ films can be observed in their
FESEM images. Figures 9.2(a) and 9.2(b) represent the FESEM micrographs of the PL
membrane in lower and higher magnifications, respectively, while Figure 9.2(c) shows the

corresponding EDX spectrum. In Figure 9.2(a), some agglomeration of the polymer can be
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observed in the pristine PVDF-HFP-LiTFSI film (PL), indicating the presence of crystalline

regions in the untreated polymer matrix.

10 200 300 [ a0

Dat: Octans Blect Super

Figure 9.2 Microstructural features of the developed CSPEs: Low and high magnification FESEM
images of (a) & (b) PL, (d) & (e) PLA, (g) & (h) PLB (j) & (k) PLZ; EDX profile of (c) PL, (f) PLA, (i)
PLB, (I) PLZ

00 800 70 80

The corresponding EDX profile consists of characteristic peaks of C, O, and F, confirming the
presence of PVDF-HFP, while the additional peaks associated with N and S suggest the
successful incorporation of LiTFSI in the membrane. In a similar way, Figures 9.2(d)-(f),
9.2(g)-(i), and 9.2(j)-(I) represent the series of low and high magnification images with
corresponding EDX spectra for PLA, PLB, and PLZ membranes, respectively. While analysing
the different microstructural features of the polymeric films, the surface charge of PVDF-HFP,
AlOs3, BaTiO3 and ZrO; will play a significant role. The three solutions of polymer, Li-salt,
and ceramics in DMF typically register pH values within the range of 4-6, which signifies that
the overall solution casting process takes place in acidic conditions. In this pH range, PVDF-
HFP registers a highly negative surface charge with an approximate zeta potential value of -
50mV or less 22. It is reported in the literature that at this pH range, alumina shows a lower
positive surface charge with zeta potential value falling within the range of 10-20 mV . It is

to be noted here that zeta potential above +30 mV typically indicates a well-dispersed and
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stable colloidal system, whereas values below =5 mV are associated with significant particle
agglomeration during deposition. Zeta potential values in the intermediate range (£5-30 mV)

generally suggest a moderate tendency towards forming agglomeration®*.

AI AIK_ROI (9) (a3) O OK_ROI(6)

-0
-0
<

o

-0

(b2) Ba Bal_ROI(7)

Figure 9.3 Elemental mapping from EDX for (a) PLA, (b) PLB, and (c) PLZ: (al), (bl) and (cl) are
the selected area from SEM for EDX analysis, (a2) and (a3) mapping for Al and O, (b2) and (b3)

TiK_ROI (7)

mapping for Ba and Ti, (c2) and (c3) mapping for Zr and O, respectively

This is the primary reason that alumina nanoparticles with intermediate positive zeta potential
show a tendency of agglomeration as well as good interaction with negatively charged PVDF-
HFP matrix, as shown in Figures 9.2(d) and 9.2(e). The corresponding EDX spectrum in
Figure 9.2(f) confirms the presence of Al along with the other characteristic elements of
polymer and Li-salt. Furthermore, the elemental mapping of Al and O shown in Figures
9.3(al)-(a3) confirms the distribution pattern of Al>O3 nanoceramics in the CSPE membrane.
In the similar pH region, BaTiO3 shows zeta potential value on a lower negative side, generally
between -5 mV to -15 mV 2%, That is why the negatively charged barium titanate

nanoparticles show reluctance to interact with another negatively charged matrix of PVDF-
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HFP. Instead, they agglomerate within themselves and reside on the polymer matrix randomly,

as can be seen in Figures 9.2(g) and 9.2(h).

The characteristic peaks of Ba and Ti in the EDX profile of PLB presented in Figure 9.2(i)
give confirmation of the presence of BaTiOs nanoparticles in the PLB membrane. The
elemental mapping of Ba and Ti given in Figures 9.3(b1)-(b3) emphasizes the agglomeration

and random distribution of the BaTiO3 nanoparticles.

On the other hand, the surface of ZrO; nanoparticles with zeta potential value of 20-30 mV
within pH 4-5, is moderately positive in nature?’-?®, This leads to good interaction of ZrO, with
highly negative charged PVDF-HFP. The homogeneous distribution of ZrO; nanoparticles
within the polymer matrix as displayed in Figures 9.2(j) and 9.2(k), can also be attributed to
the strong interaction between Lewis acidic sites of ZrO: and the electron-rich regions of the
polymer or LiTFSI. The homogeneous distribution of ZrO; can also be confirmed from the
elemental mapping of Zr and O represented in Figures 9.3(cl)-(c3). Similar interaction can
also be observed in some relevant studies of composite polymer electrolytes in solid-state
lithium batteries 2°!. The probable nature of deposition of ceramic particles are represented
via a schematic diagram in Figure 9.1(c). Figure 9.2(1) depicts the EDX profile of the PLZ

film where the peaks of Zr and O confirm the presence of zirconia in the system.

The structural properties of the developed CSPE films are analysed using X-ray diffraction
(XRD) pattern and Fourier transformed infrared (FTIR) spectroscopy, which are represented
in Figures 9.4(a) and 9.4(c), respectively. The XRD pattern shows the characteristic peak of
PVDF-HFP at ~20°, which is highlighted separately in Figure 9.4(b). This broad peak indicates

towards the semicrystalline nature of the polymer 3>,

The crystallinity index (CI) of the polymer is calculated by from this peak for all the CSPE
films. As the crystallinity index decreases, the amorphous content of the polymer increases,
and hence, the conductivity enhances with an increase in disorder inside the polymeric matrix.
Being an ion-conducting polymer, PVDF-HFP exhibits a predominantly amorphous structure,
as reflected by its crystallinity index (%CI) of 37.2. Apart from this, the downward trend of
%CI values in PLA, PLB, and PLZ indicates that BTO and ZrO, successfully disrupt the
crystalline region with significantly lower CI values of 7.7% and 4.2%, respectively. In
contrast, Al,O; with a CI value of 33.8% appears less effective in inducing amorphous

characteristics within the polymer matrix.
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Figure 9.4 (a) X-ray diffraction patterns, (b) XRD peak corresponding to PVDF-HFP, (c) FTIR spectra,
(d) Tensile stress vs tensile strain curves, (e) Summary of tensile strength for PL, PLA, PLB and PLZ;

(f) Tensile stress vs tensile strain profiles for PLZ05, PLZ10 and PLZ15, (g) Summary of tensile strength
values for PLZ05, PLZ10 and PLZ15

FTIR spectra of PL, PLA, PLB, and PLZ composite solid polymer electrolytes are shown in
Figure 9.4(c) to understand the chemical changes in the polymer matrix after the incorporation
of different ceramic materials. The PL electrolytes show characteristic bands at 1177 and 840
cm!, attributed to the CF: stretching and bending vibrations of PVDF-HFP*3. Also, a distinct
band at 1057 cm™ corresponding to the SO. asymmetric stretching of LiTFSI*%¥7. After

incorporation of ceramic materials in the polymer matrix, peak broadening along with reduced



intensity is observed in the 1229-510 cm™ region. This is due to the strong interactions between
the polymer matrix and ceramic particles. These interactions suggest reduced crystallinity and
enhanced amorphous character, which is beneficial for Li* ion transport. Sharper and
pronounced peaks at 1134, 1057, 836, and 600 cm™! were observed for PLZ electrolytes, which
suggests good compatibility between the polymer matrix and ceramic material. Zr-O or Ti-O
metal-oxygen vibration at 674 and 481 cm™! from ZrO: and BaTiO: is clearly observed in PLZ
and PLB CSPE, respectively*®*°. In summary, the FTIR results further confirm that the
incorporation of filler particles in the polymer matrix has the potential to enhance the ion

transport phenomena, which will be measured in the later section.

The safety performance of the battery comprising the flexible electrolyte films largely depends
on the robustness of the CSPE membranes. The mechanical strength of the developed CSPE
films was measured using a Universal Testing Machine. The stress vs strain plots for PL, PLA,
PLB, and PLZ are represented in Figure 9.4(d). A similar plot for the CSPEs developed with
three different concentrations of ZrOz is shown in Figure 9.4(f). The tensile strength values
are also summarised in Figures 9.4(e) and 9.4(g), respectively, for better understanding. For
the pristine PL membrane, the tensile strength value is 2.55 MPa, which is enhanced to 2.62
MPa, 2.99 MPa, and 3.23 MPa for Al>O3, BaTiO3, and ZrO; incorporation, respectively. The
suitable interaction of ZrO> nanoparticles with PVDF-HFP polymeric matrix has helped in
increasing the mechanical strength of PLZ to a greater extent. Also, the elongation upon
stretching is quite high for the ceramic incorporated CSPEs, especially for PLZ as compared
to PL (nearly two times). ZrO- exhibits stronger Lewis acidity compared to Al>O3; and BaTiO3,
which promotes stronger interactions with the electron-rich -CF2- groups in the PVDF-HFP

backbone'®!

. Additionally, its smaller particle size (~100 nm) ensures more uniform
dispersion and better interfacial adhesion within the polymer matrix, leading to improved stress
transfer under load. These combined effects not only enhance the tensile strength but also
improve elongation at break, as observed for the PLZ composite electrolyte. In case of variation
of tensile strength with ceramic concentration, there is a noticeable enhancement in the strength
when ceramic loading increases. This is probably due to better reinforcement and improved
robustness in the polymer membranes in the presence of ceramic nanoparticles*’. However, the
lower and higher concentrations of ZrO», although they provide good mechanical strength (2.61
MPa and 3.31 MPa), the elongation for the PLZ05 and PLZ15 samples is quite lower than that

of PLZ10 or PLZ. This gives an idea that the optimal concentration of the incorporated ceramic

might be nearly 10 wt% for the PVDF-HFP/LiTFSI-based composite electrolytes.
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Figure 9.5 (a) X-ray diffractograms of PELZ and paper-based PELZ (p-PELZ), (b) & (c) FESEM
micrographs of p-PELZ at lower and higher magnifications, respectively

The XRD patterns in Figure 9.5(a) demonstrate the structural changes introduced by (i) adding
PEO to the PVDF-HFP/LiTFSI matrix and (ii) impregnating that composite into a cellulose
paper support. The free-standing PELZ film shows a broadening and clear reduction in
intensity of the PVDF-HFP characteristic reflection (previously noted at = 20°), consistent with
a substantial increase in the amorphous fraction after PEO addition and ZrO- incorporation.
The expected crystalline reflections from PEO are weak or substantially merged into the broad
polymer halo, which indicates strong polymer-polymer and polymer-ceramic interactions that
suppress long-range PEO crystallinity and therefore promote segmental mobility of polymer
chains - a structural change that facilitates Li" transport. In the p-PELZ diffractogram, the
polymer halo remains broadened but superposes with low-intensity cellulose reflections arising
from the underlying paper; overall the polymer peaks in p-PELZ are equal or further attenuated
relative to free PELZ, indicating that the coating or impregnation process and the constrained
environment of the fibre network further hinder polymer crystallization and favor an

amorphous, ion-conducting matrix.

The FESEM images, presented in Figures 9.5(b)-(c), provide the morphological basis for the
XRD observations. At low magnification the cellulose fibre mat is seen to be uniformly coated:
the original fibrous texture is preserved but the inter-fibre pores are filled by the composite

polymer, producing a continuous, conformal film over the paper network. High-magnification
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micrographs show a smooth polymer film enveloping individual fibres and reveal bright,
granular contrasts consistent with ZrO: nanoparticles anchored at the polymer-fibre interface.
There is no evidence of large ceramic agglomerates or delamination; instead, the particles
appear well-distributed and intimately adhered to fibre surfaces. These microstructural features
explain (i) why the diffractogram shows reduced polymer crystallinity, and (ii) why the paper-
supported membrane combines continuous ionic pathways with improved dimensional and
mechanical stability. Taken together, the XRD and FESEM data explain the electrochemical
behaviour observed elsewhere in this chapter: PELZ’s increased amorphous fraction correlates
with the targeted rise in room-temperature ionic conductivity, while the p-PELZ architecture
preserves comparable ionic pathways but adds macroscopic reinforcement, thickness
uniformity and handling robustness, making p-PELZ an attractive, scalable electrolyte for

flexible solid-state paper cells.
9.3.2 Electrical Properties

Previously, the variation in mechanical strength with ceramic concentration provided a
preliminary insight about the optimal ceramic content in composite polymer electrolyte system.
To confirm the findings further, EIS studies were performed with SS/SS symmetric cells
prepared using the CSPEs incorporated with varying amounts of ZrO, (PLZ05, PLZ10 and
PLZ15). The ionic conductivities of the CSPE films at 30°C are calculated from the bulk
resistance values extracted from the high frequency intercept on the real axis of the Nyquist
plots given in Figure 9.6(a). At 30°C, the ionic conductivity increased from PLZ05 (6.35%10"
> S.cm™) to PLZ10 (9.26x107 S.cm™), probably due to the improved dispersion of ZrO.
nanoparticles, which increases amorphous domains in the polymer matrix and facilitate
segmental motion of the polymer chains. However, the ionic conductivity further decreases to
7.13x10” S.cm™ for PLZ15, likely because of the agglomeration effect of nanoceramics and

resultant impediment in Li-ion transport at high ceramic loading.

Temperature-dependent Nyquist plots for PLZ05, PLZ10, and PLZ15 (given in Figures
9.6(d)—(f)) were recorded within 30-90°C, and the corresponding bulk resistances were used to
construct Arrhenius plots given in Figure 6(b).The activation energy values (Ea.) of the three
CSPEs, calculated using Arrhenius equation (4), are summarised in Figure 6(c). The lowest
activation energy obtained for PLZ10 (0.23 eV) indicates a low energy barrier for ion
migration, which facilitates the better electrical and electrochemical performance in 10 wt%

ceramic loading in the CSPEs.
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Figure 9.6 Variation of electrical properties with respect to ZrO; variation in the CSPEs named as
PLZ05, PLZ10 and PLZ15; (a) Nyquist plots at 303K, (b) Arrhenius plots, (c) Summary plot consisting
of ionic conductivity for the three CSPEs at 303K along with their activation energy,; Nyquist plots at
temperatures ranging from 303 K to 363 K for (d) PLZ05, (e) PLZ10, and (f) PLZ15

The Nyquist plots for the four CSPE films incorporated with 10 wt% of three different ceramic
materials as well as the bare film, are represented in Figure 9.7(a). The pristine PVDF-HFP-
LiTFSI film (PL) shows lower ionic conductivity (6=0.82x10 S.cm™) at 30°C due to the
presence of crystalline regions in the polymer. However, the introduction of ceramic fillers into
the matrix helps to enhance the amorphous content of the polymer, and thus, ionic conductivity
also increases. EIS was also conducted at higher temperatures up to 90°C for all the samples,
and the ionic conductivity values with respect to temperature are represented in Figure 9.7(b)
in Arrhenius plots. Their activation energy (E.) values were also calculated, and a summary of
ionic conductivity (at 30°C) and activation energy has been presented in Figure 9.7(c). As far
as the ionic conductivity is concerned, the alumina incorporated PLA film consists of ionic
conductivity of 1.50x10” S.cm™ at 30°C, which is higher than PL but significantly lower than
the other two films. Although BaTiO3 incorporation enhances the ionic conductivity to a
significant extent of 4.15x107 S.cm’!, the highest conductivity is reached for ZrO» grafted PLZ
membrane with the ¢ value of 9.26x107° S.cm™. This trend is the direct reflection of surface
charge interactions of PVDF-HFP with different ceramics and the resultant alteration of the

crystallinity index of the polymer.
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The high temperature ionic conductivities, as well as the activation energy values, vary for the
four CSPEs in a similar fashion, as observed in Figures 9.7(b) and 9.7(c). The activation energy
(Ea)values for all the developed CSPEs are calculated. PL shows the highest E, value of 0.40
eV, which largely drops down to 0.29 eV, 0.24 eV, and 0.23 eV for PLA, PLB, and PLZ,
respectively. The Nyquist plots of PL, PLA, PLB, and PLZ at various temperatures ranging
from 30-90°C are given in Figures 9.7(d), 9.7(e), 9.7(f), and 9.6(e), respectively.
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Figure 9.7 Electrical properties of PL, PLA, PLB, and PLZ: (a) Nyquist plots at 30°C, (b) Arrhenius
plots, (c) Summary plot of ionic conductivity and activation energy, (d) — (f) Nyquist plots in the
temperature range of 30-90°C for PL, PLA and PLB, respectively, (g) Linear Sweep Voltammetry (LSV)
plots, for PL, PLA, PLB, and PLZ, (h) DC polarization of Li/PLZ/Li cell, (i) Summary of Li-ion
transference numbers for all the four developed CSPEs

Figure 9.7(g) represents the Linear Sweep Voltammetry (LSV) curves, which give an idea

about the working potential window of the CSPEs for safe electrochemical operations.
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Although the values do not differ much, a significant change is observed between the untreated
polymer film (PL) and the ceramic incorporated films (PLA, PLB, and PLZ). All the Li/SS
asymmetric cells comprising the developed CSPEs remained stable in the potential range of
2.0-4.8 V. However, the electrochemical window for PL comes to be 4.97 V, which is further
increased to 5.07 V, 522 V, and 5.33 V for Al,O3;, BaTiOs3, and ZrO; incorporation,

respectively.

Li-ion transference number (tri+) is a critical parameter for an electrolyte, which quantifies the
fraction of the total ionic current carried by Li* ions during electrochemical operation*'. Figure
9.7(h) demonstrates the DC polarization curve for Li/PLZ/Li at 60°C which helps to calculate
the Li" transport number using Bruce-Vincent method, given in Chapter 2**. t1; is calculated
for all the four CSPEs in the same procedure and the values are summarised in Figure 9.7(i).
The EIS test results for DC polarization for all the four cells are provided in Table 9.2. The PL
film exhibited the lowest Li" transference number of 0.31, indicating a relatively high

contribution from anion movement.

Upon incorporation of nanoceramic fillers, the value further increases to 0.38 for PLA, 0.45
for PLB and 0.55 for PLZ. These results corroborate with the crystallinity index values and
ionic conductivity of the CSPEs. The ceramic materials help to reduce the crystallinity of
PVDF-HFP and facilitate Li-ion migration through segmental mobility of polymer chains. The
significant enhancement of ti;i+ in PLZ can be attributed to the suppression of anion mobility
through Lewis acid-base interactions in presence of ZrO,, that helps in smoother Li*

conduction pathways by improving salt dissociation and polymer segmental dynamics®'.

The Nyquist plots in Figure 9.8(a) compare the room-temperature ionic conductivities of the
free-standing PELZ membrane (PVDF-HFP/PEO/LiTFSI with ZrO») and its cellulose paper-
supported counterpart p-PELZ. The bulk resistance values extracted from the high-frequency
intercepts reveal that PELZ exhibits an ionic conductivity of 6.7x10* S-cm™ at 303 K, whereas

p-PELZ shows a slightly lower conductivity of 4.3x10* S-cm™.

Incorporation of an optimal amount of PEO in the PLZ matrix helped to enhance the ionic
conduction significantly, while the lower conductivity of the paper-supported film can be

attributed to partial restriction of polymer chain mobility within the cellulose fibre framework.
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Table 9.2 Li-ion transference number and corresponding EIS test results of the CSPEs

CSPE Io (A) Iss (A) Ro (2) Rss (2) Li-ion Transference
Number (tri+)
PL 25.5x107 13.5x10°¢ 251.2 283.0 0.31
PLA 25.6x10°¢ 14.6x10°¢ 218.6 234.9 0.38
PLB  26.5x10°  15.7x10° 180.1 196.6 0.45
PLZ  24.7x10°  14.3x10° 64.9 80.5 0.55

Nevertheless, the conductivity value of p-PELZ remains sufficiently high for practical solid-
state battery applications, while offering additional mechanical robustness and dimensional

stability from the cellulose scaffold.
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Figure 9.8 (a) Nyquist plots and (b) Arrhenius plots for PELZ and p-PELZ

Figure 9.8(b) presents Arrhenius plots of log(cT) versus 1000/T for both electrolytes in the
temperature range 30-90 °C. Both systems follow thermally activated ionic transport behaviour
with a near-linear dependence, confirming that Li* conduction is governed by polymer
segmental dynamics. The activation energy (Ea), calculated from the slopes of the linear fits,
is lower for PELZ (0.24 e¢V) as compared to p-PELZ (0.26 eV), consistent with its higher

conductivity at room temperature.

Taken together, these results indicate that while the incorporation of cellulose paper slightly
decreases the ionic conductivity, it significantly enhances the structural integrity,

processability, and flexibility of the composite electrolyte. Thus, p-PELZ provides a balanced
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trade-off between ionic transport properties and mechanical reinforcement, making it a

practical candidate for paper-supported solid-state lithium-metal batteries.
9.3.3 Electrochemical Tests

To understand the interface compatibility between composite solid polymer electrolytes and Li
metal, EIS spectra before a long stability test are taken and presented in Figure 9.9(b) along
with the corresponding equivalent circuit. It is worth mentioning here that the R in the
equivalent circuit fitting is the bulk electrolyte resistance, and (R»+R3) is the total interfacial
resistance, which is the probable contribution of SEI and charge transfer resistance. CPEs are
the constant phase elements. The electrolyte-metal interface resistance, which constitutes about
half of the total interface resistance [(R2+R3)/2] of a cell, is estimated to be 140.6Q, 115.8Q,
93.9Q), and 48.3Q for PL, PLA, PLB, and PLZ electrolytes, respectively. So, incorporation of
ceramic material in a PVDF-HFP-LITFSI matrix has reduced the metal-electrolyte interface
resistance. Among all the incorporations, ZrO> ceramic incorporated CSPE shows the lowest
metal-electrolyte interfacial resistance due to its strong Lewis acid-base interaction with
PVDF-HFP chains and LiTFSI anions, which promotes effective salt dissociation and stable
SEI formation. Such interfacial compatibilities between the electrolyte and Li metal are

expected to benefit electrochemical cell performance, which will be discussed later.

The electrochemical stability test of the developed CSPEs was evaluated using Li/Li symmetric
cells. The voltage vs time profiles of Li/Li symmetric cells developed using PL, PLA, PLB,
and PLZ as electrolyte are demonstrated in Figure 9.9(a). All the cells are showing stable Li
plating-stripping characteristics for 480 hours continuously without a short-circuit at a current
density of 0.10 mA.cm and an elevated temperature of 60°C for better performance. From the
enlarged views (I) and (II) presented in the inset of Figure 9.9(a), it can be observed that the
PLZ electrolyte exhibits the lowest and most stable overpotential (~8 mV) among all
throughout the duration of the test. In the initial stage, the order of overpotential value is

PL>PLB>PLA>PLZ, where the values for PL and PLB are quite similar (~20 mV).

However, a significant shift is observed toward the end of the cycling period, where the PL cell
exhibits a substantial increase in overpotential of upto 38 mV, likely due to progressive
polarization of the electrochemical species. While PLA also displays a hike in polarization
voltage (~21 mV), PLB shows a reduction (~15 mV), and PLZ consistently maintains low and

stable overpotential (~7 mV), underscoring its electrochemical stability.
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Electrochemical impedance spectroscopy (EIS) was conducted on all the symmetric cells
before and after cycling to gain deeper insights into the charge transfer process. By examining
the Nyquist plots and fitting the data with appropriate equivalent circuit models, we can
monitor the changes in electrolyte bulk resistance and metal-electrolyte interface resistance due
to prolonged cycling. Figures 9.9(c)- 8(f) represent the Nyquist plot before and after the
cycling process, along with the equivalent circuit for PL, PLA, PLB, and PLZ, respectively. It
is observed that the bulk resistance does not increase for all the developed electrolytes,
suggesting that the structural and compositional stability of the polymer matrix is well

maintained during cycling.
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Figure 9.9 (a) Voltage vs time profiles for Li/Li symmetric cells of PL, PLA, PLB, and PLZ at 60°C, (b)
Nyquist plot of all the developed CSPEs in Li/Li symmetric cells for the variation of electrolyte-metal
interface resistance, EIS spectra before and after long-term cycling for (c) PL, (d) PLA, (e) PLB, and
(f) PLZ, (g) Variation of interfacial resistance for developed CSPEs before and after a long cycling test
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However, a significant rise in interfacial resistance at the metal/electrolyte boundary is evident,
likely due to the gradual formation of resistive surface layers or solid electrolyte interphase
(SEI) components, which hinder charge transfer kinetics at the interface. Although among all
the developed CSPEs, this rise is more prominent for the PL composite electrolyte, as shown
in Figure 9.9(g), and PLZ and PLB show the lowest change in interfacial resistance. The
variation of this interfacial resistance is summarized in Figure 9.9(g). Thus, the incorporation
of ceramic fillers plays a crucial role in stabilizing the electrode-electrolyte interface by
mitigating interfacial degradation, leading to improved long-term electrochemical

performance.

Figure 9.10 represents the comparative impedance evolution and DRT analysis of Li/CSPE/Li
symmetric cells using ZrOs-incorporated PVDF-HFP-LiTFSI electrolyte (PLZ) and bare
PVDF-HFP-LiTFSI electrolyte (PL) during 60 h of cycling. The Nyquist plots in Figures
9.10(a) and 9.10(b) demonstrate that the PLZ cell shows a lower interfacial resistance
compared to PL throughout the cycling process, as observed earlier. This is due to the
incorporation of ZrO> nanoparticles, which successfully reduces the initial charge-transfer
resistance and stabilizes the electrode—electrolyte interface under repeated Li plating/stripping.
It is worth mentioning here that the Electrochemical impedance spectroscopy (EIS) helps to
analyze the different electrochemical processes during electrochemical cycling. However,
resolving the electrochemical processes using conventional equivalent circuit models (ECMs)
is challenging due to overlapping time constants in the EIS spectra***. In contrast, the
distribution of relaxation times (DRT) method simplifies the EIS analysis. It also distinguishes

each individual electrochemical process through unique time constants.

Here, Figures 9.10(c) and 9.10(d) present the DRT spectra of PLZ and PL CPSE during
symmetric cell performance. The spectra are easily deconvoluted into distinct relaxation
regions associated with electrolyte bulk/ion transport (t ~10°-10-s), SEI formation (t ~107-

10™%s), charge-transfer process (t ~107-102s), and Li-ion diffusion (t >100 s) %4,

For the PLZ system (Figure 9.10(c)), the SEI peak remains relatively small and stable. Initially,
it increases, then once stabilized, it decreases and remains stable, which suggests the formation
of a robust and thin SEI layer. The intensity corresponding to the charge-transfer process also
remains lower. This may be due to uniform Li-ion flux and suppressed dendrite nucleation over
cycling. The diffusion-related peak at longer relaxation times also remains stable, implying

facile ionic transport through the composite matrix. In contrast, the PL system (Figure 9.10(d))
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displays dynamic interfacial behavior. The SEI peak increases and broadens substantially with
cycling, pointing to continuous SEI repair and instability caused by localized Li
plating/stripping. The charge-transfer peak broadens and intensifies over time, correlating with
interfacial heterogeneity and high overpotentials. It is interesting to observe that changes in the
peak correspond to diffusion phenomena in PL system. It appears earlier and at lower t (~10°

1.10s), but broadening in over cycling may be due to interfacial instability (voids, uneven SEI).
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Figure 9.10 (a), (b) Nyquist plots of Li/PLZ/Li and Li/PL/Li symmetric cells during cycling up to 60 h.
(c), (d) Corresponding DRT spectra at various cycling times, decoupling the contributions from
electrolyte resistance, SEI resistance, charge transfer, and diffusion processes. (e), (f) 2D contour plots

of DRT intensity vs. time show the stable interfacial kinetics for PLZL composite and unstable SEI for
bare PL electrolyte
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The cycle-resolved DRT contour plots in Figures 9.10(e) and 9.10(f) illustrate these trends
more clearly. The PLZ electrolyte maintains a narrow and stable SEI signature, whereas the PL
system exhibits a progressive shift of interfacial resistance domains, particularly in the charge-
transfer and diffusion regions. The SEI is also broadening and at the higher polarization side
for PL. Thus, the enhanced performance of PLZ can be attributed to: (i) Lewis acid—base
interactions between ZrO: and TFSI™ anions, leading to higher ionic conductivity, (ii) the
formation of a stable SEI, and (iii) suppressed polymer segmental motion crystallization,
providing a flexible yet mechanically reinforced interphase. These factors collectively facilitate
faster Li-ion transport and mitigate interfacial fluctuations, as evidenced by the stable SEI and

minimal diffusion polarization in PLZ.

The practical applicability of the developed CSPEs can only be proven if they perform well in
full cell configuration. To check that, Li/LFP cells were fabricated using all four CSPE
membranes. The as-fabricated EIS spectra are taken for all the developed cells before the
cycling test at 60°C to check the various interfacial/charge-transfer resistance. Nyquist plots,
along with the equivalent circuit, are presented in Figure 9.11(f). Here, R; denotes the bulk
resistance of the developed CSPEs, and R and R3 represent the anodic and cathodic charge
transfer/interfacial resistance. The values of Ry and R are consistent with those observed in
the Li/Li and SS/SS symmetric cells, suggesting that the ionic transport through the bulk
electrolyte and across the lithium interface remains stable and reproducible. Among all the
developed CSPEs, PL exhibits the highest cathodic charge-transfer resistance, while PLZ
demonstrates the lowest, indicating superior interfacial kinetics. The R3 value of PL, PLA,
PLB, and PLZ is found to be 353.7Q2, 259.7Q2, 187.3Q, and 150.3Q), respectively, reflecting a
significant reduction in interfacial resistance with the incorporation of ceramic fillers.

The cells are cycled at three different current densities of 0.05, 0.10, and 0.20 mA.cm™ at 60°C.
The potential vs specific capacity profiles are represented in Figures 9.11(a), (b), and (c),
respectively. The discharge capacities of the four developed CSPEs at different current
densities are summarised in Figure 9.11(d), which helps to understand the trend in their
capacity values with varying current. At 0.05 mA.cm, the specific capacity for PL, PLA, PLB,
and PLZ are 132.9, 140.9, 148.3 and 151.3 mAh.g"! respectively. These values change to 124.5,
133.3, 135.7 and 144.4 mAh.g™! respectively at 0.10 mA.cm™. At the highest current density
of 0.20 mA.cm™, the capacity values decrease drastically to 109.4, 121.7, 132.1 and 141.9
mAh.g! for PL, PLA, PLB, and PLZ, respectively. From the full cell performance of the

developed CSPEs at different current densities, it can be well understood that PLZ membrane
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demonstrates the highest specific capacity values and the least capacity loss across the current

range, likely because of the befitting interaction of ZrO» nanoparticles with PVDF-HFP matrix.
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Figure 9.11 (a), (b) and (c) Typical charge-discharge profiles of Li/LFP cells of PL, PLA, PLB, and
PLZ at 0.05, 0.10 and 0.20 mA.cm™ current densities respectively; (d) Comparison among specific
discharge capacities of the different CSPEs in the three current densities; (e) Specific capacity vs cycle

number plot of Li/PLZ/LFP cell along with coulombic efficiency; (f) Comparison of Nyquist plots for
as fabricated Li/LFP cells of PL, PLA, PLB and PLZ

When the Li/PLZ/LFP cell is further cycled at 0.20 mA.cm™, it runs smoothly for 80 cycles
with more than 99% average coulombic efficiency, as can be observed in Figure 9.11(e). It is
observed that the 83.45% capacity is retained after 80 cycles. To check the multi-cathode
computability of the developed CSPEs, the Li/NMCI111 cell was fabricated using PLA, PLB,
and PLZ CSPEs as presented in Figures 9.11(g)-(i). Among all the electrolytes, PLZ delivers
the highest discharge capacity of 169.02 mAh.g™!' at 0.05mA.cm™ current density. Whereas,
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PLA and PLB deliver a discharge capacity of 142.19 mAh.g™' and 155.24 mAh.g! at the same

current density of operation.

A comparison chart of the different properties of the CSPEs developed by various researchers
worldwide is provided in Table 9.3. Thus, the symmetric cell as well as full cell operations of
the developed composite solid polymer electrolytes help to demonstrate the potential of the

ZrO»-incorporated CSPE membrane for application in all solid-state Li-metal batteries.

The electrochemical stability and practicality of the paper-supported composite solid polymer

electrolyte (p-PELZ) were further
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Figure 9.12 Full cell performance in paper-based

LFP/p-CSPE/paper-based MCMB configuration

maintains a coulombic efficiency

consistently above 99%, indicating

highly reversible Li* intercalation

processes in the paper-based electrodes and minimal parasitic side reactions during cycling.
The sustained performance underscores the ability of the cellulose-reinforced polymer
electrolyte to provide uniform ion transport while preserving interfacial stability at both

electrodes.

Figure 9.13 further validates the interfacial robustness of p-PELZ through symmetric Li/p-
PELZ/Li cell testing. The cell exhibits highly stable Li plating-stripping behaviour for more
than 1200h at 0.10 mA-cm~2 without any short-circuiting or dendritic failure. The enlarged
insets of the voltage profiles reveal minimal hysteresis and steady overpotentials of ~15 mV at
initial cycles and ~10 mV at the later stage, signifying the establishment of a uniform and stable
solid-electrolyte interphase (SEI) on the Li metal electrodes. These findings confirm that the
cellulose-supported CSPE not only retains sufficient ionic conductivity, but also ensures

mechanical integrity and dendrite suppression over extended cycling. Collectively, the results
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in Figures 9.12 and 9.13 establish p-PELZ as a viable electrolyte system for next-generation
all-solid-state paper batteries, combining safety, scalability, and long-term cycling stability

with environmentally benign and mechanically flexible components.

CD: 0.10 mA.cm™2 —— p-PELZ
Cell conf: Li/p-CSPE/Li
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3
e T T
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Figure 9.13 Stable Li plating-stripping for 1200h without any short-circuit
9.3.4 Thermal Properties

Thermogravimetric analysis (TGA) of PL, PLA, PLB, and PLZ films was conducted with a
heating rate of 10°C min™! up to 1200°C to evaluate thermal stability. The TGA plots, along
with DTA curves of the samples, are depicted in Figures 9.14(a) and 9.14(b), respectively. As
can be observed in Figure 9.14(a), the initial weight loss of the samples up to 150°C is
primarily attributed to the moisture loss. Although the CSPE films have been prepared under
moisture-free and vacuum conditions inside a glove box, they need to be fetched outside the
glove box for thermogravimetric analysis. The samples may have caught some moisture at that
point. The inherent trapped solvent (here DMF) evaporation may also contribute to this
degradation. Additionally, the weight loss up to 300°C is primarily due to the decomposition
of LiTFSI salt, whose melting point is 234°C *7. Significant weight loss after 450°C corresponds
to degradation of PVDF-HFP, with the remaining mass attributable to the ceramic particles.
The Differential Thermal Analysis (DTA) plots in Figure 9.14(b) confirm the mass losses due

to the above-mentioned degradation processes taking place in the CSPE systems.

Flame safety is an important and critical parameter due to the thermal runaway and
flammability in metal batteries. Thus, to evaluate the fire safety, direct flame tests are
conducted on all the developed electrolyte samples by exposing them to a near-open flame for

30 seconds as shown in Figures 5(c)-(f) ***. Among them, PL and PLA film shows visible
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deformation and shrinkage. PLB shows a little char formation at about 25 seconds and the PLZ
film maintains its shape without any burning, ignition or char formation even after 30 seconds,

which confirms enhanced flame resistance with BaTiO3 and ZrO; ceramic loading.
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Figure 9.14 Thermal studies of the developed CSPEs: (a) Thermogravimetric Analysis (TGA) plots, (b)

Differential Thermal Analysis (DTA) plots, Flame safety tests for (c) PL, (d) PLA, (e) PLB, and (f) PLZ
at 0 and 30 seconds
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Table 9.3 Comparison among various properties of passive ceramic filler-based composite solid

polymer electrolytes for solid-state lithium batteries

SI CSPE Thick Ionic Conductivity/ Electrochemical Stability Ref.
No  Composition ness Activation Energy
(pm)
1 PEO/PVDF- 52 6.8x107° S.cm’! Li/Li cell: polarization ~28.3 mV  Tan et
HFP/LiTFSI/Z1 (RT)/0.59 eV at 0.1 mA.cm 2, short-circuit after  al.!”
F-8 500h of cycling; Li/LCO cell
retains 85.3% capacity after 200
cycles at 0.2C
2 PVDF/PVDF- 90-100 4.7<10* S.cm™! Critical current density increased  Liu et
HFP/LiTFSI/C- (25°C)/0.3 V from 0.9 mA.cm? to 1.4 mA.cm?  al.'®
Zr0,.x/C3HgNg at 25°C with ZrO»; Li/Li cell
cycled for 730h with
overpotential<60mV; Li/LFP cell
ran for 550 cycles at 1 C, 92.13%
capacity retention
3 PVDE- 480 2.4x107* S.cm™'/0.06 Minor interfacial polarization of ~ Xu et
HFP/PEGDE/P eV 0.09 V after 1000h for Li/Li al.'®
EA/LiTFSI/Si symmetrical cell; for
(0)} Li/LiFePOy cell, a capacity
retention of 93.8% achieved after
100 cycles at 0.2 C
6 PVDEF- 90 4.37x10* S.cm’! Li/Li cell stably cycles at a current ~ He et
HFP/LiTFSI/U (60°C)/0.311 eV density of 0.1 mA.cm? for over al.®
10-66-F4(Zr) 1000h, with overpotential of 20—
30 mV; 1.15 mA.cm? critical
current density achieved; Li/LFP
cell shows a capacity retention of
93.2% after 300 cycles
7 PVDF- 75 4.842x104S-cm™! Li plating and stripping at 0.05 Wei et
HFP/LiTFSI/[P (60°C)/0.549 eV mA-cm 2 for up to 1000h with an  al. 46
Py3][TFSI/UIO overpotential of 50-60 mV
-66-NH; without an internal short circuit;
Li/LFP cells ran for more than
100 cylces at 2C
8 PVDEF- 40-60 9.26x107 S.cm™! For ZrO,-based CSPE, Li/Li This
HFP/LiTFSI/na (30°C)/0.23 eV symmetric cell shows stable work
noceramics plating-stripping behaviour at
(ALO3, BaTiOs 60°C for 480h with lowest
and ZrO,) overpotential of 7 mV; Li/LFP

cell runs smoothly at 0.20 mA.cm
2 for 30 cycles with more than
99% average coulombic
efficiency
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9.4 Conclusion

This chapter compared three different passive ceramic fillers (Al2Os, BaTiOs, ZrO:) in a PVDF-
HFP/LiTFSI matrix and developed a duo-polymer (PVDF-HFP:PEO) CSPE and its paper-
reinforced analogue (p-PELZ) for scalable, flexible solid-state Li-metal batteries. Among the
passive fillers, 10 wt% ZrO. (PLZ) gave the best balance of properties: highest room-
temperature ionic conductivity (9.26x10° S-cm™), lowest activation energy (0.23 eV),
improved tensile strength (3.23 MPa), Li* transference number (tLi* = 0.55), and an extended
electrochemical window (~5.33 V). PLZ exhibited stable Li plating/stripping for 480h at 0.10
mA-cm? (60°C) with minimal overpotential (~7-8 mV), and in Li/LFP full cells delivered the
highest specific capacities across 0.05-0.20 mA-cm and retained ~83.5% capacity after 80
cycles with >99% coulombic efficiency. Addition of PEO (PELZ) substantially raised bulk
ionic conductivity (PELZ = 6.7x10* S-cm™ at 303 K), while roll-coated p-PELZ (paper-
reinforced CSPE) retained practical conductivities (=4.3x10™* S-cm™). p-PELZ demonstrated
exceptional interfacial stability, with Li/p-PELZ/Li symmetric cells cycling for more than
1200h without shorting, and all solid-state paper-based p-LFP/p-PELZ/p-MCMB full cells
retained ~90% capacity and >99% coulombic efficiency over 100 cycles. Mechanistically,
superior performance of ZrO.-containing systems is assigned to favorable surface charge and
Lewis acid-base interactions that promote Li-salt dissociation, suppress anion mobility,
increase polymer amorphicity and segmental motion, and stabilize the SEI. The paper-
supported architecture offers a scalable route, combining continuous ionic pathways with

macroscopic reinforcement and flame resistance.

In summary, 10 wt% ZrO: in PVDF-HFP (and its PEO-modified, paper-reinforced variants)
provides a practical, scalable pathway toward safer, flexible, all-solid-state paper batteries.
Future work should focus on interface engineering at ambient temperature, long-term full-cell

testing with high-voltage cathodes, and process optimization for roll-to-roll manufacturing.
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Chapter 10

Conclusions & Future Perspectives
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Figure 10.0 Graphical overview of the research works conducted under this thesis and their major
outcomes

The present research has successfully demonstrated the potential of cellulose paper as a
sustainable platform for next-generation battery separators and electrolyte membranes. Starting
from locally available commercial paper, the work has progressively advanced through
polymer reinforcement, ceramic impregnation, hybrid functionalization, and clay-based fillers,
ultimately leading to the development of high-performance paper separators with excellent

safety, thermal stability, and electrochemical compatibility.
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10.1 Conclusions

The main objective of this thesis was to develop a sustainable alternative of the commercial
polyolefin-based separator, which owing to its limited electrolyte wettability and low thermal
stability, lacks the potential and safety needs required for use in EV battery packs. In spite of
these drawbacks, PP/PE-based membranes are ruling the global separator market, in the
absence of any suitable alternative that truly holds the potential to replace polyolefin. Also,
amidst the increasing pollution and environmental concerns, replacing plastic-based separator

with some sustainable alternative is crucial to move a step towards carbon neutrality.

In this scenario, cellulose can be a game changer, especially if we consider its excellent
wettability, robustness, natural abundance and ability to be functionalized. Paper contains all
the advantages of cellulose materials, along with the structural integrity as add on. To convert
paper into paper separator, we have tried to modify its surface by polymer and ceramic
incorporation. An easy-to-reproduce and industry-friendly wet-coating process has been
developed and optimized for this purpose. Apart from the commercial aspects and performance
related parameters, the scientific and chemistry aspects of the research have also been quested

in this thesis.

With its uniform pore distribution and smooth surface, polyolefin is able to establish stable
interfaces with the electrodes, that result in efficient electrochemical cycling in a cell. However,
the surface of raw paper is rough in nature. Sizing with suitable polymers help to make paper
surface smoother and the matrix stronger. Incorporation of different passive ceramics helps in
stabilizing separator-electrode interfaces, depending on their surface charge and nature of
distribution. The ceramic nanoparticles also help to modify the crystallinity of polymer
matrices and control the ionic conductivity of polymer electrolytes. On the other hand, ion-
conducting active ceramic materials help to provide alternative ion-conduction pathways
through separator, thereby increasing the effective ionic conductivity and ion-transport number.
The physico-chemical and electrochemical performances and their possible reasons have

thoroughly been discussed in the previous chapters of the thesis.

Chapter 1 is the introductory part of the thesis, where the motivation of this research has been
explained in detail. The world is moving towards e-mobility and the demand and research on
materials used in rechargeable batteries are increasing exponentially. Separator, although an
electrochemically inert component in energy storage systems, can influence the safety and

performance of the systems significantly. Both commercially used separator and liquid
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electrolyte in Lithium-ion batteries pose environmental concerns and safety issues, which
compel the researchers worldwide to search for their sustainable alternatives, especially for
electric vehicle applications. The government of India, with its electric mobility mission, net
zero targets and Atmanirbhar Bharat programme, is emphasizing on self-reliance and
sustainability in case of battery components. Hence, the development of cellulose paper-based

separator and electrolyte membranes is important in both global and domestic perspectives.

Chapter 2 elaborates the research methods and experimental works conducted throughout the

study.

e The Early Stage of Paper to Paperator journey
Developing a new material requires a lot of composition variation and optimization, which
have been discussed in Chapter 3. The journey of paper separator development started with a
locally outsourced commercial paper, which had several impurities and a much higher
thickness (~80/90 um) than the commercial separator standard. Those impurities had been
anchored and the paper had been reinforced by two suitable polymers, chitosan and polyvinyl
alcohol. The concentration of the two polymers has been varied and optimized to a standard
ratio. Two different ceramic materials have also been impregnated in the paper matrix
separately according to their functionalities: (i) BaTiOs for its ferroelectric nature and ability
to dissociate Li-salts present in the liquid electrolyte, which helps in enhancing ionic
conductivity and (i1) Si0; for its low cost, stability, porous nature and thermal stability, which
provide high electrolyte wettability and flame resistance. Both the paper separators show

improved performance in an optimal ceramic concentration:

(a) An industry-friendly aqueous wet-coating process is developed and optimized to
fabricate the paper separators in roll form.

(b) Ceramic impregnated paper separators show dimensional stability up to 200°C,
outperforming PP-based commercial separator which degrades at about 150°C.

(c) The paper separators show instant surface wetting by the liquid electrolyte and much
lower electrolyte contact angle than the commercial separator, suggesting their
excellent wettability. Commercial separator takes prolonged time in soaking and it can
retain much lesser amount of electrolyte than cellulose-based separators.

(d) In LIB cells, the developed separators delivered satisfactory charge-discharge cycling,

excellent coulombic efficiency (>98%), and comparable discharge capacities to PP
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separators, especially for 0.1 w/v% BTO and 1.5 w/v% SiO», with slightly lower
capacity attributed to higher thickness (60—70 um) and tortuous cellulose pathways.
(e) The BTO-based separator (C25PVIBTO1) also functioned effectively as separator in
supercapacitors (tested to IEC 62391-1), achieving cell capacitance ~17.2 F and ESR
~76 mQ, comparable to commercial cellulose separators.
(f) Both BTO and SiO;-based paper separators exhibit excellent flame safety

characteristics.

e Trilayer Separator with Pure Cellulose Substrate: Suppressing the
Effect of Ceramic Dissolution

In Chapter 4, we have substituted the ~80 pm paper substrate with a ~20 pm NKK-grade paper
which has no added impurities. The new substrate consists of 100% cellulose, that has been
confirmed from its FESEM and EDX analysis. While this purity is beneficial in
electrochemical cycling, it does to not allow the paper to go through aqueous processing. That
is why the paper is functionalized with PVDF in NMP solution along with ceramic
nanoparticles. In this particular research work, a trilayer separator has been developed by three
process steps: (i) sizing the paper with 3.5 w/v% PVDF in NMP solution, (ii) ceramic (BaTiO3)
impregnation in 2.0 w/v% in 7.0 w/v% SBR aqueous solution and (iii) lamination by varying
concentrations (1.0-3.0 w/v%) of SBR aqueous solution. The developed paper separators

exhibit optimal and sometimes better performance as compared to the commercial separator:

(a) The trilayer paper separator demonstrated much higher electrolyte wettability (216—
270%) than the commercial separator (~90%), rapid saturation, and enhanced
dimensional stability up to 200°C without shrinkage.

(b) In MCMBY/LFP full cells, the separator showed comparable capacity, rate capability,
coulombic efficiency (>95-96%), and long-term cycleability (>300 cycles) versus
commercial PP/PE separators.

(c) Calendar ageing test for 8 weeks revealed no significant change in resistivity or
morphology for the paper separator, while the PP-based separator showed a significant
enhancement in bulk resistance.

(d) Flame tests (IEC 60695-11-10) confirmed excellent flame-retardant behaviour.

(e) The separator also functioned effectively in supercapacitors (IEC 62391-1, Class II
standard), achieving capacitance and ESR values comparable to commercial separators,

demonstrating versatility beyond LIBs
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¢ Role of Different Ceramic Fillers (Al2O3, BaTiO; and ZrO)

While the ceramic particles had helped to improve separator functionalities significantly so far,
the exact role of ceramics on separator properties and overall battery performance was yet to
be discovered. In Chapter 5, we have chosen three different ceramic nanopowders (Al2Os3,
BaTiO3 and ZrO») to impregnate in paper matrix, based on their surface charge. The zeta
potential and morphology of ceramic nanoparticles dictated their deposition pattern on
cellulose fibers, as confirmed from FESEM images. Al>O3, with a lower positive zeta potential
value, although interacts with negatively charged cellulose surface but shows a high tendency
to form agglomerates. BaTiO3; shows poor interaction with cellulose due to its lower negative
zeta potential in our working pH range, and resides randomly on paper matrix in agglomerated
form. ZrO,, on the other hand, registers a highly positive zeta potential, thus interacting

strongly with every individual cellulose fibers.

As a result, the ZrO2-impreganted paper separator (P3S7Z2) shows better Li-ion transport,
electrochemical cycling and interface stabilization than the other two separators (P3S7A2 and

P3S7B2):

(a) P3S7Z2 achieved the best performance with ionic conductivity ~1.08x1072 S-cm™, high
Li* transference number ~0.51, and excellent electrolyte uptake (~287%).

(b) In full-cell (NMC111/MCMB) configurations, P3S7Z2 delivered higher rate capability
and superior long-term stability (300 cycles, >98% CE) compared to Al-Os and BaTiOs
counterparts, which showed faster degradation.

(c) Post-cycling EIS revealed that charge-transfer resistance increased minimally for ZrO»-
based separators, while Al:Os and BaTiOs systems showed large resistance growth,
confirming superior electrode compatibility of zirconia nanoparticles.

(d) All ceramic-based paper separators exhibited dimensional stability at 200°C and strong
flame resistance, but P3S7Z2 stood out as the most flame-tolerant, resisting ignition as

well as char formation even under extended flame exposure.

e Functionalization of Paper with Chelated ZrQO;

While ZrO; impregnation significantly assists in enhancing separator performance, the
saturated coordination of Zr*" by O% reduces the Lewis acid-base interaction and compromises
the Li-salt (LiPF¢) dissociation. To further enhance the electrochemical cycleability and

interface compatibility, Chapter 6 focuses on the preparation of a zirconium isopropoxide—
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acetylacetone sol via controlled hydrolysis to generate under-saturated Zr** sites and Zr—-OH
groups, and its incorporation within the cellulose paper matrix. The organo-inorgano hybrid
zirconia incorporated paper separators (HY05-20) undergo some inherent structural and

chemical changes and significant performance enhancement as a result:

(a) XRD and FTIR showed that incorporation of chelated ZrO: reduced cellulose
crystallinity (from CI ~ 58.3 % for cellulose paper to minimum of CI ~ 15.6% at HY 15)
significantly. It helped to disrupt hydrogen-bonding networks, and introduced abundant
Zr—OH sites, creating favorable ion-conduction pathways.

(b) Contact angle decreased from 22.9° (PVDF-sized HY00) to 11.6° at HY 15, correlating
with its maximum electrolyte uptake (~338%).

(c) The optimal HY15 separator delivered ionic conductivity = 1.30x1072 S-cm™ with
reduced bulk resistance (~0.87 Q), much better than those of HY00.

(d) Wider electrochemical potential window (>5V) achieved.

(e) Chelated ZrO: incorporation improved tensile strength (up to ~52 MPa in machine
direction) and created Lewis acid—base sites (Zr*//O?>/—OH) that enhance Li* salt

dissociation, suppress dendrite growth, and improve interfacial stability under cycling.

e Impregnation of Natural Clay in Paper Separator

The commercial ceramic nano-powders although provide enhanced characteristics in paper
separators, their costs are typically high which limits the development of a sustainable paper
separator in true sense. This is the reason we have explored a natural clay material as

reinforcing filler inside the cellulose matrix in Chapter 7.

We have chosen low cost and naturally abundant Montmorillonite (MMT) clay and
impregnated it in paper matrix alongside PVDF and SBR. Montmorillonite is also a well known
flame retardant material, which helps to modify the cellulose surface in such a way that the
heat can be dissipated uniformly in presence of flame. Other physical and electrochemical
properties have also benefitted from the incorporation of MMT, which are summarised as

follows:

(a) High thermal and electrochemical stability achieved.
(b) 1.5 wt% MMT impregnation provided the best performance.
(c) Cycling stability for up to 500 cycles with >99% coulombic efficiency
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e Probing the Impregnation of Ion-conducting Ceramic: Active Filler

(LirLa3Zr2012)

So far, we had explored the ‘passive’ fillers that indirectly helped in improving Li-ion
conductivity and transport phenomena, but could not directly influence them. This time, in the
study elaborated in Chapter 8, a Li-ion conducting high temperature ceramic material
LisLa3Zr2012 (LLZO) has been incorporated in cellulose paper matrix to see the effect of such
‘active’ fillers in separator performance. LLZO is a well known garnet type inorganic solid
oxide, whose ionic conductivity is high and electronic conductivity is low, inducing its potential
to be used as an electrolyte in solid state batteries (SSBs). We have prepared LLZO via a wet
chemical combustion reaction and incorporated the calcined LLZO powder in varying
concentrations (10-70 wt%) in paper matrix by the same dip-coating process as previous. The
physico-chemical alterations of the cellulosic matrix and their effect on overall cell and safety
performance have been elaborated in Chapter 8, along with comparison with commercial

separator and an Al,Osz-based passive separator. To summarize,

(a) The composition with 30 wt% LLZO (P5L03) was identified as optimal, delivering
high ionic conductivity (~1.23 mS-cm™!) and a lithium transference number of ~0.64,
significantly outperforming Al.Os-based paper separators and even commercial PP
membranes.

(b) LLZO-containing separators exhibited excellent electrolyte uptake (~250-365%), rapid
wettability, and favorable Gurley values (7-15s), ensuring smooth ion transport through
the paper matrix.

(c) In full-cell tests, PSLO3 enabled stable cycling, reduced polarization, and low interfacial
resistance growth during long-term operation, also showing broad compatibility with
multiple electrode chemistries.

(d) The LLZO-paper separators maintained structural integrity above 200°C, displayed
very high self-extinguishing flame resistance, and effectively suppressed shrinkage,
highlighting their safety superiority over commercial PP/PE membranes and Al>Os-

based separator.

Functionalization of cellulose paper matrix with suitable polymers, active and passive ceramics
fillers and sustainable clay materials successfully integrate superior electrolyte wettability,
optimal mechanical strength, high thermal safety, enhanced ion transport along with stable

cycling in cathode/anode (graphite-based) full cell configurations. But such modifications
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cannot enable the paper separator to cycle against Li-metal anode, which provide highest
possible capacity and energy density for a cell. Also, the paper-based separators require organic
liquid electrolyte, which is flammable in nature and thus limits the safety of the battery. If we
want a membrane which will produce improved performance with ultimate safety and stability,
we have to substitute both plastic separator and carbonate-based electrolyte with paper-based

material.

e Towards Solid-State Paper Electrolyte

With the aim of developing paper-based electrolyte-cum-separator membrane, we have
explored composite solid polymer electrolytes (CSPEs) initially in Chapter 9. PVDF-HFP and
LiTFSI-based CSPE systems provided optimal ionic conductivity, Li-ion transference number
and stable cycling against Li-metal. Here also, three different ceramics (Al>Os, BaTiO3 and
7Zr0>) have been used as fillers and their compositions are optimized and performances are
compared duly. Maintaining the previous trend of Chapter 5, here also ZrO; has outperformed
the other two ceramics in every aspect. Due to the limited room temperature ionic conductivity
(highest achieved 9.26x10° S-cm™' at 30°C for ZrO»-based membrane) of these CSPEs,
another polymer (PEO) has been introduced to the base PVDF-HFP matrix to enhance polymer
chain mobility and effective ion transport. After optimizing the CSPE composition, the same
has been transferred to paper substrate for developing a paper-based composite solid polymer
electrolyte (p-CSPE). This electrolyte shows high Li-ion conductivity and stable cycling
performance at room temperature. At the same time, paper has been functionalized with in-situ
polymerization of aniline, to produce electronic conductivity to the matrix. This paper has been
used as the substrate for casting cathode and anode, thereby ultimately moving towards the
goal of producing all solid-state paper cell, whose all the major components (i.e., cathode,

electrolyte and anode) is paper-based. To summarize the chapter contents,

(a) A simple solution casting method was followed for developing the CSPE membranes.

(b) The 10 wt% ZrO2-based CSPE showed the best balance of properties — highest ionic
conductivity (9.26x10° S-cm™ at 30°C), wide potential window (5.33 V), tensile
strength (3.23 MPa), and Li" transference number (0.55).

(c) Li/PLZ/Li symmetric cells exhibited stable plating—stripping for >480 h at 0.10
mA-cm 2, maintaining the lowest overpotential (~7-8 mV) and minimal rise in

interfacial resistance, confirmed by EIS and DRT analyses.
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(d) ZrO2- and BaTiOs-based CSPEs demonstrated superior flame resistance, retaining
membrane integrity even after 30 s of direct flame exposure, unlike pristine PVDF-HFP
electrolytes.

(e) We have prepared a prototype paper cell with p-LFP, p-MCMB and p-CSPE, that

produced stable cycling and high ionic conductivity at room temperature.

10.2 Key Insights

This thesis contains a comprehensive and detailed research on development and performance
optimization of paper-based separators, primarily developed for rechargeable Li-ion batteries.
The applicability of the developed separators has also been extended to other energy storage
devices, like supercapacitors and Na-ion batteries. Almost 10 different types of paper
separators have been developed here, with different compositions and functionalities. Each of
them showed some distinct characteristics, both inside and outside of electrochemical cells.
While studying the different phenomena of the paper-based systems, some key insights have

caught the particular attention, which include;

% Paper — high-performance separator by simple surface engineering:

A pragmatic polymer-sizing + ceramic-impregnation route via easy wet-coating process
converts commercial cellulose paper into LIB separators with greatly improved
electrolyte wettability, uptake, tensile strength and dimensional stability (no shrinkage
up to ~200°C), delivering full-cell cycling and supercapacitor performance comparable
to commercial separators.

s Choice of ceramics and surface chemistry-controlled interface and ion transport:
The deposition behavior of ceramics on cellulose matrix, governed by zeta potential
and coordination state of ceramic fillers determine coating uniformity, pore
connectivity and interfacial impedance. Positively charged ZrO> provides
homogeneous fiber coatings and higher tri/o (e.g., P3S7Z2), while chelated Zr
precursors (under-saturated Zr**/Zr-OH) further reduce cellulose crystallinity, enhance

Li-salt dissociation and enhance ionic conductivity.

e

"  Active ceramic fillers (LLZO) shift inactive separators towards semi-active electrolyte
function:
Incorporating Li-ion-conductive ceramics (LLZO) produces hybrid separators (best at

~30 wt% LLZO) that show enhancements in ionic conductivity and Li-transport
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phenomena, while retaining the flexibility and inducing superior thermal safety to

paper-based membranes.

X/
°e

Composite solid polymer electrolyte with ZrO:-reinforcement shows a pathway to
develop paper-based electrolyte:

PLZ and their paper-cast analogues support long-term Li plating/stripping with low
overpotential (Li/PLZ/Li >480 h) and reasonable room temperature conductivity (o
~9.26x107° S-em™, tLi- = 0.55). A clear manufacturing pathway (semi-automated roll
coating) exists, yet pilot-scale uniformity, extended calendar aging, pouch-format tests

and TEA/LCA are the critical next steps for commercialization.

10.3 Future Perspectives

The research presented in this thesis establishes cellulose paper as a strong candidate to replace
or complement conventional polyolefin separators. At the same time, it shows the potential of
paper substrates to be transformed into multifunctional solid-state electrolytes. Building on the

present outcomes, several research directions emerge for the future:

» Wider material exploration for fillers and functionalization: Beyond the ceramics
studied here (Al.Os, BaTiOs, ZrO2, LLZO), new low-cost natural materials such as
layered silicates, bio-derived nanoparticles, and flame-retardant minerals could further
enhance performance while reducing costs. Functional nanomaterials (e.g., MXenes,
metal-organic frameworks, covalent organic frameworks) may be incorporated to tailor
ionic conductivity, interfacial chemistry, and even redox activity.

» Designing hybrid membranes for next-generation batteries: Paper separators
functionalized with Li-ion conducting oxides (like LLZO or LATP) can serve as hybrid
separator—electrolyte systems in solid-state Li-metal batteries, improving safety
without compromising energy density. Integrating polymer—ceramic composite systems
directly onto paper may allow flexible, thin, yet highly conductive membranes for
lithium, sodium, and potassium batteries.

» Scalability, manufacturability, and device prototyping: While this thesis demonstrated
semi-automated roll-to-roll fabrication, scaling to pilot production lines remains a key
next step. Future work should include inline quality control, coating uniformity
optimization, and life cycle/cost analysis to evaluate commercial feasibility.
Development of pouch-cell and module-level prototypes using paper-based membranes

will bridge the gap between laboratory studies and real-world applications.
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» Compatibility with advanced chemistries: Paper-based membranes can be tailored for
metal anodes (Li, Na, K, Zn) by improving dendrite suppression and interface stability.
They also hold promise in multivalent systems (Mg, Al1**) and aqueous rechargeable
batteries, where their natural hydrophilicity and mechanical robustness are
advantageous.

» Sustainability and recyclability: Future research should evaluate the end-of-life
recyclability of paper-based separators and electrolytes, exploring recovery of cellulose
and ceramic fillers from spent cells. Green solvents and bio-based binders should
replace current fluorinated polymers (PVDF, PVDF-HFP) to create a fully eco-friendly
battery membrane platform.

» Functional integration beyond energy storage: Paper-based membranes can also be
functionalized for multi-device compatibility, serving as shared components across
batteries, supercapacitors, and hybrid energy storage devices. The inherent porosity and
flexibility of paper further enable applications in wearable electronics, disposable
sensors, and flexible storage systems, extending the utility of this technology beyond

conventional LIBs.
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10.4 Technical Specifications of Paper-based Ceramic Separator

Product Name

Specifications

Paper-based
Ceramic
Separator

Composition: Cellulose paper-polymer-ceramic/clay composite
membrane

Fabrication Process: Industry-friendly wet-coating process
Scale of production: Large scale production up to 100 meters
Dimension: Length - as required, Width — 62 mm

Thickness: 20£2 pm

Porosity: >50%

Air permeability: Sufficient (Gurley value 5-120 seconds)
Electrolyte Wettability: Very high with 200-350% electrolyte
uptake and retention

Electrolyte Soaking Time: 10-20 minutes (much less than
commercial polyolefin separator)

Thermal Stability: Very high; no dimensional change up to
250°C

Flame Safety: High; no catching of fire, only char formation
Mechanical Strength: Moderate; tensile strength 45-51 MPa in
machine direction and 22-28 MPa in transverse direction
Chemical Stability: No chemical degradation in presence of
liquid electrolyte (as tested via aging)

Ionic Conductivity: ~10 S.cm™!

Electrochemical Potential Window: >5 V

Li" Transference Number: 0.2-0.6

Electrochemical Performance: Comparable to commercial
separator

Cycling Stability: >500 cycles

Current Density of Operation: Highest 2.2 mA.cm™
Coulombic Efficiency: >98%
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ABSTRACT: Due to its flexibility, cost-effectiveness, and natural
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applications in electronic and optoelectronic devices. With an aim to
develop a paper-based ceramic separator (henceforth will be referred to as
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the developed paperators shows satisfactory cell performance at different current densities with excellent coulombic efficiency and
comparable discharge capacities with that of a commercial separator. Compared to the commercial PP-based membrane, slightly
lowered discharge capacities are obtained from the cells fabricated with developed paperators, which may primarily be due to the
higher thickness (60/70 pm) and cellulosic tortuosity. Electrochemical performances of the developed “paperators” were also
evaluated for use in supercapacitors (SCs) by fabricating SC cells and their testing as per IEC 62391-1, which showed the cell
capacitance and ESR values of 172 + 0.8 F and 76 + 3 mQ, respectively, and the results were also compared with those of
commercial cellulose-based paper separators. Based on the R&D achievements, the present study has also been extended for a scale-
up strategy to produce a paper-based separator in roll form, where a “paperator” of 60 mm in width in a continuous manner has been
fabricated by using in-house-designed semi-automated double-decker separator fabricator machine.

KEYWORDS: composite separator, cellulose, paper separator, thermal shrinkage, electrolyte wettability, electrochemical performance

B INTRODUCTION

winding tension of the battery assembly line. Apart from several

A “separator” is an essential and important component for Li-ion
batteries (LiBs), supercapacitors (SCs), and similar other
electrochemical energy storage devices. The major tasks of a
separator in an energy storage system, LiBs and SCs in
particular, are to prevent physical contact between the anode
and the cathode, to avoid an electrical short circuit, and at the
same time, to enable transport of ions from one electrode to
another across the separator during the charge—discharge
process. Today’s commercial lithium-ion batteries (LiBs) use
polyolefin membranes as separators, which remain inert
throughout the cell performance without any participation in
electrochemical reaction.' ™ In addition to such chemical and
redox inertness, a separator should also be porous (>40%
porosity) and should have an intrinsic capability to absorb a
sufficient amount of liquid electrolyte (high wettability) for
achieving the required ionic conductivity."~” A separator should
also possess sufficient mechanical strength compatible with the

© 2022 American Chemical Society
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positive roles in electrochemical cells, the separator’s electrical
resistance, dead mass, tortuosity, and thickness also have
significant role in the electrochemical performance, particularly
energy density, power density, cycle life, and safety.
Microporous polyolefin membranes commercially used for
LiBs are generally derived either from a single polymer or from
the blend of duo-polymer, namely, polyethylene (PE) and
polypropylene (PP). The use of such duo-polymers in different
combinations and the study of their performance in various LiBs
are reported in the literature.”” It would be worthy to mention
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Abstract In quest of developing sustainable sepa-
rator for lithium-ion batteries (LIBs), this research
focuses on functionalization of low cost cellulose
based commercial paper using duo-polymer and
nano-SiO, by designing a facile aqueous based
industry friendly wet-coating process. Unlike com-
mercial plastic based polyolefin separators (polypro-
pylene/polyethylene), the developed paper separator
shows superior thermal stability>200 °C without
dimensional shrinkage, excellent electrolyte wet-
tability (147%) with zero contact angle, quicker
electrolyte saturation and satisfactory mechanical
strength (34.86-38.31 MPa). The electrochemical
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performance carried out in 2032 coin cells using
fabricated paper separators shows comparable per-
formance to that of commercial polypropylene (PP)
based separator at different current densities of
0.05-0.4 mA/cm? with excellent columbic efficiency
(>96%) and good capacity retention on cycling. The
developed separator is found to be compatible with
most of the commercial electrodes (MCMB, LiCoO,,
LiFePO,) used in today’s LIBs. The functionalized
cellulose-ceramic composite paper separator shows
excellent flame retardant properties by offering an
added safety features for its successful use in lithium-
ion batteries.
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Advanced Sustainable Trilayer Cellulosic “Paper Separator”
Functionalized with Nano-BaTiO; for Applications in Li-lon Batteries
and Supercapacitors
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ABSTRACT: In the quest of developing a sustainable, low-cost and
improved separator membrane for application in energy storage devices
like lithium-ion batteries (LIBs) and supercapacitors (SCs), here we
fabricated a trilayer cellulose-based paper separator engineered with
nano-BaTiO; powder. A scalable fabrication process of the paper

BN Porous M High electrolyte wettability Bl Thermallystable Bl No dimensional shrinkage
M In-cell chemical stability M Fire resistant

Comparable
electrachemical
Performanceto PP/PE
commercial Separator

Capacity (mAh/g)

separator was designed step-by-step by sizing with poly(vinylidene A

fluoride) (PVDE), thereafter impregnating nano-BaTiOj in the interlayer N / =

using water-soluble styrene butadiene rubber (SBR) as the binder and SRR :
finally laminating the ceramic layer with a low-concentration SBR ""‘\—\,\,Eﬂ-ri.:“.mm Wi atio,

solution. The fabricated separators showed excellent electrolyte
wettability (216—270%), quicker electrolyte saturation, increased
mechanical strength (43.96—50.15 MPa), and zero-dimensional shrink-
age up to 200 °C. The electrochemical cell comprising graphitelpaper
separator|LiFePO, showed comparable electrochemical performances in terms of capacity retention at different current densities
(0.05—0.8 mA/cm?) and long-term cycleability (300 cycles) with coulombic efficiency >96%. The in-cell chemical stability as tested
for 8 weeks revealed a nominal change in bulk resistivity with no significant morphological changes. The vertical burning test as
performed on a paper separator showed excellent flame-retardant property, a required safety feature for separator materials. To
examine the multidevice compatibility, the paper separator was tested in supercapacitors, delivering a comparable performance to
that of a commercial separator. The developed paper separator was also found to be compatible with most of the commercial
cathode materials such as LiFePO,, LiMn,0O,, and NCM111.

Sizing with PUDF
Cellulosic paper

Advanced tri-layer cellulosic “Paper Separator”

1. INTRODUCTION poly(ethylene terephthalate) (PET) nonwovens,” polyacrylo-
nitrile (PAN),° poly(vinylidene fluoride) (PVDF), etc.”
Besides these synthetic polymers, cellulose and/or its
derivatives, e.g., bacterial cellulose,®” cellulose acetates,"’
carboxymethyl cellulose,'" cellulose nanofibers or nanocryst-
als,'>"? lignocellulose14 etc., have also been investigated widely
as separator membranes. The obvious reasons for choosing
cellulose as the separator material is definitely due to its
sustainability, natural abundance, lower cost, and ease to
compositionally modify or functionalize to achieve the desired
properties as separator membranes in batteries. Moreover,
unlike polyolefin, the cellulosic skeleton comprises hydroxyl
and carbonyl groups, which can facilitate good interaction with
carbonate electrolytes, enhancing its ability to soak a large
amount of the electrolyte. Cellulose, having a higher initial

A separator in batteries is primarily used to isolate the anode
and cathode to prevent electrical short circuit; simultaneously,
it should also possess the ability of facile ionic transaction, high
porosity and electrolyte wettability, lowered thickness, good
mechanical strength, thermal stability, and intrinsic safety in
abused conditions.”” Moreover, sustainability and cost are
other two important techno-economic parameters that need to
be addressed while developing separator materials. Achieving
all these properties in a single material is indeed a challenging
task.

Conventionally used microporous polyolefin (polypropy-
lene/polyethylene)-based plastic separators have no doubt
been a great commercial success in Li-ion batteries till date, but
their low wettability towards commercial electrolytes, dimen-
sional instability at elevated temperature, and environmental
challenges due to plastic toxicity trigger the need for more
advanced sustainable separators for lithium-ion batteries
(LIBs).> To mitigate these problems, two major approaches
were undertaken: either surface modification of existing
polyethylene (PE)/polypropylene (PP)-based separators’ or
employment of other synthetic polymers, which include
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Flexible ceramic based ‘paper separator’ with enhanced safety for high
performance lithium-ion batteries: Probing the effect of ceramics
impregnation on electrochemical performances

Mononita Das, Kuntal Ghosh, Mir Wasim Raja*
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HIGHLIGHTS GRAPHICAL ABSTRACT

e Sustainable, flexible and high safety
ceramic based paper separators for LIBs.

o Separators were developed using easy to
scale up wet-coating process.

e Ceramic impregnation affects physical
and electrochemical properties of the
separators.

e Paper separators show superior electro-
lyte wettability and high thermal
stability.

e Better electrochemical performances
and flame safety are other important
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ARTICLE INFO ABSTRACT
Keywords: Cellulose is now considered as an appealing environment friendly material for the development of sustainable
Cellulgse separators for rechargeable batteries. This study thus aims to develop high performance paper based ceramic
Ceramics separators with superior electrolyte wettability (>170 %), high thermal stability (>200 °C) and excellent flame

Paper separator
Lithium-ion battery
Flame resistance

safety. While developing paper based ceramic separator, extensive studies are carried out to understand the-
nature and functionality of different nano-structured ceramic materials (Aly03, BaTiO3 and ZrO,) impregnated in
paper matrix. Nano-ZrO, facilitates an effective pathway for Li *-ion transport (t; = 0.51), whereas BaTiO3 and
Al»03 ceramics show moderate Li *-ion transport properties (tr;, of 0.29 and 0.30 respectively). Electrochemical
Impedance Spectroscopy (EIS) measurement clearly reveals that ZrO, exhibits more interfacial compatibility
with the electrodes (MCMB and LiNi; ,3Mnj,3C01,302) compared to the other two ceramic separators during full
cell operation. The developed paper separators show excellent electrochemical properties in terms of cycling
(tested 300 cycles), multi-electrode compatibility and rate capabilities at different current densities of 0.1-1.2
mAcm 2. The pre- and post-electrochemical EIS data reveal that ZrO, based impregnation offers significantly

* Corresponding author.
E-mail addresses: das.mononital7@gmail.com (M. Das), kuntalghosh1004@gmail.com (K. Ghosh), mwraja@cgcri.res.in (M.W. Raja).
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Flexible trilayer cellulosic paper separators
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Simranjot K. Sapra,?®® Mononita Das,® M. Wasim Raja, ©© 9 Jeng-Kuei Chang®°®
and Rajendra S. Dhaka & *@

Cellulose-based paper separators are employed in sodium-ion batteries (SIBs) as a viable and economical
substitute of conventional separators, owing to their sustainability, scalability, safety and cost-effectiveness.
We design a full cell configuration having NazV,(PO,)z as the cathode and pre-sodiated hard carbon as the
anode with different separators and compare the electrochemical performance of these ceramic-
impregnated polymer-coated cellulose paper separators with that of commercial glass fiber separators.
Notably, the paper-based multilayer separators provide desirable characteristics such as excellent
electrolyte wettability, thermal stability up to 200 °C, and ionic conductivity, which are essential for the
efficient operation of SIBs. The cellulose separator is coated with a layer of polyvinylidene fluoride
polymer, followed by a second layer of styrene butadiene rubber (SBR) polymer in which ferroelectric
filler BaTiO3 is integrated, which interacts with the polymer hosts through Lewis acid—base interactions
and improves the conduction mechanism for the Na* ions. The final lamination is performed by varying
the SBR concentrations (0.5, 0.75, and 1.0 w/v%). The incorporated polymer matrices improve the
flexibility, adhesion and dispersion of the nanoparticles and affinity of the electrolyte to the electrode.
The morphology of the paper separators shows uniform interconnected fibers with a porous structure.
Interestingly, we find that the paper separator with 0.75 w/v% content of SBR exhibits decreased
interfacial resistance and improved electrochemical performance, having retention of 62% and nearly
100% coulombic efficiency up to 240 cycles, as compared to other concentrations. Moreover, we
observe the energy density to be around 376 W h kg~* (considering the cathode weight), which was
found to be comparable to that of the commercially available glass fiber separator. Our results

Received 26th September 2024
Accepted 28th November 2024

DOI: 10.1039/d4ta068639 demonstrate the potential of these multilayer paper separators towards achieving sustainability and

rsc.li/materials-a safety in energy storage systems.

captivate researchers as potential replacements for lithium-ion
batteries (LIBs) due to their cost-effectiveness and comparable

1. Introduction

The abundance of sodium resources on Earth has been the
driving force behind the emergence of sodium-ion batteries
(SIBs) as efficient and ecologically friendly energy storage
technologies, with the objective of achieving a sustainable and
green power storage system.'® In the interim, SIBs continue to
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1996 | J Mater. Chem. A, 2025, 13, 1996-2009

intercalation mechanism.”** Among the primary components
of a battery, the function of a separator is to prevent a short
circuit by creating a physical barrier between the electrodes and
ensuring that the battery's functionality is improved by the
presence of sufficient pores that facilitate the passage of ions
during the charge-discharge process.'*® The shutoff mecha-
nism of the separator is essential for maintaining the thermal
stability, i.e., in the event of battery overheating, it melts and
halts the flow of ions, thereby averting thermal runaway.**** The
separators also demonstrate great electrolyte wettability, which
is a critical factor in enhancing ionic conductivity and further
optimizing the battery performance.’® The introduction of
electric vehicles has significantly altered the performance
requirements of separators, despite their long-standing use in
the industry.”” Consequently, it is imperative to create separa-
tors that can withstand the difficult operational conditions by
exhibiting remarkable thermal and mechanical stability.

This journal is © The Royal Society of Chemistry 2025
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sustainable, thermally durable and high-performance separator for next
generation lithium batteries
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, Mir Wasim Raja
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HIGHLIGHTS

o Sustainable, flexible paper separator
impregnated with LLZO for high per-
formance LIBs.

e An industry-friendly wet-coating pro-
cess optimized for  ‘roll-to-roll’
fabrication.

e Paper separator with LLZO shows better
Li-ion transport than Al,O3 loaded
separator.

e Improved flame resistance and multi-
electrode compatibility for LLZO-coated
separator.

e Better electrochemical performance of
LLZO coated separator after thermal
shock.

ARTICLE INFO

Keywords:

Paper separator

LLZO electrolyte

Flame retardant

High-rate capability
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ABSTRACT

The present study highlights the effect of active (LLZO) and inactive (Al,O3) ceramic impregnation in paper-
based cellulosic separators developed using an industry-friendly dip-coating process. The fabricated separator
with 30 wt% LLZO (P5L03) exhibits superior ionic conductivity (1.23 mS cm’l), higher Li-ion transport prop-
erties (tf; = 0.64), wider electrochemical window (>5.5V) as compared to Al,03 (30 wt%) based (P5SA03) and
commercial PP based separators. The enhancement in electrical properties is likely due to the intrinsic Li-ion
conductivity of LLZO and the structural modification of PVDF chain induced by the Lewis basic environment
of LLZO. P5L03 shows better capacity retention after long cycling and excellent compatibility against different
cathodic (LFP, LMO, LCO, NMC) and anodic (LTO, MCMB) configurations. The developed P5L03 separator ex-
hibits excellent flame retardancy and better self-extinguishing properties with lowest self-extinguishing time of
5.55s, as compared to PSA03 (8.76s) and PP (11.10s). It also shows outstanding electrochemical performance
even after self-extinguishing test and thermal shock treatment at 120 °C and 150 °C for 1 h. In summary, paper
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ARTICLE INFO ABSTRACT

Keywords:

Composite solid polymer electrolytes
Lithium-metal batteries

Inorganic fillers

Li dendritic growth

Tonic conductivity

Lithium metal batteries (LMBs) can be the ultimate choice for future battery technologies since they use Lithium
metal as anode, which offers high theoretical capacity (3860 mAh.g™*) and lowest electrochemical potential
(—3.04 V vs. SHE). However, their commercialization is limited by dendritic growth, interfacial instability, and
safety risks associated with liquid electrolytes. In this work, composite solid polymer electrolytes (CSPEs) are
developed by incorporating various (Al203, BaTiO3, and ZrO;) ceramic fillers into a PVDF-HFP/LiTFSI matrix via
a scalable solution casting method. Among these, optimized 10 wt% ZrOy-based CSPE (PLZ) delivers the highest
room-temperature ionic conductivity (9.26 x 10°°s cm’l), excellent Li* transference number (0.55), superior
tensile strength (3.23 MPa), wide potential window (5.33 V), and good flame retardancy. Li/Li symmetric cells
using PLZ showed stable lithium plating/stripping for more than 480 h at 0.10 mA.cm ™2 with a low overpotential
of ~7 mV. Electrochemical impedance spectroscopy and equivalent circuit fitting confirmed the lowest increase
in interfacial resistance after cycling. Time-resolved distribution of relaxation time (DRT) and 2D contour
analysis revealed that PLZ maintained stable SEI and charge-transfer resistances, while bare CSPEs showed
growing interfacial instability during cycling. These improvements are attributed to Lewis acid-base interactions
and surface charge effects that reduce crystallinity and promote Li* mobility. Full-cell evaluations with LiFePO4
and NMC111 cathodes demonstrated high discharge capacities and good cycling stability. Thus, this study offers
a promising pathway for developing robust and safe CSPEs for next-generation solid-state LMBs.

1. Introduction

In the ongoing digital era, Lithium-ion batteries (LIBs) are an integral
part of daily life. They are essential in powering almost every needful
device, ranging from household to sustainable transportation and e-
mobility, due to their high theoretical capacity and impressive energy
and power density. Conventional LIBs consist of Graphite-based anodes
and Nickel or Cobalt-rich cathodes, along with carbonate-based liquid
electrolytes containing LiPF¢ and polyolefin-based separator mem-
branes [1]. While the carbonate-based liquid electrolytes are efficient to
use due to their high ionic conductivity (~10~% S.cm™!), they impose
several challenges like leakage, flammability, narrow electrochemical
stability window, and untimely decomposition inside the battery [2,3].
Additionally, the plastic-based separators are also prone to dimensional

* Corresponding author.

instability and combustion at high temperatures [4,5]. Together, these
components can cause serious safety concerns, which mandates the
exploration of more efficient, sustainable, thermally stable, and flame-
retardant alternatives with similar or better performance.

Here, solid electrolytes could be an effective alternative as they do
not present any risk of leakage and flammability, and can additionally
provide a wider electrochemical stability window, high performance,
and good compatibility with Lithium metal anodes [6]. In view of this,
the replacement of both liquid electrolyte and polymeric separator with
solid electrolyte can be a promising approach to overcome the chal-
lenges of short-circuit and thermal runaway [7]. Solid electrolytes can
be of three major types: (a) inorganic solid electrolytes (ISEs), (b) solid
polymer electrolytes (SPEs), and (c) composite solid polymer electro-
lytes (CSPEs) [8,9]. The inorganic solid electrolytes like oxides (LLZO,
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