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Abstract

This study investigates the creation and characterization of quasi-solid-state electrolytes
(QSSEs) for lithium-sulfur batteries (LSBs), with a focus on improving ionic conductivity. The research
started conducting literature review with a highlight of QSSE preparation techniques. For the creation
of polymer electrolytes (PEs) based on polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP)
and lithium bis(trifluoromethylsulphonyl)imide (LiTFSI), the study optimizes the LITFSI content.
Moreover, this study compares three widely used preparation methods, including electrospinning,
solution casting, and spin coating. The scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), potentiostatic electrochemical impedance spectroscopy (PEIS) and thermal stability analyses
were done to investigate morphology, composition, ionic conductivity, and thermal characteristics of
the produced electrolytes. According to XRD analysis shows that preparation method affects the
crystallinity of the resulting PE. Concurrently FTIR shows modest crystallinity and strong ion-polymer
interaction of electrospun sample, which makes electrospinning technique more favorable for efficient
ion transport in PEs. Moreover, the PEIS analysis confirms that electrospinning greatly enhances the

PE's ionic conductivity.
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Chapter 1- Introduction

1.1 General overview

Kazakhstan's extensive natural resources make it an ideal site for the development of novel
battery technologies. This shift toward a green economy is critical for solving global concerns such
as climate change, resource depletion, and environmental contamination. Utilizing local resources
for battery manufacture is critical to Kazakhstan's economic growth, industrial sector, sustainable
energy movement, and environmental sustainability. This strategy will considerably improve the
efficiency of natural resource utilization while reducing negative environmental consequences.

According to the Ministry of Energy, the sulfur level of domestic oil fluctuates between
0.35% and 1.69%. Tengizchevroil, a joint venture, currently produces nearly all of Kazakhstan's
sulfur, up to 1.6 million tons per year and this amount is planned to increase to 2.2 million tons
after Tengizchevroil's expansion [1]. Sulfur is the primary component of lithium-sulfur batteries
(LSBs), which are one of the "hot" areas of battery development across the world [2-4].

LSBs are a promising energy storage technology that has meet notable scientific observation
lately [2-4].

LSBs have great potential for their high energy density and cost-effectiveness in energy
storage, making them perfect candidates for next-generation portable and sustainable energy
solutions [2]. Sulfur has a high theoretical capacity of 1675 mAh/g and an energy density of 2600
Wh/kg. Furthermore, the abundance of sulfur in nature and its inexpensive cost make LSBs more
desirable [2].

The main electrochemical reaction in LSBs can be written like: Sg+16Li <> 8Li,S. But sulfur
undergoes several step reactions which will create compounds called polysulfides Li>S, where the
n varies from 2 to 8. During the charge-discharge process, long-chain polysulfides Li>Sh (4 <n < 8)
turn into short-chain polysulfides Li>Sy, (2 < n < 4), then eventually Li>S, and Li>S are composed.

On the other hand, low electrical conductivity of sulfur and its lithiated products, polysulfide
dissolution in electrolyte causing the shuttle effect (phenomenon of diffusion of polysulfides to the
anode side), and considerable volume changes during cycling result in rapid capacity degradation
and short cycle life of LSBs [4,5].

One of the approaches for restricting the dissolution and shuttle of polysulfides is reducing
the amount of liquid electrolyte (LE) [2]. In this regard, quasi-solid-state electrolyte (QSSE) with

a minimal amount of LE is considered as an appealing solution [2].
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1.2 Research objectives

The objective of this work is to emerge a QSSE with elevated ionic conductivity, and small
interfacial resistance, which is crucial for lithium transfer, and also to obtain a layer with proper
mechanical stability that could prevent polysulfide dissolution into the electrolyte and proscribe the
polysulfide shuttling. Thus, this project aims to acquire the electrolyte layer with low activation
energy at room temperature, lithium transference number close to one, minor electronic
conductivity, a large potential stability window, and good chemical compatibility with both positive
and negative electrodes.

1.3 Research Novelty

The novelty of this work is to develop QSSE made of polyvinylidene fluoride-co-
hexafluoropropylene (PVDF-HFP) / lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) with
high ionic conductivity and compare three frequently used techniques used in QSSE fabrication.
This configuration would greatly decrease the "shuttle" effect and volumetric expansion of the
cathode while maintaining mechanical flexibility, hence drastically increasing the electrochemical

characteristics and stability of sulfur cells.

1.4 Comparison of QSSE and other electrolytes

Electrolyte is the necessary part of batteries, which is responsible for the ion transport
between cathode and anode. The traditional batteries with LE have several pros, as elevated ionic
conductivity and effective electrode wetting, which will influence the effective use of active
material (AM) [6]. Nevertheless, the exhibition of lithium dendrites, the shuttle effect, the toxicity
of LE components, problems with leakage, high flammability, and high self-discharge rates can be
considered as cons of LSBs with LE [7,8]. Regarding the safety and prevention of the shuttle effect,
a favorable option is to get rid of LE and assemble all solid-state batteries. However, all-solid-state
lithium-sulfur batteries (ASSLSBs) have high interfacial resistance between the components, which
will lead to low ionic conductivity and limit their application in real life [9]. QSSEs offer an optimal
balance between liquid and solid electrolytes, combining high ionic conductivity with effective
lithium dendrite suppression [10]. The flexibility of polymer should enhance the interfacial contact
and positively affect the electrochemical performance of the whole battery; minimizing the amount

of LE will improve the safety.

1.5 Thesis overview
Chapter lintroduces the LSBs, operation mechanism and parts as well as the main strength

and weaknesses of LSBs. This section covers the objectives, novelty and importance of research
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topic. It also includes the work motivation, main goals and provides a brief synopsis of each chapter
of this thesis.

Chapter 2 introduces QSSE and provides QSSE’s outweighs in comparison to all solid and
traditional batteries with LE. Moreover, it includes review about the existing methods of obtaining
QSSE as in-situ polymerization, solution casting, phase inversion and electrospinning. Also, the
justification of chosen methods and compounds to prepare QSSE is provided in this section.

Chapter 3 covers the experimental part of producing polymer material via electrospinning,
solution casting and spin coating methods. Additionally, information about sample preparation to
analysis and parameters of physical characterization: Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning electron microscopy coupled with energy dispersive X-
ray spectroscopy (SEM-EDS) and potentiostatic electrochemical impedance spectroscopy (PEIS)
analysis reported in Chapter 3.

Chapter 4 provides the outcome of experiments and discusses research findings such as the
ionic conductivity, morphology of samples, and degree of crystallization.

Chapter 5 reports the outcome of research, as well as the future work that needs to be

completed and contribution of author to research article.
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Chapter 2- Literature review

2.1 Introduction to QSSLSBs

LSBs have their own advantages and a number of disadvantages. One of the cons is that
both sulfur and the product of the interaction with lithium Li2S, are electrically insulating, resulting
in low AM utilization and poor cycle performance [11]. Furthermore, the volume-changing features
can contribute to low AM usage and reduced interfacial contact between cell components [2].
There's also the shuttling impact to consider. The shuttle effect occurs when intermediate products
of the electrochemical reactions, high-order lithium polysulfides, diffuse toward lithium metal
while low-order polysulfides diffuse backward in an ether-based electrolyte [2]. Shuttling causes
low coulombic efficiency (CE), rapid self-discharging rates, and poor cycle performance [12].

To overcome the hurdles associated with the shuttling effect, the use of QSSE is regarded
as the best solution due to the enhanced ionic conductivity, exceptional contact between inner parts
of the cell, and promoted safety. Thus, the problems of sulfur-containing cathodes can be solved by
using QSSE.

A quasi-solid-state lithium-sulfur battery (QSSLSB) is made up of metallic lithium, a sulfur-
based positive electrode, a polymer matrix with lithium salt, and a small amount of LE.
Conventional and QSSLSBs work on similar principles [13-15]. The ion conduction in QSSLSBs
is explained by the effect of the electric field. The electric field affects the migrating polymer
groups, which will ensure the ion conduction [16].

While QSSLSBs show considerable promise, they must overcome several challenges before
becoming economically feasible, including increased energy density, cycle life, and rate capability.
Ongoing research tries to address these issues by innovative material design, interface engineering,
and cell-level optimization [13, 16]. Figure 1 depicts that QSSLSBs can be considered as an
encouraging analog of ASSLSBs with several advantages: higher ionic conductivity, better

interfacial contact, and a high level of safety [2].
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Figure 1. Schematic of conventional LSBs, QSSLSBs and ASSLSBs [2].

With the great advantages of QSSE they also exhibit some limitations, such as polysulfide
dissolution; lithium dendrite formation; lower mechanical, electrical and thermal stability, and
limited cycle life.

QSSEs do not completely stop lithium polysulfides from dissolving into the electrolyte,
despite advancements [17]. The polysulfide shuttle effect, in which polysulfides move across
electrodes and cause self-discharge and capacity loss, is brought on by this disintegration. Since
liqguid components in QSSEs may aid in the dissolving of polysulfides, their presence may make
this problem worse. The creation of QSSEs with improved polysulfide retention capacities is
necessary to meet this problem.

QSSEs are less successful than all-solid-state electrolytes at preventing the production of
lithium dendrites, while having better mechanical stability than LEs. Dendrites have the ability to
pierce the electrolyte, limiting battery longevity and safety by generating internal short circuits [10].
Because of the liquid components in their structure, QSSEs frequently have limited thermal stability
and electrochemical stability windows. These restrictions may cause electrolyte breakdown at
elevated temperatures and voltages, which might compromise battery safety and performance. For
practical use, QSSEs with enhanced thermal stability and wider electrochemical stability windows
must be developed.

Liquid plasticizers are usually required to achieve high ionic conductivity in QSSEs, which
may weaken the electrolyte's mechanical strength. This trade-off has an influence on the battery's
overall performance and lifetime, making it challenging to achieve a balance between conductivity
and structural integrity. To get the ideal balance between conductivity and mechanical stability,
research is being done to optimize the composition of QSSEs.

Poor interfacial contact between QSSEs and electrodes can result in higher interfacial
resistance and worse battery performance. This problem is most noticeable at the lithium metal

anode, where dendritic growth and uneven lithium deposition can be caused by interfacial
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instability. To overcome this difficulty, surface alterations and sophisticated electrolyte
formulations must be used to increase interfacial compatibility.

Complex procedures including in-situ polymerization and the addition of different additives
are frequently used in the manufacture of QSSEs and scaling them up for commercial production
can be difficult. In order to make QSSEs commercially viable, it is crucial to streamline the

production procedures and guarantee their scalability [18].

2.2 Choice of QSSE components

Several polymers have been investigated as host matrices in QSSEs, including poly
(ethylene oxide) (PEO), poly (methyl methacrylate) (PMMA), polyacrylonitrile (PAN),
poly(dioxolane) (PDOL), and PVDF-HFP, each with unique advantages and limitations. PEQO,
while well investigated for its strong lithium salt solvating capacity, has a high crystallinity, which
limits ionic mobility at ambient temperature [19]. PMMA and PAN have excellent electrochemical
stability and mechanical strength, but they require plasticizers or fillers to obtain adequate ionic
conductivity [20,21]. PDOL, a new entrant, has good room-temperature conductivity due to its
amorphous, ether-rich structure, but it struggles with oxidative stability at higher voltages [22].
PVDF-HFP, on the other hand, is notable for its distinct property balance.

PVDF-HFP is made via copolymerization of vinylidene fluoride and hexafluoropropylene
and consists of two phases: crystalline and amorphous. Amorphous part of the polymer assists in
lithium ion transport and yields high ionic conductivity [23]. Also, PVDF-HFP provides proper
mechanical properties to electrolyte and flexibility to ensure good contact between electrolyte and
electrode [24-25]. Moreover, PVDF-HFP exhibits high dielectric constant resulting in easy
dissociation of lithium ions from salts [24]. Good thermal stability and low glass transition
temperature, compatibility with lithium salts and metallic lithium makes PVDF-HFP the best
component of polymer electrolytes (PEs) [25].

LiTFSI helps PEs have strong ionic conductivity, which is necessary for effective battery
operation. LiTFSI-containing electrolytes According to studies LiTFSI-containing electrolytes
have advantageous ionic conductivity values, which promote effective lithium-ion transport [26].

LiTFSI-based electrolytes are appropriate for high-voltage applications because of their
wide electrochemical stability window. According to research, LiTFSI-containing electrolytes may
remain stable at voltages of about 4 V, which is advantageous for battery performance.

The production of electrolytes with desired characteristics is made possible by LiTFSI's
solubility in a variety of organic solvents. It has been demonstrated that combining LiTFSI with
solvents such as ethylene carbonate produces electrolytes with balanced transport and thermal

characteristics, which helps to provide good cycle stability in lithium-ion batteries (LIBS).
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The thermal stability of LiTFSI-based electrolytes is essential for battery performance and
safety. According to studies, electrolytes with LiTFSI- lithium difluoro(oxalato)borate dual-salts
exhibit noticeably higher thermal stability than those with LiPFe, indicating that LiTFSI helps to
improve electrolyte thermal stability [27].

High lithium-ion transference numbers and low ionic pairing are characteristics of LiTFSI-
based electrolytes that are advantageous for effective battery operation. Studies have demonstrated
that electrolytes containing LiTFSI and LiNOs as co-salts have high lithium-ion transference
numbers and ionic conductivity, which improve battery performance [28].

High compatibility between LiTFSI-based electrolytes and lithium metal anodes lowers the
possibility of dendritic development. LiTFSI-containing electrolytes have been shown to have high
compatibility with lithium metal, which enhances the stability and security of LIBs [29].

2.3 Comparison of QSSE preparation methods
There are several techniques of developing QSSE for the batteries: in-situ polymerization,

electrospinning, solution casting, phase inversion, etc.

2.3.1 In-situ polymerization

In-situ polymerization is a process of obtaining solid electrolyte at the surface of the
electrode. Procedure starts with preparing homogeneous mixture of monomer and lithium salts,
subsequently mixture injected into the assembled battery. Afterwards, the battery was cured by light
or heat to create a solid electrolyte [30].

A typical in-situ polymerization technique occurs between two monomers with an ability to
polymerize. The monomers solution mixed and via adding initiator polymerization occurs. In the
case of obtaining QSSE there were cases that only half of one monomer polymerizes and the left
stays as LE [31].

Usually, crystalline polymer chains have a low concentration of segmental motion;
researchers get rid of this problem by adding liquid or solid plasticizers [32, 33]. Liquid plasticizers
with low melting points could have improved the ion transport by excellent ability to solvate.
Usually, QSSE with high ionic conductivity is obtained when the mass ratio of liquid content is
higher than 50%, while in this work the amount of LE is only 8 pl which corresponds to 10% of the
whole mass of QSSE. Elevated ionic conductivity (2.96 x 10* S cm™) and immense Li* transference
number (0.81) are reached by developing an amorphous, integrated, dynamic cross-linked polymer
network (IDCN). IDCN is made of spherical star polymer (SSP) and Poly-dioxolane (PDOL) is
depicted in Figure 2. SSP, which plays a role of solid plasticizer, consists of hyperbranched poly-
3-hydroxymethyl-3’-methyloxetane and PDOL [33].
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Figure 2. lllustration of (a) IDCN, (b) illustration of IDCN at nanoscale, (c) illustration of IDCN at

molecular scale [33].

In the study by Hu et al, gel consists of several compounds, including SiO2, dioxolane
(DOL), and SiCl4[34]. SiCly is utilized as initiator of ring-opening polymerization of DOL and also
contributes to the composing of the solid electrolyte interface (SEI) layer. Figure 3a shows the
mechanism of ring-opening polymerization and in-situ polymerization process. Figure 3c depicts
the gel polymer electrolyte (GPE) composed of SiO., DOL, SiCls before and after polymerization.
According to the Nyquist plot (Figure 3 b), the ionic conductivity of GPE was equal to 5.37 x 10

Scm.
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Figure 3. Graphical illustration obtaining in-situ polymerized PDOL-SIiCls-SiO-, (b) Li/PDOL-
SiCl4-SiO2/Li cell’s Nyquist plot before and after polarization, (¢) SEM image of PDOL-SiCls-SiO>

before polymerization [34].

Another initiator of polymerization of DOL was introduced in a study by Liao et al [35].
Strong Lewis acids, such as (pentafluorophenyl)boron - B(CsFs)s , can interact with oxygen atoms
in molecule of polymer. It causes the reduced electron density of the bond between C-O in DOL.
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So, the ring opening will be exhibited easily [40]. The main novelty of this work is utilizing in situ
polymerized lean electrolyte, which will ensure the even arrangement of electrolyte (Figure 4b);
meanwhile utilizing the cell with LE could have inappropriate distribution. The ionic conductivity
of QSSE was 2.9 x 104 S cm™.
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Figure 4. A drafted illustration of LSB with lean and liquid electrolyte with (a) LE and (b) PE [40].

Li anode

LiNOg is usually applied as the component of LE for LIBs due to improving the ability to
form a SEI layer. However, LiNO3 can terminate the polymerization of DOL. So, in the next study,
triethylene glycol dinitrate (TEGDN) is used as an analogue of LiNO3z which will also create an
excellent SEI layer but will not block the process of in-situ polymerization [36]. The schematic
illustration of QSSE with TEGDN is shown in Figure 5.
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Researchers have proven their idea using scanning electron microscopy (SEM) images
(Figure 6a). The sample without TEGDN and Figure 6e with the TEGDN layer, it can be seen that
the lithium metal anode without the layer has undergone several parasitic reactions and changed

sufficiently.

Figure 6. SEM images of LMA from QSSE battery (a) without and (b) with TEGDN after

charge/discharge process [36].

Overall, the in-situ polymerization enhances the interface contact within the battery parts.
This positively effects on ionic conductivity (till 5.37 x 10* S cm™) and Li* transference number
(0.81). However, the difficulty of controlling the amount of liquid and possibility of side reactions

interfere with the application of this technique.

2.3.2 Solution casting

Solution casting is a technique where the liquid mixture of polymer and solvent is applied
onto the flat surface and dried to dispose of the liquid solvent.

To produce the solid part of QSSE, PVDF-HFP and succinonitrile were mixed into a thick
solution using dimethylformamide (DMF) as solvent, after that LiTFSI salt was added and left for
6 h and 65°C. Subsequently, LiTa,POg was introduced to the solution; the whole process of
obtaining a homogeneous solution takes 10 h. The solution was cast on glass and dried at 60°C.
According to the Nyquist plot, the ionic conductivity of the QSSE was 102 S cm™™.

The microcalorimetric measurements have revealed that heat generation of LiTa;POs
hybrid-solid electrolyte (LTPO-HSE) is equal to -785/-594 J g (Table 1), while the glass fiber-
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liquid electrolyte (GF-LE) is -1973/-1790 J g. It means that the cells assembled with LTPO-HSE
produce less heat and will exhibit lower temperature [37].

Table 1. Comparison of LTPO-HSE, GF-LE QSSEs [37].

Parameters LTPO-HSE GF-LE

Li*- transference number 0.78 0.35

Average Li* diffusion coefficient(cm?s?) | 1.06 x 101° 8.68 x 102

Onset potential(V vs. Li/Li") 5.25 3.5

Li-anode stability(ImA cm?, 1 mAh cm?) | Uniform Li Non-uniform Li
plating/stipping | plating/stipping

Cycling stability(0.5C/0.5C-350cyc) 81% 64%

Rate capability(capacity at 10C, mAh g?t) | 370 270

Charge-transfer resistance(EIS, Q) 46.7 74.6

Heat-generation(5C, J g?) -785/-594( -1937/-1790 (DC/CC)
DC/CC)

In another study, a breakthrough improvement of QSSE for LSBs was obtained by
dissolving lithium lanthanum tantalum zirconate (LLZTQO) and polyethylene oxide in acetone [38].
The obtained solution coated on the conventional separator and dried at 60°C. After cooling, the
polymer film soaked in commercial LE for 2 min. The produced electrolyte has shown 0.8 x 102 S
cm.

The novel sodium super ionic conductor (NASICON-type) lithium aluminium germanium
phosphate (LAGP) composite additive composed of Li2COs, Al203, GeO., and NH4H2POy4 is used
in the study by Wei et al [39]. LAGP containing electrolyte prepared by solution casting technique
by mixing polyvinylidene fluoride (PVDF), LiTFSI and LAGP in the solvent n-methylpyrrolidone.
Obtained liquid poured into a mold made of polytetrafluoroethylene. The mix of 1-butyl-1-methyl
pyrrolidine bis-trifluoromethanesulfonimide (PywsTFSI) and LiTFSI used as LE. Improved
mechanical characteristics, decreased interfacial resistance, suppressed dendritic formation,
improved thermal and electrochemical stability, and improved lithium-ion transport are all
attributed to LLZTO. As an inorganic filler, it preserves structural integrity, lowers resistance at the
electrolyte-electrode interface, and offers a high-conductivity route for effective charge/discharge
cycles [39].

The article by Shanet al discusses the development of a LiTFSI/Py14TFSI/ cellulose acetate
(CA)/PVDF PE with strong ionic conductivity (1.45 x 10* S cm™) and a large electrochemical
stability window (4.95 V) [40]. Figure 7 depicts the impact of each addition, as well as the
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relationship between ionic conductivity and tensile strength. This solid-state electrolyte effectively
reduces the challenges associated with lithium-ion transport across the electrode's solid-solid
interface and the electrolyte.
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Figure 7. (a) Impact of various additives on the conductivity of LiTFSI/Py1sTFSI/CA/PVDF
electrolytes; (b) dependance of ionic conductivity on LiTFSI weight and tensile strength of
LiTFSI/Py14sTFSI/CA/PVDF electrolytes [40].

Improved lithium-ion transference number and lower interfacial impedance supplied by
Py1sTFSI. Adding Py14TFSI to the electrolyte increased the Li* transference number from 0.120 to
0.231 while decreasing interfacial impedance, as evidenced by a decrease in polarization voltage
from 0.08 to 0.04 V. These modifications upgrade the overall performance and cycling stability of
the ASSLSB. These findings directly address key challenges in ASSLSB development, such as
boosting ionic conductivity, lowering interfacial impedance, and improving electrode compatibility
with the solid-state electrolyte. The investigation of high-performance QSSEs and the escalation of
the electrode-electrolyte interface are essential steps toward commercial viability for ASSLSBs.
The study focuses on a specific PE composition (LiTFSI/Pyi4TFSI/CA/PVDF) and does not
compare the performance of other formulations. Research on the use of lithium lanthanum
zirconium oxide (LLZO) as an additive in QSSEs for LSBs has shown promising results in
enhancing ionic conductivity and overall battery performance. According to a study, combining
LLZO with an ionic LE greatly increased the ionic conductivity. The immaculate LLZO ceramic
powder's ionic conductivity was measured at 10°° S cm™; at ambient temperature, the conductivity
of the composite electrolyte, which consisted of LLZO mixed with ionic liquids, was 107 S cm™.

Better lithium-ion conduction and overall battery efficiency are made possible by this improvement.
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Moreover, the studies revealed that applying LLZO as an additive in QSSE increases not only the
ionic conductivity but also has a positive effect on overall electrolyte structure, assisting in the long
life of the battery [10].

In another study, the ionic-liquid-assisted Py1sTFSI compound was incorporated into the
solution of PVDF and LiTFSI (Figure 8). lonic liquid, which plays a role of LE, was added during
the assembly of cells [37]. A magnificent conductivity higher than 7.2 x 10 S cm™ was reached.

PVDF X wt% Pyr14TFSI
LITFSI
Stirring ‘ Stirring Drying
o ] Casting Cutting

Figure 8. Visual presentation of producing PE by solvent casting method [41].

The article by Lee et al obtained a composite PE using PVDF-HFP and LLZTO highlighting
the effect of electrospun fiber diameter on ionic conductivity [42]. Firstly, LLZTO and
polyvinylpyrrolidone (PVP) were electrospun at 20 kV with PVP ratio varying between 8-12 wt%.
Then obtained fibers were calcined 750°C for 2.5 h resulting in 80-290 mean diameter nm.
Subsequently the mixture consisting of PVDF-HFP, LiTFSI casted onto the LLZTO/PVP fiber.
According to the Nyquist plot shown in Figure 9, the ionic conductivities of composite solid
electrolyte (CSE) in this study 7.4 x 10°Scm?, 1.2 x 10*Scm?, 1.7 x 10*Scm?, 3.8 x 107*S

cm? for 6 pum, 290 nm, 140 nm, 80 nm samples respectively.
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Figure 9. Nyquist plot of influence of LLZTO diameter on resistance of CSE [42].

The study by Du et al PVDF-HFP, LiTFSI, succinonitrile were mixed in ratio 6:4:2.5 and
the 6-18% LLZTO was introduced to the system [25]. The solid PE was stirred with LiFePO4 (LFP)
cathode and acetylene black carbon additive. The best performance of ionic conductivity was shown
by the sample containing 9.1 wt% LLZTO. The battery was assembled using LFP cathode and Li
metal anode( LMA) without any LE (Figure 10).

DM Suspension
LiTFSI

LLZTO

Ultrasound
for 0.5h

Magnetic stirring Magnetic stirring
‘ at RT for 2h at RT for 2h
Magnetic stirring Magnetic stirring
at 80°C for 1h at 60°C for 1h
Teflon mold The slurry

Cathode with CSE \/ -

Li metal anode
Assemble the battery Composite solid Drying at RT for 12h
without liquid electrolyte electrolyte film and at 60°C for 8h

Figure 10. Visual representation of PVDF-HFP/ LiTFSI/LLZTO electrolyte processing [25].



26

In the next study reported by Gu et al, the ratio of PVDF-HFP:LiTFSI remains the same as
previously reported work 6:4, while the content of LLZTO varies from 0-20% [43]. Both electrode
materials were casted on foil, then the electrolyte layer was casted onto the electrodes. Then two
electrodes were cold pressed to assemble the cell without any LE. The highest values of ionic
conductivity (10° S cm™) and widest potential window (5.5V) are presented by 15% LLZTO
sample. The CE of LIBs assembled using the 15% LLZTO sample were 84% and the capacity
retention rate 94% within the first 30 cycles. The work gives insight into the potential of garnet-
based electrolytes in LIBs and provides information about the optimal concentration of LLZTO.

The article by Cai et al investigates the influence of adding Ga into the ionic conductivity
of PE and compares to Ga-LLZO preparation techniques regarding ion conduction of PE [44]. The
ceramic-polymer composite electrolyte consisting of PVDF-HFP, LiTFSI with weight ratio 2:1,
and 10% Ga-LLZO content. All solid components were dissolved in DMF, casted and dried at 80°C
for 3 h. Their findings demonstrate that adding Ga-LLZO prepared via electrospinning outperform
samples prepared by sol-gel method in terms of ionic conductivity (1.1 x 10* S cm?) Li*
transference number (0.87) and stability (700 cycles with 96.5% capacity retention).

To conclude the simplicity of process, uniform thickness of material makes the solution
casting the most widely used solid electrolyte creating technique. Also, a great number of research

completed via solution casting makes the technique favorable.

2.3.3 Phase inversion

Phase inversion (Figure 11) is a method where the homogeneous solution of a polymer
transforms into a solid state by removing the solvent [45].

By presenting a unique double-layer hybrid solid electrolyte (DLHSE), the study by Liu et
al makes a substantial contribution to the area of LSBs [3]. The novel arrangement tackles important
issues in solid-state batteries, including the shuttle effect, emerging of dendrites, and interphase
instability. A garnet-type LLZO layer and a NASICON-type lithium lanthanum titanate phosphate
(LATP) layer make up the DLHSE. This mixture inhibits the production of dendrites and guarantees
strong lithium-ion conductivity. By creating a three-dimensional network, a polymer binder
poly(vinylidene fluoride-trifluoroethylene) improves the composite electrolyte's structural stability.
The DLHSE outperforms several solid-state electrolytes now on the market with an ionic
conductivity of 1.03 x 103 S cm™ at 30°C. After 500 cycles at 0.2C, the battery system maintains
an impressive 802 mAh g of capacity with no capacity decline. At the cathode contact, LATP
enhances lithium-ion migration and reaction kinetics. LLZO improves the stability of the LMA

contact and effectively inhibits the formation of dendrites. The work demonstrates the DLHSE's
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potential for practical uses by verifying its viability in a prototype 7 Ah pouch cell. The combination
of LEs, polymer binders, and inorganic ceramic layers produces a well-balanced electrolyte system

with superior mechanical stability and good conductivity.
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Figure 11. Visual representation of DLHSE fabrication [3].

Comprehensive insights into the Li-ion conduction routes and interfacial characteristics are
provided by detailed characterization methods, such as Magic-Angle Spinning Nuclear Magnetic
Resonance Spectroscopy and SEM. The methodical strategy for improving lithium-ion transport
and inhibiting the polysulfide shuttle effect establishes a standard for further study in LSBs.

Although the DLHSE exhibits great ionic conductivity and continuing stability, it is yet
unknown how scalable and economical this technology will be for large-scale manufacturing. More
research is necessary to identify DLHSE’s long-term stability under various operating and
temperature settings. The study enhances the practical use of solid-state LSBs by contributing a
novel electrolyte design. Through the integration of novel materials and arrangements, the DLHSE
tackles long-standing issues in the sector and lays the groundwork for further developments.

In conclusion, high mechanical stability and good interface contact can be provided via
phase inversion, but the selectivity to the composition of electrolyte, complexity of process and

limited number of research completed via phase inversion cease the wide application of method.

2.3.4 Electrospinning
Electrospinning is the method of obtaining fibers and particles from polymer solution using
voltage; the electrospinning process is ruled by an electro-hydrodynamic phenomenon [46].

Electrospinning technique starts with obtaining a solution of polymer. Polymer should be
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uniformly distributed within the solvent molecules, also the solution should have appropriate
viscosity, concentration, and electric conductance. The process parameters such as distance,
voltage, feed rate and spinneret diameter can be changed depending on the features of the sample.
The solution comes from the nozzle of the syringe and due to the high voltage becomes solid fiber.

The creation of a covalent organic framework (COF) electrolyte functionalized with
sulfhydryl for QSSLSBs is examined in a study completed by Bi et al [47]. It tackles important
issues with battery performance, specifically minimizing the shuttle effect brought on by soluble
lithium polysulfides and reaching an ideal electrolyte to sulfur ratio (E/S ratio). By combining
sulfhydryl and imine-functionalized COFs (COF-SH) with PVDF-HFP fibers, the novel COF-
SH@PVDF-HFP electrolyte produces robust polysulfide adsorption and catalytic conversion along
with improved lithium-ion conductivity.

A wide range of sophisticated characterization techniques are used in the study, such as
density functional theory simulations, FTIR, Raman spectroscopy, ultraviolet-visible spectroscopy,
and X-ray photoelectron spectroscopy. These methods confirm that the COF-SH electrolyte has a
strong chemical bond with polysulfides and can efficiently catalyze their conversion. The shuttle
effect is suppressed and redox reactions are accelerated by this functionalized COF design, which
improves cycling efficiency and capacity retention.

The experimental findings show that the COF-SH@PVDF-HFP-based LSBs exhibit
remarkable electrochemical performance. With a capacity fading rate of only 0.03% per cycle, it
maintains 77.3% of its initial capacity of 808.4 mAh g at a rate of 2C after 800 cycles. In
comparison to traditional PVDF-HFP membranes, the study also reveals a greater lithium-ion
migration number (0.52) and improved ionic conductivity (3.3 x 102 S cm™). Additionally, even
at low E/S ratios and high current densities, the QSSE shows excellent rate performance and long-
term lifecycle.

The article by Shanti et al demonstrated a novel composite electrolyte using PVDF-HFP,
LiTFSI and various types of SiO2, and TiO> as a ceramic additive [48]. The composite electrolyte
is prepared by dissolving PVDF-HFP (10%) and LiTFSI (0.1%) in the mixture of DMF/acetone
(7/3, w.w) for 12 h in 50°C. Then the polymer solution was stirred with ceramic additive (0.1%).
The electrospinning parameters were 1 ml h?, 20 kV, 15 cm distance between the syringe and
collector. Electrospun fibers were dehumidified using a vacuum oven at 60°C within 12 h. Obtained
fibers were activated by immersing into LE which consists of DOL/Dimethyl ether (1/1, vol%) with
1.8 M LIiTFSI and 1 M LiNOz. The highest ionic conductivity was displayed by the sample
composed using nm-SiO. Figure 12a displayed the SEM images of a polymer matrix composed of
only PVDF-HFP and LiTFSI.



Figure 12. SEM images of (a) PVDF-HFP, LiTFSI prepared via electrospinning, (b) PVDF-HFP,
LiTFSI, f-SiO, prepared via electrospinning, (¢c) PVDF-HFP, LiTFSI, nm-SiO, prepared via
electrospinning, and (d) PVDF-HFP, LiTFSI, nm-TiO> prepared via electrospinning [48].

In another study by Nikodimos et al a GPE has been prepared utilizing PVDF-HFP and
LAGP ceramic additive [49]. The solution PVDF-HFP including 0, 5, 10, 15, 20% LAGP prepared
by dissolving DMF for 12 h. Electrospinning parameters were 14.3 kV and 15 cm distance from
needle till collector. Additional innovation of this article were assembling batteries without peeling
the electrospun fibers from Cu foil current collector. The Figure 13 shows the difference in ionic
conductivity of the unpeeled polymer film with Cu indicated CU@GPE|NMC and peeled polymer
film indicated as Cu|cGPE|NMC.
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Figure 13. Nyquist plots of the GPE (a) before cycling and (b) after 10 cycles [49].

Electrospinning is one of the popular methods of producing PE, despite the drawbacks like

time consumption, high cost, low production capacity and low mechanical strength of products.
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Mechanical properties of products are being improved via ceramic additives and plasticizers.
Moreover, reseachers found out that electrospinning outperforms sol-gel technique [44], thus the
electrospinning can be considered beneficial regarding ion conduction.

This study focus on LIiTFSI and PVDF-HFP-based QSSE for LSBs. Enhancing ionic
conductivity while inhibiting the polysulfide shuttle effect which seriously impairs the functionality
and durability of LSBs is the main goal.

To create the PEs, three manufacturing methods were methodically used: electrospinning,
solution casting, and spin coating. According to a comparative examination, the electrospinning
process performed better than the others, as evidenced by better ionic conductivity, increased
amorphous properties, improved polymer-salt interactions, and improved salt dispersion. Effective
ion conduction was made possible by the continuous routes for lithium-ion transport that the porous
and nanofibrous structure produced by electrospinning offered.

All things considered, the study shows that creating high-performance QSSEs requires
careful consideration of both the right production techniques and the best possible material
composition. The results offer important new information for developing QSSE technology for
safer and more useful lithium-sulfur battery applications.

Despite extensive research into the development of QSSEs for LSBs, there is still a lack of
systematic comparative studies evaluating the influence of different fabrication techniques on the
structural, morphological, and electrochemical properties of QSSEs based on the same material
composition. Most present research focuses on specific production processes rather than directly
evaluating their efficacy in improving salt dispersion, lowering crystallinity, and increasing ionic
conductivity. Furthermore, striking the right balance between ionic conductivity and mechanical
stability remains a significant issue, especially for electrospun membranes, which frequently have
low mechanical strength despite their greater ionic conductivity. Furthermore, minimal research
has been conducted to determine the scalability, homogeneity, and practical usability of
electrospinning, solution casting, and spin coating processes for large-scale battery manufacture.

The electrospinning technique was selected for its exceptional ability to produce highly
porous, interconnected nanofibrous membranes. By offering constant ion movement paths, this
shape improves the QSSE's ionic conductivity. Additionally, by increasing the amorphous content
and promoting greater salt dispersion within the polymer matrix, electrospinning lowers
crystallinity and improves ion transport. High-performance QSSEs depend on improved ionic
conductivity, which electrospinning provides a clear advantage in achieving despite significant
drawbacks including low mechanical strength and restricted scalability.

Solution casting was used because technique is simple, inexpensive, and can make

membranes of uniform thickness. This approach is commonly used in laboratory-scale QSSE
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manufacturing to provide a baseline for performance comparison. However, solution-cast

membranes have a greater crystallinity, which may impede ionic mobility. Nonetheless, its

simplicity of processing and repeatability make it an indispensable approach for preliminary

material assessment.

Spin coating was chosen because of its capacity to create ultrathin electrolyte layers with

better electrode-electrolyte interfacial contact. This approach enables for exact control of film

thickness, which can greatly reduce interfacial resistance in battery systems. While spin coating can

often result in non-uniform thickness across vast regions, its ability to generate thin, compact layers

makes it an appropriate approach for QSSE manufacturing, particularly for enhancing interfacial

characteristics. Benefits and drawbacks of each PE obtaining method is summarized in Table 2.

Table 2. The benefits and drawbacks of QSSE fabrication methods

electrolyte, improved
interfacial contact between

electrode and electrolyte

nonuniform thickness of film

Method Benefits Drawbacks Sources
In-situ Enhanced interfacial contact, Lengthy process, [50]
polymerization stability of structure complex reactions,
unpolymerized monomers
can stay in cell
Solution Simplicity of process, Limited mechanical strength [37]
casting uniform thickness of product
Phase inversion Tailored porosity, high Complexity of process, not all [45]
mechanical stability type of polymer can be
composed using this technique
Electrospinning Highly porous product, Time-consuming process, high [46]
nanosize fibers can be cost, low production capacity,
obtained limited mechanical strength
Spin coating Minimal thickness of Time consuming process, [51]
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Chapter 3 - Experimental section

3.1 Materials

The PVDF-HFP with an average molecular mass of ~400 000, DMF (99.8%), acetone
(99.8%), LIiTFSI (>99.0%) were purchased from Sigma-Aldrich (Merck). All the purchased
chemical reagents were analytical grade and used without any purification.

3.2 Preparation of PE

The PE with PVDF-HFP and various concentrations of LiTFSI (0-16 wt.%) was prepared
using the following procedure. A solvent combination consisting of acetone and DMF at a weight
ratio of 7:3 was used to dissolve 16 wt.% PVDF-HFP. Once PVDF-HFP was entirely dissolved,
LiTFSI was put into the solution. The resulting mixture was stirred overnight at 50°C and 330 rpm

to ensure thorough dissolution and uniform distribution of LiTFSI within the polymer matrix.

3.2.1 Electrospinning technique

The solution, after being stirred overnight, was transferred into a 20 mL plastic syringe and
placed in the electrospinning apparatus for injection. Drum collector was covered with ultra-high
vacuum Al foil to obtain fibers. The electrospinning parameters applied to obtain polymer fibers
were: 1.3 ml h? flow rate, distance between nozzle and collecting foil 15 cm and voltage 30 kV.
Also, the drum was moving horizontally for 30 mm, with speed 10mm s*. The drum rotation speed
100 rpm. After the fibers were obtained, the solvent was removed by drying Al foil with electrospun

polymer for 12 hours at 60°C.

3.2.2 Solution casting technique
Overnight stirred solution were spread onto Al foil using a doctor blade. The thickness of
the doctor blade was 20 um. After slowly and uniformly applying solution, Al foil with polymer

film was dried for 12 h at 60°C to remove the excess solvent.

3.2.3 Spin coating technique
Solution were spin coated for 45 s, rotation speed 7000 rpm and acceleration 2000 rpm. This

procedure was repeated 4 times, obtained polymer films heat treated for 12 h at 60 °C.
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3.3 Physical characterizations

The physical properties of 3 samples and components of PE: PVDF-HFP and LiTFSI were
investigated using SEM-EDS, XRD and FTIR. The XRD and FTIR analysis were conducted
without any modification. For taking SEM image samples were first coated with a conducting metal

layer with 5 pm.

3.4 PEIS analysis
First, to conduct the PEIS analysis between two stainless steel coin cell parts were washed
using ethanol and fully dried . The coin cell 2032 part construction is displayed in Figure 14,
The PEIS analysis was carried out utilizing the Autolab instrument in frequency range
between 10° Hz and 0.1 Hz starting from room temperature till 60°C to investigate the effect of
temperature on ionic conductivity.
The ionic conductivities of PE were calculated using the following equation:
oc=Il/Rx A
where:
o - ionic conductivity,
| - thickness of PE,
R - resistance,

A - area.
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Figure 14. Schematic representation of coin cell assembling for PEIS analysis.
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Chapter 4 - Results and discussion

4.1 Effect of LITFSI concentration on the physical properties of QSSE prepared by
electrospinning

One of the ways of improving the ionic conductivity of PE is increasing the concentration
of lithium salt added to the polymer. On the other hand, addition of the salt and increasing its
concentration in the electrospinning solution can significantly affect the fiber formation,
morphology and properties of the resultant fibers. In this regard, finding an optimal concentration
of the salt that provides balance between the ionic conductivity and other physical properties of the
fibers is important.

Figure 15 illustrates SEM images of PVDF-HFP-based PE with/out LITFSI of different
concentrations, where formation of the fibers can be confirmed for all concentrations. On the other
hand, significant differences in the morphology depending on concentration is observed. Thus, the
fibers made of lower LITFSI concentrations (<5%) form polymer networks with uniformly
distributed voids and hollows (Figure 15 (a-d), while fibers made of higher LITFSI concentrations

(>5%) tend to adhere to each other, causing non-uniform distribution of fiber diameter (Figure 15(e-
9).

Figure 15. SEM images of samples prepared via electrospinning with (a) 0%, (b) 1%, (c) 3%, (d)
5%, (€) 7%, (f) 10%, and (g) 16% LiTFSI.

To investigate the accurate thickness of PVDF-HFP-based PE with LITFSI of different
concentrations, the cross-sectional SEM was conducted and displayed in Figure 16.
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Figure 16. Cross-sectional SEM images of samples prepared via electrospinning with (a) 0%, (b)
1%, (c) 3%, (d) 5%, (e) 7%, (f) 10%, and (g) 16% LIiTFSI.

To examine the ionic conductivity of samples, PEIS analysis was conducted. Nyquist plots
of PVDF-HFP-based PE with LITFSI of different concentrations are shown in Figure 17. The
resistance of PE is identified by the intersection of lines with the real (Ox) axis. Figures 17(a),
17(b), and 17(d), corresponding to 0%, 1%, and 5% LIiTFSI, respectively, exhibit the expected
Nyquist plot characteristics, including the semicircular arc and Warburg impedance. In contrast,
Figure 17(c) only displays a partial semicircle. Nyquist plots of 7-16% LiTFSI samples display
different characteristics without any cemicircle and Warburg plot as in Figure 17(a). Moreover,

increasing the temperature escalates the difference between 17(a) and 17(e,g). Thus, the high-

temperature results of PEIS analysis of 7%, 16% LiTFSI samples were not included in 17(e, g).
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Figure 17. Nyquist plot of samples (a) 0%, (b) 1%, (c) 3%, (d) 5%, (e) 7%, (f) 10%, and (g) 16%
LiTFSI prepared via electrospinning.
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According to Figure 17 and Table 3, the increasing concentration of LiTFSI enhances ionic
conductivity. However, due to fiber agglomerating (Figure 15) and Nyquist plot changes, the 5%
LiTFSI sample is considered reliable.

Table 3. lonic conductivity of PE obtained via electrospinning.

c, 10°Scm? RT 40 °C 50 °C 60 °C
0% LITFSI 0.01 0.02 0.04 0.06
1% LiTFSI 0.04 0.06 0.07 0.08
3% LITFSI 0.26 0.51 0.81 1.29
5% LIiTFSI 1.11 2.50 3.33 5.55
7% LIiTFSI 3.62 4.83 X X
10% LITFSI 5.86 9.01 9.37 10.19
16% LITFSI 325.58 X X X

4.2 Effect of preparation method on the physical properties of QSSE

The sample with the highest value of ionic conductivity obtained via electrospinning were
also prepared via spin coating and solution casting. This part of the study focuses on the dependence
of ionic conductivity, morphology, crystallinity, and thermal stability on preparation techniques.

XRD analysis was used to investigate the crystallinity and possible phase separation in
PVDF-HFP/LITFSI PE films made by solution casting, electrospinning, and spin coating. Figure
18 shows XRD patterns of pure LiTFSI, PVDF-HFP, and composite films made using each
technique, spanning a 26 range of 10° to 90°. Pure LiTFSI has crisp, well-defined peaks suggesting
strong crystallinity, while PVDF-HFP shows wide peaks 18.81°, 20.43°, 26.84°, 39.22° indicating
its semi-crystalline a-phase. With the addition of LiTFSI the peaks at 26.84°, 39.22° almost
disappear which indicates the decrease of crystallinity of PVDF-HFP [52].

Among the polymer films, electrospun sample preserves distinct LiTFSI peaks and minor
characteristics like PVDF-HFP reflections, indicating high crystallinity of sample. The solution
casted film likewise has both PVDF-HFP and LiTFSI peaks, implying partial salt recrystallization.

In contrast, the spin coated film has a broad, diffuse profile with no obvious LiTFSI peaks,
indicating a primarily amorphous structure. Overall, these findings suggest that solution casting and

spin coating result in more homogenous salt dispersion and lower crystallinity than solution casting.
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Figure 18. XRD analysis of 5% LITFSI sample prepared by electrospinning, solution casting, and

spin coating.

To investigate the chemical composition and ion-polymer interaction and main functional
groups FTIR analysis was carried out. Figure 19 depicts the FTIR spectra of pure PVDF-HFP,
LiTFSI and polymer films obtained via spin coating, electrospinning and solution casting. The
PVDF-HFP shows peaks corresponding to o phase of polymer 762 cm™ (C-F2 bending), 796 cm™
(C-F3 stretching), 974 cm™ (out-of-plane C-H bending or twisting) [53]. Also, peaks observed at
872 cm™ (C-H2 wagging in vinylidene groups, amorphous HFP), 1058 cm™ (symmetric C-F3
stretching, amorphous HFP), 1178 cm™ (asymmetric C-F stretching), 1383 cm™ (C-H2 wagging
vibration), and 1404 cm™ (C-H. scissoring vibration). The peak at 1640 cm? represents the
complexation of LiTFSI with PVDF-HFP [53]. According to FTIR spectra of LiTFSI peak at 1061
cm(C-F, symmetric stretching mode) is slightly shifted to 1062 cm?, 1056 cm?, 1058 cm™
respectively for electrospun, solution casted and spin coated samples. Shift to left implies the strong
interaction with LITFSI [54]. According to FTIR spectroscopy the solution casted sample has the
highest amount of crystalline PVDF-HFP. Meanwhile the crystallinity degree of spin coated films

was lower in comparison to electrospun fibers.
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Figure 19. FTIR spectra of 5% LITFSI sample prepared by electrospinning, solution casting, and

spin coating.

The SEM-EDS analysis was completed to estimate the distribution of elements within the
surface of samples. SEM-EDS results of 5% LiTFSI sample prepared via 3 methods are illustrated
in Figure 20: (a) electrospinning, (b) solution casting, (c) spin coating. According to Figure 20 the
sulfur intensity was much lower than other elements in all 3 samples. As the figures 20 b-c show,
the samples prepared by solution casting, spin coating had voids in circular shape. The EDS of spin
coated 5% LiTFSI demonstrates the exhibition of O, C in voids.



Figure 20. SEM-EDS characterization of 5% LiTFSI produced via (a) electrospinning, (b) solution

casting, and (c) spin coating.

To investigate the thermal stability of PE heat treatment analysis was completed. Figure
21(a) displays the samples obtained via spin coating, electrospinning and solution (form left to
right) casting before heat treatment. According to Figure 21(b) the thickness of spin coated sample
reduced, the electrospinning sample shrunk and became hard plastic material, and the solution

casted polymer film was the most resistant to heat.
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Figure 21. 5% LiTFSI samples (a) before and (b)after heat treatment.

The cross-section SEM images of 5% LIiTFSI samples prepared via solution casting and

spin coating were taken to identify the accurate thickness of electrolyte and illustrated in Figure 22.
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Figure 22. Cross-sectional SEM characterization of 5% LiTFSI produced via (a) solution casting,

and (b) spin coating.

Nyquist plots of spin coated and solution casted PE, assembled under the same condition as
mentioned above, are illustrated in Figure 23 (a, b). Figure 23a depicts the Nyquist plot of solution
casted 5% LITFSI sample with Warburg impedance. The results of spin coated 5% LiTFSI PEIS
analysis provided in Figure 23b, as the figure shows the ordinary Nyquist plot was successfully

obtained only at room temperature and 40 °C.
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Figure 23. Nyquist plots of 5% LIiTFSI prepared by (a) solution casting (b) spin coating.

Table 4 provides a combined outcome of Figure 23 and 24 with exact values of ionic
conductivity. In comparison the ionic conductivity values of 5% LiTFSI obtained by
electrospinning technique are 3.5 times and 15.8 times higher than solution casted, spin coated

samples respectively.

Table 4. lonic conductivity of 5% LITFSI obtained via solution casting and spin coating

approaches
c, 10°Scm? RT 40 °C 50 °C 60 °C
solution casted 5% LIiTFSI 0.32 0.89 1.49 2.24
spin coated 5% LiTFSI 0.07 0.19 X X

To conclude, the optimal concentration of lithium salt added to PVDF-HFP/ LiTFSI is 5%,
which is proved by PEIS and SEM. Increasing the LiTFSI content has detrimental effect on fiber
formation. XRD and FTIR spectra patterns of 5% LiTFSI reveal that spin coating produces a largely
amorphous structure with better salt distribution, favoring improved ionic transport. FTIR analysis
reveals that electrospun membranes demonstrate more pronounced ion-polymer interactions and
modest crystallinity. Also, investigation of various QSSE obtaining methods have shown that

electrospinning has higher ionic conductivity.
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4.3 Comparison with literature reported QSSEs

A quantitative comparison between the ionic conductivity values recorded in this work and
those reported in recent literature for similar QSSEs was carried out to increase the contextual
importance of the results obtained. At 60°C, the ionic conductivity of the electrospun PVDF-
HFP/LITFSI membrane with 5 wt. % LiTFSI was 5.55 x 10°¢ S cm™. Despite being small, this
value was obtained without the use of ionic liquid additions or ceramic fillers, which are frequently
utilized in previous experiments to increase conductivity. The in-situ polymerized QSSE based on
IDCN was described by Judez et al. (2019) and has an ionic conductivity of about 2.96 x 10# S
cm! at ambient temperature. Similarly, Hu et al. (2018) used a gel polymer electrolyte consisting
of Si02, DOL, and SiCla4 to produce a conductivity of 5.37 x 10* S cm™. Wei et al. (2023) showed
that a PVDF-based QSSE improved with LAGP ceramic filler and ionic liquid Py14TFSI had a
conductivity of 1.45 x 10* S cm!. Furthermore, an electrospun PVDF-HFP/LITFSI membrane
containing nano-SiO: was reported by Shanti et al. (2022) and achieved a high conductivity of 3.3
x 1072 S cm™. It is crucial to emphasize that the membrane made here contains only 5 wt. % LiTFSI
and does not require any complicated additives or post-treatments, even if the conductivity attained
in our study is lower than that of these cutting-edge systems. This highlights how well the polymer-
to-salt ratio can be optimized and shows how electrospinning can be used as a scalable method to
create functional polymer electrolytes. Future developments, including the addition of ceramic
nanoparticles or plasticizers to further improve ionic conductivity and mechanical resilience, are

strongly supported by improved polymer-salt interactions, consistent shape, and ease of production.

Table 5. Comparison of ionic conductivity values of various QSSE

Study Composition Method c(Scm?) Temperature (°C)
This work PVDF-HFP + Electrospinning 5.55x10° 60
5% LIiTFSI
[33] IDCN + LiTFSI In-situ 2.96 x 10 RT
polymerization
[34] SiO2 + DOL + In-situ 537 x10* RT
SiCla polymerization
[39] PVDF + LAGP | Solution casting 1.45 x10* RT
+ Py14TFSI
[48] PVDF-HFP + Electrospinning 3.3x1073 RT
nano-SiO:
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Chapter 5 - Conclusions

In this study, polymer electrolytes (PEs) based on PVDF-HFP with varying concentrations
of LITFSI (0-16%) were synthesized via electrospinning. Initially, the LiTFSI content was
optimized. SEM analysis of the resulting membranes revealed morphology changes depending on
the salt content, providing insight into fiber structure and uniformity. Among the tested
compositions, the sample with 5% LiTFSI exhibited the most favorable morphology and the highest
ionic conductivity. Subsequently, the influence of different preparation methods electrospinning,
solution casting, and spin coating on the physical and electrochemical properties was evaluated. All
membranes were analyzed using SEM-EDS, FTIR, and XRD. XRD analysis revealed that the spin-
coated sample had the lowest crystallinity, while FTIR results indicated stronger ion—polymer
interactions in electrospun membranes compared to those produced by other methods. Overall, the
electrospinning technique yielded membranes with superior ionic conductivity, making it the most
effective fabrication method in this study. However, it should be noted that electrospun membranes
exhibited lower thermal stability at elevated temperatures.

During completing this MSc Thesis, the author also contributed the article “Spin-coated
Sulfur thin film cathode for Lithium-Sulfur microbattery” by A. Mashekova, A. Umirzakov,
M.Yegamkulov, B. Uzakbaiuly, M. Aliyakbarova, A. Mukanova and Zh. Bakenov which were
published in the Royal Society Chemistry journal.
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