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Abstract

Lithium metal batteries offer a promising route to higher energy density than
conventional lithium-ion batteries, but they suffer from severe lithium dendrite growth
and rapid capacity decay. To address these issues, quasi-solid-state composite
electrolytes (QSCEs) have emerged as a promising option by bridging the performance
and processing gaps between inorganic and polymer solid electrolytes. Utilizing
polymer matrices provides essential flexibility, facilitates lithium-ion transport, and
ensures compatibility with commercial roll-to-roll manufacturing. Nevertheless, state-
of-the-art QSCEs still fail to meet practical demands due to several intertwined
challenges: (1) low room-temperature ionic conductivity (< 1 mS/cm) that limits fast
charging; (2) a narrow electrochemical stability window (ESW) imposed by the poor
high-voltage tolerance of conventional polymers; (3) the chemically and mechanically
unstable interface against lithium anodes that triggers parasitic side reactions, increases
interfacial impedance, and accelerates dendrite propagation. These combined
deficiencies severely shorten cell-cycle longevity, thereby restricting the viability of

QSCEs for long-term operations.

To overcome these severe limitations, recent research focus has shifted toward
integrating ionic liquids (ILs) via IL-confinement strategies. In combination with
modifying polymers or fillers, these strategies successfully incorporate the unique
properties of ILs, such as a wide ESW, inherent non-flammability, and high ionic
conductivity, into the solid-like composite matrices. Motivated by these advancements,
the overall goal of this thesis is to develop high-performance QSCEs with improved
room-temperature ionic conductivity, a widened ESW, and robust interfacial stability
with Li metal anodes by combining IL-confined strategies. The key advancements of
this research are summarized as follows:

1. The review summarized and explored IL confinement in various quasi-solid-state
electrolytes (QSSEs), including polymer/IL, host/IL, and polymer/filler/IL systems,

discussing the impact of factors like substrates and confinement methods. It compared



IL confinement in QSSEs with general IL confinement in other fields, noting that IL
confinement enhanced electrolyte performance and differed significantly in the battery
context. The study highlights that the specific influences of confined IL and bulk IL on

electrolyte properties and performance remain unclear and require further investigation.

2. The effects of confined IL on electrolyte properties and performance were
investigated, together with the Li* transport mechanism. Confined QSCEs were
prepared by confining IL within SiO2 (SiO2@IL-C), combined with LiTFSI and
polyethylene oxide (PEO). Compared to unconfined systems prepared by direct mixing,
the confined electrolyte exhibited better properties, including higher ionic conductivity,
an improved Li* transference number, and over 1900 hours of stable stripping/plating
cycles. The improved performance is attributed to a novel Li* transport pathway (Li*
— Si02@IL-C) in the confined electrolyte, which facilitates Li* transfer and enhances

overall electrochemical performance.

3. The impact of IL-confined thickness on Li* diffusion and overall performance was
further investigated. Electrolytes with different IL-confined thicknesses (SiO.@IL-C,
different IL content on SiO2) were prepared. The results demonstrate that adjusting IL
layer thickness on SiO; allows the electrolyte to achieve superior ionic conductivity, a
high Li" transference number, and enhanced cycling durability; insufficient IL thickness
narrows the effective Li" migration region due to weak confinement, which impedes
ion kinetics; conversely, an excessively thick IL film induces bulk-phase characteristics,
thereby reducing ion transport. The electrolytes with optimized IL thickness enhance
interfacial stability and electrochemical performance; specifically, LiFePO4//Li coin
cells using the optimized electrolyte maintained 77.7% capacity retention after 700
cycles at 0.5 C. Theoretical calculations confirmed that this controllable confinement

accelerates ion diffusion by constructing more efficient transport networks.

4. Based on the SiO,@IL filler, a fluorine-grafted gel polymer electrolyte (F—-GPE) was
developed. The F-GPEs demonstrate desirable properties, including high ionic

conductivity (1.21 mS cm™ at 25 °C), a wide electrochemical window (5.20 V), and
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over 4000 hours of cycling stability in the Li//Li cells. When paired with a LiFePO4
cathode, it retains 98.8% capacity after 460 cycles; while with a high-voltage NCM622
cathode, it retains nearly 100% capacity after 350 cycles. The results revealed that
fluorine reduces the interaction and coordination number of polymer-Li* and forms a
stable solid electrolyte interphase (SEI), thus enhancing the overall electrolyte

performance.

5. The use of SiO> may be hindered by its tendency to aggregate and its insufficient
capability to form a robust SEI. To address these issues, GaN quantum dots (QDs) were
introduced into PVDF-based GPEs to regulate overall performance. Due to the inherent
properties of the QD materials, GaN QDs induce robust localized electronic states and
internal fields an order of magnitude stronger than traditional fillers (e.g., SiO2).
Benefiting from this, the GaN QD-based GPE achieves an over two-fold increase in
both room-temperature ionic conductivity and Li* transference number compared to
GPEs without GaN QDs. This regulation enhances electrochemical performance,
enabling symmetric cells to cycle for over 5000 h at 1 mA cm™ and full cells to exceed

1000 cycles in Li/Nip.sC002Mnp202/Li.
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1. Introduction
1.1 Background

To achieve sustainable development, the global energy landscape is accelerating
its transition toward renewable sources, such as solar and wind power. However, the
inherent intermittency and geographical constraints of these sources necessitate the
development of efficient and stable electrochemical energy storage technologies.[1]
Among these, lithium-based batteries have emerged as a leading solution due to their
high energy density and design flexibility.[2-5] Beyond large-scale grid storage, their
high energy density and lightweight characteristics have made them the cornerstone of
modern transportation electrification, particularly in electric vehicles (EVs) and
portable electronics. However, the rapid growth of these high-power applications

continues to impose increasingly high demands on both safety and energy density.[6, 7]

The pursuit of high energy density is an important trend in battery development.
Lithium metal, owing to its exceptional theoretical specific capacity (3860 mAh g!)
and the lowest electrochemical redox potential (-3.04 V vs. SHE), is widely regarded
as the ideal anode for next-generation lithium metal batteries (LMBs).[8, 9] Despite
this potential, conventional liquid electrolytes pose significant risks, including
flammability, poor thermal stability, and an inability to suppress lithium dendrite

growth, all of which severely hinder the commercialization of LMBs.[5, 10, 11]

To address these issues, all-solid-state electrolytes (ASSEs) offer a transformative
alternative. Unlike volatile liquid systems, ASSEs are intrinsically non-flammable and
non-volatile, fundamentally enhancing battery safety.[12, 13] Furthermore, their
superior mechanical strength effectively mitigates dendrite penetration, thereby
preventing internal short circuits. The transition from liquid to solid-state chemistry not
only resolves the critical safety challenges of LMBs but also establishes a robust
foundation for the future of high-energy-density, high-safety energy storage

systems.[14]



1.2 All-solid-state electrolytes (ASSEs)

ASSE can be broadly classified into inorganic solid electrolytes (ISEs), solid
polymer electrolytes (SPEs), and integrated composite solid electrolytes (CSEs). The
chemical robustness of ISEs is often limited by significant interfacial barriers and brittle
mechanical properties, which hinder large-scale fabrication.[15] Despite their favorable
flexibility, SPEs often exhibit narrow electrochemical windows and thermal instability,
which restrict their overall performance. By combining polymers, such as
poly(vinylidene fluoride) (PVDF)[11], poly(methyl methacrylate) (PMMA),
poly(ethylene oxide) (PEO)[16], with inorganic materials, CSEs are designed to
improve these disadvantages; however, their development is hindered by low ionic
conductivity (< 10 S/cm at room temperature). [10] The overall performance of CSEs

remains insufficient to meet the high-performance demands of next-generation LMBs.

1.3 Quasi-solid-state composite electrolytes (QSCEs)

As a strategic alternative to conventional all-solid-state systems, QSCEs
incorporate a small liquid phase to overcome the transport bottlenecks of typical CSEs.
By combining liquid-like conductivity with the interfacial stability of solid-state
materials, these electrolytes offer a promising compromise, although they still do not

achieve the efficiency required for commercial application.[17]

The development of QSCEs depends on a clear understanding of their quaternary
components, consisting of polymers, liquids, fillers, and lithium salts.[11, 18, 19]
Although the choice of LiTFSI as the electrolyte salt has been largely determined by its
excellent thermal and electrochemical stability,[20] the other three components remain
a focus of research for achieving the performance and reliability needed for LMBs.
However, despite the advantages of QSCEs, their practical application is still hindered
by problems, such as insufficient ionic conductivity (< 1 mS/cm at room temperature),
a narrow electrochemical stability window, and instability with lithium metal.[11, 18,
21, 22] To address these limitations, researchers are actively exploring new designs for

liquids, fillers, and polymers to improve the overall performance of QSCEs.
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1.3.1 Ionic liquids (ILs)

Within the structure of QSCEs, the addition of a liquid phase is essential to
promote ion transport and improve the overall ionic conductivity of the system. This
liquid component commonly employs traditional organic solvents, such as ethylene
carbonate, dimethyl carbonate, and diethyl carbonate,[23] while the high volatility and
flammability of these standard organic solvents often pose significant safety risks,
particularly at high temperatures or during extended operation. Furthermore, due to
their limited electrochemical stability, the organic solvents (such as ethylene carbonate)
decompose at high voltages, thereby limiting their use in high-voltage batteries.
Emerging plastic crystals, which are safer and less flammable, offer a unique solution
by transitioning between solid and liquid phases at specific temperatures; however, their
practical applications are often hindered by low conductivity and interfacial instability

during the phase transitions.

ILs are increasingly considered excellent liquid-phase materials for QSCEs due to
their high boiling points, which prevent volatilization.[23-25] They exhibit strong
chemical and thermal stability, ensuring long-term stability even under harsh conditions.
Their  broad  electrochemical  window, for example, 1-methyl-1-(4-
(trifluoromethyl)phenyl)pyrrolidin-1-ium bis(triffuoromethanesulfonyl)imide
(Py114TFSI) remaining stable above 4.50 V, makes them well-suited for high-voltage
batteries.[26] Another critical advantage of ILs is their high ionic conductivity; for
example, EMIMTFSI can reach 1.00 mS/cm at 25 °C, which is essential for fast
charging. For instance, Manh et al. demonstrated that wetting the inorganic filler with
an IL can effectively reduce the lithium-ion transport barrier, achieving an ionic
conductivity of 0.12 mS/cm at room temperature.[27] Together, these studies show that
introducing specific ILs is a promising strategy for improving the performance of next-

generation QSCEs.

1.3.2 IL-confined strategy

To address the limitations of low ionic conductivity and short lifespans, extensive
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research has explored the integration of ILs. Ideally, ILs exhibit optimal performance
when their ions move independently; however, in practical applications, the formation
of ion clusters often hinders charge transport, thus limiting the independent movement
of ions. To address this issue, researchers have proposed a strategy to trap ILs within a
solid framework to prevent their aggregation. For example, Ding et al.[15] found that
confining EMIMTEFSI within porous MCM-41 increased the ionic conductivity to 2.46
mS/cm, a significant improvement over the 1.60 mS/cm measured in the unconfined
state. This structural design enabled the batteries to maintain high capacity after 1400
cycles, demonstrating good durability. Similarly, using 3-D zeolites as a solid host for
EMIMTFSI resulted in high conductivity at 25 °C and stable battery performance for
more than 850 cycles.[28] These results demonstrate that confining ILs is an effective

strategy for improving ion mobility and extending the lifespan of lithium metal batteries.

The confinement of ILs within different solid frameworks has been widely
reported in numerous scientific fields beyond energy storage. Typically, this state is
defined by the localization of IL molecules within 10 nm of a host surface, a condition
generally classified as general confinement. The available research suggests that ILs in
such environments exhibit significantly different physical and chemical behaviors
compared to their bulk liquid phase.[29-31] These unique properties have facilitated
significant advances in industry, including gas separation and CO> conversion, where
confined ILs have significantly improved gas solubility and overall material
efficiency.[29] Despite these achievements, a systematic review of IL-confined
strategies in QSSEs for LMB applications remains lacking. Furthermore, the specific
mechanisms by which confined ILs vs. bulk ILs influence the electrochemical
properties of QSSEs and ultimately battery performance are not fully elucidated.
Therefore, a rigorous analysis of existing research is necessary to identify gaps in
current knowledge. A comprehensive understanding of how confined ILs modulate the
behavior of QSSEs is crucial for designing high-performance electrolytes with this

advanced approach.



1.3.3 Fillers

According to their chemical composition, fillers are mainly divided into organic
and inorganic fillers. Organic fillers, such as carbon-based materials or polymers, are
often used to enhance the flexibility and processing performance of materials, but their
complex preparation processes limit their practical application.[16] Inorganic fillers are
generally favored for high-performance systems due to their superior thermal stability,
robust mechanical strength, and the ability to suppress lithium dendrite growth.[32-35]
Inert fillers are often more economical than active ones due to simplified manufacturing
processes. Although these materials lack ionic conductivity, they play a transformative
role in ion dynamics through strong Lewis acid-base interactions between active sites
on the filler surface and electrolyte components. This process promotes the dissociation
of lithium salts and optimizes ion migration rates, as demonstrated in the PEO-based
systems doped with nanoscale Al,O3 or TiO2, where performance has been significantly

improved.[36, 37]

In addition to overall transport, some inorganic fillers also actively participate in
the formation of the solid electrolyte interface (SEI). Conventional methods typically
rely on additives or high salt concentrations to promote the formation of SEI layers rich
in organic or inorganic substances such as LiF. [38] However, organic-rich interfaces
typically have low mechanical strength and are prone to structural failure under high
strain, while LiF-based interface layers may exhibit high interfacial resistance, thus
affecting rate performance. [39] In contrast, using inorganic fillers to modulate the
chemical properties of the SEI can promote the formation of inorganic-rich interfaces
containing alloy phases or composite oxides. These filler-induced SEI layers have
excellent mechanical modulus and chemical stability, effectively suppressing dendrite
penetration. More importantly, the presence of these inorganic components can
significantly lower the energy barrier for lithium-ion diffusion and redistribute the local
electric field, ensuring uniform lithium deposition and rapid charge kinetics. Therefore,

strategically designing inert fillers with abundant Lewis acid sites or special functional



groups is promising for achieving structural integrity and interfacial stability in

batteries.

1.3.4 Polymer design

In the structural design of QSCEs, the polymer matrix plays a dual role: it provides
the necessary mechanical framework and serves as a functional alternative to traditional
separators. The chemical structure of the polymer backbone is the main factor
determining the electrochemical stability window of the electrolyte and its interfacial
performance with the lithium metal anode.[40-42] For example, polyether polymers,
such as PEO and polyethylene glycol methacrylate (PEGMA), can form stable contacts
with lithium.[43] However, they are prone to oxidative decomposition under high
voltage. In contrast, polyesters and polycarbonates exhibit strong oxidation resistance
but suffer reduction failure when exposed to lithium metal surfaces. To address these
inherent issues, current research focuses on the molecular engineering of novel polymer
structures and the strategic incorporation of specific functional groups to broaden the

stability window and improve ion-transport kinetics.

Significant progress has been made by introducing highly electronegative
elements (e.g., fluorides) or polar groups (e.g., cyano and sulfone groups), thereby
significantly reducing the highest occupied molecular orbital (HOMO) energy level of
the polymer backbone.[44, 45] This molecular modulation has led to two critical
advancements: first, it raises the oxidation potential above 5.0 V, addressing the long-
standing instability of polyether-based systems in high-voltage conditions; second,
these functional segments promote the formation of a LiF-rich SEI. This induced
interface enhances the mechanical durability of the contact area, providing an effective

barrier against early-stage lithium dendrite penetration.[46]

Despite significant improvements in electrolyte performance achieved through
molecular design, realizing comprehensive performance that meets practical
application requirements remains challenging. The introduction of highly polar or

strongly electron-withdrawing groups typically enhances interchain forces in polymers,
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restricting chain mobility and reducing room-temperature ionic conductivity, which is
detrimental to ion transport under high-rate charge-discharge conditions.[47, 48]
Furthermore, although these groups can be reduced by lithium metal to form the SEI
component,[49] thereby improving short-term compatibility at the electrode/electrolyte
interface, they continuously decompose during long-term cycling, leading to a
sustained increase in interfacial impedance and SEI layer instability, which becomes a
major bottleneck for practical applications. Therefore, the challenge in polymer
molecular design lies in achieving durable interfacial stability without compromising

the rapid ion-transport kinetics required for high-energy-density applications.

In summary, since the late 20th century, the exploration of QSCEs for energy
storage systems has been performed, and their application in LMBs has attracted much
greater attention over the past decade due to the increasing demand for safer and higher-
energy-density energy storage systems. To address the long-standing challenge of
balancing the safety of solid electrolytes with the fast ion transport of liquid electrolytes,
various modification strategies have been developed, including incorporating ILs, IL
confinement, optimizing inorganic filler compositions, and developing fluorinated
polymer systems. Together, these approaches have become a major and rapidly growing
research area in recent years. However, despite the significant progress achieved in
recent years, current QSCE:s still face several challenges: (1) low ionic conductivity at
room temperature, which is usually below 1 mS/cm and limits fast charging; (2) a
narrow electrochemical stability window, resulting in poor compatibility with high-
voltage cathodes; (3) an unstable interface between the electrolyte and lithium metal
anode, which can cause side reactions and lithium dendrite growth; and (4) limited
cycling stability of the assembled cells, which restricts their long-term practical

application.

To solve these challenges, future studies should focus on developing advanced

QSCE:s that can provide fast ion transport, a wider electrochemical stability window,



improved mechanical strength, and longer cycling life, thereby supporting the practical

application of LMBs.

1.4 The aim of the research

The goal of this thesis is to develop QSCEs with high ionic conductivity, a wide

electrochemical stability window, and good stability with lithium metal by employing

IL confinement and designing fluorinated polymers/functional fillers. The specific

objectives are:

To comprehensively summarize the work on IL confinement in QSSEs and identify

the difference of confinement in the battery and other fields.

To determine the contribution and role of IL confinement on the properties and

performance of the electrolyte.

To explore the effect of the confined thickness of the ILs on the filler surface on the

electrolyte.

To develop highly ionic-conducting fluorine-grafted QSCEs (F—-QSCEs) with IL-

confined SiO; as fillers and investigate the role of F.

To develop high-interfacial-stability QSCEs using abundant Lewis acid GaN as the

filler and investigate the role of GaN.



1.5 Outline of the thesis

Constructing solid electrolytes with high ionic conductivity and interfacial stability

Mechanism System
research Study the IL- development
confinement impact in

T —e——o

dentify the concept of IL o Develop high ionic Develop high interfacial
confinement in QSSEs conductivity QSCE with s .
- 5 5 A QSCE with functional
vs. non-QSSEs Study the impact of IL- fluorine-grafted fillers
confinement thickness in polymers )
| QSCEs I

‘ Research objectives: Li//Li interface stability > 4000 h; Full cell > 1000 cycles

Figure 1. Structural framework and overview of the chapters in this thesis.

The technological evolution of the research presented in this thesis is outlined in
Figure 1, where papers 1 to 3 primarily focus on mechanistic studies, while papers 4
and 5 focus on developing high-performance electrolyte systems. The thesis is

constructed from five papers:

Paper 1: IL confinement literature is summarized and analyzed to show that IL
confinement in batteries differs from traditional non-battery applications, highlighting

the unclear mechanism in QSSEs.

Paper 2: The transport mechanism of Li* and the impact of confined ILs on QSCE

performance are evaluated.

Paper 3: The influence of the IL confinement thickness on the filler surface regarding

the electrolyte properties is investigated.

Paper 4: The development of high-ionic-conductivity fluorine-grafted QSCEs with
confined IL@SiO; fillers is presented, alongside a comprehensive analysis of the role

of fluorine in F-QSCEs.



Paper 5: To further enhance interfacial performance, this work introduces the rich
Lewis acid GaN as a filler to fabricate QSCEs with high interfacial stability, while

systematically investigating the exact function of GaN.



2. Literature review on the applications of confined ILs in QSSEs

This section reviews the application of confined ILs in QSSEs. Here, ILs are
confined within polymer matrices or inside the pores of various fillers to achieve the
confinement state (Figure 2). Furthermore, the impact of key factors, including the
substrate type and encapsulation method, on electrolyte properties is evaluated. Finally,
the approach of confining ILs for batteries is compared with the concept of general

confinement used in other fields.
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Figure 2. Schematic representation of general IL confinement versus IL confinement
within QSSEs. (a—¢) IL-confinement architectures tailored for QSSEs, including
configurations within (a, b) polymers, (c) host frameworks, and (d, ) polymer/filler
composites; (f—g) general IL confinement, featuring ILs confined within (f) non-porous

substrates, and (g) porous substrates.[10]

From a synthesis perspective, there are mainly two ways to make polymer-
confined ILs: solvent casting (physical confinement) and in situ polymerization
(chemical confinement). The first is a physical approach, where the IL molecules are
placed into the polymer framework by mixing the two phases in a polar solvent (like
acetonitrile or N-methyl-2-pyrrolidone) (Figure 2a). The second one incorporates ILs
chemically into polymer chains (Figure 2b), promoting the development of polymeric
IL networks. This physical incorporation can enhance the amorphous phase and
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intermolecular interactions, and rearrange the inherent properties of the polymer matrix.
However, in general confinement, the confined substrate needs to be a porous solid that
is completely stable both structurally and chemically; in typical pores, changes from
the bulk phase occur within about 10 nanometers of the solid surface (Figure 2(f-g)).
Given these fundamental differences, IL confinement within polymers differs from

general confinement.

In the battery area, confining ILs within a scaffold structure can significantly boost
ionic conductivity and ensure stable battery cycling performance. For example, when
UiO-66 was used to confine lithium tetraglyme-based TFSI anion ([Li(glyme)4][TFSI]),
the resulting electrolyte achieved an impressive ionic conductivity of 0.22 mS/cm at
30 °C and maintained a stable lifespan of 1000 cycles at 1 C.[50] This host-confined
state is typically realized through post-impregnation or in situ sol-gel methods, allowing
the IL to either fill the internal pores or coat the external surface without altering the
host’s original properties (Figure 2¢). Crucially, the phase behavior of the IL is
governed by the host’s pore size: within pores smaller than 20 nm, all IL molecules
enter a completely confined state, whereas in pores larger than 20 nm, the IL co-exists
in both confined and bulk phases. Furthermore, the final performance remains highly
dependent on the chemistry of the chosen IL, with EMIMTEFSI considered a very

promising candidate.[51]

When making IL/polymer/filler composite electrolytes, also known as
QSCEs,[52-54] the post-impregnation method employs an ordered process in which the
IL and filler are mixed before adding the polymer (Figure 2d), with the IL primarily
distributed on the filler. In contrast, methods like solvent casting and in situ sol-gel
blend all chemicals in a single step (Figure 2e), where the IL is randomly distributed
within the polymer electrolyte. Usually, the ordered mixing process is better than the
single-step method for achieving high electrolyte performance. Furthermore, overall
performance depends on IL type, filler type, and filler content. Among these factors,

TFSI-based ILs are very promising, active fillers are preferable to inert ones, and there
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is an optimal IL content. However, a lack of critical data makes it impossible to
determine the IL confinement thickness. Therefore, it remains difficult to judge whether
the IL confinement belongs to general confinement, and more work is needed to address

this issue.

In conclusion, IL confinement inside polymers in QSSEs differs from general
confinement. The IL-confined strategy can boost ionic conductivity, widen the
electrochemical window, and enhance cell cycling performance. However, these
improvements depend on many factors, such as the confinement method used, the type
of IL, and the amount of filler added. At present, the mechanism and role of IL
confinement remain unclear. Furthermore, compared with IL/polymer and IL/host
options, IL/polymer/filler composite electrolytes (QSCEs) are more promising because
they have high mechanical strength and are easy to prepare, making QSCEs an

important area of future research.



3. Experiments and methodology
This chapter outlines the procedures and materials required to synthesize QSCEs
and electrodes, as well as to assemble cells. In addition, it also describes methods for

material characterization, theoretical calculations, and electrochemical measurements.

3.1 Chemicals

Lithium iron phosphate (LiFePOs), lithium nickel cobalt manganese oxide
(LiNio.6C002Mno202, NCM622), poly(ethylene oxide) (PEO, Mw = 6x10°), conductive
carbon black (Super P), and poly(vinylidene fluoride) (PVDF) were purchased from
MTI Corporation. LiTFSI and EMIMTFSI were obtained from Guotai Super Power. 1-
vinyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (VMIMTESI) was
supplied by Qingdao Aolike. Solvents, including ethanol, 1-methyl-2-pyrrolidinone
(NMP), acetonitrile, and diethyl carbonate (DEC), along with methyl methacrylate
(MMA), hexafluorobutyl methacrylate (HFM), 1-hydroxycyclohexyl phenyl ketone,
and silica, were sourced from Sigma-Aldrich. Glass fiber separators (thickness 260 um)
were provided by Canrd New Energy. All chemicals were used as received without

further purification.

3.2 Preparation of PEO-based QSCEs
3.2.1 Synthesis of SiO>@IL-C

In a typical procedure, 120 mg of micron SiO: (specific surface area: 33.4 m? g )
was mixed with 5 mL of methanol and 27 pL of EMIMTEFSI. After 12 h of sealed
stirring, methanol was removed by rotary evaporation. The acquired SiO@IL-C

powder was dried under vacuum at 80 °C for 12 h.

3.2.2 Synthesis of IL-confined QSCEs

PEO (0.90 g) and LiTFSI (0.30 g) were first stirred in 15 mL of ACN for 12 h to
maintain an EO (ethylene oxide)/Li" molar ratio of 20:1. Subsequently, SiO>@IL-C
was added at amounts of 3 wt%, 5 wt%, and 7 wt% (based on PEO + LiTFSI mass) and
blended for 24 h. The mixture was spread into a film on a glass plate, dried in a fume

hood for 5 h at room temperature, and then transferred to a vacuum oven at 40 °C for
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12 h. These confined electrolytes are denoted as PLSI-3C, PLSI-5C, and PLSI-7C.
Unconfined references (PLSI-3M, PLSI-5M, and PLSI-7M) were prepared by one-step
mixing of all raw materials. Table 1 lists their specific compositions. Additionally, glass
fiber membranes (diameter: 16 mm, thickness: 260 um) served as structural matrices
to absorb the solutions, thereby creating the reinforced electrolytes PLSI-XC-G and

PLSI-XM-G.

Table 1. The chemical composition and mass of PLSI-XM and PLSI-XC (X =3, 5, 7),
where X is the weight percentage (X wt%) of SiO>@IL or (SiO; + IL) with respect to
the mass of (PEO + LiTFSI).

Sample PEO/g LiTFSl/g Si02/mg IL/mg Si0:@IL/mg
PLSI-3M 0.90 0.30 26.80 9.20 /
PLSI-3C 0.90 0.30 / / 36.00
PLSI-5SM 0.90 0.30 44.70 15.30 /
PLSI-5C 0.90 0.30 / / 60.00
PLSI-7M 0.90 0.30 62.60 21.40 /
PLSI-7C 0.90 0.30 / / 84.00

3.3 Preparation of QSCE with different IL-confined thicknesses (SiO:@IL-d)
SiO@IL fillers were first prepared by mixing 360 mg of SiO, with different
volumes of EMIMTFSI (X = 85.39, 256.17, 426.96 pL) in 5 mL of methanol. After 12
h of sealed stirring and subsequent rotary evaporation, the powders were vacuum-dried
at 80 °C for 12 h to yield fillers with distinct confinement levels, labeled as SiO@IL-
X (X =1, 3, 5). Next, the polymer matrix was prepared by dissolving PEO (0.90 g),
LiTFSI (0.30 g), and EMIMTFSI (0.12 g) in 15 mL of ACN (EO/Li" = 20:1) under
stirring for 12 h. Finally, 0.06 g of each SiO@IL-X filler was incorporated with an
additional 24 h of stirring, and the resulting slurries were doctor-blade cast, air-dried
for 5 h, and vacuum-dried at 40 °C for 12 h to produce the corresponding PLSI-1, PLSI-

3, and PLSI-5 electrolyte films.



3.4 Preparation of F-QSCE
3.4.1 Synthesis of SiO@IL
SiO,@IL was synthesized using nano-SiO> (600800 m?%/g) following the protocol

in Section 3.2.1, and stored in a glovebox.

3.4.2 Fabrication of electrolytes

Based on the preliminary exploration,[54] where the mixture exhibited the highest
ionic conductivity, the VBImTFSI and HFM monomers were blended at a 4:1 molar
ratio, along with LiTFSI (30 wt% relative to the total monomer weight). The
components were then mixed with SiO>@IL (5 wt% of the monomer weight) in 0.5 mL
of DEC and stirred for 4 h. Then, 90 pL of the mixture was dropped onto glass fibers
and UV-cured to obtain the F-QSCE@30, as shown in Figure 3. A fluorine-free control
sample was prepared by replacing HFM with MMA under the same conditions, marked
as QSCE@30. Finally, both electrolytes were transferred into a Mikrouna glovebox
(H20 < 0.01 ppm, O2 < 0.01 ppm), where 5 pL of PYRI3TFSI was applied to their

surfaces during coin cell assembly.
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Figure 3. Preparation strategy for F-QSCEs.[54]

3.5 Fabrication of GaN QD electrolytes

Following a previously reported three-step method (precursor preparation,
colloidal synthesis, and purification), QDs were synthesized.[55] To prepare the
composite electrolytes, varying amounts of these GaN QDs (0, 3, 6, and 12 mg) were
first dispersed in 9 mL of NMP by ultrasonication for 10 min, followed by magnetic
stirring for 6 h. Then, PVDF-HFP (0.60 g), F-PI (50 mg), and 1 M LiTFSI/PYR3TFSI
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(0.45 g) were incorporated into the dispersion. The mixture was stirred vigorously for
12 h and ultrasonicated for another 15 min before being cast onto a PTFE plate. The
resulting membranes were dried in an oven at 85 °C for 6 h, followed by 24 h of vacuum
drying. Based on the GaN mass fraction relative to PVDF-HFP, the resulting solid films
were designated as PFP-0% GaN, PFP-0.5% GaN, PFP-1% GaN, and PFP-2% GaN,

and were finally punched into 16 mm-diameter discs.

3.6 Preparation of cathodes and assembly of cells

To fabricate the positive electrodes, the active material (LiFePO4 or NCM622) was
blended with Super P and PVDF at an 8:1:1 weight ratio and dispersed in NMP under
magnetic stirring for 12 h to form a uniform suspension. Following casting onto an
aluminum foil current collector, the mixture was dried in a vacuum oven at 80 °C
overnight. The dried electrode was punched into 14 mm discs to achieve an active
loading of 1.5-5.0 mg/cm?, while the QSCE electrolyte was punched into 16 mm discs.
Finally, coin-type cells were assembled in an argon-filled glovebox by sandwiching the

QSCE between the prepared cathode and a lithium metal foil.

3.7 Electrochemical measurements

Electrochemical testing of the assembled CR2025-type coin cells was performed
utilizing a CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co.,
Ltd.). To quantify the ionic conductivity (¢) of the QSCEs, electrochemical impedance
spectroscopy (EIS) was conducted employing a stainless steel (SS//SS) symmetrical
cell configuration. The impedance spectra were recorded over a frequency range of 0.01
to 1,000,000 Hz across a temperature range of 25 to 85 °C. The resultant conductivity

was derived via equation (1):
o=d/RS €))

where d, R, and S correspond to the electrolyte thickness, the experimental impedance

value, and the effective surface area of the SS electrode (1.95 cm?), respectively.

The lithium-ion transference number (#1;") was evaluated by combining EIS and
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direct-current (DC) polarization methods in symmetrical Li/QSCEs/Li cells. At a
constant DC voltage of 20 mV, the response currents were recorded at both the initial
state (lo) and the steady state (Zs). Concurrently, the interfacial resistances before (Ro)
and after (Rs) this polarization process were measured using EIS. Based on these
collected parameters, the final #.;" value was smoothly derived using the well-known

Bruce-Vincent equation (equation (2)).

Is(AV—-IgRg)
tL.+= S 0o
117 Ig(av-IRs)
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To optimize interfacial fusion between the electrolytes and electrodes, all
assembled cells were stored in an oven at 60 °C for 12 h before testing. The
electrochemical stability window was determined via linear sweep voltammetry (LSV)
using SS/QSCEs/Li cells from 2.0 to 6.0 V at a scan rate of 1 mV/s. To evaluate the
electrochemical kinetics, Tafel analysis was performed on Li//Li symmetrical cells over
-0.2t0 0.2 V (vs. Li/Li") at the same scan rate, followed by linear regression fitting. The
dendrite suppression ability and long-term cycling performance were recorded using a
LAND battery testing system (CT-2001A, Wuhan Rambo Electronics Co., Ltd.). These
galvanostatic tests were carried out under various current densities, with the cutoff

voltage windows set to 2.5-3.8 V for LFP//Li cells and 3.0—4.3 V for NCM622//Li cells.

3.8 Characterizations

Fourier-transform infrared (FTIR): FTIR spectroscopy was performed to identify
the characteristic chemical bonds. The free-standing SSE films were cut into uniform 1
cm x 1 cm pieces in an argon-filled glovebox. The prepared films were then placed
right onto the sample stage of a Thermo Nicolet 380 spectrometer. Spectra were
collected across the wavenumber range of 600-4000 cm!, with multiple scans
accumulated for each background and sample measurement to maintain a high signal-
to-noise ratio.

X-ray diffraction (XRD): XRD patterns of the powder and thin-film samples were

collected on a Rigaku MiniFlex II diffractometer using Cu K-alpha radiation (lambda



= 0.154056 nm) operating at 30 kV and 15 mA. The powder samples were packed into
a standard glass sample holder and flattened with glass slides. For the thin-film samples,
the membranes were put onto a silicon substrate. The diffraction data were recorded
over a 2theta range of 10° to 80° at a continuous scanning rate of 5° min™..

Raman: Raman spectroscopy was performed to identify the local coordination and
chemical interactions within the SSE. The SSE films were cut into uniform 1 cm x 1
cm pieces in an argon-filled glovebox. These films were then sealed in 10 mL plastic
bags to prevent moisture exposure during transfer. The prepared films were placed right
onto the sample stage of a HORIBA Scientific LabRAM HR Evolution spectrometer.
All room lights were turned off during the test to avoid ambient light interference.
Spectra were collected across the wavenumber range of 700-900 cm™'. Each sample
was measured three times to ensure reproducible results.

Thermogravimetric analysis (TGA): the thermal stability of the samples was
evaluated by TGA using a Hitachi High-Tech STA7200RV simultaneous thermal
analyzer. Approximately 5—-10 mg of sample was loaded into an alumina crucible and
heated from 25 to 600 °C at 10 °C min™! under a nitrogen purge.

Differential scanning calorimetry (DSC): DSC measurements were performed on
a PerkinElmer Diamond instrument over a temperature range of -80 to 100 °C at a
heating rate of 10 °C min™! under nitrogen flow. The glass transition temperature (7)
and melting temperature (7m) were recorded from the second heating cycle.

Brunauer—Emmett-Teller (BET): nitrogen adsorption—desorption isotherms of
pristine SiO> and SiO>@IL were recorded at 25 °C on a Micromeritics ASAP 2020
surface area analyzer. Prior to analysis, the SiO; sample was degassed under vacuum at
150 °C for 6 h, while the SiO@IL composite was degassed under vacuum at 80 °C for
12 h. The specific surface area was determined using the Brunauer—-Emmett—Teller
(BET) method, and the pore size distribution was calculated via the Barrett—Joyner—
Halenda (BJH) method from the desorption branch.

Scanning electron microscopy (SEM): the surface and elemental distribution of

the electrolyte films were examined using a JEOL JSM-7001F field-emission scanning
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electron microscope equipped with an EDS system. The films were cut to appropriate
dimensions, mounted on stubs with conductive carbon tape, and sputter-coated with a
thin gold layer to prevent charge accumulation. Micrographs and elemental mappings
were acquired at an accelerating voltage of 5—15 kV.

Transmission electron microscopy (TEM): TEM was performed to investigate the
nanoscale morphology on the Li metal surface. To prevent oxidation of the air-sensitive
lithium metal, all sample preparation procedures were conducted inside an argon-filled
glovebox (H20 < 0.1 ppm, Oz < 0.1 ppm). The cycled lithium anode was loaded into a
vacuum transfer holder inside the glovebox and transferred directly into the column of
a JEOL JEM-F200 field-emission transmission electron microscope without air
exposure. Images were collected under low-dose electron-beam illumination to prevent
beam damage to the reactive lithium metal.

Solid-state "Li nuclear magnetic resonance (NMR): ’Li NMR spectroscopy was
carried out on a Bruker AVANCE II 400 spectrometer operating to investigate the
chemical states of lithium ions within the electrolytes. To prevent exposure to moisture
and air, all electrolyte samples were sealed in 10 mL resealable bags within an argon-
filled glove box (H20 < 0.1 ppm, Oz < 0.1 ppm). 'Li NMR spectra were acquired at
room temperature using a single-pulse sequence.

X-ray photoelectron spectroscopy (XPS): the surface chemical state of the cycled
lithium metal electrode was analyzed using monochromatic Al Ka X-rays on an
ESCALAB 250Xi spectrometer via XPS. The cycled coin cell was disassembled in an
argon-filled inert gas glove box, and the recovered Li foil was washed with anhydrous
1,2-dimethoxyethane (DME). The sample was transferred to the sample chamber via a
vacuum transfer box to avoid air exposure. Charge correction was performed using the
binding energy set at the C 1s peak at 284.8 eV.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS): ToF-SIMS was
performed on a PHI nanoTOF II instrument under ultrahigh vacuum conditions to
characterize the chemical composition and depth distribution of the interphasial species

on the cycled lithium metal anodes. The cycled cells were disassembled inside an argon-
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filled glovebox. The obtained lithium foils were gently rinsed with an anhydrous
solvent and then transferred into the instrument chamber using a sealed vacuum transfer
container to avoid air exposure. A pulsed bismuth (Bi) ion source was employed for
spectral and chemical imaging analysis, while an auxiliary sputtering ion gun was used
for depth profiling.
3.9 Theoretical simulations

The theoretical calculations were contributed by the research collaborators. Given
that these computational findings play an important role in guiding the analysis and
providing mechanistic insights throughout this study, this section provides a concise

overview of the calculations.

COMSOL.: finite-element analysis was carried out via COMSOL Multiphysics
with a macro-homogeneous framework (Li metal/electrolytes/Li metal). Each cell
model was subjected to a continuous voltage of 10 mV over 300 s. The geometric
dimensions of the solid electrolyte were defined as 150 pum in thickness and 50 pm in
width across all simulations, while the initial salt concentration was fixed at 500 mol

IIl_3 .

Density functional theory (DFT): in paper 2, DFT computations were carried out
with Gaussian 16. Structures were fully optimized using B3LYP/6-311G(d,p), and the
corresponding single-point energies were evaluated using the def2-TZVP basis set,
along with Grimme’s D3(BJ) dispersion correction. A finite cluster of H2023S117 served
as the SiO, matrix model, and an oligomeric unit of C7H1603 was chosen for the PEO
chain. The spin multiplicity for the SiO»-IL complex was set to doublet (multiplicity =
2) to incorporate the EMIMTFSI component. In paper 5, DFT computations were
performed in the CP2K software suite using the Quickstep algorithm. Electronic
structures were treated using the Gaussian and plane-wave (GPW) approach,
employing the PBE functional within the generalized gradient approximation (GGA).
For all constituent atoms, Goedecker-Teter-Hutter (GTH) pseudopotentials and short-
range DZVP-MOLOPT-SR-GTH molecular-optimized basis sets were adopted to
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describe core and valence states, respectively. Long-range dispersion effects were
included via the DFT-D3 scheme with Becke-Johnson damping. Real-space multigrid
integration was configured with an energy cutoff of 400 Ry and a relative cutoff of 55
Ry, while the self-consistent field (SCF) convergence criterion was maintained at 1.0 X

10°.

Molecular dynamics (MD): In paper 2, MD simulations were performed using
GROMACS 2022.6 to monitor the dynamic process. The simulations were integrated
using a 0.0005 ps time step in the NPT ensemble, where the temperature and pressure
were controlled at 25 °C and 1.0 bar using a V-rescale thermostat and a C-rescale
barostat, respectively. Interatomic parameters were defined by the GAFF force field,
and atomic charge distributions were fitted using the RESP method implemented in
Multiwfn alongside DFT calculations. Following an initial 5 ns equilibration period
(107 steps), trajectory data were obtained over a subsequent 5 ns production phase for
statistical analysis.

In paper 4, PACKMOL was employed to generate the starting configurations of
all models. MD simulations were performed in GROMACS under NPT conditions,
where pressure and temperature control were achieved using a Parrinello-Rahman
barostat (1 bar, coupling time = 2 ps) and a V-rescale thermostat (298 K, coupling time
=200 fs), respectively. Numerical integration of the equations of motion proceeded via
the leap-frog scheme with a 1 fs time step. A real-space cutoff of 1.5 nm was applied to
both van der Waals and short-range electrostatic terms, whereas long-range Coulombic
contributions were resolved via the particle-mesh Ewald (PME) technique with an FFT
grid spacing of 0.15 nm and an energy tolerance of 10. The thermal relaxation protocol
involved heating at 800 K for 5 ns, followed by simulated annealing to 298 K over 5
ns, and a 10 ns stabilization stage to establish full equilibrium. Statistical analysis was

subsequently conducted on a 10 ns production trajectory sampled every 1 ps.
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4. Results and discussion
4.1 Role and impact of the IL-confined strategy

In Section 2, it is found that the confinement of ILs within the polymer matrix of
QSSE:s is broad, which differs from general confinement. Furthermore, the literature
review indicates that confining IL can increase ionic conductivity, widen the
electrochemical window, and improve battery cycling performance. However, the
specific effects of confined and bulk ILs on electrolytes in promising QSCEs are still
unclear and require further experimental study. Therefore, in this section, both confined
and unconfined electrolytes are prepared to study the effects of the IL-confined strategy

and clarify its role.

4.1.1 Characterizations
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Figure 4-1. Fourier transform infrared spectroscopy (FTIR) of PEO, SiO», SiO-@IL,
PLSI-XC (X =3, 5, 7) electrolytes, and PLSI-XM (X =3, 5, 7) electrolytes.[56]

The prepared electrolytes (PLSI-XC, PLSI-XM; X'=3, 5, 7) and their components
were characterized by FTIR. Figure 4-1 displays the FTIR spectra of the various
electrolytes alongside their individual components. All PLSI electrolyte spectra clearly
exhibit characteristic bands of each component, including the -CH> stretching of PEO

at 1229 cm’!, the Si-O stretching of SiO> at 449 cm™!, and the S-N (735 cm™!) and C-S
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(842 cm ) bonds of the IL. This directly confirms the successful incorporation of all
ingredients across the entire electrolyte series. Notably, the IL-related peaks in the
confined electrolytes (PLSI-XC) display slight shifts compared to those in the
unconfined electrolytes (PLSI-XM). Specifically, these confined IL bands shift to 1579,
1589, and 1578 cm!, whereas the unconfined ones appear at 1576, 1579, and 1577 cm
!, This blue shift (toward shorter wavelengths) strongly implies that the confined IL

resides in a distinct local chemical environment.

4.1.2 Electrochemical properties and performance
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Figure 4-2. (a) LSV, (b) #.i", (c) Ionic conductivity, (d) Symmetric cell of Li//Li cycling
profiles at 0.01 mAh/cm? with a step capacity of 0.02 mAh.[56]

The LSV was utilized to evaluate the oxidation potentials of the QSCEs, as
presented in Figure 4-2a. The unconfined PLSI-3M exhibits a lower oxidation potential,
marked by a current increase around 3.7 V, whereas the confined PLSI-3C shifts this
oxidation onset to above 4.0 V. Similarly, PLSI-5C demonstrates a higher oxidation
potential than PLSI-5M. With further increasing (SiO2 + IL) content, the oxidation
potentials of PLSI-7C and PLSI-7M overlap almost completely. The IL-confined
QSCEs achieve a broader electrochemical stability window at lower filling levels than
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the unconfined QSCEs. This is attributed to IL confinement enhancing LiTFSI
dissociation, and the resulting free TFSI™ in the electrolyte improving the oxidation
stability of PEO.[57] Besides, i" is also an important parameter for the rate
performance of a battery. As illustrated in Figure 4-2b, the PLSI-XC series consistently
delivers higher #.i" values than the PLSI-XM series at 25 °C; for example, PLSI-5C
achieves a 71" 0of 0.33, whereas PLSI-5M shows only 0.29. This improved #1;" plays an
important role in reducing concentration polarization, suppressing lithium dendrite
growth, and optimizing the overall performance of the Li-metal anode, thereby making

the IL-confined QSCEs more advantageous.

Based on the LSV and #" results, the PLSI-5C sample exhibits optimized
performance; therefore, subsequent experiments and characterization will focus on the
PLSI-5C with PLSI-5M for comparison. As shown in Figure 4-2¢, the PLSI-5C sample
shows a higher ionic conductivity than PLSI-5M across the entire tested temperature

range, which is directly due to the higher degree of dissociation of the lithium salt.

Symmetric cell testing was performed to investigate the prolonged lithium
plating/stripping behaviors (Figure 4-2d). The coin cell with PLSI-5C delivers a long
lifetime, operating for 1976 h at a current density of 0.02 mAh (0.01 mAh/cm?) while
maintaining a low overpotential of 115.2 mV. In contrast, the coin cell with PLSI-5M
fails after 800 h, with a much larger voltage of 140.1 mV, a defect associated with severe
interface degradation and uncontrolled dendrite growth. This comparison demonstrates
that the IL-confined strategy optimizes interfacial contact, reduces cell polarization, and
prevents lithium dendrite accumulation. A more comprehensive theoretical evaluation

was provided in the next section using the COMSOL simulations.
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Figure 4-3. (a) DSC curves. (b) TGA curves.[56]

The thermal behavior and phase transition characteristics, along with their
constituents, were evaluated using DSC. The results of PLSI-5C and PLSI-5M are
illustrated in Figure 4-3a. The collected curves indicate that modifying the system,
either by introducing SiO>@IL-C or by blending SiO; with the IL, has a greater positive
influence on these thermal parameters than PEO. Notably, PLSI-5C delivers the lowest
Ty and T values among all tested samples. The reduction in 7§ for the IL-confined
electrolyte implies a disrupted polymer crystalline alignment and a higher fraction of
amorphous domains within the matrix. This disordered structure allows polymer chains

to move, facilitating faster ion migration and boosting overall ionic conductivity.

To further evaluate the high-temperature endurance, TGA profiles for PLSI-5C,
PLSI-5M, and their components (EMIMTFSI, SiO2, and SiO2@EMIMTESI) were
obtained (Figure 4-3b). Across a thermal window from 25 to 200 °C, both PLSI-5C
and PLSI-5M show only a minor weight loss of less than 2.3%, which is simply caused
by the evaporation of trace absorbed moisture. A sharp contrast arises when comparing
their thermal decomposition limits: the PLSI-5M begins to decompose early at 228 °C,
whereas the PLSI-5C delays its initial decomposition to a much higher 353 °C. These
results highlight the superior thermal reliability of the IL-confined configuration. This
is because the confined environment promotes dissociation of lithium salts, leading to

a higher concentration of free TFSI', which stabilizes the local coordinating networks

26



and ultimately elevates the decomposition temperature.
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Figure 4-4. (a) Cycling profiles at 0.1 C. (b) Lifespan curves of LFP/PLSI-5C-G/Li and
LFP/PLSI-5C-M/Li at 0.2 C. (LiFePOs, 1 C = 170 mAh g ))[56]

The cycling performance of the QSCEs was further evaluated, as displayed in
Figure 4-4a. The coin cell with PLSI-5C delivers a higher initial discharge capacity
(148.6 mAh/g vs. 118.3 mAh/g) and high capacity retention (100% vs. 77%) compared
to the coin cell with PLSI-5M. To evaluate high-rate performance, glass fiber was used
as a substrate to prepare electrolytes, and the coin cells with PLSI-5C-G and PLSI-5M-
G were tested at 0.2 C and 60 °C (Figure 4-4b). Although the specific capacity of PLSI-
5C-G decreases slightly, both glass fiber-supported cells demonstrate much higher
initial Coulombic efficiencies (> 95% vs. < 85%) and longer lifespans (100 cycles vs.
70 cycles) than the cells without glass fiber. This performance improvement is
attributed to the glass fiber skeleton, which enhances the mechanical stability of
electrolytes and suppresses lithium dendrite growth. However, the glass fiber increases
the electrolyte thickness from 110 pm to 320 um, which may slightly reduce ionic
conductivity and cause minor fluctuations in coulombic efficiency. In conclusion, IL
confinement effectively enhances ion transport, providing a reliable strategy for durable

lithium-metal batteries.

4.1.3 Mechanism study

To explore how the confined IL regulates electrolyte properties and suppresses
lithium dendrites, the morphology of cycled Li anodes was characterized via SEM. At
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the same time, the corresponding Li* diffusion behaviors and transport pathways were

simulated through COMSOL Multiphysics and DFT calculations.

As revealed by the SEM images, a distinct difference in surface morphology is
observed after cycling. The lithium metal anode at the PLSI-5C interface (Figure 4-5a)
remains flat and smooth without dendritic accumulation, indicating highly uniform
plating and stripping processes. The lithium metal anode at the PLSI-5M interface
(Figure 4-5b) exhibits a rough surface covered with visible dendrites, indicating non-
uniform Li* flux and localized deposition. This contrast demonstrates the superior Li*

transport capability and enhanced interfacial reliability of the PLSI-5C framework.
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Figure 4-5. Morphological evaluation and Li" diffusion modeling. SEM images of
cycled Li metal anodes with (a) PLSI-5C and (b) PLSI-5M after 800 cycles. FEMS-
simulated Li" concentration profiles within (¢) PLSI-5C and (e) PLSI-5M. Electric
potential distributions over the full region for (d) PLSI-5C and (f) PLSI-5M. (g)
Calculated binding energies of Li* with PEO chains or SiO,@IL. (h) Schematic
mechanism of Li* transport.[56]
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The Li* concentration distribution for the PLSI-5C and PLSI-5M structures was
simulated via COMSOL Multiphysics, as illustrated in Figures 4-5 (c, e). As the
polarization time increases from 10 to 50 s, the Li" concentration in the PLSI-5C matrix
increases slightly near the lithium anode surface. In contrast, PLSI-SM displays a severe
accumulation of lithium ions in the same region. This distinction proves that the PLSI-
5C electrolyte maintains a much smaller Li* concentration gradient during continuous
plating and stripping operations. Furthermore, the corresponding potential profiles in
Figures 4-5 (d, f) also show that the electric field distribution in the PLSI-5C battery is
more uniform. Thus, introducing SiO>@IL-C into PEO/LiTFSI homogenizes the local
electric field and Li" flux near the metal anode, effectively regulating the

plating/stripping behavior and preventing lithium dendrite growth.

DFT calculations were conducted to investigate the binding interaction of Li*
within the QSCEs (Figure 4-5g). The SiO>@IL-C framework possesses a lower
absolute binding energy toward Li" than the (SiO2 + IL) blend (-5.44 €V vs. -6.51 eV),
indicating easier ion dissociation. In the unconfined electrolyte, SiO» cannot transport
ions, forcing Li* transport to rely entirely on the slow hopping of PEO segments.
Consequently, a highly efficient and dominant transport pathway is established near the

IL on the SiO: surface, significantly accelerating Li" transport (Figure 4-5h).

In summary, this section (4.1) demonstrates that IL confinement effectively
enhances electrolyte properties, yet the system remains limited by the narrow
electrochemical window and the insufficient interfacial stability of pristine PEO. To
overcome these challenges, the subsequent work will explore the critical role of IL

confinement thickness and optimize it to improve overall battery performance.
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4.2 The effect of IL-confined thickness on electrolyte

In section 4.1, it is demonstrated that IL confinement can improve electrolyte
performance, but the degree of confinement (i.e., the effect of IL-confined thickness)
remains unclear. Therefore, in this section, different amounts of ILs are confined onto
SiO7 and then mixed with the PEO matrix to prepare QSCEs with different degrees of

IL confinement, enabling a further investigation into the effect of confinement degree.

4.2.1 Characterizations
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Figure 4-6. Interfacial evolution analysis. (a) Galvanostatic cycling profiles and
corresponding magnified views for symmetric cells tested at 0.5 mA/cm?. (b) Surface
SEM images of the Li anodes after continuous cycling. (c—e) XPS spectra of F 1s and
Li s collected from the Li anode surfaces for (¢) PLSI-1, (d) PLSI-3, and (e) PLSI-5

configurations.
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The effect of IL loading on the SiO» surface regarding the electrochemical stability
and interfacial evolution was assessed (Figure 4-6a). Galvanostatic cycling of
symmetric cells at 0.5 mA/cm? reveals that PLSI-3 and PLSI-5 exhibit better interfacial
stability than PLSI-1. Specifically, PLSI-1 exhibits a continuous rise in polarization
voltage, indicating increased interfacial resistance due to insufficient IL loading. The
magnified plot of the cycle curves shows that the overpotentials of PLSI-3 and PLSI-5
were almost the same and lower than those of PLSI-1. This suggests that both adequate
and excessive IL loadings can promote interfacial ion conduction. Conversely, the
insufficient confinement effect in PLSI-1 leads to non-uniform ion flux, resulting in the
largest observed polarization. These results demonstrate that regulating IL loading on
Si0; is important for homogenizing ion transport and suppressing polarization growth,

thereby ensuring the long-term integrity of the electrode-electrolyte interface.[58]

Morphological characterization of the cycled anodes was performed to evaluate
how the IL confinement regulates interfacial evolution and lithium deposition behaviors.
As shown in Figure 4-6b, PLSI-1 exhibits a loose and irregular granular accumulation,
which indicates a highly non-uniform lithium-ion flux caused by insufficient IL loading.
In contrast, the PLSI-3 configuration exhibits a dense, flat microstructure, confirming
that optimal confinement homogenizes lithium-ion deposition and suppresses dendrite
growth. However, further increasing the IL content (PLSI-5) again leads to a disordered
surface morphology; the excessive liquid component compromises the mechanical

constraints of the solid framework and accelerates parasitic side reactions.

XPS was conducted to study the chemical composition of the SEI on the cycled
anodes, as presented in Figures 4-6(c—e). While the F 1s spectra across all
configurations are dominated by C—F bonds (687.3 eV) from remaining or partially
decomposed TFST, the Li ls spectra reveal a strong dependence on the IL loading.
Notably, the lithium surface in the PLSI-3 cell is enriched with LiF (57.3 eV), LiOH
(55.2 V), and LiTFSI (56.2 eV) species.[59] In contrast, the anodes from the PLSI-1

and PLSI-5 cells are primarily dominated by LiTFSI, showing only minor amounts of
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LiF, LiOH, or Li-O components (54.8 eV). This indicates that the optimal IL loading in
the PLSI-3 system drives the formation of a mechanically robust, inorganic-rich SEI
layer. This high-modulus, highly conductive interface effectively protects the lithium

metal from continuous reactions, ensuring long-term cycling stability.

4.2.2 Electrochemical properties and performance
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Figure 4-7. (a) LSV at 25 °C. (b) Ionic conductivity at various temperatures.

The electrochemical stability windows of the electrolytes were evaluated using
LSV, as shown in Figure 4-7a. With increasing IL loading on the SiO» surface, the
oxidation potential of the PLSI electrolytes gradually rises. Notably, PLSI-5 exhibits
the highest oxidation potential of approximately 4.9 V, exceeding that of PLSI-1 and
PLSI-3 and surpassing the 3.8 V of conventional PEO. This enhancement is driven by
two factors: first, the intrinsically wide electrochemical window of EMIMTFSI protects
the ether oxygen chains in PEO from oxidative decomposition. Second, the strong
interaction between the surface-confined EMIMTFSI and PEO reduces the local
electron density around the ether groups. This electron-withdrawing effect stabilizes
the ether moieties, expanding the anodic stability. Figure 4-7b presents the ionic
conductivities of the PLSI-X electrolytes measured from 25 to 65 °C. All samples show

temperature-dependent with PLSI-3

conductivity enhancements, consistently
delivering the highest values across the entire range. Since Li* transport predominantly

occurs within the confined SiO>@IL domains rather than along PEO segments, this
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performance variation is directly attributable to the IL distribution on the silica surface.
Specifically, an insufficient IL layer constrains ion diffusion pathways, whereas an
excessive IL layer increases local viscosity and hinders migration. An optimized,
confined IL layer maximizes Li* transport efficiency; this phenomenon is further

elucidated in the subsequent theoretical simulation section.
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Figure 4-8. Electrochemical performance. (a) Cycling at 60 °C. (b) Voltage-capacity
curve.

The long-term cycling performance of LFP//Li cells was evaluated at 60 °C, as
illustrated in Figure 4-8a. Without additional liquid electrolyte, the PLSI-3-based cell
retains 72.1% capacity after 700 cycles, outperforming the PLSI-1 (55.5%) and PLSI-
5 (56.9%). The mild capacity fluctuations observed around the 50th cycle gradually
stabilize, a behavior directly associated with the progressive development of a stable
SEI layer. Correspondingly, the polarization profiles during cycling are depicted in
Figure 4-8b. While all three configurations exhibit comparable polarization voltages
(0.44 V) in the first 10 cycles, the PLSI-3 cell shows a lower polarization voltage after
700 cycles. This minimized voltage gap indicates highly efficient ion transport and
rapid diffusion kinetics, which well support the superior ionic conductivity of the PLSI-

3 electrolyte framework.
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Specifically, the Li* diffusion coefficient exhibits a distinct non-monotonic,
volcano-shaped trend that peaks at the PLSI-3 composition, as shown in Figure 4-9a.
This enhancement is primarily driven by the Lewis acidic nature of the SiO; surface,
where the Lewis acidic sites coordinate with TFSI". This competitive interaction
weakens the Coulombic attraction between Li” and TFSI, thereby promoting LiTFSI
dissociation and boosting Li" mobility within the transport network. In contrast, the

diffusion coefficients of TFSI™ (Figure 4-9b) also reach their optimum at the PLSI-3

composition.

Its transport is primarily governed by the overall viscosity and available physical
space within the model; as the IL concentration increases, intensified physical crowding
continuously reduces its mobility. Furthermore, unlike Li", the promoting effect of
surface Lewis acids on the larger PYR13" is negligible. The superior performance of
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PLSI-3 can be well explained by the optimal confinement effect illustrated in the
schematic mechanism in Figure 4-9¢. At this optimized thickness, the synergistic effect
between the surface Lewis acids and the confined IL phase reaches a balance, forming
a highly efficient ion-transport channel. While PLSI-1 suffers from limited transport
paths due to insufficient confinement, PLSI-5 exhibits bulk solution-like behavior due
to excessive confinement, accompanied by severe physical congestion; both of these

conditions hinder rapid ion transport.

In this work (section 4.2), an optimal IL-confined thickness on the surface of SiO»
exists, improving electrolyte and cell performance. However, the long-term cycling
stability and lithium compatibility of the electrolyte in this study still require further
improvement. Therefore, in subsequent work (section 4.3), the focus is on designing
polymers and preparing functional fillers to improve electrolyte performance, thereby
achieving long-term cycling and interfacial stability, based on the concept of IL

confinement and optimized confinement-thickness strategies.
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4.3 Developing high-performance F-QSCE with IL confinement

In this section, an F-grafted QSCE (F-QSCE) is developed through the
copolymerization reaction of F monomer and ionic liquid monomer, using confined
SiO2@IL as filler; its electrolyte and cell performance are evaluated. Based on this, it

also focuses on the role of fluorination modification in the system.

4.3.1 Characterizations

-C=C-
F-QSCE@30
N QSCE@30
%) T
2 IL monomer
<
;_.: W
£ HFM \/\r
w
=
®
St
= MMA
T T T 1
2000 1900 1800 1700 1600 1500

Wavenumber (cm™)

Figure 4-10. FTIR spectra.[54]

FTIR spectroscopy was conducted to verify the successful polymerization of
QSCE@30 and F-QSCE@30, with the resulting spectra presented in Figure 4-10. The
individual monomers (HFM, MMA, and VBImTFSI) exhibit their characteristic C=C
stretching vibrations at 1650, 1652, and 1651 cm™', respectively. Following UV-
initiated polymerization, these distinct C=C peaks disappear completely in both the
QSCE@30 and F-QSCE@30 profiles. This phenomenon indicates that the monomers
were completely consumed through chemical crosslinking and confirms the successful

construction of the polymer network.

The T, values of QSCE@30 and F-QSCE@30 were measured by DSC (Figure
4-11a). F-QSCE@30 exhibits a lower T (< -80.0 °C) than QSCE@30 (-73.4 °C),
primarily due to the introduction of highly electronegative fluorine segments. This

modification weakens intermolecular interactions (such as hydrogen bonding and
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dipole-dipole forces) near the ester groups, enhancing polymer chain mobility.
Additionally, the fluorinated groups act as internal plasticizers to increase free volume
and facilitate segmental motion. The resulting lower 7, indicates a higher degree of

amorphousness, which promotes efficient ion transport and boosts ionic conductivity.

Sufficient mechanical strength is also essential to ensure electrode compatibility.
As shown in Figure 4-11b, F-QSCE@30 demonstrates a tensile strength of 92.7 kPa,
significantly exceeding that of QSCE@30 (37.4 kPa). However, its elongation at break
decreases sharply to 37%, compared to 212% for QSCE@30. This behavior indicates
that while the fluorinated segments enhance cross-chain ester interactions to boost
tensile strength, the introduction of rigid -CF3 groups simultaneously increases matrix
rigidity and lowers flexibility. Crucially, the enhanced tensile strength of F-QSCE@30

is highly promising for suppressing lithium dendrite growth during cycling.
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Figure 4-11. (a) DSC and (b) Stress-strain curves.[54]

4.3.2 Electrochemical properties and performance

The oxidative stabilities of the electrolytes were evaluated via LSV, as shown in
Figure 4-12a. F-QSCE@30 exhibits an elevated oxidation potential of 5.20 V, notably
surpassing the 4.50 V of QSCE@30 and demonstrating a broader electrochemical
stability window. This enhanced stability stems from the integrated fluorinated
segments; the high electronegativity of fluorine effectively reduces the electron density
around the ester oxygen atoms, making them less susceptible to oxidative

decomposition.
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The temperature-dependent ionic conductivities of F-QSCE@30 and QSCE@30
were measured from 25 to 85 °C (Figure 4-12b). The F-QSCE@30 delivers superior
conductivity over the entire temperature range. Specifically, at 25 °C, F-QSCE@30
achieves an ionic conductivity of 1.21 mS/cm, which is nearly four times higher than
that of QSCE@30 (0.34 mS/cm). This performance boost is ascribed to the highly
electronegative polar fluorine atoms, which weaken the Li*-TFSI" Coulombic
interactions by redistributing local electron clouds, thereby promoting salt dissociation.
Additionally, this structural modification effectively lowers the activation barrier for

Li" migration, further accelerating ion transport within the polymer network.
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Figure 4-12. Electrochemical performance. (a) LSV at 25 °C. (b) Ionic

conductivity.[54]

The electrochemical performance of the QSCEs was evaluated at 60 °C using both
conventional LFP and high-voltage NCM622 cathodes, as shown in Figure 4-13. As
illustrated in Figure 4-13a, the Li//LFP cell with QSCE@30 delivers an initial
discharge capacity of only 86.2 mAh/g at 0.5 C, with a capacity retention of just 53.2%
after 150 cycles. This limited performance stems from its lower ionic conductivity and
poor interfacial compatibility. In contrast, the F-QSCE@30-based cell demonstrates a
significantly higher initial capacity of 151.3 mAh/g and a Coulombic efficiency of
99.5%. It maintains an exceptional capacity retention of 98.8% after 460 cycles,

confirming that the fluorinated matrix enhances long-term cycling stability.
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Rate capability is crucial for practical applications, as charging efficiency also
depends on Li" transport kinetics within the electrolyte. Figure 4-13b compares the rate
performance of Li//LFP cells using F-QSCE@30 and QSCE@30 over a current density
range from 0.1 to 2 C. The F-QSCE@30-based cell outperforms the QSCE@30
counterpart, demonstrating more efficient ion transport. Notably, when the current
density is reduced from 2 to 0.1 C, the F-QSCE@30 cell delivers a high reversible
discharge capacity of 160.6 mAh/g, exceeding the 134.3 mAh/g of the QSCE@30 cell.
This superior rate response is strongly correlated with its enhanced ionic conductivity

and Li* transference number.
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Figure 4-13. Electrochemical performance of QSCE-based cells at 60 °C: (a) Long-
term cycling profiles of Li//LFP cells at 0.5 C. (b) Rate capabilities of Li//LFP cells. (c)
Long-term cycling performance. (d) Rate capability. (NCM622, 1 C =170 mAh g™)[54]

To evaluate the suitability for high-voltage applications, Li/NCM622 cells using
the F-QSCE@30 electrolyte were further assessed. As shown in Figure 4-13c, the cell

exhibits stable long-term cycling at 0.5 C, achieving a discharge capacity of 94.6 mAh/g
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after 350 cycles with nearly 100% capacity retention. Furthermore, Figure 4-13d
illustrates the rate capability under a high-voltage window from 0.1 to 2 C, yielding
discharge capacities of 169.6, 154.2, 116.4, 78.3, and 51.3 mAh/g at 0.1, 0.2, 0.5, 1,
and 2 C, respectively. When the current rate is switched back to 0.1 C, the capacity
recovers to 168.2 mAh/g. This excellent capacity recovery underscores the structural
robustness and outstanding electrochemical reversibility of the F-QSCE@30

electrolyte in high-voltage lithium metal batteries.

4.3.3 Interface stability
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Figure 4-14. Interfacial characterization of cycled lithium anodes. SEM images of
the Li metal surface after 100 cycles with (a) F-QSCE@30 and (b) QSCE@30. (c—f)
XPS spectra of the Li metal surface: (¢) O s, (d) F s, () N Ls, and (f) S 2p profiles.[54]

To explore the interfacial stability of the QSCEs against lithium metal and
elucidate the SEI formation mechanisms, the morphology and chemical compositions
of the cycled lithium anodes were characterized via SEM and XPS. Figures 4-14(a-b)
illustrate the lithium surface morphologies after 100 cycles. At the F-QSCE@30
interface, the anode surface remains flat and dense without visible dendrites (Figure 4-
14a). This uniform plating/stripping morphology confirms the enhanced Li* transport

capability of the fluorinated network. The anode surface with the QSCE@30 exhibits
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noticeable microcracks and a highly porous, rough structure (Figure 4-14b), indicating

non-uniform ion flux and disordered lithium deposition.

XPS analysis was conducted to track the chemical evolution of the SEI layer on
the lithium anodes. In the O 1s spectra (Figure 4-14c¢), both samples exhibit peaks for
—-0-C=0(531.1eV), C-0(532.7 eV), and lattice O (529.4 eV), indicating the common
presence of organic oxides and Li>COs. Significant differences emerge in the F s
spectra (Figure 4-14d); F-QSCE@30 displays a dominant LiF peak (684.2 eV),
confirming a mainly inorganic LiF-rich SEI. QSCE@?30 exhibits a much stronger C-F
intensity than LiF, implying a mainly organic fluorinated phase. The N 1s and S 2p
spectra further highlight this structural difference. The N 1s spectra (Figure 4-14¢)
reveal a robust Li3N peak (398.4 eV) for F-QSCE@30. In QSCE@30, this LizN signal
weakens substantially alongside the emergence of peaks for C-N* (400.4 €V, from the
polymer backbone or IL cation) and Li2N-SO3 (399.1 eV, from TFSI
decomposition).[60] In the S 2p region (Figure 4-14f), F-QSCE@30 is dominated by
inorganic sulfides such as Li>S (163.2 eV), Li2SOs4, and Li2SO3. For QSCE@30, the
LixS intensity diminishes sharply while RSO;Li species become pronounced. In
summary, the SEI formed in F-QSCE@30 is primarily composed of highly robust
inorganic species (LiF, Li3N, and inorganic sulfides). While the SEI in QSCE@30 is

heavily compromised by a large accumulation of organic degradation products.[61, 62]

In summary, a novel fluorinated polymer electrolyte reinforced with confined
SiO>@IL fillers was developed. By decoupling the polymer-Li" interactions and
promoting LiTFSI dissociation, the electrolyte achieves a high ionic conductivity of
1.21 mS/cm at 25 °C and a broad electrochemical stability window of 5.20 V. Thus, the
Li//NCM622 cell demonstrates exceptional high-voltage durability, maintaining nearly
100% capacity retention after 350 cycles at 0.5 C, while the long-term electrode

interface stability still requires further improvement.
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4.4 Developing high-performance QSCE with GaN QDs filler

The deployment of SiO; is facing challenges due to its aggregation behavior and
insufficient ability to form a stable SEL In this section, nano-functionalized gallium
nitride (GaN) QDs are incorporated into fluorinated PVDF-based gel polymer
electrolytes (GPEs) to optimize performance. Meanwhile, the strategic role of GaN

QDs in electrolyte behavior is studied.

4.4.1 Characterizations
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Figure 4-15. Structural and morphological characterization. (a) XRD spectra. (b)
DSC. (c) TEM image of the GaN QDs with the corresponding particle size distribution.
Surface SEM images of the PFP-0% GaN (d) and PFP-1% GaN (e).
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The gel polymer electrolytes (PFP-x% GaN) were prepared by casting a
homogeneous slurry of GaN QDs, PVDF-HFP/F-PI polymer matrices, and
LiTFSI/PYR3TFSI onto PTFE substrates. As shown in Figure 4-15a, the crystalline
structures were investigated via XRD. Pure GaN QDs exhibit distinct peaks at 32°,
67.7°, and 69.1°, corresponding to the (100), (200), and (112) crystal planes of
hexagonal GaN, respectively.[55] Notably, these characteristic peaks remain clearly
visible within the PFP-x% GaN electrolytes. The preservation of these diffraction
signals confirms that the GaN QDs were integrated into the polymer framework while
maintaining their structural integrity. Moreover, the melting behavior of the electrolytes
is significantly modified, as illustrated in Figure 4-15b. Upon adding GaN QDs, the
Tm shifts downward, highlighting a robust interaction with the polymer matrix (e.g., via
-CF>-moieties in PVDF-HFP) that weakens intrinsic intermolecular forces. Thus, the
crystallinity (X¢) significantly drops from 64.1% for PFP-0% GaN to 56.4% for PFP-
0.5%, 56.0% for PFP-1%, and 60.8% for PFP-2% GaN. Furthermore, PFP-1% GaN
exhibits the lowest Xc, which benefits ion transport and can improve the cycle
performance of the coin cell. Therefore, the subsequent morphological characterization

focused on PFP-1% GaN and PFP-0% GaN.

The microstructural reshaping of the composite electrolytes by the GaN QDs
essentially stems from their ultra-small size effect. As demonstrated by the TEM
characterization in Figure 4-15¢, the synthesized GaN QDs exhibit a uniform
morphology with clear grain boundaries and no visible agglomeration. The
corresponding statistical particle size analysis confirms a narrow, well-controlled
distribution with an average QD diameter of approximately 4.75 nm. This quantum-
scale geometry endows the filler with extremely high surface activity while ensuring
uniform dispersion within the polymer matrix. SEM analysis reveals a significant
morphological contrast between the films. While the GaN-free matrix (PFP-0%)
exhibits a loose, porous structure (Figure 4-15d), the incorporation of 1% GaN (PFP-

1%) alters the film-formation kinetics, driving a transition toward a highly dense

43



morphology (Figure 4-15e). This structural evolution facilitates a continuous, high-

quality electrode/electrolyte interface.

4.4.2 Electrochemical performance of full cell
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Figure 4-16. Ion transport kinetics and mechanisms of PFP-based electrolytes. (a)
Temperature-dependent ionic conductivities. (b) Activation energies (E,) derived from
Arrhenius fitting. (c) Li* transference numbers (7i"). (d) Deconvoluted Raman spectra.

(e) "Li solid-state NMR spectra.

To explore the role of GaN QDs in lithium-ion transport, the kinetic characteristics
of the electrolytes were investigated. As shown in Figure 4-16a, temperature-dependent
ionic conductivity measurements reveal that the QD-based composite electrolytes
significantly outperform the filler-free electrolytes across the 25 to 75 °C range. Notably,
the PFP-1% GaN electrolyte achieves an enhanced room-temperature ionic
conductivity that is 3.1 times higher than that of pristine PFP-0% GaN. This optimized
transport performance correlates with the minimized activation energy (E.) derived
from Arrhenius fitting (Figure 4-16b). This reduction in the ion-migration barrier,
coupled with the suppressed polymer crystallinity, confirms that the GaN QDs
effectively enhance local segmental mobility. As depicted in Figure 4-16¢, PFP-1%

GaN reaches a maximum Li* transference number (7i") of 0.57, a significant
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improvement over the filler-free matrix (0.27). This enhancement is attributed to the
robust interaction between the active surface sites of the GaN QDs and the TFSI.
Through this anion-anchoring effect, anion migration is effectively captured, releasing
a higher proportion of free Li" and shifting the transport mechanism from anion-

dominated to cation-dominated migration.

Spectroscopic characterization was conducted to elucidate the microscopic
evolution of coordination. In the deconvoluted Raman spectra (Figure 4-16d), bands
within 730-740 cm! represent free ions, while those within 740-760 cm™ correspond
to contact ion pairs or aggregates. The free TFSI proportion in PFP-1% GaN increased
to 77.7%, indicating significant dissociation of the salt. Due to its high surface activity,
GaN QDs act as a strong molecular anion acceptor, interacting strongly with TFSI™ to
competitively displace anions from the main Li* solvation layer, achieving efficient

cation-anion decoupling.[63, 64]

Based on the results of ionic conductivity, activation energy, lithium-ion
transference number, and Raman spectroscopy, the introduction of 1% GaN showed the
best performance improvement. Therefore, in subsequent "Li solid-state NMR spectra

and performance tests, it will focus on PFP-1% GaN and PFP-0% electrolytes.

This coordination reconstruction was further confirmed by "Li solid-state NMR
spectroscopy (Figure 4-16e). Compared to pure LiTFSI (-6.7 ppm) and PFP-0% GaN
(-3.3 ppm), the Li" resonance peak of PFP-1% GaN shifts downfield to -2.7 ppm. This
deshielding effect reflects the escape of Li* from kinetically sluggish polymer/ionic
liquid coordination traps.[53] The abundant localized states on the GaN QDs generate
a strong local electrostatic field that polarizes and dissociates ion pairs, releasing Li*
from the dense coordination environment. This transformation reduces the effective

solvation size and lowers the ion-transport barrier, which is consistent with the
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enhanced conductivity and decreased activation energy.
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Figure 4-17. (a) Tafel curves. (b) Critical current density (CCD) profiles. (c) Long-term

galvanostatic cycling performance.

To evaluate the influence of GaN QDs on the interfacial charge-transfer kinetics,

Tafel polarization and critical current density (CCD) measurements were performed on

Li//Li symmetric cells. As shown in Figure 4-17a, the exchange current density (/o) of

PFP-1% GaN reaches 0.019 mA/cm?, significantly higher than that of the filler-free

control (0.002 mA/cm?), confirming accelerated electrochemical kinetics induced by

the local polarization field of the QDs.[65, 66] Consequently, while the PFP-0% cell

exhibits severe voltage polarization spikes and fluctuations under varying currents

(Figure 4-17b), the PFP-1% GaN cell maintains stable voltage plateaus up to 1 mA/cm?.

This enhanced interfacial stability enables long-term cycling performance. At 0.5

mA/cm? and 1.0 mAh/cm? the PFP-1% GaN cell delivers stable, dendrite-free

galvanostatic cycling for over 5000 hours without short circuits (Figure 4-17c).

Enlarged profiles confirm constant low polarization from the initial stage (12-20 h) to

the final phase (5000-5020 h). These results demonstrate that quantum-scale field

modulation effectively homogenizes ion flux and suppresses dendrite nucleation,

ensuring long-term interfacial integrity.
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Figure 4-18. Full-cell performance of the composite electrolytes. (a) Cycling
profiles of Li//LFP cells at 0.5 C (2.5-3.8 V). (b) Cycling profiles of Li//NCM622 cells

at 0.2 C. (c, d) 3D performance comparisons with literature.

To evaluate the practical viability of the composite electrolytes, Li//LFP cells were
assembled and subjected to long-term galvanostatic cycling at 0.5 C. As shown in
Figure 4-18a, the PFP-1% GaN-based cell delivers a high initial discharge capacity of
approximately 165 mAh/g within a voltage window of 2.5-3.8 V. Crucially, it maintains
superior capacity retention over 1000 cycles compared to the filler-free PFP-0% GaN
control, demonstrating excellent cycling endurance. The high-voltage compatibility of
the PFP-1% GaN electrolyte was further validated in Li/NCM622 cells. The high-
voltage cell exhibits outstanding capacity retention and high efficiency over extended
cycling (Figure 4-18b). A three-dimensional performance comparison across key
metrics, such as ionic conductivity, critical current density, and cycle life, further
highlights the highly competitive overall performance of this GaN QD-modified system

compared to previously reported polymer electrolytes (Figures 4-18c-d).

These comprehensive results demonstrate that incorporating GaN QDs effectively
fortifies the electrochemical stability of the composite electrolyte. By optimizing Li*

transport kinetics and enforcing uniform lithium deposition, this matrix preserves the
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structural integrity of the electrode/electrolyte interface, enabling solid-state lithium
metal batteries with significantly enhanced cycling stability, rate capability, and high-

voltage tolerance.

In summary, introducing functionalized GaN QDs fillers establishes a local field
modulation strategy within PVDF-based electrolytes. The strong internal fields of the
GaN QDs reshape the solvation architecture to accelerate Li* transport kinetics. The
Li//LFP and Li/NCM®622 full cells deliver robust performance over 1000 cycles,

offering a rational framework for solid-state batteries.
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5. Conclusions and future work
5.1 Conclusions

This doctoral dissertation addresses the critical challenges of QSCEs for advanced
energy storage systems. By focusing on the IL-confinement strategy, this research
establishes a research framework covering theoretical mechanism studies, structural
regulation, and the development of high-performance electrolyte systems. This work
mitigates the long-standing challenges of high-voltage lithium metal batteries,
including low ionic conductivity at room temperature, narrow electrochemical stability
windows, and severe interfacial instability. The primary conclusions achieved in this

thesis are summarized as follows:

Clarification of the IL-confined concept in QSSEs: A comprehensive review was
conducted to evaluate how IL confinement works within QSSEs. This study clarified
how different substrates and confinement methods affect the overall performance of
electrolytes. It highlights that the concept of “IL confinement” in the battery field has a
much broader meaning than in other research areas; its important value lies in altering
the local microenvironment to significantly improve the overall performance of the
electrolyte. This review provides a solid theoretical foundation for designing confined

electrolyte systems.

The role of IL in the electrolyte: To better understand how confined ILs affect the
properties and performance of the electrolyte, a QSCE where IL is trapped onto the
surface of SiO; (SiO2@IL-C) was prepared. The mechanism analysis showed that the
IL confined at the SiO; surface creates a new, high-speed transport pathway for Li",
thereby improving its cycling performance. The IL-confined mechanism differs from
unconfined systems made by direct physical mixing, where ion conduction primarily

relies on hopping along polymer chains.

The effect of the confined layer thickness in the electrolyte: In the QSCE system
with SiO,@IL-C, the IL content, i.e., the confinement thickness, on the filler surface

was also controlled. By controlling the confinement thickness, an optimal confinement
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thickness was found. This optimization accelerated ion diffusion and improved
interfacial stability to Li metal. The optimized electrolyte showed improved ionic
conductivity and a high lithium-ion transference number. As a result, the Li//Li
symmetric cells showed great stripping/plating stability for over 1900 hours, while the

LiFePOu//Li full cells maintained a capacity retention of 77.7% after 700 cycles at 0.5C.

Development of high-performance electrolytes: Based on an understanding of
transport mechanisms, next-generation QSCEs for high-voltage lithium metal batteries
were developed through polymer modification and the use of advanced quantum-dot

fillers.

¢ Fluorine-grafted polymer electrolytes: By combining a fluorine-grafted
polymer with the SiO>@IL confined filler, a novel F-QSCE system was
developed. The highly electronegative F atoms weakened interactions between
the polymer matrix and Li", thereby improving the solubility of the lithium salt.
This electrolyte achieved a high room-temperature ionic conductivity of 1.21
mS/cm and a wide electrochemical window of 5.20 V. It enabled Li//Li
symmetric cells to cycle stably for over 4,000 hours at 0.1 mA/cm?. When paired
with high-voltage NCM622 cathodes, the full cells kept nearly 100% of their

capacity after 350 cycles.

e Quantum dot-based electrolytes: To solve the common problems of
traditional SiO; fillers, such as particle aggregation and poor SEI formation,
GaN QDs were introduced into PVDF-based gel polymer electrolytes to control
the performance. The GaN QDs could create strong local electronic states and
internal electric fields. This design led to a two-fold increase in both room-
temperature ionic conductivity and Li* transference number compared to
QSCEs without QDs. Besides, the symmetric cells achieved ultra-stable cycling
for over 5000 hours at 1 mA/cm?, and the high-nickel NCM622//Li full cells

successfully passed 1000 cycles.

50



5.2 Future work

This thesis investigated the roles of IL confinement in QSSE performance and Li*
transport, and developed high-performance QSCEs. To transition these materials into
practical applications, future studies will first focus on incorporating functional fillers
with strong chemical adsorption affinity for anions or cations into QSCEs to enhance
the Li* transference number and improve fast-charge performance. Furthermore, by
adjusting the confined IL composition and polymer segments, it aims to lower the Li"
desolvation energy barrier, thereby maintaining high ionic conductivity at low
temperatures and effectively suppressing lithium dendrites during fast charging. Finally,
to achieve high energy density and a long lifespan of over 10000 stable cycles, future
work will optimize interfacial stability and comprehensively test the electrolytes under
realistic conditions, specifically matching them with high-capacity cathodes and thin

Li metal anodes.
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