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high-performance all-solid-state lithium metal
batteries

’ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 2408

Zhongxiu Liu,®*< Md Shariful Islam,® Yuhui Fang,® Meifang Zhu,?
Changyong (Chase) Cao 2 *¢f and Guiyin Xu 2 *?

Lithium metal is considered one of the most promising anode materials for lithium batteries due to its high
theoretical specific capacity (3860 mA h g™} and low redox potential (-~3.04 V). However, uncontrolled
lithium dendrite growth and severe interfacial side reactions during cycling result in poor performance and
safety risks, significantly limiting its practical applications. Replacing liquid electrolytes with solid polymer
electrolytes (SPEs) offers a solution, as SPEs provide flexibility and good electrode compatibility, effectively
inhibiting dendrite growth and reducing interfacial reactions. Among SPEs, poly(vinylidene fluoride) (PVDF)-
based solid electrolytes offer excellent thermal stability and mechanical strength, making them highly suit-
able for high-energy-density flexible batteries. This review presents recent advances in PVDF-based solid-
state electrolytes (SSEs) for stable, high-performance lithium metal batteries (LMBs). We focus on modifi-
cation strategies that enhance the performance of PVDF-based SSEs in solid-state LMBs and highlight how
synthesis methods, nano/microstructural design, and electrochemical properties are interrelated. Lastly, we
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1. Introduction

Renewable energy sources, including solar, wind, and wave energy,
have become increasingly attractive due to the urgency posed by
climate change and environmental pollution associated with tra-
ditional energy sources."” However, effectively harnessing these
renewable energies remains challenging due to their intermittent
and discontinuous nature. Consequently, energy storage devices,
particularly rechargeable batteries, are in high demand as they
hold substantial potential to mitigate these issues.*” Among
various rechargeable batteries, lithium-ion batteries (LIBs) have
gained widespread attention for their long life and environmental
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discuss the challenges and prospects for PVDF-based SSEs in next-generation high-performance LMBs.

benefits.>® Nevertheless, commercial LIBs, which use graphite as
the anode, have undergone extensive development over the past
three decades, nearing their theoretical performance limits and
struggling to meet the future demand for high-energy-density
storage.'® Therefore, there is an urgent need to explore new battery
systems and materials to achieve higher energy densities.

Compared to commercial lithium-ion batteries, lithium
metal batteries (LMBs), which use metallic lithium directly as the
anode, offer higher specific energy based on the electroplating
and stripping of lithium ions."" Lithium metal has an exception-
ally high theoretical specific capacity (3860 mA h g™*) and a very
low reduction potential (—3.04 V),"> making LMBs with lithium
metal anodes highly promising for achieving high energy den-
sities. Additionally, lithium metal can be used as the anode
material directly, eliminating the need for heavy and inactive
current collectors, thus further increasing the battery’s specific
energy.” The lithium metal anode (LMA) holds significant poten-
tial for development and is highly anticipated as a transformative
solution."® However, several challenges currently limit its practical
application.’® Firstly, the volume expansion of the lithium metal
anode during cycling causes instability in the solid electrolyte
interface (SEI) layer, leading to reduced coulombic efficiency and
accelerated capacity decay.'® Secondly, the uncontrolled growth of
lithium dendrites can penetrate the separator, causing short cir-
cuits, fire hazards, and other safety risks."”

This journal is © The Royal Society of Chemistry 2025
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Organic liquid electrolytes, characterized by high volatility,
flammability, and leakage risks, pose inherent safety issues for
lithium metal batteries.'® In contrast, replacing liquid electro-
lytes with solid-state electrolytes (SSEs) can address these con-
cerns by significantly improving the safety and energy density
of lithium metal batteries.">*° Solid electrolytes are typically
classified as either inorganic or polymer-based.*'** Inorganic
SSEs offer excellent mechanical properties, thermal stability,
and high ionic conductivity,*® with primary examples includ-
ing oxides, sulfides, and halides.>**” However, large-scale
application faces challenges. Although oxide-based SSEs
exhibit relatively high ionic conductivity, their rigidity compli-
cates battery processing and assembly and increases interface
resistance.”® During preparation, oxide SSEs often require pro-
longed high-speed ball milling and elevated temperatures to
enhance uniformity and density, resulting in high manufactur-
ing costs. Sulfide and halide SSEs, while having ionic conduc-
tivities comparable to liquid electrolytes, generally exhibit
narrow electrochemical windows, complicating direct compat-
ibility with high-voltage cathode materials.?*™"

Polymer-based SSEs, on the other hand, are highly flexible,
capable of forming strong interfacial contact with both cath-
odes and anodes, and exhibit low interfacial impedance,
offering significant practical potential.>> Common polymer
substrates include poly(ethylene oxide) (PEO),>* poly(methyl
methacrylate) (PMMA),** and poly(vinylidene fluoride)
(PVDF).>® PVDF, a semi-crystalline polymer with radially crys-
tallized, ball-like structures, has chain segments that create a
dipole moment due to the presence of electro-negative fluorine
and electro-positive hydrogen atoms.*® This dipole moment
grants PVDF a moderate dielectric constant, facilitating the
dissociation of lithium salts in the electrolyte. PVDF has
various crystalline phases, including a and p phases; a-phase
PVDF provides thermodynamic stability, while p-phase offers a
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higher dielectric constant. PVDF-based SSEs are typically pre-
pared by dissolving PVDF in a solvent, which is then dried and
evaporated to form a matrix containing lithium salt.*?
Research by Nan et al. has shown that the solvent molecules in
the PVDF-based SSE coordinate with lithium ions, facilitating
lithium-ion transport by interacting with fluorine atoms on
the PVDF chains.?”*® This ability to promote ionic conduc-
tivity has made PVDF-based SSEs attractive for use with
lithium metal anodes.

This review will summarize recent advances in PVDF-based
flexible SSEs for lithium metal batteries, focusing on modifi-
cation strategies, electrochemical performance, and design
structures. We will also discuss the preparation and modifi-
cation methods, the nano- and microstructures, and the
electrochemical properties of PVDF-based SSEs. Finally, we
will provide an outlook on the potential of PVDF-based SSEs
for high-performance lithium metal batteries.

2. Design strategies and properties of
PVDF-based flexible SSEs in LMBs

PVDF exhibits several ideal properties for fabricating solid-
state electrolytes,® including (1) high mechanical strength
and toughness, (2) a wide electrochemical voltage window, (3)
excellent thermal stability — capable of sustained operation at
temperatures up to 150 °C with a decomposition threshold
around 400 °C, and (4) high electrochemical stability with
minimal reactive interference with other materials. These pro-
perties contribute to PVDF’s ability to dissociate lithium more
efficiently due to its high dielectric constant, which reduces
interactions between ion pairs and facilitates ion transport.
With a relative permittivity of 8.3,>> PVDF supports a favorable
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environment for lithium dissociation, aiding in the overall
ionic conductivity of the SSE.

By leveraging these intrinsic PVDF properties, researchers
have developed various modification techniques to engineer
polymer electrolytes with enhanced and consistent perform-
ance. Key strategies for optimizing PVDF-based SSEs in LMBs
include:

Doping with inorganic fillers: Incorporating inorganic
fillers such as Li;PO,, Al,O3, or LLZTO improves ionic conduc-
tivity, mechanical strength, and stability. These fillers help
reduce crystallinity in PVDF, creating more amorphous regions
that facilitate lithium-ion mobility and improve electro-
chemical performance.

Blending with organic fillers: Organic additives like poly
(ethylene oxide) (PEO) or poly(methyl methacrylate) (PMMA)
can be blended with PVDF to increase flexibility, reduce brittle-
ness, and improve interface compatibility with lithium metal
anodes. Blending polymers also adjusts the mechanical pro-
perties, enhancing stability during battery cycling.

Inorganic/organic composite fillers: A combined approach
using both inorganic and organic fillers can yield synergistic
benefits, where inorganic components contribute to thermal
stability and ionic conductivity, while organic additives
enhance flexibility and interfacial contact with electrodes.

Chemical modification of PVDF: Chemical modifications
such as grafting and functionalizing PVDF with ion-conduct-
ing groups can increase its ionic conductivity by introducing
additional lithium-ion conduction pathways and lowering the
glass transition temperature.

These modification strategies, outlined in Scheme 1, facili-
tate the design of PVDF-based SSEs that meet the specific
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Scheme 1 Design strategies and properties of PVDF-based flexible
electrolytes for high-performance all solid-state Lithium Metal Batteries
(LMBs).

2410 | Nanoscale, 2025, 17, 2408-2422

View Article Online

Nanoscale

requirements of high-performance LMBs. Table 1 summarizes
the synthesis methods, compositions, and electrochemical
properties of various PVDF-based SSEs tailored for LMB appli-
cations. By systematically exploring and combining these
approaches, PVDF-based electrolytes can achieve the high
stability, flexibility, and ionic conductivity necessary for
advanced LMB technologies.

2.1 Doping with inorganic fillers

One of the most common enhancement strategies for PVDF-
based solid-state electrolytes (SSEs) is doping with inorganic
fillers. These fillers typically come in three morphological
forms: zero-dimensional (0D) nanoparticles, one-dimensional
(1D) nanowires, and two-dimensional (2D) nanosheets. These
active fillers act as ion carriers and participate in lithium-ion
(Li") conduction, promoting efficient ion transfer and enhan-
cing the electrolyte’s ionic conductivity. Additionally, the free
volume spaces generated at the interfaces between ceramic
fillers and the PVDF matrix provide additional ion transport
pathways. Consequently, introducing active fillers to boost the
ionic conductivity of PVDF-based SSEs has gained substantial
interest in recent years.

For instance, Nan et al. developed composite solid electro-
Iytes (CSEs) with garnet-type Lig ;sLasZry 75Ta 501, (LLZTO)
nanoparticles as active fillers.>® The La atoms in LLZTO inter-
act with nitrogen atoms and C=O groups from the solvent
N,N-dimethylformamide (DMF), creating electron-enriched
nitrogen atoms that act as Lewis bases, leading to the dehydro-
fluorination of PVDF. This interaction between PVDF, lithium
salt, and LLZTO enhances the flexible electrolyte’s perform-
ance, resulting in a high ionic conductivity of approximately
0.5 mS cm™" at 25 °C. In a similar study, Liu et al. fabricated
flexible CSEs using a PVDF matrix with lithium salt (LiTFSI),
DMF, and NASICON-type Liy 3Aly3Ti; -(PO4); (LATP) ceramic
nanoparticles as fillers.** DMF facilitates lithium salt dis-
sociation and forms lithium-rich complexes [Li(DMF),TFSI]
with Li', which exhibit ionic liquid-like characteristics that
improve conductivity. This design yielded a LATP-PVDF/Li CSE
with a high ionic conductivity of 0.244 mS cm™' and an
electrochemical stability window of up to 4.8 V (vs. Li'/Li).

However, the thickness and limited mechanical strength of
PVDF-based SSEs can restrict their practical applications. To
address this, Ma et al. developed an ultrathin PVDF-based SSE
by integrating a 7 pm polyethylene (PE) separator and SiO,
nanoparticles with silicon hydroxyl (Si-OH) groups.** This
composite, known as PPSE, achieved a total thickness of only
20 pm and exhibited ultra-high mechanical strength (64 MPa).
The nano-SiO, particles anchored DMF molecules, enhancing
ion conductivity in PVDF and preventing side reactions with
lithium metal. This modification increased the ionic conduc-
tivity to 0.48 mS cm ™", reduced activation energy (0.19 eV), and
achieved a high lithium transference number (0.59).

Introducing functional fillers with ferroelectric or dielectric
properties has also proven effective in improving PVDF-based
SSEs. For instance, Kang et al utilized dielectric NaNbOj;
nanoparticles in a PVDF-based SSE (PNNO-5), which induced

This journal is © The Royal Society of Chemistry 2025
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the formation of a high-dielectric f-phase in PVDF (Fig. 1a).*?
This phase enhances Li* coordination with FSI™ anions due to
polarized F atoms, which aid in abundant and mobile Li* ion
formation (Fig. 1b-d). The PNNO-5 SSE achieved a high ionic
conductivity of 0.556 mS cm ™, with a decreased ion migration
activation energy of 0.22 eV, as compared to 0.33 eV in unmo-
dified PVDF SSEs (Fig. 1le). This configuration allowed a
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LiNiy gMng ;C0 10, (NCM811)/PNNO-5/Li cell to retain 67.7%
capacity over 1500 cycles at 1C and demonstrated a high initial
capacity of 177.2 mA h g~ with 95% retention over 100 cycles
at 0.5C (Fig. 1f).

Li et al. also introduced ferroelectric BiFeO; nanoparticles
to modify PVDF-based SSEs, which helped distribute the elec-
tric field more uniformly at the electrolyte/electrode interface,
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photographs of PNNO-5. (b and ¢) Raman spectra of PVDF and PNNO-5. (d) Schematic illustration showing Li salt dissociation facilitated by the
B-phase of PVDF. (e) Arrhenius plots comparing ionic conductivity of PVDF and PNNO-5 electrolytes. (f) Cycling performance of NCM811/PNNO-5/
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resulting in uniform Li deposition.*’ The transference number
of Li" increased from 0.18 to 0.35 compared to pure PVDF,
enhancing overall battery performance. The BiFeO; particles’
spontaneous polarization along the [111] direction generates
dipoles that interact electrostatically with TFSI™ anions
(Fig. 1g), further dissociating LiTFSI and reducing the
migration resistance of [Li(DMF),]" complexes. The assembled
Li/NCM811 full cells showed an excellent performance, which
a high coulombic efficiency of 99% and a capacity retention of
89% achieved after 400 cycles (Fig. 1h).

Compared to granular fillers, ceramic nanowires can sub-
stantially enhance the conductivity of SSEs by creating con-
tinuous pathways that facilitate lithium-ion transport. The
interconnected nanowire network also improves the electro-
lyte’s mechanical strength, thus enhancing battery stability
and safety.” For instance, Su and colleagues developed a CSE
with Lig35La,55TiO; nanofibers and PVDF/LiTFSI, achieving
an ionic conductivity of 0.53 mS cm™' at room temperature
and a voltage window up to 5.1 V.>° Shi et al. synthesized
BaTiO;-Liy 33180 56 TiO3_, (BTO-LLTO) nanowires with a hetero-
junction structure through electrospinning, followed by calci-
nation at 1000 °C.”* Introducing these nanowires into a PVDF
matrix yielded a PVDF-based CSE (PVBL) with high ionic con-
ductivity (0.82 mS ecm™) and lithium transference number
(0.57) (Fig. 2a—c). The PVBL exhibited stable cycling for over
1900 hours at 0.1 mA cm > and 0.1 mA h em™2 in a symmetri-
cal cell (Fig. 2d) and achieved a capacity retention of 70% after
1000 cycles in an NCM811/PVBL/Li battery (Fig. 2e).

In another study, He et al. incorporated g-C3N, nanosheets
(GCNs) into a PVDF-based SSE, achieving high ionic conduc-
tivity of 0.69 mS cm™".”> During cycling, GCNs react with
lithium metal to form a LizN-enriched SEI layer, significantly
reducing side reactions and ensuring rapid charge transfer.
The GCNs’ adsorption capacity for residual DMF further
improves electrochemical stability, enabling the Li symmetri-
cal cell to cycle steadily for 2200 hours at 0.1 mA cm™> and
0.1 mA h cm™2. Additionally, the NCM811 cathode-based
LMBs exhibited a high discharge capacity of 108 mA h g™* at
5C and excellent cycling stability over 1700 cycles at 1C.

In summary, doping PVDF-based SSEs with various in-
organic fillers - ranging from 0D nanoparticles to 1D nano-
wires and 2D nanosheets — enhances their electrochemical pro-
perties by increasing ionic conductivity, mechanical strength,
and stability, facilitating promising applications in high-per-
formance lithium metal batteries.

2.2 Blending with organic fillers

PVDF-based SSEs are often prepared by solution casting using
DMF as a solvent, which results in the formation of a
[DMF-Li"] complex that improves Li" transport. However,
residual DMF can react with lithium metal over time, compro-
mising the interface between the PVDF-based SSE and Li
anode. To address this, Nan et al. introduced propylene car-
bonate (PC) into PVDF-based SSEs to stabilize the interface
between the SSE and Li anode by controlling the solvation
structure.’® PC accelerates the dissociation of lithium oxalyldi-

2414 | Nanoscale, 2025, 17, 2408-2422

View Article Online

Nanoscale

fluoroborate (LiODFB), forming a robust interfacial layer of
“lithium propylene decarbonate (LPDC)-B-O” oligomers. This
dense, uniform layer enhances contact and suppresses con-
tinuous reactions between residual DMF and the Li anode,
achieving a high ionic conductivity of 1.18 mS ecm™'. The
resulting LiCoO,/Li full batteries deliver 139.2 mA h g™,
retaining 84% of capacity after 300 cycles at 0.1C.

To further stabilize the interface, Zhang et al. incorporated
isosorbide mononitrate (ISMN), a functional additive with a
non-resonant structure (O,-N-O-), into PVDF-based SSEs to
create a stable N-rich solid electrolyte interface, reducing Li
dendrite formation and side reactions (Fig. 3a).”” ISMN, when
added to PVDF-based SSEs, forms a stable interface upon
lithium stripping/plating by cleaving the N-O bond in its non-
resonant structure, yielding a nitrogen-rich layer that enhances
ultra-stable flexible SSLMBs. The Li/Li symmetric cell achieved
stable Li stripping/plating cycling for over 5000 hours at a
current density of 0.2 mA cm™2 and capacity of 1.0 mA h cm™.
Additionally, the Li|LiFePO, cell exhibited an initial discharge
capacity of 154.0 mA h g™, with a capacity retention of 88.9%
after 500 cycles at 0.5C. The flexible NCM622/Li pouch cell
maintained a high discharge capacity retention of 97.2% over
100 cycles at 0.5C.

Moreover, Nan et al. developed a PVDF-based SSE with
2-acrylamido-2-methylpropane sulfonic acid (AMPS) as an
additive to enhance Li* conduction by reducing the crystalli-
nity of PVDF and immobilizing anions.®® AMPS induces the
formation of a LiF/Li,S,/Li,SO3/LizN-rich interface at the Li
anode, suppressing dendrite growth (Fig. 3b—d). The resulting
AMPS-PVDF polymer electrolyte (AP-PE) enables symmetric
cells to cycle stably for 2100 hours at 0.1 mA cm™> and 0.1 mA
h em™. After 500 hours of cycling, the Li anode in these sym-
metric cells exhibited a clean surface with no dendrite for-
mation (Fig. 3e). The Li/AP-PE/LFP cell demonstrated stable
cycling performance, retaining 90.8% of its capacity after 200
cycles at 0.5C (Fig. 3e-g).

By blending PVDF-based SSEs with various organic fillers,
researchers have significantly enhanced ionic conductivity,
interface stability, and cycling performance, making these
electrolytes viable candidates for high-performance, long-
lasting LMBs.

2.3 Inorganic/organic composite fillers

In PVDF-based SSEs, porous structures can lead to disordered
ion flux and reduced mechanical strength, resulting in non-
uniform lithium deposition and promoting lithium dendrite
growth (Fig. 4a). To address this, Ma et al. designed a compo-
site filler by incorporating interconnected metal-organic
framework  (MOF)-coated  heat-treated  polyacrylonitrile
(h-PAN@MOF) fiber networks into a PVDF matrix, creating
composite SSEs termed PPM (Fig. 4b). The MOF (UIO-66NH,)
particles on the PAN fibers interact strongly with the C=0O
groups of DMF molecules, weakening the Li"-O bond strength
in DMF and facilitating Li" transport along the h-PAN@MOF
networks. This design achieved a high ionic conductivity of
1.03 mS cm™* (Fig. 4a).

This journal is © The Royal Society of Chemistry 2025
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Incorporating an interconnected nanowire network to enhance PVDF-based SSEs. (a) Illustration of the Li salt dissociation and Li* transport

facilitated by the coupled BTO-LLTO in the PVBL electrolyte. (b) Schematic of Li salt dissociation by a polarized dielectric material. (c) The ssNMR
spectra of the PVL and (d) PVBL electrolytes before and after cycling in a SLi symmetric cell, with (e) corresponding peak ratios of SLi* transport
paths. (f) lonic conductivities of the PVDF-based electrolytes at 25 °C. (g) Long-term cycling performance of PVBL in symmetric cells. Reproduced
with permission.>! Copyright 2017, Nature Nanotechnology, Nature Publishing Group.

The h-PAN@MOF network also imparts high mechanical
strength (20.84 MPa) to the electrolyte, effectively inhibiting
lithium dendrite growth. The adsorption energy of the C=O
group in DMF on the MOF crystal (—1.11 eV) is three times greater
than that on the PVDF chains (—0.35 eV). This strong adsorptive
interaction between DMF and MOF realigns solvent molecules
around the h-PAN@MOF networks, significantly reducing DMF
decomposition at the PPM electrolyte/lithium metal interface.

Solid-state nuclear magnetic resonance (ss-NMR) spec-
troscopy of the “Li and "°F spectra was conducted to examine
the interactions between FSI-Li' and DMF-Li" complexes. An

This journal is © The Royal Society of Chemistry 2025

upfield shift in the “Li spectrum indicates an enhanced shield-
ing effect of lithium nuclei in the PPM electrolyte, suggesting
tighter coordination with surrounding ligands (Fig. 4c).
Changes in chemical shifts in the "°F spectra of FSI also indicate
a weakened DMF-Li" interaction and stronger FSI-Li' coordi-
nation (Fig. 4d). The combined effects of h-PAN and MOF estab-
lish a competitive Li* coordination environment and alter sol-
vation structures to promote rapid, linear Li* transport. This
synergy enhances interfacial stability with electrodes.

As a result, the Li|PPM|Li battery demonstrated stable
voltage hysteresis over 3200 hours at a current density of

Nanoscale, 2025, 17, 2408-2422 | 2415
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0.1 mA cm™> and a capacity of 0.1 mA h ecm™ (Fig. 4e).
Additionally, the Li|PPM|NCMS811 battery retained 61.9% of its
capacity over 1400 cycles at 2C (Fig. 4f). This promising per-
formance highlights the effectiveness of inorganic/organic
composite fillers in enhancing the stability and ionic conduc-
tivity of PVDF-based SSEs in lithium metal batteries.

2416 | Nanoscale, 2025, 17, 2408-2422

2.4 Chemical modification of PVDF

Beyond doping fillers and blending with polymers, direct
modification of PVDF is an effective method to enhance the
performance of PVDF-based SSEs. For example, Zeng et al.
modified PVDF by introducing -OH groups into the PVDF

This journal is © The Royal Society of Chemistry 2025
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Inorganic/organic composite fillers for enhanced PVDF-based SSE.

(a) Schematic of ion transport and solvation structures in PVDF and PPM

electrolytes. (b) SEM images of h-PAN@MOF networks. (c) ’Li ss-NMR spectra. (d) 1°F ss-NMR spectra. (e) Galvanostatic cycling curves of Li||Li sym-
metric cells with PVDF, PP, and PPM electrolytes. (f) Long-term cycling stability of Li|[NCM811 cells. Reproduced with permission.>* Copyright 2023,

Nature Nanotechnology, Nature Publishing Group.

chain segments.®® By applying molecular anchoring principles,
the typically disordered DMSO molecules within PVDF align
through hydrogen bonding, creating an efficient pathway for
rapid Li' transport. The resulting LFP|PVDF-OH|Li battery
achieved an initial capacity of 145.9 mA h g™" at 0.5C, with a
capacity retention of 85.4% after 1000 cycles. Additionally, the
PVDF-OH SSE in an LFP|Li pouch battery delivered an initial
capacity of 124.47 mA h g~ ', retaining 98% of its capacity after
200 cycles at 0.5C.

In another advancement, Huang et al. demonstrated that
Li" can transport through the crystalline phase of PVDF by
incorporating dipolar defects into the crystals.”® By adding
trifluoroethylene (CHF;) and chlorofluoroethylene (CH,FCl) as
dipolar defects into VDF crystals, they triggered rapid Li"
movement through ion-dipole interactions. These defects
expanded the interchain distance in PVDF from 4.39 to 4.83 A,
facilitating -CH,CF, dipole vibrations at room temperature
and supporting Li* migration through ion-dipole interactions,

This journal is © The Royal Society of Chemistry 2025

thereby transforming PVDF into a fast ion conductor (Fig. 5a).
As a result, the defective PVDF (d-PVDF) SSE achieved a high
ionic conductivity of 0.78 mS em™" and a lithium-ion transfer-
ence number (¢;;+) of 0.57 (Fig. 5d).

Further analysis with displacement-electric field (D-E)
measurements showed that d-PVDF, unlike ferroelectric (FE)
PVDF, exhibited a slim hysteresis loop, indicating a significant
reduction in coercive field from 67.3 to 10.7 MV m™" (Fig. 5b).
This observation confirmed the presence of -CHF; and
—-CH,FCI dipolar defects in the VDF crystals, which promote
Li" integration within the crystals, transforming defective
d-PVDF crystals into single-ion conductors (Fig. 5c). The Li/
d-PVDF/Li symmetrical cell demonstrated an extended lifespan
of 11000 hours (450 days) at 0.05 mA cm > (Fig. 5e).
Furthermore, NCM811/d-PVDF/Li batteries exhibited excellent
capacity retention of 94.9% after 300 cycles at 1C.

These findings underscore the potential of modifying PVDF
to create fast ion-conducting pathways, achieving significant

Nanoscale, 2025, 17, 2408-2422 | 2417
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improvements in ionic conductivity, lithium-ion transference,
and overall stability in PVDF-based SSEs for advanced lithium
metal batteries.

2.5 Other strategies

Beyond filler addition, constructing composite solid electro-
lytes (CSEs) with a ceramic body and a 3D-engineered scaffold
infiltrated with a conductive polymer offers significant poten-
tial. This approach provides enhanced ionic transport, electro-
chemical stability, low interfacial resistance, and high mechan-
ical strength. Wang et al. developed a conductive CSE featuring
a cubic Lig,Aly3LasZr,0,, (LLZO) porous framework
embedded in PVDF, forming a continuous 3D structure
(Fig. 6a).”° The formation of La-N and La-F bonds between
the ceramic and polymer matrix aids Li salt dissociation,
enabling efficient ion transport. These interactions led to a
high ionic conductivity of 0.437 mS em™" and a lithium-ion
transference number (¢;;) of 0.72 at 25 °C.

2418 | Nanoscale, 2025, 17, 2408-2422

The ceramic skeleton creates a 3D conductive network with
micron-sized pores that allow solubilized SSEs to permeate
(Fig. 6b). The resulting SSE has high porosity (45.74%) and a
wide voltage window (5.08 V), making it compatible with high-
voltage cathodes. The ceramic-based SSE, with a high ceramic-
mass composition (93%), provides robust mechanical support
that suppresses lithium dendrite formation, while the porous
LLZO framework allows for substantial PVDF-LiTFSI loading
(Fig. 6¢).

When used in LiINCM622/ceramic-based SSE/Li full solid-
state lithium metal batteries (SSLMBs), the CSE demonstrated
stable cycling over 200 times within a voltage range of 3 to 4.8
V, maintaining a high coulombic efficiency of 99.76% at 0.2C
(Fig. 6d). After 200 cycles, the interfacial zone between the
cathode and CSE remained intact, with no delamination or
cracking. Additionally, an F~ and N-rich interface formed
between the cathode and ceramic-based CSE, enhancing stabi-
lity and performance (Fig. 6e). This 3D scaffold approach high-

This journal is © The Royal Society of Chemistry 2025
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lights the potential for creating stable, high-performance
PVDF-based SSEs suitable for high-voltage and long-cycle
SSLMB applications.

3. Conclusion and perspective

In summary, this review has highlighted the applications of
PVDF-based SSEs in lithium metal anodes, covering strategies
such as doping with inorganic fillers, blending with organic
fillers, incorporating inorganic/organic composite fillers, mod-
ifying PVDF, and other approaches. Related fabrication
methods, micro- and nanostructures, and electrochemical per-
formance improvements have been systematically reviewed.
These strategies have significantly enhanced the electro-
chemical performance of PVDF-based solid-state lithium metal
batteries. However, several critical challenges remain for
advancing PVDF-based SSEs to practical applications. Future
studies may focus on the following areas:

This journal is © The Royal Society of Chemistry 2025

3.1. Development of functional materials to modify PVDF-
based SSEs

Current research mainly focuses on PVDF-based SSEs at low
current densities and room temperatures. It is essential to
develop PVDF-based SSEs with high thermal and electro-
chemical stability that can operate under elevated tempera-
tures and higher current rates. Additionally, most modified
fillers are limited to metal oxide electrolytes within PVDF
matrices. Exploration of PVDF-based SSEs with sulfide and
halide electrolytes is still limited, despite the superior ionic
conductivity of sulfides. Combining PVDF-based SSEs with
sulfide electrolytes could potentially improve SSLMB electro-
chemical performance.

3.2. In-depth mechanistic studies of PVDF-based SSEs in
LMBs

Although considerable research has been conducted on PVDF-
based SSE materials, theoretical calculations and mechanistic
insights remain underexplored. Establishing a comprehensive
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evaluation standard for PVDF-based SSEs in LMBs is crucial
for future material advancements. Advanced operando tech-
niques, such as in situ X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and nuclear magnetic resonance (NMR), are essential
for real-time insights into ion transport during the charging/
discharging process. Integrating theoretical calculations (e.g:,
DFT calculations, molecular dynamics simulations) with
in situ characterization techniques is urgently needed to
understand surface and interfacial chemistry and physics
changes during cycling.

3.3. Development of thin PVDF-based SSEs with high
mechanical strength

Current PVDF-based SSEs typically have thicknesses around
100 pm, limiting their potential to enhance energy density.
Thinner electrolytes (10-20 pm) are essential for achieving
higher energy density in SSLMBs. At the same time, these
thinner electrolytes must possess sufficient mechanical
strength to prevent lithium dendrite penetration, which may
require incorporating inorganic materials. To support high-
loading cathodes, combining cathode materials with solid
electrolytes could be a viable solution.

3.4. Bridging the gap between research and practical
applications

The development of 300 W h kg™ pouch cells represents a sig-
nificant advancement in SSLMBs, positioning them closer to
commercial viability. Pouch cells hold the potential to further
elevate SSLMB energy densities to 500 W h kg™, which could
expedite their industrialization and application in daily life.
The production of PVDF-based lithium metal pouch cells has
a promising future, although numerous unknown challenges
still need to be addressed.

In conclusion, this review provides a foundational under-
standing and recent advancements in the design and use of
PVDF-based SSEs for SSLMBs. It will inform future efforts in
developing high-performance PVDF-based SSLMBs and help
accelerate their practical applications.
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