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. s . . . 1. Introduction
High-voltage lithium metal batteries (HVLMBs) integrate emerging cathode

materials working above 4 V (vs Li/Li*) with high-capacity lithium metal High-voltage  lithium ~metal = batteries
anode, which offer a practical solution to upgrade energy and power density (HVLMBs), by virtue of ultrahigh theo-

’ - h . retical specific capacity of lithium metal
of current rechargeable batteries. Replacing conventional liquid electrolytes (Li°) anode (3860 mAh g-1) and wide elec-

with polymer electrolytes (PEs) further empowers HVLMBs with flexibility, trochemical potential gaps between two
processability, and enhanced safety. This is unfortunately hampered by low working electrodes, are regarded as ideal
ionic conductivity, insufficient high-voltage stability, and poor interfacial candidates for next-generation high-energy-
compatibility at the anode. This review scrutinizes multifaceted strategies density energy storage systems, attracting

significant attention particularly for appli-
cations in electric vehicles, aerospace, and
portable electronic devices.'™*l However,

toward an effective implementation of PEs in HVLMBs, spanning from
molecular design, material preparation, interfacial engineering, etc. Particular

attention is dedicated to electrolyte preparation and the associated the practical realization of this technology
polymerization mechanism. Synergistic approaches harmonizing theoretical is severely hindered by the fundamental
modeling, advanced material/interface engineering, and scalable incompatibility of conventional liquid elec-

trolytes with both the Li° anode, where
they promote dendrite growth and parasitic
side reactions, and high-voltage cathodes

manufacturing are extensively discussed. Material-level innovations to
improve the mechanical integrity and flame retardancy of PE-based HVLMBs

are also highlighted. The reflections and insights shared in this work are (> 4.0 V), where they undergo oxidative
expected to smooth the barriers in combining theoretical and experimental decomposition.l>7! These intrinsic limita-
efforts, and thus spurring the realization of practical and high-performance tions have compelled a strategic shift in re-
HVLMBs with PEs in the future energy landscape. search focus toward solid-state electrolytes

to enable stable and safe HVLMBs. Among
the various solid-state options, polymer
electrolytes (PEs) have emerged as a partic-
ularly promising material system.(®°] This
is not only due to their inherent advantages such as sufficient

M. Jiang, Y. Ma, C. Bao, H. Wang, L. Wang electrochemical windows and high safety features, but also be-
School of Materials and Energy ) cause they have lower barriers to industrialization. Compared
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Chengdu 611731, China with oxide or sulfide solid electrolyte systems, PEs are highly
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F.Zhang and benefit from a mature and low-cost raw material supply
Tianmu Lake Institute of Advanced Energy Storage Technologies Co. chain, making it a key and practical way to overcome the bottle-
Ltd. neck of HVLMB today.[**]
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& . . Although PEs exhibit distinct advantages such as low cost,
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simple processing, and high safety, their practical application

Eéyzraat;fratory of Material Chemistry for Energy Conversion and Storage still faces multiple challenges.!'"'?} Issues such as the low room-
(Ministry of Education) temperature ionic conductivity (< 10~ S cm™!) and insufficient
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yond conventional strategies like molecular design,[**'5] incor-

poration of inorganic fillers,[*®! and in situ polymerization,'”]

research is increasingly shifting toward advanced, function-
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Figure 1. Various synthesized processes for polymer electrolytes in high-voltage lithium metal batteries. a) ex situ polymerization, b) in situ separator-

assisted approach, and c) in situ electrode solidification approach.

environment,'®1] constructing specific conduction pathways us-
ing functionalized composite materials,[?! or creating dynamic
networks to impart self-healing properties to the electrolyte,!?!-?2]
thereby enhancing its durability and safety. In line with this
trend, the sustainability of PE materials is also garnering in-
creasing attention. Traditional PE synthesis relies heavily on
petroleum-based feedstocks. To address environmental concerns
and improve the circularity of battery technology, recent research
efforts have begun to explore sustainable synthetic routes, includ-
ing the development of PEs derived from abundant, renewable,
and biodegradable materials such as cellulose, lignin, chitosan,
and other biopolymers.[2*%] These biosourced materials offer a
promising green alternative, although challenges remain in op-
timizing their ionic transport and mechanical properties. How-
ever, their long-term cycling stability and high-voltage compati-
bility still urgently require improvement. Notably, while the intro-
duction of PE systems can alleviate the safety hazards associated
with liquid electrolytes, it may exacerbate electrode/electrolyte in-
terfacial contactissues, thereby imposing more stringent require-
ments on their interfacial engineering.[2¢]

This review delves into recent development of HVLMBs based
on PEs, covering leading research achievements related to molec-
ular design, material preparation, and interfacial engineering.
First, typical preparation routes and polymerization mechanisms
for PEs are discussed. Subsequently, key challenges currently en-
countered by PE-based HVLMBs are briefly summarized, en-
listing insufficient high-voltage stability, low ionic conductivity,
poor compatibility with Li° anode, and inadequate safety perfor-
mance. Multifaceted strategies for addressing these issues are
then comprehensively reviewed. Finally, several prospective av-
enues for developing high-performance PE-based HVLMBs are
outlined.

2. Overview of PE-Based HVLMBs

2.1. Preparation Methods of PE-Based HVLMBs

Common preparation methods for PEs can be categorized into
ex situ and in situ techniques, based on their film-forming
mechanisms.[#-2] The core difference lies in whether the elec-
trolyte is solidified before or after cell assembly, which critically
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impacts the electrode-electrolyte interface. The most prevalent ex
situ method is solution casting (Figure 1a), where a pre-formed
PE membrane is prepared separately and then assembled with
the electrodes. While this “solidify first, then assemble” process
is simple, mature, and allows for effective thickness control, it
inherently results in poor solid-solid interfacial contact between
the electrode and the electrolyte. This leads to high interfacial
impedance and potential side reactions from residual solvents,
consequently degrading the cycling performance and stability of
the battery.3031]

To address this critical interfacial issue, in situ polymerization
methods have been developed.*”) This strategy involves intro-
ducing a liquid precursor solution into the cell, ensuring suffi-
cient wetting of uneven or porous electrodes before solidification
(via photopolymerization or thermal polymerization).[**-*] This
“contact first, then solidify” approach facilitates intimate interfa-
cial contact, effectively mitigating the poor contact issues preva-
lent in ex situ methods. In situ strategies are broadly classified
into the separator-assisted approach (Figure 1b) and the elec-
trode solidification approach (Figure 1c). The separator-assisted
approach, while common, involves polymerizing the precursor
within a pre-assembled cell containing a separator, but it can
suffer from process challenges like glue overflow and detrimen-
tal residual initiators.3®3’] The electrode solidification approach
(Figure 1c) casts the precursor directly onto an electrode before
assembly, offering better compatibility with high-loading cath-
odes. However, achieving uniform thickness over large areas is
challenging, and the process is generally more complex.[839]

2.2. Polymerization Mechanisms of Polymer Electrolytes

In in situ polymerization, monomers form macromolecu-
lar polymers via chemical polymerization. Common mech-
anisms include free radical polymerization,“*?1 ionic
polymerization,[**]  polycondensation  reactions,®!  and
electropolymerization.[***’] The choice of mechanism is critical
as it dictates the resulting polymer’s chain structure, molecular
weight distribution, and the controllability of the process.
Cationic ring-opening polymerization (CROP), widely used for
ether-based cyclic monomers, is a key example (Figure 2a). This

© 2025 Wiley-VCH GmbH
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(a) Cationic ring-opening polymerization
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Figure 2. Key polymerization mechanisms for polymer electrolytes. a) CROP, showing the general mechanism and an example of DOL polymerization.
Reproduced with permission of CC BY.[>®] Reproduced with permission.[3%] Copyright 2019, Springer Nature. b) Free-radical polymerization, detailing
the mechanism and an example of network formation from MBA and TFEA. Reproduced with permission.>’ Copyright 2015, The Royal Society of
Chemistry. Reproduced with permission.[®"] Copyright 2024, Wiley-VCH. c) Nucleophilic addition polymerization, illustrating the step-growth mechanism
for polyurethane synthesis. Reproduced with permission.[*®] Copyright 2012, American Chemical Society. Reproduced with permission.[¢%] Copyright

2024, Wiley-VCH.

process is typically initiated by a Lewis acidic cation, such as
from triflate salts!*3# or lithium salts>%-># like LiPF, LiBF, and
so on, which executes a nucleophilic attack on an oxygen atom
in a heterocyclic monomer. This induces repetitive ring-opening
steps, propagating the polymer chain.[>>3¢] The use of lithium salt
initiators advantageously avoids introducing impurities. From a
controllability standpoint, CROP is considered moderate. Precise
molecular weight control in practical battery applications is com-
plicated by side reactions like chain transfer, termination, and
backbiting. This process generally cannot be initiated and ter-
minated at will, offering only limited molecular weight regula-
tion, a state known as quasi-living polymerization, by adjusting
monomer-to-initiator ratios.

Another major class, free-radical addition polymerization, is
used for monomers with C=C double bonds (Figure 2b). A ther-
mal or photochemical initiator generates a free radical, which
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attacks a C=C bond. This radical center propagates by attack-
ing subsequent monomers in a process called chain propagation,
until radicals combine during chain termination.’®>7] In effect,
the topological structure of the resulting polymers are highly de-
pendent on the experimental conditions adopted therein. Con-
ventional free-radical polymerization offers a basic ability to in-
terrupt and resume the polymerization via temperature, but
controlled/living radical polymerization (CRP) provides superior
consistency. Techniques like atom transfer radical polymeriza-
tion (ATRP) and reversible addition-fragmentation chain-transfer
polymerization (RAFT) enable precise control over molecular
weight and distribution, yielding well-defined polymer architec-
tures. Furthermore, photo-controlled CRP, such as PET-RAFT,
allows the polymerization process to be activated and deactivated
externally using light, although its application in in situ battery
environments remains developmental.

© 2025 Wiley-VCH GmbH
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Other mechanisms include nucleophilic addition polymeriza-
tion (Figure 2c), often used for polyurethanes. Here, a nucle-
ophilic group, such as —OH or —NH,, attacks the electron-
deficient carbon of an isocyanate (R—N=C=0), forming a carba-
mate or urea bond and growing the chain step-by-step.>*%°l This
mechanism offers relatively weaker process control. The degree
of polymerization is highly dependent on strict stoichiometric ra-
tios and rigorous dehydration. While it can produce polymers
with a relatively narrow molecular weight distribution (PDI <
1.5), the reaction is not “living” and cannot be started or stopped
on-demand, proceeding until monomer depletion.

2.3. Key Challenges in Developing PE-Based HVLMBs

The development of PE-based HVLMBs currently still face sev-
eral hurdles such as insufficient high voltage stability, low ionic
conductivity, poor compatibility with Li°® anode, and relatively low
inherent safety. First, the ether oxygen groups in polymers such
as polyethers are prone to oxidative decomposition, triggering
interfacial side reactions upon contact with high-voltage cath-
odes, which results in insufficient high-voltage stability. Second,
due to issues like the inadequate ability of polymers to dissoci-
ate lithium salts or their tendency to crystallize, the ionic con-
ductivity of polymer electrolytes is generally low (typically below
10~* S cm™!). Additionally, some ester-based or nitrile-based poly-
mer electrolytes exhibit poor compatibility with lithium metal
anodes. This is specifically manifested as high solid-solid inter-
facial impedance at the lithium metal interface, a propensity to
induce lithium dendrite growth, and side reactions between the
electrolyte and lithium that form an unstable solid electrolyte
interphase (SEI) layer, thereby exacerbating capacity decay. Fi-
nally, compared to other inorganic solid-state electrolytes, poly-
mer electrolytes often demonstrate insufficient safety due to their
lower mechanical modulus and, for some materials, poor ther-
mal stability. These challenges continue to hinder the develop-
ment of high-performance and high-safety polymer electrolytes.
In the following sections, corresponding solutions to address the
aforementioned challenges will be discussed sequentially.

3. Tackling Specific Challenges in PE-Based
HVLMBs

3.1. Addressing High-Voltage Stability

Strategies to enhance the high-voltage performance of PEs can be
categorized into two main approaches: lowering the highest oc-
cupied molecular orbital (HOMO) of the polymer and preventing
direct contact between the high-voltage cathode and the polymer.
Alower HOMO level for the polymeric molecules can fundamen-
tally improve the battery high-voltage stability. From a thermo-
dynamic perspective, the electrolyte is resistant to oxidative de-
composition when the HOMO level of each of its components is
significantly lower than the operating potential of the cathode.[®?]

First, selecting polymer systems with inherently lower HOMO
levels is a primary consideration. In common PE systems,
polyether-based electrolytes are more susceptible to oxidation
due to the presence of -C—O—C- linkages, leading to poor high-
voltage stability. As illustrated in Figure 3a, computational stud-
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ies have shown that ester-based polymeric scaffolds, together
with polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF)-
based PEs possess lower HOMO levels.[®?] Consequently, they
exhibit superior high-voltage stability and are compatible with
high-voltage cathode systems such as NCM811. Simultaneously,
the oxidation of residual monomers at high voltages above 4.3
V is another factor that impacts high-voltage stability. To mit-
igate this, one approach is to use linear monomers, such as
poly(ethylene glycol) methyl ether acrylate (PEGMA), rather than
cyclic monomers (e.g., vinylene carbonate (VC), vinyl ethylene
carbonate (VEC)). This can effectively increase the degree of poly-
merization, thereby avoiding the presence of residual monomers
with high HOMO levels.[®*] Another strategy is to adopt an ex situ
preparation method. In this approach, the electrolyte is assem-
bled with the electrodes only after the monomers have been fully
polymerized, which prevents the premature contact and subse-
quent oxidation of monomers at the high-voltage cathode, a risk
inherent to in situ strategies. Furthermore, polymer molecular
design strategies, including molecular fluorination, increasing
steric hindrance, and chain segment extension, can also effec-
tively lower the intrinsic HOMO level of polymer molecules.[®4]
Due to the strong electronegativity of fluorine atoms, their po-
tent electron-withdrawing capability following molecular fluori-
nation can effectively decrease the electron density on nearby car-
bon atoms via the inductive effect, thereby significantly lowering
the energy level of HOMO of the corresponding molecules. There
are two common fluorinated monomers 2,2,2-trifluoroethyl acry-
late (TFEA) and hexafluoroisopropyl acrylate (HFA), as shown
in Figure 3b.%] Concurrently, increasing the steric hindrance of
polymer molecules can also enhance their high-voltage stability.
As shown in Figure 3¢, the introduction of methyl groups on
the poly(diethylene glycol adipate) (PDGA) backbone to increase
steric hindrance can reduce its HOMO energy level from —7.98
eV (PDGA-LITFSI) to —8.13 eV (PDMA-LITESI), and improve
its antioxidant performance to 5.5 V. This enhancement can be
attributed to the regulation of molecular orbital delocalization
by methyl steric hindrance.[*) In addition, Liu et al. found that
by adding one carbon atom to the five-membered 1,3-dioxolane
(DOL) to form the six-membered 1,3-dioxane (DOX), the HOMO
energy level of the polymer decreased from —7.05 eV (PDOL) to
—7.14 eV (P-DOX), indicating that chain extension can also im-
prove the high-voltage stability of polymer electrolytes.[“?]
Furthermore, establishing intermolecular interactions pro-
vides another avenue to lower the HOMO of the polymer sys-
tem. Intermolecular forces, such as ion—dipole interactions be-
tween lithium salts and the polymer, as well as Lewis acid-base
interactions between inorganic additives and the polymer elec-
trolyte, can alter the chemical environment of both the polymer
and the lithium salt, thus modulating their HOMO levels. First,
employing a high-concentration electrolyte design strategy en-
sures that every ether oxygen group in the polymer establishes
an ion—dipole interaction with Li* ions. This sufficient Li*—O
coordination reduces the electron density on the ether oxygen
atoms, rendering them better stability and consequently lower-
ing the HOMO value of the corresponding polymer electrolyte.[¢]
Additionally, another strategy leveraging intermolecular forces to
enhance the high-voltage stability of PEs is the incorporation of
inorganic fillers. As illustrated in Figure 3d, common oxide in-
organic fillers such as Al,O; and SiO, typically possess surface

© 2025 Wiley-VCH GmbH
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Figure 3. Improving high-voltage stability for polymer electrolyte. (a-c) Intrinsic molecular design to lower the HOMO of the corresponding polymer:
a) Selecting monomers with inherently low HOMO levels. Reproduced with permission.[%2] Copyright 2019, Wiley-VCH. b) Introducing strong electron-

withdrawing groups via fluorination. c) Increasing molecular steric hindrance.

(d,e) Modulation of intermolecular interactions and lowering the HOMO

of the entire electrolyte system: d) Inorganic fillers (Reproduced with permission.[2] Copyright 2019, Wiley-VCH) and e) Functional additives that interact
with the active oxygen species of the polymer. Reproduced with permission.[®8] Copyright 2022, The Royal Society of Chemistry. (f,g) Interfacial engineer-
ing to prevent direct contact with the high-voltage cathode: f) Constructing bilayer polymer electrolytes. g) Forming a protective CEl layer. Reproduced

with permission.[”3] Copyright 2024, Wiley-VCH.

hydroxyl groups or oxygen vacancies. These Lewis acidic sites
on the inorganic fillers can engage in Lewis acid-base inter-
actions with anions: for example, through hydrogen-bond in-
teractions, positive vacancy-salt interactions, and dipole-dipole
interactions.[®?] Moreover, some inorganic fillers with a high di-
electric constant, owing to their strong polarity, can establish
dipole-dipole interactions with the ether oxygen groups on the
polymer chains. These interactions effectively delocalize the elec-
trons of the ether oxygens, thereby lowering the HOMO of the
corresponding polymer and consequently improving its high-
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voltage stability.[”] Beyond inorganic fillers, solvent molecules
within the electrolyte can also form intermolecular interactions
with the polymer chains, leading to improved high-voltage perfor-
mance of the battery. Wang et al.[%®] demonstrated that the amide
group of N-methyl lactam (NML, as shown in Figure 3e) coordi-
nates with the ether oxygen groups on poly(ethylene glycol) di-
acrylate (PEGDA) via hydrogen bonding, which shields the ac-
tive groups on the polymer chain, thus successfully extending
the electrochemical window of the corresponding PEs to 5.2 V
(vs Li/Li*) and significantly enhancing its high-voltage stability.

© 2025 Wiley-VCH GmbH
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Preventing direct contact between the PEs and the high-voltage
cathode is also an effective strategy to improve the battery high-
voltage stability. One common approach is to construct a bilayer
or multilayer electrolyte, wherein a high-voltage stable electrolyte
layer is formed on the cathode side (Figure 3f).[°*7% Zhou et al.”!]
selected poly(N-methyl-malonic amide) (PMA) as the polymer for
the high-voltage tolerant layer on the cathode side. The dimethy-
lacetamide (DMAc)-like structural units in PMA endow it with
good high-voltage stability. Concurrently, poly(ethylene oxide)
(PEO) was chosen as the polymer on the anode side to en-
sure good anode compatibility. Another method involves build-
ing a dense cathode electrolyte interphase (CEI) film to avoid
direct contact between the electrolyte and the cathode. A com-
mon strategy for CEI construction is artificial coating, with poly-
mer coatings being a prevalent choice. Choudhury et al.l”?] coated
the NCM cathode with lithiated Nafion (Lithion). The sulfonate
groups in this polymer dissociate to produce negatively charged
centers, forming an electrostatic shielding layer. This layer can
shield the ether oxygen groups, which become negatively charged
due to polarization, preventing their direct contact with the high-
voltage cathode. This artificially synthesized CEI film improved
the oxidative stability of ether-based electrolytes by at least 0.3
V. Furthermore, adding film-forming additives to the electrolyte
for in situ CEI formation is also an effective method. Zhang
et al.l”3] incorporated triphenylphosphine (TPP) into a PEGDA-
based electrolyte (Figure 3g). Due to its higher HOMO (-5.94
eV), TPP is preferentially oxidized over PEGDA in the vicinity of
the cathode, forming an electronically insulating CEI layer rich
in Li,PF, and C—P bonds. This layer subsequently prevents tran-
sition metal ions from the cathode (e.g., Ni**, Co?*) from con-
tacting the electrolyte, thereby suppressing their catalytic activity
toward electrolyte decomposition and extending the high-voltage
stability of this ether-based electrolyte to 4.5 V.

3.2. Improving lonic Conductivity in Bulk Electrolytes

In PE systems, Li* transport is generally considered to primarily
depend on the concentration of lithium ions and the motion of
polymer chain segments.”*] The former is mainly related to the
solvation and desolvation processes of lithium ions, while the lat-
ter is associated with the glass transition temperature (T,) and
crystallinity. Polymer chain segments in crystalline regions are
immobile, with atoms only vibrating around their equilibrium
positions. In amorphous regions, however, polymer chain mo-
tion is related to T,; a lower T, signifies easier chain movement.

For a fixed content of lithium salt, the effective concentra-
tion of lithium ions in PEs is primarily related to the polarity
of the polymer itself, which is determined by the polar func-
tional groups within the polymer molecules. Common highly
polar functional groups, as shown in Figure 4a, include ether,
amino, amide, cyano, and fluorine atoms. Polymer monomers
containing these functional groups can effectively promote the
dissociation of lithium salts and facilitate the solvation of lithium
ions.[*75] In addition to the selection of polymer monomers, the
incorporation of inorganic fillers with Lewis acidic groups or plas-
ticizers with strong polarity can also effectively promote lithium
salt dissociation. As illustrated in Figure 4b, common inorganic
fillers such as oxides like TiO, and SiO, (containing hydroxyl
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groups or oxygen vacancies), and strongly polar inorganic fillers
with high dielectric constants like BaTiO,/7*! and SrTiO,,[””] all
possess Lewis acidic sites. These sites can interact with anions
from lithium salts (e.g., in LiTFSI) through Lewis acid-base in-
teractions, thereby promoting lithium salt dissociation and in-
creasing Li* concentration. Concurrently, because the anions are
tethered by these Lewis acid-base interactions, the Li* transfer-
ence number of the electrolyte can also be improved. Further-
more, Li* concentration is also related to the Li* desolvation pro-
cess. Overly strong polar groups are detrimental to the decou-
pling of solvated lithium ions; thus, constructing a weak solva-
tion structure is necessary. In PVDF-based polymer electrolytes,
lithium ions primarily migrate as [Li(DMF),|* complexes formed
with residual N,N-dimethylformamide (DMF) solvent. However,
the amide group in DMF is excessively polar, making it difficult
for lithium ions in this solvation structure to desolvate, which
is unfavorable for further Li* transport. To address this, some
studies have employed weaker solvents with lower polarity, such
as trifluoroacetic acid (TFA)"® or N-methyl trifluoroacetamide
(NMTFA),/”?] to partially replace DMF. This strategy weakens the
strong interaction between Li* and DMF, thereby establishing a
weak solvation environment. Additionally, as shown in Figure 4c,
DFT calculations indicate that the bond dissociation energy for
C=0—Li" is 76.49 k] mol~!, while that for C=0—Li* is 116.73 k]
mol~!. The weaker interaction strength of carbonyl-lithium com-
plexes suggests their potential role in promoting Li* desolvation
and enhancing Li* transport properties.[8!

The T, value dictates the extent of polymer chain segment
motion and is a key determinant of the performance of polymer
electrolytes, particularly at low or room temperatures. Below T,,
the polymer exists in a glassy state where chain segments are
immobile, and only the constituent atoms (or groups) vibrate
around their equilibrium positions.[®! The addition of plasticiz-
ers is a highly effective method for reducing the T, of polymer
electrolytes. Common plasticizers used in polymer electrolytes
include organic liquid small molecules (e.g., ethylene carbonate
(EC), propylene carbonate (PC), triethylene glycol dimethyl ether
(TEGD)), ionic liquids (e.g., 1-carboxymethyl-3-methylimidazole
bis(trifluoromethane sulphonyl)imide ([Cmim][TFSI])2)), or-
ganic solid small molecules (e.g., succinonitrile (SN)), and
organic macromolecules (e.g., poly(ethylene glycol) (PEG),
PEGDA, poly(propylene glycol) (PPG), multi-arm boron-
containing oligomer (MBO)!®3). Figure 4d illustrates the specific
mechanisms by which Tg is lowered: on the one hand, the
addition of a plasticizer directly increases the space between
polymer chains, thereby increasing the free volume available
for polymer chain segment motion and reducing T,. On the
other hand, the added plasticizer can interact with groups on
the polymer chains, replacing the original polymer-polymer
intermolecular interactions. This decouples the polymer chains,
also effectively lowering T,.

Polymer crystallization is a significant challenge faced by PEO-
based polymer electrolytes. In crystalline regions, polymer chain
segments are unable to move, and consequently lithium ions are
reluctant to migrate via polymer segmental motion. Therefore,
reducing crystallinity and increasing the proportion of amor-
phous regions is a crucial direction for developing polymer elec-
trolytes with high ionic conductivity. Disrupting the crystalline
regions in a polymer essentially means disrupting the regular
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Figure 4. Improving ionic conductivity for polymer electrolyte. (a—c) Increasing free Li* concentration: a) Selecting polymer molecules with strongly polar
functional groups. b) Promoting lithium salt dissociation via interactions with inorganic fillers or plasticizers. c) Facilitating Li* desolvation using weak
solvents. Reproduced with permission.[8] Copyright 2023, American Chemical Society. (d—f) Enhancing polymer chain segment mobility: d) Reducing T,
by adding plasticizers, e) Adding inorganic fillers to reduce crystallinity, Reproduced with permission.[8”] Copyright 2025, Wiley-VCH. f) Copolymerlzatlon
to reduce crystallinity. Reproduced with permission of CC BY.[8] (g,h) Constructing new Li* transport pathways: g) Promoting directional ion migra-
tion along aligned polymer chains via intermolecular interactions like hydrogen bonding. Reproduced with permission.l% Copyright 2023, Wiley-VCH.

h) Conduction through the bulk and surface phases of active inorganic fillers. Reproduced with permission.l”¢! Copyright 2023, Springer Nature.

arrangement of polymer chain segments. The most common
methods to achieve this include blending, crosslinking, and block
copolymerization.®#°! As shown in Figure 4e, Liu et al.’*”] intro-
duced carbon dots into P-DOL through physical blending. The
abundant functional groups on the surface of the carbon dots
disrupted the regular arrangement of the PDOL chains, effec-
tively reducing the crystallinity of the polymer electrolyte. Shi
et al.B8 copolymerized an ionic-liquid-based poly(ionic liquid)
(IBIL) with nitrile butadiene rubber (NBR). XRD analysis of the
resulting mixed electrolyte revealed an amorphous peak around
20°, the normalized intensity of which was significantly lower
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than that of the NBR electrolyte (Figure 4f). This suggested that
the former possessed a higher proportion of amorphous regions
and that the polymer matrix could more easily undergo local
chain segment motion. In addition, Zheng et al.®"! constructed
an interpenetrating network based on PEO and poly(propylene
carbonate) (PPC). After the addition of PPC, the differential scan-
ning calorimetry (DSC) thermogram of the electrolyte showed no
crystallization or melting peaks, indicating that the crystallization
of PEO was suppressed.

To address the issue of low ionic conductivity, constructing
new lithium-ion conduction pathways is an effective strategy.

© 2025 Wiley-VCH GmbH
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Utilizing intermolecular interactions, such as hydrogen
bonding?® or z—x stacking interactions!®'~%*] between poly-
mer molecules to achieve directional alignment of polymer
chains, also facilitates rapid lithium-ion conduction along
these chains. Ye et al.® incorporated polyurethane (PNPU)
into a PVDF-HFP based polymer. This introduced hydrogen
bonding interactions between PNPU molecules themselves
and between PNPU and PVDF-HFP (Figure 4g), leading to a
side-by-side directional alignment of PNPU and PVDF-HFP.
This promoted rapid, directional lithium-ion conduction along
the polymer chains, and after the addition of PNPU the ionic
conductivity of the polymer electrolyte increased to 4.13 x 10™*
S cm™! at 25 °C. Furthermore, among various approaches,
the incorporation of active inorganic fillers is one of the most
viable options. Common active inorganic fillers are categorized
into garnet-type (e.g., LLZO, LLZTO), NASICON-type (e.g.,
LAGP, LATP), perovskite-type (e.g., LLTO), and sulfide-type (e.g.,
LPSCI). These active inorganic fillers inherently possess the
ability to transport lithium ions, and depending on the amount
added, new lithium-ion transport channels can be created.!”!
Zheng et al.l’®l experimentally demonstrated the differences
in lithium ion transport paths under different LLZO addition
amounts. When the LLZO concentration is only 5 wt.%, lithium
ions are primarily conducted through the segmental motion of
PEO chains. When the concentration reaches 20 wt.%, lithium
ions predominantly rely on the interfacial pathways between
LLZO and PEO for transport. At a high portion of 50 wt.%
loading, lithium ions are mainly conducted through the bulk
phase of LLZO, bypassing the PEO chains. Shi et al.’®l con-
structed inorganic filler nanowires with a BTO-LLTO side-by-side
coupled structure. In Figure 4h, BTO, with its high dielectric
constant, is responsible for dissociating lithium salts and releas-
ing lithium ions. Simultaneously, the built-in electric field of
BTO can weaken the space charge layer between PVDF and the
BTO-LLTO fillers, which is beneficial for lithium-ion diffusion.
Subsequently, lithium ions diffuse through BTO to the LLTO
side and are then conducted through the bulk and surface of
LLTO. Attributed to these newly formed lithium-ion conduction
pathways, the ionic conductivity of the electrolyte increased from
2.2 x 107* S cm™! for neat PVDF-based electrolyte to 8.2 x 10~
S cm™! for PVBL-based one at 25 °C.

3.3. Enhancing Lithium Metal Anode Compatibility

For HVLMBs use, PE systems also face challenges regarding in-
sufficient compatibility with Li® anodes. On one hand, the un-
suppressed growth of lithium dendrites can lead to battery short
circuits. On the other hand, side reactions between the electrolyte
and Li° anode continuously consume the electrolyte, potentially
leading to electrolyte depletion or gas evolution that causes cell
bulging. These issues of poor anode compatibility significantly
hinder the long-cycle performance of polymer electrolytes.

The formation of lithium dendrites is essentially attributed
to differential lithium deposition rates caused by concentration
polarization.®’] Reducing concentration polarization can be ap-
proached from two main directions. One direction involves mod-
ifying the lithium metal anode itself, with primary strategies in-
cluding the construction of 3D Li® anodes,[*®! surface lithiophilic
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modification,®! and alloying modification.l'®] By increasing the
surface area of the lithium metal and providing more nucleation
sites, these methods can lower the local current density on the Li°
anode, induce uniform lithium nucleation, and thereby suppress
lithium dendrite formation.[°! The other direction is to enhance
the mass transport of Li*, which primarily involves increasing the
lithium-ion concentration and the lithium-ion transference num-
ber. Increasing Li* concentration mainly depends on promoting
the solvation and desolvation processes of lithium ions, as de-
tailed in the discussion related to Figure 3. Improving the Li*
transference number can be achieved by immobilizing anions.
Specific methods include, first, trapping anions through Lewis
acid-base interactions with inorganic fillers;'?! second, employ-
ing polyanionic polymers;[!®! and additionally, using poly(ionic
liquid)s,!1% which leverage the characteristic that bulky anions
are less mobile, thereby increasing the lithium-ion transference
number. Figure 5a shows an example where He et al.’%] uti-
lized polyanionic polymers to construct a polymer electrolyte that
exhibited excellent lithium deposition performance. This elec-
trolyte achieved a high Li* transference number of 0.85 and a
critical current density of 2.4 mA cm™2, effectively suppressing
short circuits caused by concentration polarization.

Second, utilizing the physicochemical properties of elec-
trolytes or coatings is another approach to prevent lithium den-
drites from piercing the electrolyte and causing short circuits.
The most common method is to increase the mechanical mod-
ulus of the polymer electrolyte, thereby physically impeding
dendrite penetration. As shown in Figure 5b, current methods
to enhance mechanical modulus primarily include increasing
the average molecular weight, using highly polar monomers,
crosslinking, and copolymerization.['*! Furthermore, employing
anode coatings with specific characteristics, such as self-healing
capabilities!’®! or high modulus,!”) can also effectively miti-
gate the impact of lithium dendrites. During lithium deposition,
stress can cause the SEI film to crack and rupture. The presence
of a self-healing coating can promptly repair these cracks, pre-
venting them from propagating further during repeated lithium
deposition/stripping cycles.!'%] Additionally, it has been noted in
existing inorganic solid-state electrolytes that lithium dendrites
tend to grow along phase boundaries. Consequently, this issue
might also exist at the interface between inorganic fillers and
the polymer matrix in composite polymer solid electrolytes.!1%!
To address this challenge in multiphase PEs, Zhang et al.l'!%!
prepared both phase-separated and single-phase polymer elec-
trolytes (Figure 5c). Their research indicated that the single-
phase Li-polymer in F diluter (LPIFD) exhibited a high Li depo-
sition/stripping Coulombic efficiency (CE) of 99.1% and a criti-
cal current density (CCD) of 3.7 mA cm~2. This superior perfor-
mance was attributed to the absence of phase boundaries in the
single-phase electrolyte, which promotes more uniform lithium
deposition and effectively suppresses lithium dendrite forma-
tion.

Beyond the issue of lithium dendrites, side reactions between
the electrolyte and lithium metal pose another significant chal-
lenge. The high reactivity of lithium metal makes it prone to re-
act with components in the polymer electrolyte. However, not all
these reactions are beneficial. In particular, ester-based polymer
electrolytes severely react with lithium metal. The SEI formed
from these side reactions is typically loose and porous. Such
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Figure 5. Improving lithium metal anode compatibility for polymer electrolyte. (a-c) Suppressing lithium dendrite growth: a) Increasing the Li* trans-
ference number to homogenize ion flux. Reproduced with permission.l'%! Copyright 2023, Wiley-VCH. b) Fabricating high-modulus electrolytes to

physically block dendrites. c) Constructing single-phase electrolytes to en

sure uniform lithium deposition. Reproduced with permission.l"'% Copyright

2024, Springer Nature. (d-g) Stabilizing the electrode-electrolyte interface: d) Building a dense, inorganic-rich SEI via film-forming additives. Repro-
duced with permission.['2] Copyright 2021, Elsevier. e) Guiding SEI formation through the design of anion-rich solvation sheaths. Reproduced with
permission.[124] Copyright 2025, The Royal Society of Chemistry. f) Creating a robust, LiF-rich SEI through molecular fluorination of the polymer. Repro-
duced with permission.['%] Copyright 2025, Wiley-VCH. g) Mitigating side reactions by trapping harmful residual solvent molecules. Reproduced with

permission of CC BY.[128]

a non-dense structure allows further reaction between lithium
metal and the electrolyte, presenting a substantial challenge to
the battery lifespan.''!l To address such issues, the most com-
mon strategy is to isolate the lithium metal from the electrolyte.
Specific approaches include forming a dense SEI film rich in
inorganic components or constructing a single-ion conducting
layer. As the most common film-forming method, film-forming
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additives induce the formation of an inorganic SEI through pref-
erential reduction reactions in polymer electrolyte lithium metal
batteries, thereby inhibiting lithium dendrite growth and improv-
ing interfacial stability.'">11*] Common film-forming additives
include fluoroethylene carbonate (FEC),['**! lithium difluoro (ox-
alate)borate (LiIDFOB),'®! lithium nitrate (LiNO,),'"118] and
lithium bis(fluorosulfonyl)imide (LiFSI).['"?] Figure 5d shows the
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effect of two film-forming additives, LIDFOB and LiNO,, on the
formation of a dense SEI. By introducing these two film-forming
additives, Saehun et al.l'?’l formed a special double-layer SEI
structure with a Li;N-rich outer layer and a LiF-rich inner layer
on the negative electrode, which promoted the uniform deposi-
tion of metallic lithium. Furthermore, by constructing weak sol-
vation structures, an anion-rich solvation sheath can be formed.
This promotes the preferential reduction of anions with low low-
est unoccupied molecular orbital (LUMO) energies, such as FSI~
and TFSI, at the anode side, leading to the formation of a
LiF-rich SEL["?"'3] In Figure 5e, non-fluorinated ethylene car-
bonate/ethyl methyl carbonate (EC/EMC), due to its stronger
solvation capability, exhibits poor compatibility with lithium
metal. In contrast, the fluorinated counterparts, FEC/FEMC and
DFEC/FEMC, which exhibit weaker solvation effects, demon-
strate improved compatibility with Li° anode.l'?*] At the poly-
mer level, the most common method to form a LiF-rich SEI is
through molecular fluorination of the polymer. Fluorine atoms
on the polymer molecule react with lithium metal to generate LiF.
The fluorine atoms on the polymer molecules react with metallic
lithium to generate LiF, as shown in Figure 5f. Ye et al.'?] cross-
linked the fluorine-rich monomer 2,2,3,4,4,4-hexafluorobutyl
acrylate with the ionic liquid unit 1-allyl-3-methylimidazolium
(AMI*) bis(trifluoromethanesulfonyl)imide (TFSI") through the
cross-linker MBO, in which the 6F segment with lower LUMO
energy is easily reduced on Li° anode. The reaction can be ini-
tiated by the breakage of the C—F bond, releasing F-containing
radicals and undergoing free radical substitution reactions with
lithium compounds on the Li° anode surface. The uniform LiF-
rich SEI layer can reduce the surface energy with lithium metal
and promote the diffusion of Li* on the LiF grain boundary,
which is the main reason for the formation of dendrite-free
LMBs.

In polymer electrolytes, solvents often cannot be completely re-
moved, inevitably leaving some residual solvent within the elec-
trolyte. Furthermore, common polar solvents such as DMF or N-
methylpyrrolidone (NMP) exhibit poor compatibility with metal-
lic lithium and can undergo severe side reactions, which is detri-
mental to the long-term cycling of batteries. To maintain the sta-
bility of the metallic lithium interface, an effective strategy is to
immobilize these residual DMF molecules, thereby inhibiting
their free migration.[2¢127] Figure 5gillustrates a specific method
for immobilizing DMF molecules: Zhu et al.l'?®! incorporated a
bifunctional layered Hofmann framework material into the elec-
trolyte. By introducing nickel metal sites onto the Hofmann-
type metal organic framework (MOF), these sites can effectively
coordinate with DMF, thereby immobilizing the DMF within
the Hofmann framework and enhancing the stability of the Li°
anode.

3.4. Improving Inherent Safety of PE-Based HVLMBs

When compared to traditional liquid electrolytes, polymer elec-
trolytes are typically considered safer owing to their superior me-
chanical strength, which enables them to effectively suppress
internal short circuits (ISC) stemming from lithium dendrites.
However, their safety is not fully guaranteed, particularly in the
case of gel polymer electrolytes where the solvents are often
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flammable, making thermal runaway a risk that cannot be en-
tirely avoided. Figure 6a illustrates the thermal runaway process
in a polymer-based lithium metal battery and the roles of its re-
spective components. The process begins with a heat accumu-
lation stage. Under electrical, thermal, or mechanical abuse, the
SEI may decompose. Simultaneously, transition metal ions, such
as Mn?*, can dissolve from the cathode material and migrate to
the anode side, where they further damage the SEI film. This
leads to continuous reactions between the electrolyte and metal-
lic lithium, resulting in heat accumulation. Subsequently, dur-
ing the thermal runaway stage, the cathode begins to undergo
lattice distortion and releases reactive oxygen. At the same time,
the separator melts and collapses, while lithium dendrites grow
rapidly. These events can culminate in an ISC, releasing a mas-
sive amount of heat and causing the battery temperature to rise
swiftly. Finally, the combustible components within the battery,
such as the polymer, undergo vigorous combustion with the re-
leased oxygen at high temperatures. This is accompanied by the
generation of flammable gases like methane (CH,), ultimately
leading to an explosion.

Owing to their good flexibility, PE systems generally exhibit
favorable interfacial contact properties. However, this appar-
ent flexibility feature often leads to the disadvantage of insuffi-
cient mechanical strength, which contrasts with the characteris-
tic of inorganic solid electrolytes that suppress lithium dendrite
growth through high mechanical modulus. Therefore, enhanc-
ing the mechanical properties of polymer solid electrolytes, es-
pecially gel polymer electrolytes, is highly necessary.['?! First,
increasing the average molecular weight of the polymer can
improve mechanical performance. A higher average molecular
weight implies longer polymer chains and more intricate inter-
molecular interactions, leading to an enhancement in the poly-
mer mechanical strength.['3 Bao et al.[3!) investigated a series
of PEO-based polymer electrolytes with different average molec-
ular weights. As shown in Figure 6b, with increasing PEO molec-
ular weight, the elastic modulus decreased, while the stretchabil-
ity (tensile elongation) increased. The ACCE prepared from PEO
(6 X 10 ° g mol~!) exhibited the highest toughness (3.87 x 10
4 kJ m~) and an elongation at break of approximately 4640%.
Second, the addition of inorganic fillers such as Al,O,, SiO,,
TiO,, and ZrO, can also reinforce the mechanical strength of
the polymer matrix through physical crosslinking or Lewis acid-
base interactions.['*?] Ma et al."®] incorporated SiO, inorganic
fillers into a PVDF-based polymer electrolyte. Hydrogen bond-
ing interactions between the surface hydroxyl groups of SiO, and
PVDF enabled the synthesized PPSE-10 film, only 20 pm thick,
to exhibit a tensile stress of 64 MPa and an elongation at break
of 101.9% (Figure 6¢). Furthermore, incorporating crosslinkers
such as poly(ethylene glycol) diacrylate (PEGDA),!3*] tri(ethylene
glycol) dimethyl ether (TEGDME),[*** metal-organic frameworks
(MOFs),I'%¢] or oxides!'*] to act as 3D skeletons can effectively
improve the mechanical properties of the polymer. As illustrated
in Figure 6d, tetraethoxysilane (TEOS) can undergo in situ hy-
drolysis within the polymer electrolyte to form a SiO, 3D skele-
ton. This interconnected inorganic network provides structural
support within the polymer, increasing the Young’s modulus to a
satisfactory 8.267 GPa.l'*] Finally, selecting two monomers with
different mechanical strengths for copolymerization is also an ef-
fective means to improve the mechanical properties of polymer

© 2025 Wiley-VCH GmbH
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Figure 6. Improving safety for polymer electrolyte. a) Dynamic decomposition diagram of three-stage thermal runaway in Li-metal batteries. (b-e) En-
hancement of mechanical properties: b) Increasing the polymer average molecular weight. Reproduced with permission.["31l Copyright 2023, Wiley-VCH.
c) Incorporating inorganic fillers for reinforcement. Reproduced with permission.l'33] Copyright 2023, American Chemical Society. d) Establishing an in-
terconnected 3D framework. Reproduced with permission.['*8] Copyright 2021, Elsevier. e) Constructing block copolymers with hard and soft segments.
Reproduced with permission of CC BY.[0] (f, g) Construction of self-healing electrolytes, enabled by introducing dynamic reversible bonds, such as:
f) non-covalent hydrogen bonds, reproduced with permission of CC BY.['*] and g) covalent disulfide bonds. Reproduced with permission of CC BY.['33]
(h,i) Improvement of flame retardancy: h) Incorporating fluorine into the polymer structure. Reproduced with permission.['>’] Copyright 2024, Wiley-
VCH. i) Adding phosphorus-containing flame retardants. Reproduced with permission of CC BY.['>8]
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electrolytes.*”) Among them, the hard segment uses a high T,
monomer such as styrene as a non-polar non-conductive com-
ponent, and the soft segment uses a low T, monomer such as
PEO as a polar conductive component. Yi et al.['**l used PEO and
methylene diphenyl diisocyanate (MDI) as comonomers. PEO
served as the soft segment, while MDI, with benzene rings in its
main chain, constituted the rigid segment. Copolymerization re-
sulted in an alternating arrangement of soft and hard segments.
When the PEO to MDI ratio was 50:1, the tensile strength and
elongation at break of the polymer increased from 3.32 MPa
and 143% for pure PEO to 15.97 MPa and 1131%, respectively
(Figure Ge).

Self-healing polymer electrolytes, owing to their dynamic adap-
tive characteristics, can effectively mitigate risks such as dendrite-
induced short circuits resulting from electrolyte fracture. The
self-healing property originates from reversible covalent or non-
covalent interactions within the polymer molecules."!] Com-
mon non-covalent interactions utilized for self-healing include
hydrogen bonds,!'*>"44 metal-ligand coordination,['**! and z—z=
stacking.['*®] Leveraging these characteristics, upon damage to
the electrolyte, these supramolecular structures can reassemble
to fill the damaged portions, thereby restoring the original func-
tionality and integrity. He et al.l'*’l constructed a dynamically
crosslinked aprotic polymer based on non-covalent —CH,---CF,
hydrogen bonds. The reversible breaking and reformation of
these hydrogen bonds enable the adaptive migration of ceramic
particles within the polymer matrix. This facilitates a two-step
self-healing mechanism: initially, the polymer electrolyte infil-
trates any voids, followed by the migration of micro-sized LATP
particles through the polymer electrolyte matrix to fill these voids
(Figure 6f). Reversible covalent bonds employed in polymer elec-
trolytes include disulfide bonds,!'*¥] boron-based bonds,!14%15]
Diels—Alder chemistry, 1! and imine bonds.['?] These covalent
bonds are generally stronger than non-covalent bonds, effectively
enhancing the mechanical properties of the polymer electrolyte
while also providing excellent self-healing capabilities. As shown
in Figure 6g, Pei et al.'>] introduced 2-hydroxyethyl disulfide
(BHDS) to form dynamic covalent disulfide bonds, thereby con-
structing a self-healing polyether-urethane based electrolyte. This
approach successfully overcame the common issues of multiple
interfacial contacts often encountered in solid-state electrolytes.

In addition to mechanical strength, which primarily prevents
internal short circuits, flame retardancy is a critical aspect of
overall PE safety, as the predominantly organic components can
serve as fuel in a thermal runaway event. The currently com-
mon method involves adding phosphorus- or fluorine-containing
flame retardants.'>* These retardants function by releasing F
radicals or phosphate-oxy radicals upon pyrolysis, which then
scavenge the active hydrogen and oxygen radicals generated from
the thermal decomposition of the electrolyte or cathode, thereby
achieving flame retardancy.!'>>!*%! Figure 6h shows poly(2,2,3,3-
tetrafluoropropyl methacrylate) (PTFM), synthesized by intro-
ducing fluorine-containing electron-withdrawing groups onto
poly(methyl methacrylate) (PMMA). Combustion tests demon-
strated its good flame retardancy. This is attributed to the fluorine
elements in the electron-withdrawing groups of the polyester,
which can capture oxygen radicals during the combustion of the
organic electrolyte, thereby suppressing the burning of the CP-
GPE.["”] In Figure 6i, Tang et al.l™® introduced triethyl phos-
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phate (TEP) as a flame retardant into a PDOL-based system,
resulting in a flame-retardant and safe gel polymer electrolyte,
PDOL-TEP.

4. Full-Cell Performance and Safety Testing of
PE-Based HVLMBs

The preceding sections have detailed the multifaceted strategies
employed to address the individual challenges of high-voltage sta-
bility, ionic conductivity, anode compatibility, and inherent safety.
However, the ultimate measure of success for any polymer elec-
trolyte is not the optimization of a single parameter, but its ability
to function effectively as part of an integrated, high-performance
full cell. Therefore, this chapter shifts the focus from material-
level strategies to the state-of-the-art performance demonstrated
in complete PE-based HVLMBs, critically examining the current
benchmarks and the practical challenges of achieving a holistic
balance of energy density, cycle life, and safety.

Table 1 summarizes a selection of state-of-the-art, high-voltage
polymer electrolyte full cells reported recently, providing a bench-
mark for the discussion in this section. From a performance per-
spective, recent breakthroughs have redefined the benchmarks
for polymer-based batteries. In terms of energy density, by coor-
dinating PEO with strong Lewis acids such as Mg?* and AI**, sys-
tems compatible with high-voltage cathodes (4.8 V) have achieved
remarkable pouch cell energy densities reaching as high as 586
Wh kg=1.[1] Regarding long-term cycling stability, the design
of an N-methyl-2,2,2-trifluoroacetamide (NMTFA) ligand, which
lowers the Li* desolvation energy and activates interfacial Li*
exchange, has enabled a PVDF-based composite polymer elec-
trolyte to achieve stable cycling for over 10 000 cycles at a high
rate of 10C.78] The most significant advantage of polymer elec-
trolytes, however, emerges when considering safety. While deliv-
ering competitive energy densities, polymer electrolyte batteries
exhibit intrinsically superior safety profiles. This advantage is par-
ticularly critical for high-energy systems employing high-nickel
cathodes (e.g., NCM811), which are notoriously prone to ther-
mal runaway when paired with liquid electrolytes. In stark con-
trast, many high-performance pouch and cylindrical cells based
on polymer electrolytes have been shown to successfully pass
stringent industry-standard safety evaluations, such as nail pene-
tration tests!'®"l and accelerating rate calorimetry (ARC) tests,[161]
without fire or explosion. This represents a critical safety mile-
stone that remains a significant challenge for their liquid-based
counterparts operating at similar high-energy levels.

To assess the practical viability of polymer electrolytes, how-
ever, their performance must be evaluated in full-cell configura-
tions under conditions relevant to commercial applications. This
typically involves using high-areal-capacity cathodes and anodes
(> 4 mAh cm™2), a restricted negative-to-positive capacity (N/P)
ratio (approaching 1.0), and a lean electrolyte content (e.g., <2 g
Ah™'). While this high-energy configuration is essential for max-
imizing gravimetric and volumetric energy density, it places im-
mense stress on the electrolyte and its interfaces. Consequently,
a critical trade-off often emerges: cells optimized for the highest
energy density frequently exhibit poor cycling stability. The lim-
ited amount of electrolyte and the small excess of lithium metal
cannot accommodate significant parasitic reactions, leading to
rapid capacity fade.

© 2025 Wiley-VCH GmbH
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level, thermal analysis techniques such as ARC and differential
scanning calorimetry (DSC) are used to determine the onset tem-
s perature of exothermic reactions between the electrolyte and the
£ . g 0 ow 9w o owow electrodes.[1927164] At the cell level, mechanical abuse tests like
g ¢ SR - - Y - Y - nail penetration, crush, and overcharge tests are critical for sim-
g P g
3 ulating real-world failure scenarios. However, there are notable
limitations with these current evaluation methods. First, safety
performance is highly scale-dependent; a small lab-scale pouch
5 $ 835 8 £ 8 4 8 2 cell that passes a nail penetration test does not guarantee that
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unique degradation-to-failure pathways of solid-state systems. Fi-
nally, current abuse tests primarily focus on the response to a
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g g %D €8 syan8Bxs g2 other critical safety issues relevant to polymer electrolytes, such
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Ho3 N N as gas generation from slow electrolyte decomposition.
While Table 1 highlights impressive achievements in individ-
5 @ ual metrics, systems that achieve a comprehensive balance of all
o) = . . . . .
28 < ERE A < £ = < key metrics are particularly instructive for future design. A recent
8% |2 e m s Sm T 8o S i i i
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nate with Li* ions, which preserves the polymer own hydrogen-
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w ] cluding packaging) energy density of 456 Wh kg~! (Figure 7d),
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= g o g = next-generation batteries.
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Figure 7. Electrochemical stability and safety performance of Li/PMAmM-SN GPEs/NCM811 pouch cells. a) PMAm-SN GPEs design strategy. b) Propor-
tion of each component in a 5 Ah PMAm-SN GPEs soft pack battery. c,d) Cyclic performance of Li/PMAmM-SN/NCM811 pouch cell with 1Ah (c) and 5Ah
(d) capacities. ) ARC results of fully charge Li/NCM811 cells with different electrolytes. f) Temperature evolution during nail penetration tests. g) Drone
powered by a 1 Ah pouch cell using PMAm-SN. Reproduced with permission.l'7>! Copyright 2025, Wiley-VCH.

highlights its suitability for the demanding, safety-critical low-
altitude economy. This work therefore provides a compelling
demonstration that well-engineered polymer electrolytes can en-
able the fabrication of large-format pouch cells that successfully
unify high energy density, stable cycling, and a high degree of

safety.

Adv. Funct. Mater. 2025, e23096

5. Opportunities for PE-Based HVLMBs

On the basis of the above status-quo analyses and our experiences
in this domain, the following key directions and opportunities for
building more attractive PE-based HVLMBs are recommended
(Figure 8).
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Figure 8. Future perspectives and key research thrusts for high safety and energy density polymer electrolytes.

1) Intrinsic optimization and multifunctionality of polymer and corporating inorganic fillers with specific functions (e.g., fast
metal salts’ molecular structures are fundamental. This re- ion-conducting ceramics, high-dielectric-constant nanoparti-
quires researchers to develop novel polymer backbones and cles), ionic liquids, or other functional polymers into the host
salt anions through elegant molecular design. The goal is polymer matrix, specific performance aspects can be targeted
to create macromolecular architectures where a wide elec- for improvement. A deeper perspective involves moving be-
trochemical stability window, high ionic conductivity, a high yond simple blending to focus on the rational design of the
lithium-ion transference number (T;;* > 0.5), and robust me- polymer-filler “interphase”, a distinct third phase the con-
chanical strength are synergistically integrated, not merely trolled structure and chemistry of which can be engineered
balanced. A more unique insight is to design polymers that to create preferential ion conduction pathways while enhanc-
actively manage the Li* solvation sheath, for instance, by fea- ing mechanical cohesion.
turing functional groups that selectively coordinate with an-  3) Macrostructural innovation in electrolyte systems offers new
ions, to intrinsically boost the Li* transference number while dimensions for resolving complex trade-offs. The develop-
minimizing interfacial impedance. ment of asymmetric polymer electrolytes allows for the

2) Building upon optimized polymer matrices, the development separate optimization of the anode and cathode interfaces

of synergistically enhanced composite PE systems is a key
strategy for improving overall performance. By judiciously in-

by stacking different functional layers, thereby decoupling
competing performance metrics. Concurrently, developing
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ultrathin polymer electrolytes is crucial for increasing the ac-
tive material ratio and lowering overall cell impedance, en-
abling pouch cells with energy densities exceeding 400 Wh
kg~!. Furthermore, bio-inspired and biomimetic strategies
offer a paradigm-shifting avenue. By mimicking the unpar-
alleled ion selectivity and transport efficiency of biological
ion channels, future research could design polymer elec-
trolytes with ordered, sub-nanometer channels that decou-
ple ion transport from polymer segmental motion, potentially
solving the conductivity-strength dilemma.

4) The transition from laboratory-scale coin cells to commer-
cially viable pouch cells imposes significantly more stringent
requirements. A primary challenge is ensuring thorough elec-
trolyte penetration into high-loading cathodes, which can be
addressed by refining in situ polymerization processes or en-
gineering the cathode’s porosity. Another critical hurdle is
thermal management during in situ polymerization, where
heat can trigger premature cell formation processes. Precisely
controlling the thermal profile to decouple the polymeriza-
tion and formation windows is therefore paramount. Looking
toward industrial-scale production, a forward-looking consid-
eration is the development of in-line, non-destructive qual-
ity control techniques, such as ultrasonic mapping or mag-
netic field imaging, to monitor polymerization uniformity
and interface quality during manufacturing, ensuring the
high cell-to-cell consistency essential for commercial battery
packs.[176177]

5) The synergy of advanced computation, data science, and char-
acterization must evolve from a supportive role to the central
engine of discovery, accelerating the transition from “trial-
and-error” to “rational design”. A pragmatic yet forward-
looking approach should focus on the following concrete di-
rections. First, computational efforts should prioritize build-
ing “digital libraries” of high-value chemical components by
using methods like molecular dynamics (MD) simulations,
the accuracy and scale of which can be vastly improved with
machine learning force fields (MLFFs).['”8] This allows ma-
chine learning models, particularly graph neural networks
(GNNs), to perform rapid “in-silico formulation screening”
by mixing and matching these pre-vetted components to pre-
dict the properties of complex electrolytes. Second, this com-
putational work must be closely coupled with advanced char-
acterization aimed at solving the critical challenge of the
buried solid-solid interface. The development and applica-
tion of interface-sensitive operando techniques, such as sum-
frequency generation (SFG) spectroscopy or correlative meth-
ods like combined in situ Raman and in situ EIS,[17180 g
crucial for quantitatively understanding the chemical and
morphological evolution of the SEI in real-time. Finally, the
most immediate and practical impact of data science will be
to develop predictive models for long-term cycling stability
based on short-term electrochemical data. By training ma-
chine learning models, from powerful gradient boosting al-
gorithms like XGBoost on engineered features to deep learn-
ing architectures like RNN and LSTM on raw time-series data,
to recognize degradation “fingerprints” in the dQ/dV curves
and impedance spectra of the first few dozen cycles, we can
drastically reduce development time.['81:182] This integrated,
problem-focused workflow represents the most effective path
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toward the rational engineering of next-generation polymer
electrolytes.

6) Finally, as high-voltage lithium metal batteries advance to-
ward commercial use in electric vehicles and safety-critical
applications like the low-altitude economy, safety must be
treated as the most crucial, non-negotiable performance met-
ric. While polymer electrolytes offer an intrinsically safer plat-
form compared to their liquid counterparts, as demonstrated
by their ability to pass abuse tests where conventional cells fail
catastrophically, the research community must adopt more
rigorous and standardized validation protocols to ensure lab-
oratory promise translates to real-world reliability. Therefore,
we propose two essential considerations for future safety eval-
uations. First, true safety validation must move beyond small-
scale coin cells. We strongly advocate that abuse tests, such as
nail penetration, be conducted on commercially relevant, Ah-
level pouch cells. This is critical because failure mechanisms
and thermal management are highly scale-dependent, and
performance in small cells does not guarantee safety in larger
formats. Second, a comprehensive safety assessment must
include fundamental thermal analysis. Thermal abuse tests
like ARC and DSC are indispensable, as they provide quan-
titative, intuitive data on the onset temperature of exother-
mic reactions and the total heat generated during the ther-
mal runaway process. This information is vital for designing
safer materials and effective pack-level thermal management
systems. By establishing and adhering to these more rigor-
ous and multi-scale safety validation standards, the field can
build the necessary confidence for the widespread adoption of
polymer electrolyte-based batteries in the most safety-critical
applications of the future.

6. Conclusion

By virtue of their exceptional energy density potential, HVLMBs
are regarded as a core development direction for next-generation
energy storage technologies. PEs have garnered widespread at-
tention in this field owing to their inherent flexibility, ease of pro-
cessing, and significant potential for enhancing intrinsic battery
safety. Although existing research has achieved breakthroughs in
full-cell performance, practical application is impeded by a clas-
sic materials science challenge: resolving the inherent trade-offs
between key electrolyte functionalities. High ionic conductivity
is often achieved at the expense of mechanical strength, while
high-modulus electrolytes face increased interfacial impedance.
Therefore, future research activities focusing on strategies that
balance “rigidity and flexibility” are of utmost importance. Con-
currently, the insufficient cycling stability of high-energy-density
systems necessitates the development of effective antioxidative
additives, and the viability of scalable manufacturing processes
remains a critical hurdle for industrial feasibility. Comprehen-
sively, optimizing full-cell performance requires a synergistic,
multidimensional approach encompassing molecular design, in-
terface engineering, and process innovation to ultimately unify
high specific energy, long cycle life, and intrinsic safety. With
all these efforts implemented, the PE-based HVLMBs are antic-
ipated to stand out among electrochemical energy storage tech-
niques for sustaining future energy network.

© 2025 Wiley-VCH GmbH
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