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Lithium batteries, essential for consumer electronics, transportation and the energy sector, still require
further improvement in performance, safety, and sustainability. Traditonal organic solvent-based
electrolytes, widely used in current systems, pose significant safety risks and restrict the development of
next generation devices. Vitrimers are materials with unique physical and chemical properties, which
offer a promising alternative to overcome these limitations, finally reaching processability and
recyclability of solid electrolytes. Despite their potential a comprehensive overview of vitrimeric
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electrolytes’ design and application in lithium batteries is lacking. This review article summarizes the key
concepts, design principles, and notable advancements in vitrimeric electrolytes. We will also discuss the
challenges still restricting the widespread adoption of vitrimeric electrolytes and explore future
perspectives for leveraging vitrimeric materials in high-performance, safer, and more sustainable lithium
battery technologies.
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Introduction
Modern society heavily relies on batteries due to their wide L =2 L&A e
range of applications, from consumer electronics to electric ’ - Cathode
vehicles and stationary energy storage devices."? The urgent ; ;\;\;ﬁ}\ : . “"ﬁ“‘m “
need to reduce fossil fuel consumption and shift towards g \\\‘: 5 EIRY
renewable energy sources is driving a growing demand for ;2 ’;‘\1\:\‘ ;” g
improved battery technologies, which are essential for storing £ \:: °\\ g
captured green energy before it is delivered to consumers. The = *ee 3
most widely used type of rechargeable battery is the Li-ion aRRANT Y

. . . . . . 3.4 Cathode Electrolyte  Anode
battery which is schematically depicted in Fig. 1.”" Two elec- :
trodes are electrically isolated by a porous polyolefin separator, e e f EmeTtiene
while the liquid electrolyte serves as the medium for transport- . s 2R G % 1 m—mbvi“gﬂ
ing lithium ions during charging and discharging cycles. The i SE layer |

Pulverization |

rising demand for batteries requires several key shortcomings » el

Fig. 1 Schematic illustration of Li-ion battery working principle. Highlighted
dendrite growth, flammable solvents used in electrolytes, volumetric changes
leading to the pulverization and interface stabilization.

to be addressed in current technologies.>® The most pressing
concern is safety,” which poses significant danger to consumers
and is associated with the use of flammable organic solvents
in electrolytes. Thermal runaway, the primary cause of battery

malfunction, can result in fire hazards due to irreversible
exothermic chain of reactions.® This can be triggered not only
by electrical, mechanical, or thermal abuse of the device, but
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also by the formation/growth of dendrites.’ These needle-like
structures of metallic lithium can randomly grow on the anode,
pierce the separator over multiple cycles and lead to short
circuit. Another significant challenge facing next-generation
batteries, especially containing silicon-based anodes, is the
drastic volumetric changes of the particles during charging/
discharging cycles."®'! This mechanical stress can lead to
cracks, pulverization of the active material, and a shortened
cycle life. The solid electrolyte interface (SEI), a protective layer
between the electrolyte and anode, plays a crucial role in battery
performance.’"? 1Its degradation can significantly reduce

This journal is © The Royal Society of Chemistry 2025
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battery functionality. To achieve long-term operation, stabiliz-
ing the SEI is essential. Ideally, batteries should have a stable
interface that can withstand repeated cycling without compro-
mising performance. As another important aspect we need to
consider the responsible management of resources and the
transition to a circular economy.®'* Materials used in batteries
should preferably be reprocessable and easier to recover.

One key strategy for enhancing Li-ion batteries is the repla-
cement of flammable electrolytes with safer, more stable
alternatives, while simultaneously addressing sustainability
1516 polymer-based electrolytes (PEs), known for
their inherent non-flammability, non-volatility, and enhanced
mechanical properties, offer a promising solution. Not only can
they overcome safety concerns, but they also enable the devel-
opment of more flexible and stress-resistant devices. Polymeric
materials enable the possibility to embed smart functionalities
such as self-healing and reprocessability, which can be achieved by
introducing dynamic interactions in the materials."”° Such PEs
can extend battery lifespan and improve recyclability. Various
comprehensive reviews described self-healable PEs in batteries
and their potential benefits.'”***! In this highlight we focus on
dynamic covalent interactions in PEs, which can undergo bond
exchange reaction via an associative mechanism. These materials,
known as vitrimers, were introduced following the seminal work of
Leibler et al.”* The basic principle of vitrimeric exchange is
depicted in Fig. 2: upon thermal activation a bond forms an
associative state, an intermediate step before the bond
exchange occurs.”>** Below a certain temperature, known as
the topology freezing temperature or vitrimeric temperature
(Ty), the polymeric material’s structure is considered frozen.
Due to these unique properties, vitrimers are standing between
thermosetting and thermoplastic materials. At the service
temperatures, they exhibit enhanced mechanical properties
and three-dimensional stability like thermosets. However, they
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Fig. 2 Schematic illustration of associative bond exchange in vitrimeric
materials and common types of dynamic covalent bonds.
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are malleable and reprocessable at higher temperatures similar
to thermoplastics. The application of the vitrimeric principle as
reprocessable/recyclable thermosets thus holds great promise
and opens the door to a range of other applications.>* >’ Their
incorporation into battery technologies therefore has emerged
as a potential solution for safer, mechanically enhanced, recycl-
able, and thermally stable polymeric electrolytes for Li-ion
batteries. Critical in this endeavour however is the compatibil-
ity of the known, often well-established vitrimeric exchange
chemistry inside ion-conductive materials (with the inherent
changes in e.g. vitrimeric temperatures in comparison to well
established materials), requiring electrochemical stability, the
quest to meet the necessary ion-transporting qualities, and
finally allow the recyclability of the electrolytes via the dynamic
bond exchange. It is herein that research is still in its infancy,
although quite a significant number of materials are already
known. This review will sort, classify and finally also report on
the performance of such vitrimeric electrolytes in the context of
their use as alternative electrolytes to existing, well established,
but largely nonrecyclable alternatives. We will highlight the
progress and advancement made in this area, which often relies
on dynamic bonds illustrated in Fig. 2, either in combination or
separately. Additionally, we will cover the use of vitrimeric
binders for silicon-based anodes, compensating the volumetric
changes and potentially enhancing battery lifecycles.

Vitrimeric electrolytes
Vitrimers with boronic ester bonds

Knowing the potential of the poly(ethylene oxide) for applica-
tion as PE, Evens and co-workers®® pioneered the use of
terminal hydroxyl-groups of linear PEO as the dynamic binding
sites for boric acid, thus generating catalyst-free dynamic
boronic ester networks within the PEO/LITFSI polymer electro-
Iyte (Fig. 3A). Rheological studies revealed a strong correlation
between salt content and the dynamic of the covalent network.
Higher salt concentrations accelerated dynamic exchange, indi-
cated by a significant increase of stress relaxation speed (up to 2
orders of magnitude). Additionally, the formation of the B-TFSI
intermediates improved the flow behaviour of the networks.
By optimizing the LiTFSI content, they developed polymer
electrolytes with moderate ionic conductivity (up to 3.5 X
107* S em ™" at 90 °C), while exhibiting shear modulus in the
range of 1 to 10 MPa, depending on salt content. The dynamic
nature of the boronic ester network enabled self-healing at
60 °C, with 98% recovery achieved within 34 h without external
pressure, or within just 10 min under a force of 19.6 N. More-
over, the network was fully reversible, dissolving in water to
regenerate the original monomers, highlighting its potential as
a sustainable electrolyte (Fig. 3A). Robust, self-standing solid
polymer electrolyte (SPE) could be obtained via the photo-
polymerization of a macromolecular crosslinker (diGMPA)
with boronic ester bonds and poly(ethylene glycol)diacrylate
(PEGDA) (Fig. 3B).>® The incorporation of cyclic borates aimed
to enhance the network’s salt tolerance compared to boric acid,
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(A) Synthesis of PEO-based dynamic boronic ester networks and dissolution of vitrimeric sample in water in 30 min. Reproduced with the

permission from ref. 28. Copyright © 2019 American Chemical Society. (B) Cyclic borate PEGDA-network based on poly(ethylene glycol). Reproduced
from ref. 29 with permission from the Royal Society of Chemistry. (C) Pyrrolidinium-based catalyst free vitrimeric networks and corresponding
reprocessing/3D printing. Reproduced from ref. 30 with permission from the Royal Society of Chemistry. (D) Synthesis of cyclic boric ester/epoxide-
based electrolytes by RAFT polymerization, corresponding galvanostatic cycling performance of symmetric Li|Li cells with DB-SHPE-5 and PPDT-5 and
schematics presenting Li deposition on Li metal with general polymer electrolytes and DB-SHPE-5. Reproduced with the permission from ref. 31. © 2023
Wiley-VCH GmbH (E) synthesis of self-healing gel polymer electrolyte using a thiol—ene click reaction and SEM images of Li anodes of Li/LE (liquid
electrolyte)/Li cell and Li/PBAD6-PEG4/Li cell after cycling. Reproduced with the permission from ref. 32. © 2023 Published by Elsevier Ltd. (F) Synthesis
of vitrimeric polymeric ionic liquid containing a copolymer rubber of poly(epichlorohydrin) and PEO, reprocessing process and corresponding
conductivities before and after recycling. Reproduced with the permission from ref. 33. Copyright © 2022 The Authors. Published by American

Chemical Society.

while the transesterification of boronic esters within the poly-
mer electrolyte facilitated topology rearrangement. This pro-
cess increased the mobility of diGMPA chains, allowing for
more efficient lithium-ion conduction, in turn enhancing the
overall ion transport within the system (Fig. 3B). These SPEs
exhibited self-heling within 30 min at 60 °C without external
pressure, in turn re-establishing B-O covalent bonds between
the interfaces of the damaged surfaces and restoring the
mechanical integrity of the SPE film. Although only moderate
ion conductivities could be reached (around 107> S cm ™" at

3252 | Chem. Commun., 2025, 61, 3250-3270

30 °C), it was demonstrated that the transesterification of
boronic ester groups could promote the ion conduction
through accelerating the mobility of Li ions in the polymer
matrix. Healed samples demonstrated minimal alteration in
ionic conductivity compared to the original electrolyte, indicat-
ing that the ion channels could fully recover to their initial
state. To improve the ionic conductivity of vitrimeric SPEs, we
combined a thermally and electrochemically stable pyrroli-
dinium-based ionic liquid (IL) monomer with a styrene-based
monomer featuring a terminal hydroxyl (OH) group, designed

This journal is © The Royal Society of Chemistry 2025
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to serve as a dynamic crosslinking site (Fig. 3C).%° The resulting
polymeric ionic liquids (PILs) were crosslinked with boric acid,
producing catalyst-free boric ester vitrimeric SPEs. By adjusting
the monomer ratio and crosslinking density, we were able to
balance the trade-off between mechanical strength and ion
conductivity. As anticipated, added salt increased ionic con-
ductivity, while the temperature dependency of conductivity
follows Vogel-Fulcher-Tammann behaviour, indicating a
combination of long-range segmental motions and ion hopping
mechanisms for charge transport. Under optimized conditions,
we obtained stable films with conductivity up to 10™* S cm ™" at
80 °C and E-modulus of 0.24 MPa. Furthermore, the addition of
salt led to an increase in both the topology freezing tempera-
ture (7,) and the corresponding activation energy required for
dynamic bond exchange (from T, = —71 °C, E, = 61.7 k] mol "
for a pure vitrimer, to T, = —64 °C, E, = 70.9 k] mol™ ' for
vitrimer with LiTFSI/EO = 0.1, respectively). This suggests that
salt plays an important role in modulating the vitrimeric
network’s dynamics, enhancing thermal stability and influen-
cing the overall reprocessing capabilities of the material. 3D
printing via fused deposition modelling (FDM) was explored as
a potential method for reprocessing vitrimeric PILs. The
increased bond exchange rate at elevated temperatures reduced
viscosity, improving flow and printability. Fig. 3C illustrates a
successfully printed star-shaped structure with good adhesion
between 7 printed layers. The material maintained its stable
shape in a water-free environment, highlighting the potential of
FDM for creating complex battery designs using vitrimeric PILs.
The vitrimeric nature of the material allows for self-healing of
mechanical damage via the dynamic boric ester bonds, which
undergo bond exchange and reformation, effectively repairing
cracks or imperfections. We observed a remarkable 70% recov-
ery in tensile strength within 30 minutes after self-healing.
Additionally, these materials can be fully reprocessed at mod-
erate temperatures (4 h at 70 °C) through hot pressing (Fig. 3C),
further enhancing their sustainability and recyclability.
Another promising approach involves copolymers combining
cyclic borate monomers and epoxide-containing ones (Fig. 3D).*"
A thermally initiated ring-opening reaction between thiol and
epoxy groups, using 2,2'-(1,4-phenylene)-bis[4-mercaptan-1,3,2-
dioxaborolane] (BDB) as crosslinker, introduces additional
dynamic boronic ester groups. This results in dynamic boronic
ester based self-healing polymer electrolytes with excellent
mechanical properties, exhibiting increasing tensile strengths
(up to 0.35 MPa) with higher BDB content. The SPEs containing
boronic ester bonds can not only allow for topology rearrange-
ments via boronic ester transesterification and demonstrate
excellent self-healing capabilities (efficiency of 87% after 3 h at
60 °C), but also the presence of abundant boronic ester bonds
with unoccupied p-orbital enables homogeneous deposition of
Li ions on the Li metal through the Lewis acid-base interactions
between boron atoms and salt anions, resulting in enhanced
interfacial stability (Fig. 3D). Furthermore, the boronic ester
bonds can endow the SPE with reprocessability and recyclability
taking advantage of associative transesterification reaction
(successful remolding after compression at 80 °C for 1 h in hot

This journal is © The Royal Society of Chemistry 2025
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press). Most notably, the Li/SPE/Li symmetric cells exhibit a
stable voltage plateau after cycling for 1200 h and the LiFePO,/
SPE/Li batteries present enhanced cycling performance, attrib-
uted to the cross-linked structure with abundant boron moieties
and the excellent interfacial stability between SPE film and Li
metal (Fig. 3D). Different type of boronic ester based self-healing
gel polymer electrolyte was prepared using a thiol-ene click
reaction between a functional monomer, PBAD, containing two
dynamic boronic ester bonds and two C—C double bonds,
pentaerythritol tetra(3-mercaptopropionate) (PETMP), and poly-
ethylene glycol diacrylate (PEGDA). This network was further
plasticized with 1 M lithium bis(fluorosulfonyl)imide (LiFSI) in a
dimethyl carbonate (DMC) and ethylene carbonate (EC) mixture
(Fig. 3E).** The boronic ester bonds as highly reversible covalent
bonds, endow vitrimeric electrolyte with good flexibility and
remarkable self-healing ability at RT. The mechanical damage
was rapidly healed within 1 h at RT, while ionic conductivities
and mechanical properties were effectively restored. Vitrimeric
electrolyte possesses high ionic conductivity of 8.67 X
10™* S ecm™ at RT, while Lewis acid-base interactions between
anions and boron atoms of the vitrimer contributed to high
lithium-ion transference number of 0.71. Additionally, signifi-
cant resistance to the growth of Li dendrites was observed,
improving the safety profile of this electrolyte for use in batteries
(Fig. 3E). When incorporated into LiFePO, (LFP)/Li cells, the
boronic ester-based vitrimeric electrolyte enabled high cycling
stability, maintaining a discharge specific capacity of 124.7 mAhg™*
after 150 cycles, with a capacity retention rate of 92.6%. Another
notable example of using thiol-ene click chemistry to prepare
vitrimeric electrolytes involves polymeric ionic liquid containing
a copolymer rubber of poly(epichlorohydrin) and poly(ethylene
oxide) (PEO) as a backbone and bearing allyl functional groups
(Fig. 3F).> The PIL was then cross-linked with dynamic boronic
ester cross-linkers BDB through thiol-ene “click” photoaddition.
Additionally, PEO dangling chains were introduced to act as free
volume enhancers, improving the material’s ionic conductivity
and mechanical flexibility. By adjusting the cross-linker and
dangling chain content, the properties of the all-solid PIL net-
works could be tailored. The resulting ionoelastomers were
soft (0.2 MPa), stretchable (300%), and conducting (1.6 X
107> S em ' at 30 °C). The associative exchange reaction of
BDB imparted vitrimer properties to these materials, including
self-healing (within 1 h at RT) and reprocessability (hot pressing
at 120 °C under pressure). Remarkably, the recycled materials
retained their original modulus and ionic conductivity (Fig. 3F),
demonstrating the potential for sustainable and circular
material usage.

While boronic ester-based vitrimeric electrolytes offer several
advantages, their moderate ionic conductivity compared to com-
mercial liquid electrolytes remains a significant drawback.

However, their reprocessability and recyclability at conven-
tional LIB operating temperatures (around 60 °C) make them
promising candidates for sustainable energy storage solutions.
The ability to reprocess these polymer electrolytes through
dynamic boronic ester bond exchange offers a means to avoid
environmental impacts and extend their lifespan. Additionally,
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the integration of additive manufacturing (AM) techniques
can further enhance the sustainability and performance of
batteries, while enabling the design of more complex battery
architectures. By incorporating multiple functionalities, such
as electrode interface stabilization, boronic ester-based vitri-
mers can emerge as promising alternatives for next-generation
lithium metal batteries.

Vitrimers with amine/imine bonds

To address the limitations of PEO-based electrolytes, such as
inefficient Li-ion conduction at room temperature, narrow
electrochemical stability windows, and poor contact with elec-
trode interfaces, which negatively impact the performance of
rechargeable lithium metal batteries, various strategies have
been explored to incorporate dynamic imine bonds into PEO-
based matrix. By introducing imine bonds, the electrolyte’s
polymer network is expected to gain enhanced flexibility and
self-healing properties, allowing for better ion transport and
improved interface stability with lithium metal electrodes.
These dynamic bonds enable reversible crosslinking, promot-
ing continuous restructuring of the polymer matrix under

View Article Online
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operating conditions, which in turn facilitates the mobility
of lithium ions and ensures more stable contact with the
electrodes.

One of the earliest reported materials in this field was
prepared via condensation polymerization of poly(ethylene
glycol) diamine with 1,3,5-triformylbenzene in dimethylforma-
mide (DMF) solvent (Fig. 4A).** The dynamic imine bonds
effectively reduced the crystallinity, significantly improving
the ionic conductivity of the SPE and endowed the electrolyte
with strong adhesion properties, which are beneficial for the
effective contact between the electrolyte and electrodes. The
resulting flexible electrolyte films show good mechanical prop-
erties (elongation above 500%, strain stress > 130 kPa) and
self-heling ability (24 h at room temperature). More impor-
tantly, this SPE achieved high ionic conductivity (7.48 x 10™* S
em ' at 25 °C) and wide electrochemical stability window (5.0 V
vs. Li/Li"). As a result, Li||Li symmetrical cells with the SPE
showed reliable stability in a >1200 h cycling test under room
temperature (Fig. 4A), whereas the assembled Li|SPE|LiFePO,
cell maintained a discharge capacity of 126.4 mA h g™ after
300 cycles (0.1C, 27 °C). Xie and coworkers®>® employed a similar
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(A) Condensation polymerization of poly(ethylene glycol) diamine with 1,3,5-triformylbenzene and corresponding long-term cycling perfor-

mance of the Li|SHSPE|LiFePO, cell at 0.1C. Reproduced with the permission from ref. 34. Copyright © 2021, American Chemical Society. (B) Preparation
of imine-exchange-based vitrimeric electrolyte via polycondensation, self-healing performance of SPE at room temperature and 50 °C, mechanical
strength of original and healed electrolyte at room temperature. Reproduced with the permission from ref. 35. © 2022 Society of Industrial Chemistry.
(C) A Schiff base reaction of lower molecular weight H,N-PEG-NH, with aldehyde groups of benzene-1,3,5-tricarbaldehyde (BTA) and cycle
performances of LFP/original PBPE/Li cell and LFP/healed BPE/Li cell at 1C rate. Reproduced with the permission from ref. 36. © 2021 Elsevier B.V.
All rights reserved. (D) Synthesis of perfluoropolyether-based vitrimers via thermally initiated polyaddition and in situ N-alkylation in the presence of a
fluorinated cross-linker. Reproduced with the permission from ref. 37. Copyright © 2019 American Chemical Society.
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synthetic approach to systematically investigate the influence
of the molecular weight of H,N-PEG-NH, on the thermal,
electrochemical and self-healing properties of the resulting
dynamically crosslinked SPEs. SPE with PEG molecular weight
of 3400 g mol ' exhibited high ionic conductivity of 4.8 x
107* S em™ ", a wide electrochemical stability window (5.1 V)
and good lithium ion transfer number (#;+ = 0.31) with an
ethylene oxide/Li" ratio of 20:1 at 25 °C. Excellent self-healing
ability (10 min at room temperature, Fig. 4B), high mechanical
strength and good adhesion were achieved. Furthermore, a
Li|SPE-3400|LiFePO, battery showed good reversible specific
capacity of 125.1 mA h g~ " (at 0.1C) with a Coulombic efficiency
of 97.9% after 100 cycles. A Schiff base reaction of lower
molecular weight H,N-PEG-NH, (M, = 1000 g mol ") with
aldehyde groups of benzene-1,3,5-tricarbaldehyde (BTA) (1:1
ratio) resulted in rapidly self-healing electrolyte films
(Fig. 4C).%° In BTA, aromatic ring, acting as an electron accep-
tor, facilitates stabilization of zwitterionic intermediate that
has a negative charge on the imine nitrogen, generating strong
imine bonds with bond energy of 615 k] mol ' enhancing the
structural integrity of the SPE. At RT, the electrolyte achieved a
self-healing efficiency of 87.9% after 60 min of healing, while at
60 °C full self-healing efficiency (100%) was reached within
30 min. To improve the wettability of electrode surface, the
membrane was soaked in a mixture of organic solvent and salt,
resulting in ionic conductivity of 4.79 x 107> S cm™ " at 30 °C.
X-Ray photoelectron spectroscopy (XPS) measurements indi-
cated that SPE promotes the formation of LiF-rich SEI, which
plays an important role in suppression of Li-dendrite growth.
Both before and after healing, the electrolyte film enables good
cycle performance. The initial discharge capacity of LFP/healed
SPE/Li cell was 142.2 mA h g~ ' (at 1C, Fig. 4C), which is almost
identical to that of LFP/original SPE/Li cell. After 80 cycles,
the LFP/healed SPE/Li cell showed a discharge capacity of
139.0 mA h g ', with a retention rate of 97.7%. To enhance
the thermal stability of SPE while promoting the formation of
LiF-rich SEI to suppress Li-dendrite growth, perfluoropolyether
(PFPE)-based vitrimers were synthesized via thermally initiated
polyaddition and in situ N-alkylation in the presence of a
fluorinated cross-linker (Fig. 4D).*” These vitrimers exhibited
a viscous flow activation energy of 161 k] mol ", with relaxation
times varying from 2.5 h at 170 °C to 4 min at 210 °C. Thermal
creep experiment and relaxometry identified the topology freez-
ing transition temperatures to be around 110 °C. The vitrimer
network is stable under acidic and basic environments and
could be remolded at 170 °C and 200 bar for 18 h, recovering
the mechanical properties (E = 0.36 MPa). Ionic conductivities
for non-doped materials range from 0.5 x 10°° to 1.1 x
107°S em ™" at 27 °C. A novel approach toward dynamic imine
bond-rich vitrimer polymer electrolytes, formed via Schiff base
reaction between aldehyde and ammonia has been reported
(Fig. 5A).>® Thereby, the amine group in the nucleophilic
reagent Jeffamine ED-600 and branched polyethyleneimine
(bPEI) undergoes nucleophilic addition with the carbonyl group
of terephthalaldehyde (TA), and the intermediate product is
further dehydrated to form the desired vitrimer. Hot pressing at
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60 °C and 10 MPa for 10 minutes triggers an imine exchange
reaction, enabling the material to be remoulded without com-
promising its integrity. Moreover, the material’s self-healing
properties are evident when cracked films are heated at
110 °C; the cracks gradually disappear due to the continuous
formation and breaking of imine bonds. The dynamic polymer
network exhibits solid-state plasticity because reversible imine
bonding reactions enable the integrity of the polymer network to
be maintained while altering the cross-linked points under
external stimuli. Thus, this 3D dynamic cross-linked network
not only effectively facilitates the polymer chain dynamics but
also improves ionic conductivity. Additionally, dynamic bond
exchange fosters electrolyte flowability and self-healing during
lithium deposition, promoting a tightly integrated electrode/
electrolyte interface while inhibiting the growth of lithium
dendrites. Consequently, lithium symmetric cells utilizing the
SPE demonstrate exceptional long-term cycling stability, surpass-
ing 1100 h and exhibit good ionic conductivity of 2.7 X
10" S cm ™" even at room temperature (30 °C). The LiFePO, | Li
battery maintains stable cycling performance at both 40 °C and
60 °C. Another noteworthy application of Schiff base chemistry
involves the polycondensation reaction between tetrapthalalde-
hyde, Jeffamine D2000 (polyether amine with propylene oxide
soft segment), and poly ether amine T403 (Fig. 5B) at 120 °C.*°
To enhance the ion conductivity and self-heling properties
succinonitrile (SN) plasticizer and lithium salt were added. The
ion conductivity shows an obviously increasing trend as the
degree of cross-linking degreases and SN content rises, reaching
a maximum value of 6.43 x 10" * S em™ " at 30 wt% LiTFSI and
50 wt% of SN at 60 °C. Notably, the addition of SN plasticizer
lowered the activation energy for the dynamic imine bond
exchange, enabling the self-healing of the SPE already at room
temperature with 74% recovery of its original tensile strength
(Fig. 5B). Furthermore, the electrochemical window was widened
to 5.1 V vs. Li/Li" with SN addition. The Li|SPE|LiFePO,
cell exhibited a stable discharge capacity of 100 mA h g~ at
0.05C after 50th cycles, demonstrating the potential of this
imine-based SPE for battery applications. Importantly, the SPEs
membranes with imine bonds can heal damages outside or
inside a battery without compromising the discharging capacity
of lithium-ion battery. Acceleration of associative imine bond
exchange kinetics can also be achieved by bottom-up synthesis
of pseudo-cyclic vinylogous urethane (VU) vitrimers, where
the cation-templated pseudo-crown ether building blocks are
formed by the complexation of alkaline metal cations with
pseudo-cyclic acetoacetate-terminated PEG-AA (Fig. 5C).*° The
unique network strand topology of pseudocyclic vitrimers results
in higher crosslinking density, enhanced mechanical properties
and accelerated topological rearrangement compared to vitri-
mers based on linear building blocks. Due to high crosslinking
density and intramolecular plasticization, the strength, stretch-
ability, and toughness of the pseudo-cyclic vitrimer PEG-KPF
are significantly increased compared to the traditional vitrimer
(E = 1.24 MPa, elongation at break = 269% and toughness =
2.21 MJ m >, respectively). Stress relaxation and creep recov-
ery tests demonstrate that the topological rearrangement of
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(A) Synthesis of dynamic imine bond-rich vitrimer polymer electrolytes, corresponding Li plating/stripping profiles of lithium symmetric cells with

the V-SPE-PEG and SEM images of Li anode surface. Reproduced with the permission from ref. 38. © 2024 Elsevier B.V. All rights are reserved.
(B) Preparation of Jeffamine D2000-based vitrimer and optical image of its self-healing process. Reproduced with the permission from ref. 39. © 2023
Elsevier Ltd. All rights reserved. (C) Synthesis of pseudo-cyclic vinylogous urethane vitrimer electrolyte and reprocessing demonstration. Reproduced
with the permission from ref. 40. © 2022 Elsevier B.V. All rights reserved. (D) Synthesis of dynamic vinylogous urethane poly(ethylene oxide)-based
network electrolyte, hot-press reprocessing and ionic conductivity and Young modulus of SPE after different times of reprocessing. The dashed line
indicates the conductivity of 107> S cm™. Reproduced with the permission from ref. 42. Copyright © 2022, American Chemical Society. (E) Synthesis of
vitrimeric SPE trough the reaction between the hydroxyl groups of Salen and the epoxy groups of PEGDGE and corresponding imine dynamic bonds.
Schematic of change in the electrolyte/electrode interface during cycling for V-SPE_2000 and conventional SPEs. And galvanostatic cycling curves of
Li|[V-SPE_2000|Li cell at a current density of 0.1 mA cm~2 at 60 °C. Reproduced with the permission from ref. 43. © 2024 Elsevier Ltd. All rights are

reserved.

pseudo-cyclic vitrimers is significantly accelerated, and the
characteristic relaxation time is reduced by about an order of
magnitude compared to the traditional vitrimer at the same
temperature (tgoec = 191.8 s Vs. Tg0:c = 743.0 s, respectively).
This acceleration is attributed to a combination of factors: low
viscosity facilitating segment movement, an orderly arranged
network topology and high crosslinking density promoting
exchange reactions, and the catalytic effect of alkaline metal
salts on VU transamination. The resulting PEG-KPF vitrimer
exhibits a much better self-healing ability than traditional
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vitrimer with linear building blocks. A scratched PEG-KPFg
vitrimer can be completely self-healed at room temperature
within 60 s, while its counterpart takes 6 h to recover at 120 °C.
Additionally, successful reprocessing via compression mold-
ing (at 80 °C, 15 MPa for 15 min) has been reported (Fig. 5C).
The binding mode and influence of LiTFSI salt on physical
and chemical properties on vinylogous urethane vitrimers
have been extensively studied.”' Viscoelastic measurements
revealed a significant decrease in characteristic relaxation
time (t*) of VU vitrimers containing salt by a factor of
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